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Abstract

Humans are embarking on a new era of space exploration with the plan of sending crewed spacecraft beyond Low
Earth Orbit (LEO), to the Moon, Mars and beyond. NASA is committed to land astronauts on the lunar surface
by the year 2024. The goal of NASA’s lunar exploration program - Artemis, a collaboration with commercial and
international partners including the European Space Agency (ESA), is to establish sustainable exploration by the
end of this decade. The plan is to use what is learned on and around the Moon to take the next giant leap, namely
sending astronauts to Mars. Activities planned during the Artemis missions, especially in the early phases, involve
finding critical resources needed for long-term exploration, and acquiring more knowledge on Moon, Earth and the
universe by carrying out experiments. All these activities will involve extensive lunar geological field work, which
is orders of magnitude more complex than field geology on Earth. Extravehicular activities (EVAs) will become
increasingly more complicated than the tasks executed during the early Artemis missions and generally during
human spaceflight missions so far. EVA systems and crewmember skills that currently do not exist will be required.
This plan entails many challenges as real-time support from ground control cannot be provided to astronauts
who thus need to become more autonomous. Hence, modern human-machine interfaces have to be designed to
support astronauts during their deep space missions.

Augmented reality (AR) and the internet-of-things (IoT) are changing the way industries work, especially AR has
found application for space applications, specifically for procedural work. Nevertheless, only one AR space-related
study focused on the use of AR for future human planetary exploration, namely on navigation and traverse plan-
ning. While cuff-checklists guided Apollo astronauts on the Moon, wrist displays and tablets represent the standard
tools during today’s astronaut analog EVA missions. However, these are often operationally unfeasible as crew has
to handle several tools simultaneously and/or repeatedly look at the display and thus gets distracted from the sur-
roundings leading to a potential loss of situational awareness, affecting their safety. Based on the research that
is currently being performed on IoT technologies in combination with AR for visualisation and enhanced situa-
tional awareness purposes, the benefits obtained through the use of these technologies applied to future human
extraterrestrial surface EVAs, more specifically geological site inspections, were explored in this research.

The AR-IoT surface exploration tool developed for this research introduces a new approach for astronauts to carry
out geological site inspections. The tool enables hands-free operations such as data logging, detailed photo-
documentation, taking site coordinates, descriptions of sites through the presence of a verbal “field notebook”,
as well as mapping and highlighting features during a traverse by creating waypoints, while providing crew with
suit diagnostics.

A user-centered design method was adopted to design the AR-IoT tool deployed on the Microsoft HoloLens. This
highly iterative design process involved two to three expert reviews for each of the first three concepts, and three
heuristic evaluations for the fourth concept until the subsequent generation of the first prototype. Key usability and
user interaction aspects, pertinent capabilities determining the adoption of innovative interfaces, essential insights
into future human-machine interaction and design requirements for AR meant for EVA astronauts were gathered
through semi-structured interviews held with four ESA astronauts and astronaut geological field activities experts.
The interviews together with the qualitative and quantitative data collected through the questionnaires were then
used to assess the usability of the AR-IoT tool. Moreover, these data provided with additional knowledge on user-
centered design AR studies in general but also and particularly on user-centered AR space-related studies.

Valuable insights into interface design and user interaction aspects were gained. Results from the qualitative con-
tent analysis of the interviews stressed the importance of user satisfaction (32% of 139 quotes) as a usability aspect.
Key design factors identified were: displaying solely important information in the field-of-view while adjusting it
to the user’s visual acuity, easy usage, simplicity, helpfulness and extensibility. User interaction was the second
most mentioned (24% of 139 quotes) aspect. While multimodal interaction was considered feasible, no conclu-
sions could be drawn on the most suitable combination of inputs. Nonetheless, most experts defined voice the
most intuitive input. Based on the positive feedback from ESA astronauts and other experts, the AR-IoT proof of
concept proved to be a potentially usable tool for future geological site inspection activities. The AR-IoT tool is
therefore a promising asset for analogue training missions, such as Caves & Pangaea, and in the future for lunar ge-
ological field work. While limitations in both research and design are outlined, a set of recommendations aimed at
warranting future testing and development of a more advanced AR-IoT tool for astronaut geological field activities
is provided.
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Introduction

Humans are embarking on a new era of space exploration with the plan of sending crewed spacecraft beyond
Low Earth Orbit (LEO) to the Moon, Mars and beyond. NASA is committed to land astronauts on the Moon
by 2024 [179]. The goal of NASA’s lunar exploration program, Artemis to which the European Space Agency
(ESA) and several other international space agencies such as the Japanese Space Agency, JAXA, the Canadian
Space Agency, CSA, and the Russian Space Agency, ROSCOSMOS, are contributing, is to establish sustainable
missions by 2028. In fact, these missions do not have the aim of "putting boots on the Moon" again but to "go
forward to the Moon" and use what is learned on and around the Moon to take the next giant leap, namely
sending astronauts to Mars [179].

Activities planned during the missions of the Artemis program, especially in the early phases, involve finding
and using water and other critical resources needed for long-term exploration, investigating the Moon’s mys-
teries and acquiring more knowledge on Earth and the universe by carrying out experiments [179]. All these
activities involve lunar field geology which is orders of magnitude more complex than field geology on Earth.
In contrast to a field geologist on Earth, a lunar field geologist must always be aware that time is limited, con-
sumables are limited, fatigue can be fatal, and that, generally, going back to a location is unlikely [81]. All of
these components add to the normal intellectual workload of doing field work. Furthermore, tasks take longer
in a spacesuit, if they can be completed at all. Writing notes as well as drawing diagrams by hand is impossible
while wearing pressurized gloves. Planning, automated location, voice communications and the documenta-
tion of sampling activities, as well as the whole field experience are of even greater importance than usual [81].

Extravehicular activities (EVAs) will become increasingly more complicated than the tasks executed during the
early Artemis missions and generally during human spaceflight missions so far. In fact, EVAs will involve build-
ing crew bases, laboratories and facilities [48]. EVA systems and crewmember skills that currently do not exist
will be required. When communication latencies will reach up to 40 minutes, as will be the case for Martian
operational scenarios, astronauts will no longer be able to rely on ground support to know where their tools
are located or what their location is, as it was the case during the Apollo missions [37].

To give an example of EVA crew and CapCom (Capsule Communicator) communication regarding their tool
location, an excerpt of voice transcript of the Apollo 17 mission is reported below [167]. During this mission,
astronaut Eugene A. Cernan was the CDR (Commander) while Robert A. Parker (Bob) was the CC (Capsule
Communicator, CapCom).

146:30:19 Cernan: Say, Bob, where can I get a new set of bags?
146:30:23 Parker: Okay, you want new bags...They'll be under Jack’s seat.

In fact, MCC (Mission Control Centre) could monitor EVA crew activities through the Lunar Surface TV which
was either connected to the LM (Lander Module) by cable or mounted on the ground-controlled television
assembly on the LRV (Lunar Roving Vehicle) and could be controlled remotely [142].



CapCom, the Mission Control Centre (MCC) in Houston, played a major role when it comes to instructional
guidance, tracking, logging, monitoring, advising and scheduling. From the voice transcripts of Apollo 17, it
could be concluded that EVA crew interacted with CapCom during their EVA when [37]:

¢ logging (reading out information)
* asking about the location of materials
e reporting descriptions on the surroundings or on the equipment status
* suggesting, requesting or documenting EVA equipment settings and usage
CapCom managed the EVA actively by [37]:
e communicating elapsed time, remaining time at a specific site, warnings when turning around
e communicating revised plans for reprioritizing, skipping or substituting work
e communicating navigation advice and identifying sites the crew is seeing

Nevertheless, some issues in communication with CapCom occurred with respect to verbal exchange, tracking
and planning. Identified issues were [37]:

¢ Crew mishearing or not listening to CapCom or other crewmembers
¢ Crew not understanding who is talking to whom

¢ Communication breakdowns

¢ Unnecessary remarks from CapCom leading to disruption

* Non-optimal scheduling decisions made by CapCom, as EVA crew was seeing opportunities CapCom
could not see

e Misunderstandings between rover indicator and checklist

Moreover, to carry out any kind of operation during future human spaceflight missions, procedures being dis-
played on cuff-checklists (see Figure 1.1 [219]) will no longer be sufficient as means of crew guidance and
support as they were for crew during the Apollo missions [118]. More autonomy will be required from EVA
crew to manage both systems performance and mission execution. The crew residing in the crew base will
play an increasingly important role in assisting crew during EVAs, taking on activities previously performed by
ground control. Hence, astronauts in the crew base need the tools and the skills to perform the EVA monitor-
ing. Ensuring the health of the crew, efficient workflows and critical events will all be additional challenges to
face.
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Figure 1.1: Cuff-Checklist EVA 2 & 3 Apollo 16 [219].



Therefore, modern human-machine interfaces have to be designed to support astronauts during their deep
space mission operations. The goal is that these systems allow crew to effectively carry out operations, while
keeping cognitive overload during off-nominal or critical events to the minimum and situational awareness to
the maximum [32].

At the foundation of human spaceflight operations lies procedural work, interestingly, it was found that half
of the accidents reported between 1996 and 2005 were caused by human errors and a significant portion
resulted from the incorrect execution of procedures [15].

The benefits of augmented reality (AR) especially for procedural tasks have been recognized across many in-
dustries. AR for assembly research, namely manufacturing, assembly, maintenance & repair (for surveys see
[86], [215], [243]) has been heavily investigated as these activities in industry require collaboration, interaction,
delivery of real-time information to release quick and accurate products. So far, procedural instructions used
were mostly paper instructions which are time consuming [209] to look up and often show unnecessary infor-
mation [110], [137], [215]. AR studies investigating the usability of the technology for procedural work have
shown that the use of AR leads to lower task completion times for assembly, higher accuracy and lower mental
effort [9], [18], [211], [222]. Furthermore, users defined AR as intuitive [209-211]. Despite the fact that research
and development of AR for space applications is at an early stage, several studies and projects investigating the
benefits of AR for space applications have been performed as well. The majority of these projects focused on
AR for procedural work on the International Space Station (ISS), namely mobiPV [3], which was tested on dif-
ferent mobile devices including the Microsoft HoloLens, namely MobiPV4HoloLens [126], WEKIT [34], [128],
EdcAR [52], [124], [128], WEAR [146], [221], ARAMIS [72], Sidekick [175] and T2 Augmented Reality [230]. Sev-
eral pilot studies had a similar focus, namely the one by Braly, Nuernberger, and Young Kim [15] and the one
by Markov-Vetter and Staadt [160]. Exploiting the proven benefits of AR for procedural work, more specifi-
cally lower task completion times and higher accuracy could enhance human spaceflight operations majorly.
Nevertheless, other applications of AR were investigated as well. AR for rover operations was investigated by
projects such as WEKIT [139], in fact this project aimed at different use cases, and OnSight [175]. Whereas Fu-
ruya et al. [79] investigated the benefits of AR for stowage operations and logistics, the study by Karasinski et
al. [99] investigated the use of a tool combining AR and the Internet-of-Things (IoT) for just-in-time training.
Finally, an interesting study involved the development of an AR tool, called Holo-SEXTANT, aimed at helping
extravehicular (EV) crewmembers while navigating a planned traverse during their extravehicular activities.
SEXTANT stands for Surface Exploration Traverse Analysis and Navigational Tool [108] and is a tool which was
integrated in the Microsoft HoloLens and tested during NASA’s Biologic Analog Science Associated with Lava
Terrains (BASALT) exploration field campaign which took place in November 2017, at Hawai’i Volcanoes Na-
tional Park [55]. This study concluded that the tool is significantly enhancing EVAs [123].

Designing user interfaces that are effective is a major challenge when it comes to emerging technologies that
present new ways of user interaction and perception and do not have established design guidelines [100].
Augmented reality is one of these emerging technologies as it has the potential of changing the way humans
perceive the world. A literature survey performed in 2004 showed that user-based studies have been rarely
utilized for augmented reality user interface design as engineering challenges were the main focus. Swan and
Gabbard [97] identified the need to develop AR systems from a technology-centric medium to a user-centric
medium. From the survey it could be concluded that of 1104 articles on augmented reality, only roughly 3%
addressed aspects of Human Computer Interaction (HCI) and only roughly 2% described a formal user-based
study [97]. Swan and Gabbard [97] state that to create effective user interfaces for emerging technologies, such
as augmented reality it is crucial to understand perceptual and cognitive characteristics of the users, hence
develop AR based on performed user studies [97]. A more recent study which analysed AR studies between
2005-2014 concluded that overall on average less than 10% of all the AR papers were user study papers [7].
Additionally, analysis showed that the majority of the studies included little field testing and few heuristic
evaluations. That survey however, included only one AR space-related application study, namely the one by
Markov-Vetter and Staadt [160]. It should be noted that most AR studies for space applications focused on
the user and gathered feedback from the users through direct observations, surveys and questionnaires and in
some cases performed usability tests (see Table D.1 in Appendix D). However, the methodology used for data
collection and analysis for these evaluations is rarely clearly outlined. Additional knowledge on user-centered
design AR studies in general but also and particularly on user-centered AR space-related application studies
are therefore required.



Relevant recommendations for AR applications extracted from several of the above mentioned studies include:
the importance of text besides graphics [78], the possibility to visualize telemetry from surrounding devices
and the ability to directly interact with the values and parameters [158]. Furthermore, more visual guidance is
recommended to cope with the narrow field-of-view (FOV) of currently available off-the-shelf AR devices [128].
Additionally, it is recommended that real-time information should be provided including alarms and warnings.
Finally, Wolff et al. [158] stated that IoT can lead to major improvements to sense and control surrounding
devices while artificial intelligence (AI) could enable these devices to be smarter. The Holo-SEXTANT study in-
cluded several interesting recommendations for future surface exploration applications as well, namely an AR
assistant able to aid during sample identification, providing suit diagnostics, aiding with tasks, taking notes,
communicating with intravehicular (IV) crew or mission control. Moreover, such an EVA tool could have inte-
grated intelligence going beyond simple voice commands. Finally, an artificially intelligent assistant could be
included to aid in decision-making processes [123].

While some AR space-related studies recommended combining AR and IoT to enhance sensing and control of
surrounding devices other non-space related studies already demonstrated an increase in work-productivity
and situational awareness through the use of an AR-IoT tool.

Combining AR and the IoT can significantly improve the user’s experience, in fact AR can enable the interac-
tion with IoT objects in the surrounding environment [189]. AR-IoT tools for different applications such as
farming [189], retail [46] and remanufacturing [151] have already been developed. These demonstrated that
using AR-IoT technology was less error prone and more promising than traditional visualization methods. De-
spite the great potential of AR in combination with IoT, there are only a few studies combining AR and IoT for
space applications which have been carried out. Karasinski et al. [99] investigated the use of an AR-IoT tool for
just-in-time training and concluded that cognitive load and task completion time was reduced when using the
tool. During the combined EdcAR [124] and WEKIT [128] study, the combination of the two technologies had
different purposes. EdcAR simply demonstrated and tested IoT features in AR [124]. While WEKIT included
a wearable IoT sensor network in form of a biosensor harness which had to be worn by the test subjects such
that potential "stress" indicators could be tracked to get more insights later on during the result analysis phase
[139].

It can be concluded that most studies and projects on AR space applications focused on AR for procedural
work on the ISS, while only one focused on AR for planetary surface exploration. Hence little knowledge on
usability aspects of an AR tool for EVAs is available. Moreover, a human spaceflight tool that combines AR
and IoT technologies to increase crew situational awareness has not been developed yet. Based on the recom-
mendations from the Holo-SEXTANT study, namely assistance in: providing suit diagnostics, aiding with tasks
while on the field as well as taking notes, and based on the forecast future missions to the Moon, Mars and be-
yond, where surface operations will be crucial for mission success and communication delays will be a major
problem, an AR-IoT tool for lunar and planetary surface activities namely geological site inspection activities
is seen as crucial and has not been developed so far. A study that investigates and assesses the usability of such
atool is therefore necessary.

Research Questions and Objective
This leads to the formulation of the following research question:

"is an augmented reality user interface a usable concept to tackle long communication latencies,
hence increase autonomy of astronaut crew during future human extraterrestrial surface activities
on the Moon and eventually on Mars?"

Usable refers to the usability of a tool, it analyses the way the tool will be used and whether it allows the user
to do so in an effective, simple and pleasurable way. To answer the main research question whether the tool is
usable one needs to assess whether the target group, which in this case are astronauts and astronaut geological
field activities experts, perceive the tool as useful, helpful and operationally feasible. In fact, this will be crucial
to understand whether the target group would consider adopting the tool in the first place. This leads to the
formulation of the following subquestions:



“Is the application perceived as useful and helpful for future geological site inspection activities by
astronauts and astronaut geological field activities experts when compared to the current tools and
media used?”

“Is the application perceived as operationally feasible for future geological site inspection activities
by astronauts and astronaut geological field activities experts when compared to the current tools
and media used?”

To be able to design a tool that is usable and relevant to the activities it is designed for, one needs to understand
the type of activities that one is designing for and the type of information that is useful for the user and to be
provided by the user to accomplish the given tasks. This leads to the formulation of the following subquestions:

“what are relevant activities to be performed during astronaut geological field activities and which
are feasible to be designed for in the user interface?"

"what type of information is required by the user to accomplish the given geological site evaluation
task?"

To ensure and increase the usability of a designed tool, the designer needs to make sure that design principles
specifically relevant to the developed user interface are not violated. For this one needs to define the design
principles and assess whether these are fulfilled. This leads to the formulation of the following subquestions:

“what are the identified design principles that apply to the developed user interface?”
‘are the identified user interface design principles fulfilled?”

Based on the research performed on the Apollo missions and EVAs in general, it became evident that workload
is high during these operations. Crew workload should be minimized based on NASA’s guidelines [173], more-
over reduced workload can lead to increased user satisfaction and therefore needs to be assessed. This leads
to the formulation of the following subquestion:

"is the mental workload reduced when the AR-IoT tool is used compared to the current tools and
media?"

A major difference between an EVA and operations inside the ISS is the kind of interaction an astronaut can
have with an AR system. Based on research it was concluded that voice commanding could present interfer-
ence problems [154] while hand dexterity, mobility and tactility are limited [147]. This leads to the formulation
of the following subquestion:

"what kind of interaction with the AR-10T tool is feasible for astronaut crew during a lunar or plan-
etary EVA?"

Finally, the definition of a concept of operations (ConOps) is considered crucial to get an overall picture of the
operation from the point of view of the users who will operate the newly developed system [173]. Moreover,
a concept of operations is considered important to provide the initially planned controlled experiments with
sufficient fidelity to current and possibly future operational environments [121]. While performing controlled
experiments was finally not possible due to Covid-19 restrictions on human subject testing, these experiments
are still highly recommended for future work, and thus the development of a feasible concept of operation
remained essential and relevant. This leads to the formulation of the following subquestion:

“what is a relevant and feasible concept of operations (ConOps) to operate and test the technology
developed?”

To answer all the above mentioned research questions, the following research objective was formulated:

"develop and investigate the usability of an Augmented Reality (AR) User Interface (UI) for future
human lunar and planetary surface exploration extravehicular activities (EVAs) and its potential
in providing support to the astronaut crew when real-time ground support is unavailable, by car-
rying out expert review sessions, heuristic evaluations and expert evaluations through a design
requirements compliance questionnaire in combination with semi-structured interviews"



Thesis Structure

This thesis is structured as follows: first background information on astronaut geological field activities as well
as analogue training missions is presented in chapter 2. A thorough investigation of these activities was crucial
to understand the context of use, requirements and the needs as well as to get insights on the type of tasks usu-
ally carried out and tools employed. The methodology used for this research project is explained in chapter 3,
including the hardware and the methodology used to develop and implement the AR-IoT application as well
as the methodology used to evaluate the AR-IoT tool. In chapter 4, the innovative AR-IoT tool developed to
assess whether it represents a usable concept to aid astronaut crew during future lunar and planetary surface
exploration is elucidated and shown. After that, the conceived operational scenario developed to get an over-
all picture of the operation from the perspective of the users who will operate the tool as well as to test the
tool is defined in chapter 5. The results from the tool evaluation, namely the expert reviews, heuristic evalua-
tions, questionnaires and semi-structured interviews are elucidated in chapter 6. In chapter 7, the results are
analysed and discussed, research and design limitations are elaborated upon and recommendations for future
work are provided. Finally, in chapter 8 the conclusions from this research are presented.



Astronaut Geological Field Activities

In this chapter, general information on astronaut field geology activities, past astronaut geological field activ-
ities as well as past and current analogue training missions are presented. An overview of the tools that are
currently used and/or developed for astronaut geological field training is given. Moreover, recommendations
regarding desired functionalities and capabilities of astronaut crew support tools are described.

2.1. Background Information on Field Geology

On account of the systematic and analytical studies of Earth’s landforms and rock outcroppings performed
during the late eighteenth century, indications of the great antiquity of our planet were gained, insights which
were not quantified by laboratory science up until a century later [71].

Considering that natural sciences will most certainly be the principal scientific motivation to explore new
worlds beyond Earth, it is of utmost importance to investigate field geology activities to render these as fruitful
as possible as they will underpin successful scientific exploration of the Moon, Mars, and other targets such as
asteroids.

As stated by Hodges and Schmitt [130], the primary goal of a field geologist is to reconstruct the geologic his-
tory of a delineated study area or outcrop based on observations done on site and samples collected such that
they are informed by those observations. Geology is a field of science which entails on-the-fly interpretive
synthesis of an aggregation of observations that develop rapidly while the research progresses. Field geologists
hardly perceive a traverse as a sequence of destinations. In fact, they study the landscape, noting features that
can provide with opportunities for unanticipated study as the features were not right away obvious or visible
in the previously provided remote-sensing images. They ameliorate the geologic map and construct a better
aggregation of geologic histories during their walk toward the next station. The analysis process is strongly it-
erative for a field geologist. In fact, the final traverse route is very often quite different from the initial traverse
plan specified by the remote sensing data, and the number and locations of stations are very different from
the ones forecast prior to field work. Flexecution is therefore the term that best describes the work of a field
geologist. The term outlines a problem solving method which includes the continuous redefinition of goals
while working toward achieving them, this is why on-the-fly re-planning is such a crucial part of executing a
task like a field traverse [130].

The set of actions usually performed by a field geologist, once a target is selected to be studied in detail and
hence becomes a station, includes first quickly but carefully laying out a plan of action for the study. Before
conducting geological field work activities, it is crucial to understand the context of an area, by studying the
broad-scale geology. On Earth, this is possible through remote sensing data, seismological data as well by
analysing the existing geological maps from previous studies conducted in that region, whereas for extrater-
restrial bodies maps and previous information is limited. Nonetheless, it is still possible to study the broader
context of geology by identifying the outcrops of interest from remote sensing images. After that, the pro-
cess involves a rapid survey from a distance and several different perspectives. Geologists normally take low-



resolution photographs of the station from different perspectives, while making preliminary interpretations of
the geologic relationships observed. Numerous field geologists also draw annotated sketches of station out-
crops in their field notebooks. The field geologist then utilizes the information from the primary survey to
identify specific parts of the station outcrop that deserve further detailed study, quantitative measurement
and, in some cases, sampling [130].

2.2, Field Geology on the Moon

For a moment in history, in the years from 1969 to 1972, humans got a preview of field work on the Moon.
During six successful human lunar surface exploration missions, the Apollo program procured groundbreak-
ing knowledge on Moon geology and 381.7 kg of rocks [130].

Field exploration activities of the Moon during the Apollo missions, together with the following analysis and
interpretation of the discoveries and the collected samples reinforce today’s understanding of the origin and
history of the Moon. And this understanding keeps on providing us with new and important insights into the
early histories of Earth and other bodies in our Solar System, as well as the time during which life formed
and started to evolve on Earth [80], [130]. Apollo lunar exploration activities led to the discovery of crucial
and conceivably commercially viable lunar resources which could aid in satisfying future demand for space
consumables, such as life support, power and propulsion. In fact, both ESA and NASA are currently planning
activities and developing technologies for lunar sample return missions and in-situ resource utilisation exper-
iments [63], [169]. These conclusions on the potential benefits gained from lunar surface resources come from
lunar sample analyses and depend heavily on a foundation of geological field observations, documentation
through photos, detailed locations, and the context corroborated by active and passive geophysical data col-
lection as well as photo-geological mapping [130].

While developing the lunar geology concept for the Apollo missions it quickly became clear that several basic
operational parameters constituting field geology on Earth had to be changed for lunar field work. In fact, lim-
ited consumables such as breathing oxygen, electrical power for the crew’s spacesuit systems and all the safety
factors would present major constraints to the flexecution strategy.

Finally, geological traverses were extremely judiciously planned during the Apollo missions, in fact only minor
modifications occurred. Nevertheless, Apollo astronauts followed similar observational and sampling strate-
gies as terrestrial geologists, despite the tighter time constraints [130].

During Apollo missions, astronaut crew assigned to geological field activities had the chance to use more
"heads" than just their own, thanks to the presence of the "Science Backroom" which, having taken part in as-
tronaut training and traverse planning, was assigned to monitoring the Apollo extravehicular activities (EVAs)
and communicating questions or recommendations for surface observations to crew through the Flight Di-
rector [130]. It should be noted that 50 years ago, supporting technology that could replace the "Science Back-
room" or "extra brains" was not available yet desirable as communication issues occurred. Nevertheless, the
scientific investigations at every station as well as the observations in between were carried out with signifi-
cant autonomy by the astronauts which were following simple instructions prepared prior to the expedition by
science team members on Earth. These instructions were included in abbreviated form into a cuff-checklist
attached to the astronauts’ spacesuit. In Figure 2.1 instructions provided to the crew for EVA I along the rim of
Hadley Rille as found in the Apollo 15 Lunar Surface Procedures document [130], [171] are shown. Examples
of abbreviated forms on instructions and maps for cuff-checklists are shown in Figure 2.2 [171] and Figure 2.3
[171], respectively.



Station/ Planned Planned Geological features Observations and activities
activity time at segment
start time
(h) (h)
LM - 1:25 Smooth mare * See lunar surface procedures document
Travel 125 0:17 Across typical smooth mare  « Observe and describe traverse over smooth mare fill material
fill toward rim of Hadley Rile - Describe surface features and block distribution
* Mote any differences between mare and rille rim material
Checkpoint 1:42 0:02 MNear Canyon Crater -
Travel 1:44 0:07 Around Elbow Crater * Observe low scarp around Elbow Crater
« Observe any differences between rille rim material and mare material
« Observe distribution of gjeda around Elbow Crater
1 1:51 0:15 Near southern part of Elbow « Radial sampling of Elbow Crater
Crater ejecta blanket *Pan
Travel 206 0:08 To Apennine Frontslope = Look for chanies in lithology or ground texture as indications of base of front
north of St. George Crater  + Compare mare and rille rim material to Apennine Front
* Observe character and distribution of St. Geomge ejecta blanket
2 2:14 0:45 Near base of Apennine Front « Radial sample of 5t. George Crater as slope permits
north of 5t. George Crater  + Comprehensive sample area at Apennine Front
* Double core tube
+ 500-mm-lens camera photography—blocks on St. George rim and Hadley
Rille
« Stereo pan from high point—100 m base along front
« Fill SESC at Apennine Front
* Penetrometer
Travel 2:59 0:09 Across base of Apennine  * Observe Apennine material and relation to mare surface
Front to edge of possible
debris flow
3 308 0:14 At base of Apennine Front « Examine flow and compare to mare and front
adjacent to possible debris  « Documented samples of Apennine Front and “flow” material
flow « Observe and describe lateral changes in Apennine Front; compare to
previous stop
* Pan
* Dbserve charaderistics of EVA Il route
Travel 322 0:28 From base of Apennine Front « Observe characteristics and extent of possible debris flow
across mare to LM » Observe area to be traversed on EVAII
* Compare mare material to Apennine Front and rille rim
« Observe possible ray material
LM 350 310 Smooth mare

« ALSEP deployment
* EVA closeout

Notes: Reproduced from Jones and Glover (2009). Times are shown in hours:minutes form. Abbreviations: ALSEP—Apollo lunar surface
experiments package; EVA—extravehicular activity; LM—Iunar module; Pan—photographic panorama; SESC—special environmental sample
container. During the actual EVA, station 3 was omitted for reasons described in the text.

Figure 2.1: Instructions provided to the crew for EVA I along the rim of Hadley Rille [171], [130].
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2.3. Future Extraterrestrial Field Geology
Field geology on the Moon is obviously a more challenging enterprise, physically and intellectually, compared
to field geology on Earth. Therefore, it is crucial that technologies and strategies that increase overall efficiency
as well as effectiveness are developed to ensure cost- and time-effective geologic field work on the Moon [81]
and eventually on Mars and other targets in our Solar System.

In contrast to a field geologist on Earth, as mentioned earlier a lunar field geologist must always be aware that
time is limited, consumables are limited, fatigue can be fatal, and that, generally, going back to a location is un-
likely. Additionally, the lighting conditions on the lunar surface can represent major challenges for geological
field work, particularly sampling, as at specific moments in time it is difficult to distinguish surface topog-
raphy. Experience from the Apollo missions suggests that EVAs performed during the time around the lunar
noon were particularly difficult caused by a lack of surface definition due to elimination of shadows [38]. All of
these components add to the normal intellectual workload of doing field work. Furthermore, tasks take longer
in a spacesuit, if they can be completed at all. Writing notes as well as drawing diagrams by hand is impossible
while wearing pressurized gloves. Planning, automated location, voice communications and the documenta-
tion of sampling activities, as well as the whole field experience are of even greater importance than usual [81].

Itis envisioned that future lunar exploration missions will provide with the opportunity to carry on and extend
lunar human exploration including geological, geochemical, and geophysical exploration. The way future lu-
nar field exploration will be conducted, the training activities as well as the planning of activities will derive
from the lessons learned during the Apollo missions, new relevant technologies and ideas that have been de-
veloped over the past 50 years [130] including those that are currently being and will be developed in the next
years.

To take full advantage of extraterrestrial geology when it again becomes practical during future lunar explo-
ration activities, it is imperative for geologists on Earth to start learning how to incorporate advanced technolo-
gies into their research. In fact, as new models of “advanced” planetary field geology are being developed and
iterated upon [130], and the probability that astronaut explorers will have more time in the field, it is crucial to
develop an exploration strategy that expects greater astronaut pre-mission geologic experience and allows for
greater astronaut research autonomy while recognizing the risks and resource limitations of lunar and plane-
tary field geology.

Schmitt et al. [81] states that various types of equipment for mobility, sampling, sample documentation,
communications, and positioning and navigation will be required to accomplish successful exploration mis-
sions. Additional surveying equipment and in-situ mineralogical, geochemical, and geophysical tools should
be available and could significantly improve the scientific and operational return of extended exploration com-
pared to the Apollo missions.

Some basic tools and some advanced tools specifically required for site evaluation activities are listed below:

¢ shoulder- or helmet-mounted, continuous or voice-activated, digital, stereo photo-documentation cam-
eras [81];

¢ helmet visor or suit-mounted display with automatic position and elevation determination system in-
tegrated with a global satellite communications and navigation system or a local site-specific relay and
triangulation system [81], [197];

e voice-activated, in-helmet display or visor-projected heads-up display (HUD) for displaying “cuff-checklists,”
exploration-related data, suit systems and consumables status as well as other relevant data [81], [197].

During future lunar exploration it is forecast that the Science Support Room (SSR), which has a different role
compared to the "Science Backroom", will play an ever-increasing support function. The maintenance of co-
herent and directly accessible and addressable compilations of preceding observations, documentation, sam-
ples, and other data collection will have to be ensured. In fact, these will be deciding for planning the next day’s
activities and longer-term exploration on whichever given mission or sortie from a lunar or planetary base [81].
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2.4. Innovative Technologies for Analogue Campaigns and Recommenda-

tions
The autonomy that the Apollo explorers could avail themselves of while carrying out field geology tasks on
station was only enabled by attentive tutoring in field geology after being assigned to a mission [130].

Provided the current vision for advanced planetary field geology, as outlined by Hodges and Schmitt [130], is
realized, future astronaut explorers will require even more intensive geological training as they will have even
greater autonomy.

The Apollo J-mission training experience has been successful as it featured field tutorials in a simulated mis-
sion environment and not plainly classroom education [130]. Hodges and Schmitt [130] state that an even
more proactive training regime would necessitate an accentuation on real geological problem solving at ana-
log sites with astronauts. To test and improve emerging concepts and designs for advanced planetary field ge-
ologic studies, geologic studies of analog sites on Earth that employ new technology enabled strategies rather
than traditional research methods represent ideal opportunities [130].

Several analogue studies have been carried out over the years, these among others include: the NASA Extreme
Environment Mission Operations (NEEMO) analogue, NASA’'s Desert Research and Technology Studies (Desert
RATS), NASA's Biologic Analog Science Associated with Lava Terrains (BASALT) and ESA’'s Caves & Pangaea ana-
logue missions.

Several Pangaea as well as Caves training and test campaigns have taken place over the past years, in fact Caves
training started in 2011 while Pangaea started in 2016. During the Pangaea-eXtension campaign, also known
as Pangaea-X [135] in 2018, the specific goal of the campaign was to evaluate potential applications and de-
velopments for future mission scenarios and to increase operational relevance of training. Several different
approaches for the operational scenarios were simulated, tested and analysed [134]. Different sites, with spe-
cific geologic and environmental characters were made available within the Lanzarote Geopark. A complex
logistic framework was set up with the aim of maximising efficiency and allowing an interconnection between
the different experiments [134].

One of the technologies tested during the Pangaea-X campaigns is the Electronic Field Book (EFB) for tablets
Figure 2.4 [62]. ESA-EAC initiated the development of the EFB, with the aim of integrating geological reference,
sampling protocols, traverse preparation, navigation and documentation, analytical tools as well as providing
real-time awareness to support mission control personnel and scientists during operations [135].

Figure 2.4: Pangaea-X 2018 campaign in Lanzarote. Participants with Electronic Field Book (EFB) on tablet [62].

As reported by Bessone et al. [135] the EFB provides with the following functionalities:
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¢ Pre-defined traverses, geological stops and sampling sites are accessible through the system with the
possibility to retrieve associated reference and real-time information;

¢ Geological stops and sampling sites can be marked on the map;

¢ The location of all field elements can be identified real time;

* Geo-located relevant geological multimedial information and data analysis can be collected and stored;
¢ Information can be exchanged between field and ground segment;

¢ Type of information to be retrieved, collected and exchanged includes, but is not limited to: geoloca-
tion, rich text, geo-located photos, audio, videos and/or panviews, maps, procedures and geological
databases.

Finally, the set of actions selected for a site evaluation activity are grouped into activity categories following
the order mentioned hereafter [135]:

1. Stop Description which consists of describing the stop.

2. Geolocation Site Screening which consists of creating a stop on the EFB, taking photos and panoramic
360 photos.

3. Analytical Screening which consists of mineral screening and communicating the mineral spectra.

4. Documenting Stop and Area which consists of GPS photos and filling in other information in the EFB
regarding coordinates, areas, description and performing sketches.

It can be noted that the actions mentioned above are in line with the ones described by Hodges and Schmitt
[130] who reports that when a target is selected to be studied in detail and hence turns into a station, a good
field geologist at first quickly but carefully lays out a plan of action for the study. After that, the process involves
a quick survey from a distance and several different perspectives. Geologists normally take low-resolution
photographs of the station from different perspectives, making preliminary interpretations of the geologic re-
lationships observed. Numerous field geologists also draw annotated sketches of station outcrops in their field
notebooks. The field geologist then utilizes the information from the primary survey to identify specific parts
of the station outcrop that deserve further detailed study, quantitative measurement and, in some cases, sam-

pling.

For BASALT analogue campaigns, unlike Pangaea analogues where the main goal is to evaluate potential ap-
plications and developments for future mission scenarios and to increase operational relevance of training,
the scope is to develop, test, analyse and validate new exploration architectures, specifically for Martian ex-
ploration. Nevertheless, insights gained from these Mars-like mission scenarios can be adopted for Lunar-like
exploration scenarios.

Various improvements have been identified during the BASALT-2 analogue mission in 2016 and are listed be-
low [122] :

1. The ability to incorporate a hands-free (e.g. speech recognition) mean with which one could add geospa-
tially linked electronic field notes to increase efficiency and reduce workload. More specifically, adding
a feature such as speech recognition "Create EV1 waypoint A" which would directly create a waypoint
called A at the current location of the extravehicular (EV) 1 crewmember. This would enable EV or other
crewmembers to easily and promptly mark field locations of interest without EV crew having to take
their hands off the tools they are using in the field at that specific instant in time.

2. Certain means to maintain a running tabulation of all notes linked to a certain candidate sample that is
automatically organized and visible to both the intravehicular (IV) crew and the Mission Support Centre
(MSC) right away.

Other relevant capabilities assessed during BASALT-2 but not implemented with respect to EV support tools
were [122]:
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1. Simple text-based displays providing EV with data on critical suit consumables, elapsed time, remaining
time in phase of EVA, bingo times to key milestones namely the latest time in which particular informa-
tion must be sent by the MSC to keep the EV crew on schedule [12], suit health and breathing atmosphere
pressure/composition.

2. Head-mounted display (HMD) that overlays virtual traverse waypoints and annotations on the sur-
roundings and allows EV, IV and MSC to overlay text and annotations on the surroundings.

3. VR/AR/telepresence system that displays EVA terrain allowing IV and MSC to virtually join EV in the
field.

Several of the new capabilities mentioned as being useful in BASALT-2 were included and evaluated during
BASALT-3 such as virtual training environments and HMD technologies for the EV crew and telepresence sys-
tems for MSC and IV crew to ’join’ EV crew in the field. One example of these is Holo-SEXTANT [123], for
more details see subsection G.2.2. The field test results from the BASALT-2 and BASALT-3 are being integrated
into EVA concept of operations documents which are owned and maintained by the NASA JSC EVA office [122].

Critical technologies identified during analogue missions were also investigated and are reported hereafter.
It was found that constant video feeds from crew-mounted cameras are useful, however they rarely provided
contextual information above and beyond what could be deduced from photographs taken by the EV crew
provided that, those images followed the predetermined and systematic imaging protocol. The ability to send
close-up photographs at reasonable resolution was the primary mean to transmit scientific information from
EV through IV and to MSC. Furthermore, directing photographs by the highly trained EV crew proved to be
significantly better compared to remote operation, as EV crew is in the best position to assess the best subject,
scale and contrast. It should be noted that also other analog programs have examined questions on decision-
making and how science teams can operate in simulated extraterrestrial missions, nevertheless there is not
much literature available on the details regarding the background of particular protocols chosen, or in detail
examination of the results regarding the choices made [12].

During the BASALT program, an auxiliary role was the one of a stenographer who was in charge of transcribing
verbal communications by EV crew [12]. It is envisioned that future science operations management systems
could feature automatic transcription of all kinds of voice communications.

Finally, important support capabilities for EVA execution have been investigated and presented by Marquez et
al. [98], these are reported hereafter:

¢ Timeline Management

e Life Support System Management
* Physiological Management

¢ Communication Management

¢ Science Operations Management

It can be concluded that innovative technologies are needed to ensure the success of future human lunar
and planetary exploration missions as cuff-checklists will not be sufficient to support and guide crew dur-
ing surface operations. Moreover, despite several modern human-machine interfaces are being tested during
analogue campaigns already, an augmented reality hands-free application able to aid astronauts during ge-
ological site inspections, and to provide with critical suit consumable data is recommended but has neither
been developed nor been tested yet.
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Methodology

In this chapter an overview of the methodology used for this research project will be given, more specifically the
development of the AR-IoT tool is described together with the evaluation strategy. In section 3.1 the hardware
used and the software implementation of the system are elucidated. Then, the methodology used to design
the user interface and to evaluate it is described in section 3.2.

3.1. Application Design

In this section, first the hardware used to develop the AR-IoT system is described and then the software imple-
mentation is explained.

3.1.1. Hardware
Several hardware components have been utilised for this research project and will be presented hereafter.

Microsoft HoloLens 1

For this research project the Microsoft (MS) HoloLens [163], more specifically the 1st generation MS HoloLens,
represents the most crucial hardware component. The MS HoloLens is an augmented reality (AR), six degrees
of freedom (DOF) Head-Mounted Display (HMD). It features an estimated field-of-view (FOV) of 30°x 16.5°, a
stereoscopic display with 1268 x 720-pixel resolution for each eye, spatialized audio technology, Wi-Fi as well
as Bluetooth wireless technology. These augmented reality glasses have an onboard computer which includes
a general-purpose processor as well as a custom Holographic Processing Unit (HPU). The device is untethered
and can thus be used easily and independently. An overview of the device including the hardware components
is shown in Figure 3.1 [55].

Figure 3.1: Overview of the Microsoft HoloLens (1st gen) hardware components (highlighted) [55].
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To interact with the HoloLens the user can make use of hand gestures, gaze and voice inputs. HoloLens’ AR and
Mixed Reality (MR) capabilities permit images to be projected on the optic wave lenses in front of the user’s
eyes and become visible to the user in the form of holograms in the environment. The HoloLens is capable of
mapping the user’s surroundings by creating a 3D map through its sensors and can "place" holograms on phys-
ical components. The HoloLens is also capable of keeping track of these locations by caching them, this way
allowing the user to return to previous locations and finding the earlier placed holograms. The MS HoloLens
provides with state-of-the-art capabilities for augmented reality, furthermore it has an easily-accessible devel-
oper platform. It uses an incorporated Inertial Measurement Unit (IMU) and sensors to handle relative posi-
tion and rotation in order to represent visual information accordingly, reducing the user’s physical and mental
taxing responsibility of orienting and visualizing. Additionally, the device allows the user to transform their
view within an environment by rotating their head in the HMD [163]. This device was chosen for this project
based on my previous experience with the HoloLens during my internship at the European Space Agency’s
Astronaut Centre (ESA-EAC) and as it represents state-of-the-art hardware for augmented reality technology.
It should be noted that it is also the only augmented reality HMD type available at ESA-EAC.

Despite being a state-of-the-art device, the hardware shows limitations. The HoloLens is an indoor headset
and the core technology of the device is designed for that. Moreover, it utilizes Wi-Fi signals to localize and
time of flight IR sensors to map the user’s surroundings. It should be noted that the display brightness is main-
tained suitable indoor under artificial lighting.

HoloLens clicker

The HoloLens clicker [162] specifically designed for the HoloLens 1st gen was used as well. It provides the user
with another way to interact with holograms, in fact it can be used instead of hand gestures to select, scroll,
move, and resize applications. For the application developed for this research project it was solely used to
select. The "select" action can be performed by pressing on the indentation which can be seen in Figure 3.2
[132].

Pairing Button

Elastic Finger Loop

Micro USB for Charging

Figure 3.2: HoloLens (1st gen) clicker, the elastic finger loop is highlighted on the right-hand side where one can see an indentation as

well on which one can press using their thumb [132].

The clicker is connected to the HoloLens via Bluetooth.
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Raspberry Pi
A Raspberry Pi 3 (see Figure 3.3) [202] was used to create the link between the HoloLens interface and the
Internet-of-Things components.

Figure 3.3: Raspberry Pi 3 [202].

Most notably, Raspberry Pi 3 has four USB 2.0 ports and built-in Ethernet, as well as a 1.2 GHz 64-bit quad-
core ARMv8 CPU, 802.11n Wireless LAN and Bluetooth 4.1 Low Energy (BLE). The powerful CPU together with
Wireless LAN and Bluetooth 4.1 radio renders this minicomputer an ideal candidate for IoT projects, because
several sensors can be simultaneously connected to it. In addition, the Raspberry Pi has a 40-pin GPIO (Gen-
eral Purpose Input Output) connector to interface with external sensors [202].

In subsection 3.1.2 more details on the integration of the internet-of-things and augmented reality, hence
between the Raspberry Pi and MS HoloLens will be explained.

3.1.2. Software Implementation
The AR-IoT tool runs the Unity 3D game engine [227] to visualize and render on top of the real world environ-
ment. This section presents the technical implementation methods and encountered challenges.

AR User Interface Development

The application has been developed using the Unity [227] framework (2018.4.13) and C# as the scripting lan-
guage along with the open source 2017.4.1.0 version of the Mixed Reality Toolkit (MRTK) [161]. The 2017.4
version has been chosen as it represented the most stable option at the time of development. The MRTK is
an open source collection of scripts, components, and tools for input to accelerate application development
suited for the MS HoloLens. An overview of the AR-IoT application development in the Unity environment is
shown in Figure 3.4. Please note that all application scripts are available upon request.
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Figure 3.4: Overview of the AR-IoT application development in the Unity environment

AR IoT integration

To ensure communication between the HoloLens and the IoT devices, for instance sensors which provide
with biomedical and consumable levels data, an IoT client-server architecture via Message Queuing Telemetry
Transport (MQTT) protocol has been adopted and is illustrated in Figure 3.5.

The HoloLens and the server, also called broker, communicate via MQTT, a lightweight publish/subscribe
protocol [203]. The communication between the Raspberry Pi [202] and the HoloLens is as follows, the MQTT
broker receives information to send to the HoloLens from the Raspberry Pi which receives data from the sen-
sors directly.

The open source message broker called Mosquitto [196] that implements the MQTT protocol and has a com-
mand line publisher/subscriber client was selected. For the HoloLens the open source M2Mqtt library [188]
was implemented. This library includes a main class MqttClient that represents the MQTT client to connect to
a broker. One can connect to the broker providing its IP address or host name and optionally certain parame-
ters that are specifically related to the MQTT protocol.

Once the connection with the broker is established one can use the Publish() method to publish a message
to a topic and the Subscribe() method to subscribe to a topic and receive messages published on the specific
topic. It should be noted that the MqttClient class is events based so that one receives an event when a mes-
sage is published to a topic one subscribed to, one also receives events when a message publishing process is
completed, or when one has subscribed or unsubscribed to a topic.

The Raspberry Pi and the broker also communicate via MQTT protocol. The open source Python MQTT client
Paho Eclipse [59] was embedded in the Raspberry Pi, additionally for the time being, an MQTT publishing
script, that is able to send dummy sensor values, was written and implemented in Python. The MQTT Pub-
lisher script for the Raspberry pi is also available upon request. The idea behind this is that, when sensors able
to publish meaningful data will be available, the actual data will be retrieved and formatted in the same way
as the MQTT publisher script momentarily does. Then the sensor values will be directly linked to the specific
topic, as an example topic/heartrate and random heartrate values will not have to be simulated anymore. The
publisher script will therefore be adjusted and integrated such that the Raspberry Pi handling incoming sensor
data can publish the incoming values to specific topics to the broker. It should be noted that for the sensors
to be able to send the data to the Raspberry Pi, a Wi-Fi chip such as a ESP8266 chip [64], ZigBee [250] or LoRa
[140] will have to be connected to the sensor.
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Figure 3.5: AR-IoT infrastructure: Mosquitto MQTT broker managing telemetry transfer between Microsoft HoloLens [88] with
embedded MQTT client, arbitrary display [89] with embedded MQTT client and Raspberry Pi [193] with embedded MQTT client
receiving and handling data from different sensors [88]

Several tests were performed to assess whether the connection and data transmission between the Raspberry
Pi and the HoloLens was working. First, the connection and data transmission between the broker and the
HoloLens was successfully tested using the embedded Mosquitto [196] command line publisher client. Then,
the connection between the embedded MQTT client on the Raspberry Pi and the broker was tested success-
fully as well using the embedded Mosquitto [196] command line subscriber client.

Finally, the whole setup was successfully tested. For this, it was ensured that: all devices are connected to the
same network and the IP address of the broker as well as the topic to subscribe/publish to (in the test case
"topic/water") was correctly specified for the embedded MQTT client in the HoloLens and in the Raspberry
Pi. The open-source MQTT Mosquitto broker [196] was used for these tests. Therefore, it can be concluded
that the transmission of data between the Raspberry Pi, sending data from its potentially connected "dummy"
sensors, and the HoloLens is working.

As can be seen in Figure 3.5, an arbitrary display with embedded MQTT client is shown as well, this is because
the initial evaluation methodology, which could not be pursued due to Covid-19 and the closure of ESA-EAC,
included controlled experiments in which two scenarios would be compared, one involving the innovative AR-
IoT tool and the other using conventional media such as a cuff-checklist and a simple Graphical User Interface
(GUD on an arbitrary device. In fact, to make the comparison fair the same amount of information has to be
provided. Therefore, to make sure that the IoT sensor data information is provided in both scenarios, a device
with a simple GUI displaying the same dummy or real sensor data as on the HoloLens, was considered es-
sential. Together with Sebastian Lorenz, intern at ESA-EAC, after providing the specifications of the IoT MQTT
setup used for the HoloLens, a concept for the software architecture was discussed. Consequently, the Android
application was developed by Sebastian Lorenz. Here, the main scope was to demonstrate data transmission
of dummy sensor values via a Raspberry Pi and MQTT broker to the HoloLens as well as an Android device and
this was achieved.

According to the specifications of Sebastian Lorenz, similarly to the HoloLens IoT integration, the open source
MQTT client Paho Eclipse [59] library was used. This time the library written in Java to develop Android ap-
plications was used. An MQTT subscriber able to subscribe to the same topics as the HoloLens, capable of
retrieving consumable levels and biomedical data, was then developed and integrated in the application. Ad-
ditionally, a script which enables the user to specify the IP address of the MQTT broker, once the application
is started, was developed. It should be noted that the application was written in Kotlin.
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The layout of the application was kept simple and is shown in Figure 3.6 and Figure 3.7.

MQTT server data
Insert server data. e.g.: topy10.0.2.2:1883 Temperature: 33deg C

Oxygen:  53% remaining

topa/10.0.2,2:1883

Heartrate:  Fibom
Weter: 1% remaining

ressure: 39%hPa

Figure 3.6: Custom-made graphical user interface of the Android
application requesting the input of the MQTT broker/server IP

address. Figure 3.7: Custom-made graphical user interface

of the Android application.

It should be noted that the application was tested successfully. More specifically, the dummy sensors values
could be successfully displayed on the application on an Android device. The following procedure testing was
applied: after deploying the application on an Android phone and inputting the server IP address, data trans-
mission was tested by running the developed Python MQTT publishing script on the Raspberry Pi. Again, it
was ensured that the server IP address specified was the same in the publisher script and in the subscriber
script and that all devices were in the same network.

3.2. Research Design

As suggested by literature (see section G.5), when designing for people, especially when designing an interface,
a user-centered design method is highly recommended. As stated by Swan and Gabbard [97] it is crucial to un-
derstand perceptual and cognitive characteristics of the users, hence develop AR based on performed user
studies [97]. As mentioned in chapter 1, past AR studies did not often adopt user-centered design method-
ologies, in fact less than 10% of all the AR papers between 2005-2014 were user study papers. Moreover, the
majority of the studies included little field testing and few heuristic evaluations. That survey however, in-
cluded only one AR space-related application study, namely the one by Markov-Vetter and Staadt [160]. Most
space-related AR studies did focus on the user and frequently gathered feedback from the users through direct
observations, surveys and questionnaires (see Table D.1 in Appendix D) and in a few cases performed usability
tests. Nonetheless, a clear outline of data collection and analysis is often missing.

Based on a review of design models, principles and standards (see section G.5 and section G.6) it was con-
cluded that a user-centered design method is the most feasible for a research project of this kind and was
therefore adopted. It should be noted that this model is in line with the human-centered design model used
by NASA [173] and the principles proposed by Gould and Lewis [116] suggested by Lee et al. [96] (for fur-
ther details, the reader is referred to section G.5). The user-centered design cycle that has been applied to the
augmented reality interface design in this research is depicted in Figure 3.8.
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Perform User and Iterative Design solutions for

Task Analysis process AR-loT tool

Evaluate the design

Figure 3.8: User-Centered Design cycle applied to the Augmented Reality Interface Design

From Figure 3.8 one can see that the first step is to determine the requirements of the users [149], in this case
the target group of this tool is: current and future generation astronauts, as well as the context in which the
application will be used. A user and task analysis has been carried out already during the literature study (see
chapter 2 and for more details Appendix G) to define design considerations and a relevant surface EVA sce-
nario. Extravehicular activities (EVAs) with a special focus on the Apollo surface operations and future EVA
scenarios have been investigated (see chapter 2 and for more details section G.1). This included gathering
important recommendations from Apollo astronauts based on summary reports [118] and interviews [154] on
surface operations and medical operations [197] (for more details the reader is referred to subsection G.1.3 and
subsection G.1.2). Nevertheless, as the design process is iterative, user and task analyses were not only per-
formed at the start of the user interface design but throughout the various design phases, it should be noted
that the outcome is reported in subsection 3.2.1.

After a task and user context analysis has been performed, a concept can be created which combines the
knowledge of human characteristics, principles of human behaviour and interface guidelines [96]. Attentional,
perceptual, memory and mental model are important design principles one needs to keep in mind (for more
details see subsection G.6.1) .

In Figure 3.9 one can see how the selected design process is reflected in the AR-IoT tool design. Several con-
cepts were created in the early design phase, the so called conceptual phase, before a first prototype was cre-
ated. Details on the design of the different concepts and the first prototype for the AR-10T tool are elucidated
in subsection 3.2.2.

Expert Reviews Expert Reviews ExpertReviews Heuristic
Evaluations

Expert
Questionnaires
and interviews

Figure 3.9: User-Centered Design Process applied to the design of the AR-IoT tool. Four concepts were created before the design of the
first prototype. All these concepts were constantly evaluated and re-iterated.

Finally, from Figure 3.8 and Figure 3.9, it can be seen that the process is highly iterative, after the creation
of concepts and prototypes across the different design phases, constant evaluations with experts and target
group users are performed and iterations follow each of these evaluations. The methodology used for the tool
evaluation phase is reported in subsection 3.2.3.
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3.2.1. User and Task Analysis

As mentioned earlier, the first step to take when designing a user interface while following the user-centered
design methodology is a user and task analysis. This analysis was started during the literature study phase and
continued throughout the design phases of the AR-IoT tool.

Based on the common EVA tasks identified and astronaut training activities performed at the European Space
Agency’s Astronaut Centre (ESA-EAC) more specifically Caves & Pangaea analogue campaigns, the selected
EVA scenario is an astronaut geological field activity.

Gathered recommendations from Apollo astronauts that carried out surface operations include [154], [197]:
* Itis useful to have access to navigation and position data, consumables and biomedical data on demand;

¢ AHead-Up/Head-Mounted voice-activated display is useful considering eye and hand coordination due
to pressure suit, however interference issues with other voice loops have to be considered;

e Itis suggested to display relevant information on safety and risks only and if possible more details on a
call-up basis;

¢ Support from habitat intravehicular (IV) crew can be useful to support operations rather than only
ground support.

As mentioned in chapter 1, in view of the Artemis missions [179] to the Moon and future missions to Mars and
beyond, predicted risks and issues will be (see subsection G.1.6 for more details) :

* Long communication latencies causing limited availability of ground support which will require more
autonomy by the astronaut crew to manage both system performance and mission execution;

¢ More complicated tasks will have to be performed compared to the Apollo mission tasks.

Based on the information gathered, it becomes possible to answer the question identified by NASA [173] (see
subsection G.6.1) concerning the kind of interaction and possibilities the user can have with the display. Hand
coordination for an EVA as mentioned in subsection G.1.2 is altered by the limits of the pressure suit hence
hand gestures are not considered to be feasible to interact with an AR interface. Voice commanding could be
a feasible means of interaction, however it might cause interferences with other voice communication loops,
that is why it is often recommended to avoid voice input unless strictly necessary. Eye gazing seems to be a
feasible solution, however technology limitations and usability has to be investigated.

Before starting the development of the first concept a discussion on useful functionalities that an augmented
reality geological inspection tool can provide with was performed. EVA experts and geological astronaut train-
ing experts from Caves & Pangaea at ESA-EAC were consulted. From the discussions it became clear that the
main astronaut geological activities include task and route planning as well as operations.

These activities include:
 Surface Exploration Traverses
¢ Site Inspections
* Geological Sampling during Pangaea training
¢ Experiments during Caves training

For the above mentioned activities, the following useful functionalities were identified:

¢ Create waypoints in the augmented environment to mark points of interest to which gathered infor-
mation can be attached. Apart from allowing systematic site inspections, this can ease navigation and
planning of following EVAs;

* Log gathered environmental information through speech-to-text conversion via speech recognition;

* Display procedural steps to aid the flow of operations;

22



* Retrieve and display environmental or physiological data from IoT devices;

* Provide tool locating capabilities;

¢ Provide navigation capabilities;

¢ Provide temporal data (e.g. elapsed time and time remaining to complete assigned operations);

¢ Retrieve and display data from a rover supporting the activities.

It is out of the scope of this research to include all useful functionalities identified, therefore a selection of a
coherent and feasible set of functionalities was performed. Finally, all above mentioned functionalities ex-
cept: tool locating capabilities, navigation capabilities, retrieving and displaying of temporal data as well as
rover status data were selected and integrated. More information on the features and rationale can be found
hereafter and in chapter 4.

3.2.2. Concepts and Prototypes Design for the AR-IoT tool

After the initial user and task analysis, the design of concepts can be initiated. The concepts created during
the early design stage, as well as the iterations performed which led to a final concept and after that to a first
prototype will be elucidated hereafter.

During the initial design stage, regular expert reviews were held to brainstorm specifically on the application
functionalities and feasible user interaction strategies as well as user inputs. Several digital concepts were cre-
ated during this early design phase, discussed during these expert reviews reported in section 6.1 and conse-
quently iterated upon. After this early but still conceptual design phase, the final developed concept, namely
concept IV of the AR application was evaluated through three heuristic evaluations, reported in section 6.2.
Further information on the type of tests to evaluate the digital AR application concepts will be provided when
describing the evaluation methods later on in subsection 3.2.3. It is important that in the beginning of the
design phase, the functions rather than the layout of the display are investigated. It is stressed again that the
process is highly iterative as can be seen in Figure 3.8 and Figure 3.9 and is aimed at understanding and meet-
ing the users needs.

It should be noted that for starters several digital concepts of the AR application have been created in Unity,
excluding the IoT integration. After evaluating the AR concepts, the integration with IoT devices was carried
out and tested. Further information on the integration and testing can be found in subsection 3.1.2.

Concept I

The first digital concept was kept simple, it provides with basic functionalities and allows for the addition of
further planned capabilities during the development of later versions. Please note that concept I had the aim
to solely provide with the required functionalities and types of user interaction and did not focus at all at mak-
ing an attractive user interface (UI) design. To view a video demonstration of the AR-IoT application concept
I, the reader is invited to click on: AR-I0T Tool Concept I Video Demonstration.

The UI consists of:

¢ A “Main Menu” shown in Figure 3.10 which has two options: “Tag Object” and “Instructions”. The user
can select these two options using gaze input. The user is also provided with feedback upon gaze thanks
to a light blue “loading bar” animation overlaid on the respective options.
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MAIN MENU

INSTRUCTIONS

Figure 3.10: Concept I: Main Menu with two options: Tag Object and Instructions

¢ The “Tag Object” window shown in Figure 3.12 allows the user to: record the tag via speech-to-text con-
version with speech recognition, place the tag via the “place tag” button which once selected, makes
the tag follow the user’s gaze and can be placed wherever the user wants through a tap gesture (see Fig-

ure 3.11 [165]) and finally save the recorded tag. The "save" option was not yet implemented in concept
L.

1. Finger in the ready position & Press finger down o tap o click

Figure 3.11: Air tap gesture recognised by the HoloLens 1st gen [165].

¢ The “Instructions” window shown in Figure 3.13 provides with two options: "Inspection Instructions"
where the idea at the time was to implement a currently employed rock classification flowchart that
allows to identify rocks for geological sampling activities, and "Inventory of Tools" which provides with
information on the location of the tools. Both options were not implemented in concept I.

* Both “Instructions” and “Tag Object” windows can be closed by using gaze input on the close window
button on the top right corner. Gaze feedback is provided to the user as well in this case.
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OBJECTTAG X INSTRUCTIONS

HOW TO INSPECT?

TOOLS INVENTORY

Figure 3.12: Concept I: Tag Object Menu with three options: log Figure 3.13: Concept I: Instructions Menu with two options:
information via voice input e.g. speech recognition, save the access to inspection instructions and
logged information and place the tag where desired. access to tools inventory
Concept II

Based on the first three expert reviews on concept I, concept II was designed and developed. Concept II was
restructured and features were added based on common site inspection activities during geological training
mentioned in chapter 4. Common activities performed during Pangaea-eXtension in 2018, incorporated in the
Electronic Field Book (EFB) [135] were taken as a reference for this application concept. Capabilities such as
tool inventory and sample inspection guidelines were not included. In fact, geological sampling involves per-
forming a mineral screening with additional analytical tools to retrieve the spectra [135]. Geological sampling
is an activity that follows a site evaluation and for this proof of concept, the sampling capability was consid-
ered out of the scope of the project, it was however added in the menu for completeness purposes. The tool
inventory, which involves the localisation of the tools used during geological field activities would require the
HoloLens application to know where the tools are located, for this the HoloLens would also have to know what
its location is. To enable this, a Bluetooth GPS receiver would be required to connect to the HoloLens applica-
tion and send GPS data constantly to provide it with geolocation awareness, this adjustments have been made
for Holo-SEXTANT [55] for instance. As geological sampling capability was for the time being considered out
of the scope of this project and the tool inventory capability is required specifically for sampling activities it
was also considered outside of the scope of this project. As can be seen in Figure 3.14 to Figure 3.17, the layout
of the UI was enhanced for concept II. To view a video demonstration of the AR-IoT application concept II, the
reader is invited to click on: AR-IoT Tool Concept II Video Demonstration.

The UI of this concept consists of:

non

¢ A "Main Menu" with the following activity options: "Stop Description", "Geological Sampling", "Health
Status" and "Site Evaluation" (see Figure 3.14)

MAIN MENU

Stop Geological Health Site

Description Sampling Status Evaluation

) ft =8 &>

Figure 3.14: Concept II: Main menu with four options: Stop Description, Geological Sampling, Health Status and Site Evaluation.

* "Stop Description" shown in Figure 3.15 has similar logging functionalities as concept I, allowing the
user to log data of the surrounding environment by recording a tag via speech recognition, saving the
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log and pinning the tag somewhere in the augmented environment. The save functionality was still not
enabled for this concept.

DOCUMENT STOP

PIN TAG RECORD SAVE
- = u

Not Recording
Recorded tag displays here...

Figure 3.15: Concept II: Document Stop with three options: log information via voice input e.g. speech recognition, save the logged
information and place the tag where desired.

* "Geological sampling" is an activity that was included in the set of Pangaea activities and in the EFB
[135], nevertheless the focus of this concept is on site evaluation activities and the option was therefore
not enabled.

* "Health Status" serves to inform the user on their physiological state and consumable levels, never-
theless this had not been implemented at that stage as the IoT network had not been integrated yet.
However, it was used to showcase what functionalities could be implemented to experts reviewing the
application.

 "Site Evaluation" is an activity which involves several steps according to the Pangaea training activities,
namely "Geolocation Site Screening" and "Documenting a Stop". The user in this case is also offered the
possibility to consult "References" which are essentially instructions. The site evaluation menu is shown
in Figure 3.16.

» "References" involve instructions on how to perform a "Geolocation Site Screening", namely creating a
stop, taking photos and panoramic 360 photos (see Figure 3.17).

¢ "Create a Waypoint" gives the user the option to place/anchor multiple flags in the augmented environ-
ment to virtually mark the sites that have been inspected by the user.

¢ "Take Photo" allows the user to take a photo using the embedded camera of the HoloLens and saving it
in a local folder which can be accessed externally by other users through the Windows Device Portal.

» "Take Pan 360" allows the user to take a panoramic photo, more specifically a video and save it similarly
to the photo to a local folder which can be accessed externally by other users through the Windows
Device Portal.
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SITE EVALUATION

REFEREMCES

GEOLOCATION SITE SCREENING <

GECLOCATION
SITE
SCREENING

> ©)

PLACE WAYPOINT TAKE PHOTC TAKE PAN 360

DOCUMENT Figure 3.17: Concept II: Geolocation Site Screening Menu with three
STRP options: placing a waypoint, taking a photo and taking a panoramic
360 photo.

Figure 3.16: Concept II: Site Evaluation Menu with three options:
access to references, access to geolocation site screening activities
as well as stop documentation

For concept II the HoloLens clicker (see Figure 3.2) was integrated as a means of interaction. It is used to
confirm a gaze input action. The user is required to press on the clicker after the loading bar on the button is
completed (a so called "action text" is displayed above the button to indicate that an action is required, namely
"click to confirm"). This is to “double check” with the user whether the action is desired before the user per-
forms an action. The double confirmation procedure was suggested and described as strictly necessary by one
of the Pangaea & Caves experts who reviewed concept I.

In terms of layout the background colour of the UI was changed from grey to blue to enhance the visibility
of the interface as suggested by Anandapadmanaban et al. [55]. Furthermore, the shape of the buttons was
changed from rectangular to squared as suggested by one of the experts. In fact, the squared shape of a button
is considered a standard. Some icons were added to the labels to make the interface more intuitive and user-
friendly. Icons have been custom designed inspired by the standard icons provided by the MRTK [161] and
conventional existing icons frequently used for smartphones as well as other common user interfaces nowa-
days.

Concept I11

Concept III is an iteration of concept I, more specifically the core functionalities are the same as concept II,
nevertheless some additional features have been added. Based on the feedback from two Human Machine
Interface (HMI) design experts, the following changes have been applied to the UI: all menu windows have
been arranged in front of the user in a circular concave manner to allow the user to maintain a good overview.
All buttons have an icon and a label, furthermore to achieve consistency all icons and labels have been ad-
justed to be of the same type, colour, size and arrangement. Custom icons created are displayed below (see
Figure 3.18 - Figure 3.29). The black on white version is shown here, however the white on black is required
for the HoloLens and is the one implemented in the application. It should be noted that the icons integrated
in the application that are not displayed below such as the cross for the quit button, the delete icon, the move
forward icon, the check-mark icon, the photo icon and the Earth icon for the site evaluation button have been
retrieved from the Mixed Reality HoloToolkit [161].
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Figure 3.19: Crossed Microphone/Stop Figure 3.20: Geological Sampling icon

Fi .18: Mi h, R ing i L
igure 3.18: Microphone/Recording icon Recording icon

=) Y
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Figure 3.23: Waypoint/Flag icon
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. . . . Figure 3.26: References icon.
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Figure 3.29: Minimize icon.

Figure 3.27: Save icon. Figure 3.28: Document Stop icon.

Additionally, feedback on the "Take Photo" action was added once the photo would be taken.

The loading animation providing gaze feedback is faster now as suggested by MS HoloLens developers and by
experts who reviewed the application. Moreover, the "action text" that appears requiring the user to click to
confirm the action, was adapted such that it appears once the loading bar animation is complete instead of at
the beginning of the loading, to avoid an overload of information for the user.

Additionally, the location of the pin button, which enables the users to place the recorded tag anywhere they
want, was adapted and placed next to the "quit button" to signal that the action involves the "Document Stop"
window. In fact, similarly to the "quit button" which closes the "Document Stop" window, the "pin button"
allows the user to relocate the entire "Document Stop" window.

Regarding the creation of a waypoint, the location in which the flag would appear was adapted such that it
would appear in the field-of-view (FOV) of the user.

An additional feature that was added is the possibility to input specific information related to an identified
site such as: longitude, latitude and a brief site description. This information can be entered in specific input
fields for the user to have a structured log document. Users are able to dictate the coordinates and these are
converted into the degrees, minutes, second format when longitude and latitude are recorded. Whereas for the
description input field speech-to-text conversion occurs in a standard manner. It should be noted that despite
the fact coordinates would probably be filled in automatically, based on another external device, the feature
was added to showcase the potential and accuracy of speech recognition and the possibility to programmati-
cally convert these to the right format. Please note that all application scripts are available upon request.

Concept IV

Concept IV is an iteration of concept III, more specifically the core functionalities are the same as in concept
111, nevertheless some additional features have been added. This time the concept has been reviewed by the
same experts that reviewed concept I (see section 6.1). To view the demo of the AR-IoT application Concept IV
the reader is invited to click on: AR-IoT Tool Concept IV Video Demonstration.

One of the experts suggested adding functions directly to the references, this means that the references do not
only show which steps the user has to follow but they also allow the user to perform the action while consulting
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the references. Furthermore, as the pin functionality was driven by gaze, making it rather difficult for the user
to choose the exact location where to place a window and interact with it, the same principle that applies
for the flag placement is applied to the "document stop" placement, namely gaze and then click to select,
drag with gaze and click to drop. Moreover, customised icons were added for all buttons for consistency (see
Figure 3.30 to Figure 3.36).

S

SITEEYALUATION

MAIN MENU

¢ ™ B

PZ N

REFEREMCES

v

GEOLOCATION
SITE SCREENING

GEOLOGICAL HEALTH SITE

LOG DATA SAMPLING STATUS EVALUATION

Figure 3.30: Concept IV: Main Menu with four options: data logging,
geological sampling, health status and site evaluation.

Figure 3.31: Concept IV: Site Evaluation Menu with two options:
access to references as well as to geolocation site screening activities.

Site Evaluation Instructions L L
SCREENING

Step 1.

Create stop by placing a tag -

b
PLACE WAYPOINT TAKE PHOTO TAKE PAN 360

Figure 3.32: Concept IV: References for site evaluation activities in Figure 3.33: Concept IV: Geolocation Site Screening Menu with three
form options: placing a waypoint, taking a photo and taking a panoramic

of guided procedures 360 photo.

DOCUMENT STOP

Latitude

DOCUMENT
ETOP

Longitude § o
4

Description

input description

Figure 3.35: Concept IV: Flag and expanded Document Stop Menu
with three options: logging latitude, longitude and a general
Figure 3.34: Concept IV: Flag and minimized Document Stop Menu description, all with the possibility to delete incorrect entries.
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Figure 3.36: Concept IV: Log Data Menu with three options: log information via voice input e.g. speech recognition, save the logged
information, delete the information in case of mistakes, and place the tag where desired.

As suggested by one of the experts, to increase the visibility of the flag, the size of it would have to be increased
and the flag would have to always appear in the same location in proximity of the geolocation site screening
menu such that it is in the FOV of the user and easily accessible. This has been ensured. Also, the document
stop menu is now directly linked to the flag. Note that it is possible to gaze and click on the document stop
button and expand the window (see Figure 3.34 and Figure 3.35).

Moreover, an erase button was added to the log data menu (see Figure 3.36) and to the document stop window
(see Figure 3.35) to allow the user to be more free to control his/her actions.

As mentioned during one of the expert reviews, a crucial capability that was missing was the possibility to take
a photo wherever required or desired, as the geolocation site screening menu was initially static and would
not tag-along with the user. That window is now enabled to move with the user such that he or she can take a
picture at any desired location.

Prototype I

Prototype I is an iteration of concept IV. Figure 3.40 - Figure 3.49 provide with an overview of Prototype I. To
view the video demonstration of the AR-IoT Prototype I the reader is invited to click on: AR-IoT Tool Prototype
1 Video Demonstration. For a more detailed description on what can be seen in the two video demonstrations
the reader is referred to section 4.2.

This prototype includes the proposed design solutions to the heuristic violations discussed during the de-
briefing session performed after the three heuristic evaluations (see section 6.2). The main modification re-
garding the user interaction is that the loading animation feedback upon gaze has been removed and replaced
by a direct change of color upon gaze. With respect to the interface, modifications include:

* the addition of a "drag & drop" action text on the flag to clarify the way the user should interact with the
object (see Figure 3.46 and Figure 3.47).

¢ the change of the label "references" in the site screening menu to "tutorial" (see Figure 3.16).

¢ the addition of a "go back" button to the "site evaluation instructions" to increase the consistency and
the user’s freedom to control (see Figure 3.42 - Figure 3.44).

* the increase in font size of the feedback prompt "photo taken" to enhance visibility.

* the enabling of the "save" functionality such that the text recorded via speech recognition can be saved
to a .txt file in a local folder accessible via the Windows Device Portal (see Figure 3.49 and Figure 3.47).
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¢ the addition of an extra deletion confirmation prompt when the user gazes and clicks on the delete
button to increase the user’s freedom of control.

At this stage, a consistent and user-friendly plan for the displaying of the button states and feedback has to still
be created and implemented.

After the implementation of the solutions discussed, an MQTT client has been implemented in the AR inter-
face. This client can subscribe to a certain topic and receive strings via MQTT protocol. The transmission of
data, namely strings, has been tested with an open source message broker called Mosquitto [196] that imple-
ments the MQTT protocol and an MQTT publishing client, which sends dummy sensor values, on a Raspberry
Pi. It is possible to successfully send strings to be displayed on the HoloLens. For more information on the AR
IoT integration, please refer to subsection 3.1.2.

The proposed icons for the save, delete and tutorial functionalities have been designed and are illustrated in
Figure 3.37, Figure 3.38 and Figure 3.39. The black on white version is shown here, however it should be noted
that the white on black is required for the HoloLens and represents the version implemented in the application.

Figure 3.39: New design for the tutorial,
former reference, icon for the HoloLens

application proposed after the heuristic
evaluation.

Figure 3.37: New design for the delete icon Figure 3.38: New des_ign.for the save icon
for the HoloLens application proposed after for the HoloLens application proposed after
the heuristic evaluation. the heuristic evaluation.

It should also be noted that all standard icons used such as the save, camera, microphone, minimize, delete,
help/tutorial, log/document data and check-mark icon are in line with the standard icons known by the target
group, namely astronaut crew and the astronaut training division, mentioned in the SSP 50313 "Display and
Graphics Commonality Standard" Document [181].
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Figure 3.40: Prototype I: Main Menu with four options: Stop
Description, Geological Sampling, Health Status and Site Evaluation.

/

Figure 3.41: Prototype I: Site Evaluation Menu with two options:
access to a geolocation site screening tutorial, namely
guided procedures and the geolocation site screening set of
activities.
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Figure 3.42: Prototype I: Instructions in form of guided procedure  Figure 3.43: Prototype I: Instructions in form of guided procedure
(step 1: place a tag/waypoint). (step 2: take a photo)
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Figure 3.45: Prototype I: Geolocation Site Screening Menu with three
Figure 3.44: Prototype I: Instructions in form of guided procedure options: placing a waypoint, taking a photo and taking a panoramic
(step 3: take a panoramic 360 photo). 360 photo.
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Figure 3.47: Prototype I: Flag and expanded Document Stop Menu

Figure 3.46: Prototype I: Flag and minimized Document with three options: logging latitude, longitude and a general
Stop Menu description with the possibility to delete incorrect entries.
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Figure 3.48: Prototype I: Health Status

Figure 3.49: Prototype I: Log Data Menu with three options: log
information via voice input e.g. speech recognition, save the logged
information, delete the information in case of mistakes, and place
the tag where desired.

3.2.3. Evaluation

As mentioned earlier, the user-centered design approach is a highly iterative process involving constant eval-
uations and iterations after the creation of each concept and prototype. In this subsection, the methodology
used for the evaluation of the different concepts and prototypes is explained. The initial plan included con-
trolled experiments with human subjects, nonetheless this plan had to be disregarded for the time being due to
exceptional circumstances caused by Covid-19. Nevertheless, the planned concept of operations to be adopted
for the experiments is described in chapter 5, while more details on the comparison scenario and the planned
controlled experiments are described in Appendix A. As mentioned by Lee et al. [96] during the initial design
phase, concepts are created and evaluated through heuristic evaluations, after that prototypes are created and
evaluated through usability tests, then the pre-production model is created and evaluated through user stud-
ies and finally the product can be released and is evaluated through in-service monitoring. For this research,
an orientation phase that included expert reviews before heuristic evaluations has been regarded as necessary
and crucial and was therefore included.

The expert reviews held in the conceptual phase after the creation of concept I, IT and III were especially help-
ful to answer certain research subquestions posed at the start of the project, described in chapter 1, more
specifically with respect to aspects concerning: which activities are relevant during astronaut geological field
work and which are feasible to be designed for in the user interface as well as the type of information that is re-
quired by the user to accomplish the given geological site evaluation task. The reviews with experts also served
to answer the subquestion regarding what kind of interaction with the AR-IoT tool is considered feasible for
astronaut crew during lunar and planetary EVAs.

The heuristic evaluations were required to understand whether important user interface design principles
were fulfilled, this was necessary to answer one of the research subquestions posed at the start of the project,
described in chapter 1, more specifically whether the identified heuristic principles are fulfilled. The process
on the heuristic evaluations started with the identification of relevant design principles which helped in an-
swering another research subquestion posed at the start of the project, described in chapter 1, on which design
principles among others which heuristics are considered relevant. It should be noted that the design process
and evaluation for this research project reach the prototype creation phase.

Besides the expert reviews performed in the conceptual phase and the heuristic evaluations performed before
the development of prototype I, the evaluation included expert requirements compliance questionnaires and
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in-depth interviews. The questionnaires were sent out exclusively to astronaut geological field training experts
including ESA astronauts and support engineers. Similarly, semi-structured interviews were performed with
ESA-EAC experts to get additional insights on important usability, user interaction and implementation as-
pects for new technologies such as augmented reality. The expert requirements compliance questionnaires
together with the interviews helped to answer all research subquestions posed at the start of the project, de-
scribed in chapter 1, in a more targeted manner. Moreover, these evaluations helped specifically to answer
the subquestions on whether the AR-IoT tool is perceived as useful, helpful and operationally feasible for fu-
ture geological site inspection activities by astronauts and astronaut geological field activities experts when
compared to the current tools and media. In addition, they helped to answer the subquestions on relevant
and feasible concept of operations (ConOps), as well as on whether it is believed that the mental workload
is reduced when the AR-IoT tool is used compared to the current tools and media. It should be noted that
the adopted evaluation strategy is, as mentioned earlier already, in line with the strategy usually adopted by
space-related AR studies, namely to gather feedback from the users through direct observations, surveys and
questionnaires (see Table D.1 in Appendix D).

Expert Reviews

In section 3.2 the methodology used for the developed user interface has been explained. It is mentioned that
several digital concepts have been created before the first prototype, which was supposed to be tested with
human test subjects during controlled experiments, could be created. Every concept was subject to two to
three expert reviews, including Human Machine Interaction (HMI) and geological astronaut training experts.

The expert reviews were held in the form of open informal discussions between the interface developer and
the expert. During the expert reviews, the experts were instructed on the actions to perform with the interface
and afterwards they were asked to mention positive and negative aspects of the interface as well as sugges-
tions for further implementations (see section 6.1). Informal open discussions were chosen for these reviews
as it allowed for a fruitful and productive exchange of ideas, which is crucial in the initial conceptual design
phase. These expert reviews were extremely important in the conceptual phase of the interface development,
as only with the input from the Caves & Pangaea experts it was possible to develop a useful application and,
only thanks to the input of the HMI as well as human and robotic exploration experts, it was possible to de-
velop a feasible interface that is consistent with standard display design principles. The results of these expert
evaluations are shown in section 6.1.

Heuristic evaluations

After several expert reviews which led to a more defined concept, namely concept IV, three heuristic evalu-
ations were performed. Since evaluators tend to miss certain aspects and usually different evaluators iden-
tify different aspects, Nielsen [104] suggests using a minimum of three, preferable five evaluators to perform
heuristic evaluations. Due to time constraints and a limited number of design experts available, three evalua-
tors were included in the heuristic evaluations.

First of all, a checklist with the design principles, also called "heuristics", that were considered relevant for the
interface at stake was created. The checklist was created based on the 10 Usability Heuristics for User Inter-
face Design identified by Nielsen. These general principles are listed below [105]. Furthermore, the 15 dis-
play design principles mentioned in subsection G.6.1 as well as the requirements mentioned in NASA's SPACE
FLIGHT HUMAN-SYSTEM STANDARD VOLUME 2: HUMAN FACTORS, HABITABILITY, AND ENVIRONMEN-
TAL HEALTH document [174] were considered.

1. Visibility of system status

2. Match between system and the real world
3. User control and freedom

4. Consistency and standards

5. Error prevention

6. Recognition rather than recall

7. Flexibility and efficiency of use
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8. Aesthetic and minimalist design
9. Help users recognize, diagnose, and recover from errors

10. Help and documentation
The complete checklist includes the following "heuristics":

1. The system status feedback is visible for every user action (1)

2. The response times are appropriate to the user (1)

3. Theicons are concrete and familiar (2), [V2 10044, NASA STD-3001 vol.2]
4. The user is free to control their actions (3)

5. The user interface is consistent (4) [V2 10038, NASA STD-3001 vol.2]

6. The user interface is legible (4) [V2 10039, NASA STD-3001 vol.2]

7. Fontsize and type ensures acquisition, readability, and interpretability of the display allowing for timely
and accurate processing of information. [V2 10050, NASA STD-3001 vol.2]

8. The prompts are brief, unambiguous and imply the user is in control (6, 7)

9. The color and brightness contrast is good (6)
10. Instructions for use of the system are visible or easily retrievable (6, 8)
11. Dialogues contain relevant information to the current task (8) [V2 10041, NASA STD-3001 vol.2]
12. Displays and controls are visible and easily accessible [V2 10029, NASA STD-3001 vol.2]

13. The system provides the display area to present all critical task information within the user’s Field-of-
View (FoV) [V2 10037, NASA STD-3001 vol.2]

14. The displayed information is relevant, sufficient, but not excessive, to allow the crew to make decisions
and perform the intended actions [V2 10040, NASA STD-3001 vol.2]

It should be noted that the reference to the principles mentioned by Nielsen [105] is attached in round brackets
to every selected principle in the checklist as well as a reference to the requirement specified in NASA's SPACE
FLIGHT HUMAN-SYSTEM STANDARD VOLUME 2: HUMAN FACTORS, HABITABILITY, AND ENVIRONMEN-
TAL HEALTH document [174] in square brackets.

Once the checklist was reviewed by an HMI expert at ESA-EAC, heuristic evaluations on the final concept,
namely concept IV, could be performed.

The heuristic evaluations were performed by having each individual evaluator inspect the interface alone. To
ensure that the evaluations were independent and unbiased only after all evaluations had been completed,
the evaluators were allowed to communicate and have their findings aggregated. The results were recorded
by the evaluators and the observers separately. The evaluator was requested to fill out the checklist with the
14 "heuristics" mentioned above and rate each principle on a 5-point Likert scale [232] (strongly disagree, dis-
agree, neutral, agree and strongly agree) as well as add comments and explanations to each rated principle.
The observer recorded the comments and discussions, as the evaluator was going through the interface, to
ensure that each rating was clearly argued and reasoned. In fact, it was not sufficient for evaluators to simply
say that they did not like something [104]; they were required to explain why they did not like it with reference
to the heuristics .

During the evaluation sessions, the evaluators were free to choose the approach they liked the most. Some de-
cided to first go through the interface thoroughly and then rate and provide feedback on the interface via the
checklist all at once while going through the interface again. Others decided to go through the interface while
evaluating each principle separately, inspecting the various dialogue elements and comparing them with the
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list of recognized usability principles, the so called "heuristics".

As mentioned by Nielsen [107], since the evaluators are not using the system as such, namely to perform a real
task, it is possible to perform heuristic evaluations of user interfaces that are in a very early stage of the usabil-
ity engineering lifecycle. As a real task did not exist yet and could not be given to the evaluator, the observer,
which in this case was the interface developer, was allowed to assist the evaluators in operating the interface
in case of issues as well as aid the evaluators and answer their questions as they had limited domain expertise
and needed to have certain aspects of the interface explained. In fact, heuristic evaluations do not have to be
performed with users that are part of the target group (e.g. astronauts, trained field geologists) but with experts
in user interface design. This is in line with the guidelines for heuristic evaluations provided by Nielsen [104].

As mentioned earlier, to ensure independent and unbiased results, the evaluations were performed by each
evaluator separately and only afterwards a de-briefing session with every evaluator including the observer,
which in this case was the interface developer, was held. The ratings of the checklist of each evaluator were
merged to get a better overview. Then the comments were merged to get of rid of redundant feedback and
allow for a time-efficient but complete discussion session. The de-briefing session was conducted primarily in
a brainstorming mode and focused on discussions of possible redesigns to address major usability problems
and general problematic aspects of the design. Each point on the list of usability heuristics and related issues
were discussed separately and solutions were recorded. The results as well as the outcome of the brainstorm
de-briefing session are reported in section 6.2.

Questionnaire for astronauts and astronaut geological field training experts

A customized questionnaire for astronauts and astronaut geological field training experts, to assess whether
the developed AR-IoT application is in line with the specified usability requirements and whether it has po-
tential to be used by them in the future, was created. It should be noted that this assessment approach is often
used in the space industry, in fact it is frequently the case that astronauts are approached by hardware and
software developers to give feedback on a product, which is already developed to a certain level, by checking
its requirements compliance.

The questionnaire is based on different guidelines, standards, design principles and requirements reported
hereafter:

¢ Usability and learnability requirements that originate from guidelines and standards specified in the SSP
50313 - Display and Graphics Commonality Standard Revision F Document [181];

 Usability principles proposed by Nielsen [103];
¢ The System Usability Scale (SUS) [93], [2] (see Appendix E);

* A cross-check with the heuristic design principles (see Table B.1 in Appendix B) identified for the heuris-
tic evaluations has been made to ensure that all principles that are considered applicable and feasible
for this evaluation are addressed in the usability questionnaire for the experts.

It should be noted that only application relevant and evaluable aspects have been included in this question-
naire. Therefore, only the considered feasible and relevant usability and learnability aspects from the SSP
50313 document [181] have been included, in fact no requirements on response times, input control, mul-
tiple displays and error recovery were included. Moreover, certain usability aspects of the SUS could not be
included for this test as ease of use, confidence level of the user while using the application and cumbersome-
ness of usage cannot directly be assessed without having the evaluator wear the HoloLens with the application
running on the device. In fact, experts were asked to rate the requirements compliance on the basis of a video
demonstration of the application concept IV (the latest recorded version available at that time due to Covid-19
circumstances). It should be noted that not using the HoloLens for these evaluations was an external con-
straint (Covid-19) and not a choice. Similarly, aspects from the heuristic evaluation related to adequate col-
ors and brightness, field-of-view and response times are difficult to evaluate under the given circumstances,
hence they have not been addressed in this questionnaire. Finally, the main goal of this questionnaire is to
understand the potential in terms of operational feasibility, helpfulness and usefulness of this tool for future
geological field activities, hence these aspects have been added in form of customised requirements.
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Before sending the questionnaire to the experts, two dry-runs were performed. The questionnaire and video
demonstration of the application concept IV were sent to two subjects with no experience with the use of aug-
mented reality, this was done to see whether all items in the questionnaire are rateable. The dry-runs were
successful as all questionnaire items were rated.

The questionnaire for the experts includes the following items, each item is supposed to be rated according to
the 5-point Likert scale [232] (strongly disagree, disagree, neutral, agree and strongly agree). Moreover, experts
were free to leave any comments, feedback or suggestions they might have next to each item. There were no
restrictions on the length of answers, as respondents were given as much space as they required. Moreover, no
particular efforts were made to encourage participants to add comments, feedback or suggestions. It should
be noted that references to each requirement specifically selected from the SSP 50313 document [181] have
been added.

1. The application is useful and helpful for future astronaut geology field training and geology field explo-
ration activities on the Moon.

2. The application is operationally feasible for future astronaut geology field training and geology field
exploration activities on the Moon.

3. Only data that is important to mission success and significant in terms of crew interface is provided
(SSP 50313).

4. The overall display design is based on the geological site inspection tasks that will be performed with the
display (SSP 50313).

(i) Specific data shown, the display layout and groupings, and the choice of display elements is
driven by operational requirements.

(ii) Information is logically grouped according to purpose, function, or sequence of use (e.g., either a
left-to-right or top-to-bottom orientation).

(iii) The display follows operational flows and allows task completion with the minimum number of
actions.

5. The display is consistent when grouping/ordering display elements (SSP 50313).
6. The interface elements, colors and provided feedback are consistent.
7. The interface elements (e.g. text, icons, labels, objects) are clear and relevant.

8. Information density is held to a minimum in displays used for critical geological site inspection tasks
(SSP 50313).

9. Primary information required for performing a geological site inspection task is on a summary display
(SSP 50313).

10. Information layering, via secondary displays or dialog boxes, is implemented to provide supplemental
information in support of the primary display (e.g., specify options available to the crewmember or to
provide details) (SSP 50313).

11. The interface is designed for efficient use of crew time and to minimize crew and flight controller train-
ing time (SSP 50313).

12. The number of user inputs e.g. gestures/voice/gaze needed to perform simple or routine functions is
minimized (SSP 50313).

13. A help function is accessible to the crewmembers (SSP 50313).
14. The display design facilitates error-free operations (SSP 50313).
15. Data is protected from inadvertent errors and hardware failures e.g. frequent saves (SSP 50313).

16. When a process is initiated or completed, crewmember feedback is provided (SSP 50313).
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17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

When an input is required, an indication is provided to the crewmember, e.g. a cursor change (SSP
50313).

If the completed command implies the need for further crewmember action, the need for action is in-
dicated (SSP 50313).

The application responds to crewmember interaction with appropriate feedback (SSP 50313).
Navigation through the interface is clear and intuitive.

The application minimizes the user’s mental workload.

The interface is satisfying for crewmembers and training members.

The required information is easily found and accessed.

It is possible to understand what the features of the application represent and to realize the integration
of the different media.

The application is "astronaut crew-friendly".

The application has the potential to become "flight proven" assuming that augmented reality technol-
ogy will be an integral part of the astronauts’ EVA helmet.

ESA astronauts which have either been both trained for EVAs through analogue missions and performed EVAs
in the past on the ISS or have only been trained for EVAs through analogue missions as well as participants
and/or support engineers of Caves & Pangaea analogue missions were contacted via email. Following a brief
introduction to the research project, they were asked whether they would like to participate in this evaluation
by filling in the questionnaire based on a video demonstration of concept IV (the latest recorded version avail-
able at that time due to Covid-19 circumstances). To view the video demonstration of the AR-IoT Concept IV
the reader is invited to click on: AR-IoT Tool Concept IV Video Demonstration. Finally, additional information
which consists of a brief explanation of the assessment was provided as follows:

"A short introduction of the application that you will be assessing will be given first, then the aim of
the tool will be explained, and a brief description of the features is provided to clarify what you will
be seeing in the demo. After that you are requested to watch the demo as many times as you wish,
finally I kindly ask you to fill out the questionnaire."

The introduction is as follows:

"The video (2 minutes) presented to you is a demo of the Augmented Reality (AR) Application proof
of concept I am developing.”

The aim is explained as follows:

"The aim of the tool is to ease future lunar surface exploration activities more specifically geologi-
cal site evaluation activities. The site evaluation activity involves different actions, namely a stop
description, a geolocation site screening, an analytical screening and documenting the stop and the
area. The tool focuses on all aspects except the analytical screening which involves performing a
mineral screening with some kind of analytical tool and communicating to the support team the
spectra found. In fact, this action could not be included in the tool as it was considered out of the
scope of this proof of concept. "

The description includes the list of features of the AR-IoT tool as described in chapter 4.

The data from the questionnaire was analysed with Python and validated with the statistical analysis software,
SPSS [87].

The Likert scale is considered to be an ordinal scale, hence responses can be ranked or rated, however the dis-
tance between responses cannot be measured [73], [213]. Therefore, the difference between responses cannot
be assumed equidistant despite the numbers assigned to those responses are [73]. Due to this observation,
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experts over the years have claimed that for ordinal data, the median should be employed as the measure of
central tendency [73], [213] as the required arithmetical manipulations to calculate the mean for ordinal data
are inappropriate [213]. Additionally, ordinal data can be explained using frequencies/percentages of response
in each category [213]. Therefore, the median is calculated to describe the data obtained from the question-
naire as well as the frequencies/percentages of response for each point in the questionnaire. To measure the
dispersion in the responses the Interquartile range (IQR) is calculated.

The comments that respondents left were first explored to understand what contribution these could make
to the study overall. It was then decided that an analysis of the feedback responses was desirable for several
reasons: the comments provided with valuable additional insights related to the items in the questionnaire; a
large number of participants took the time to write comments; and because of the strength of personal opin-
ions expressed in many of the comments. All results of the questionnaires are reported in section 6.3.

Interviews with astronauts and astronaut geological field training experts

Semi-structured interviews based on a pre-defined protocol that consisted of open-ended questions to com-
plement the questionnaire responses from the experts and to gain further interesting insights on the usability
of the AR-IoT tool, based on the experience and opinion of the interviewees, were performed. The invitation
email informed the participants that the interview would be via Skype or Zoom and that it would consist of a
set of open-ended questions based on their experience and opinions.

The invitation email was sent only to experts in astronaut extravehicular activity (EVA) training, more specifi-
cally it was sent to 3 groups of people:

* ESA astronauts who participated in analogue missions including Caves & Pangaea
¢ Caves & Pangaea support engineers

Consent to audio-record the interview was gathered via verbal consent or written consent depending on the
participant’s preference prior to the interview.

As mentioned earlier, the interviews were semi-structured based on a pre-defined protocol which consisted of
seven open questions. First, introductory questions were asked, these were aimed specifically at understand-
ing what kind of experiences the participant had with augmented reality technology, astronaut geological field
training and/or extravehicular activities in general during analogue missions as well as testing of and exposure
to new technology during these missions. Hence, the following questions were considered fundamental:

1. What is your experience with augmented reality?
2. In how many analogue missions have you taken part in? Which ones?

3. What new technology was tested during these analogues?

Other questions focused on required and useful new technology that could enhance the preparatory training
for future human lunar and planetary surface exploration as well as the actual planned missions. This question
issued a set of sub-questions, these are all reported hereafter:

4. What do you think would be useful/helpful tools for astronaut geological field activities for both training
and for lunar and planetary exploration?

a. What were you missing in terms of supporting tools during analogue expeditions e.g. Pangaea-X or
NEEMO to perform EVAs?

b. What activities/tasks were very demanding in terms of mental workload?
c. What activities were most sensible to mistakes?

d. Do you think such a tool (AR-IoT tool) can aid astronauts in future lunar and planetary EVAs? How?
Why not? When?

The following question regarding usability was included:

5. What do you think an application needs to be astronaut-friendly, specifically for EVAs?
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The following questions regarding the expert opinion on the future outlook on innovative technology devel-
opment and integration were addressed:

6. Do you think AR technology will become an integral part of the astronaut EVA suit?

a. What do you think will be the obstacles for AR technology to be part of the astronaut EVA suit?
When? Why?

7. What is your general opinion on this application?

a. What is missing?
b. Do you foresee it being implemented in the future?
c. What do you think of the means of interaction? Gaze and click, speech recognition?

d. Can you think of any other potential applications of the developed AR-IoT application?

These questions were formulated such that they are as open-ended and generic as possible, while keeping
them "answerable" by the interviewee. Moreover, these questions were considered a guideline, the order in
which they were addressed during the interview was kept flexible and opportunities were taken as soon as
they would arise to go more into depth when the addressed topic was considered insightful by the interviewer.
In fact, the aim of these interviews was to gather additional insights on whether and when according to the
experts the application developed is useful, operationally feasible as well as usable during future analogue
missions and future human extraterrestrial exploration missions. Additionally, it was investigated whether the
application has the potential to become flight-proven in the future and what the obstacles are or could be.

The audio-recorded interviews were first transcribed verbatim according to the guidelines mentioned by McLel-
lan et al. [58]. No transcription software was used for this process to avoid data privacy issues.

The software Atlas.ti 8.4 [24] was used as a support tool for the qualitative interview analysis, more specifically
to enable a structured text analysis.

After a thorough review of qualitative data analysis methodologies described by Braun and Clarke [229], Mayring
[186], Jamieson [214] and Vaismoradi et al. [157] the qualitative content analysis (QCA) approach was adopted.
This approach was first described by Mayring [186] and is now a well established approach for text analysis. It
is a suitable method to analyze interviews, to code documents and observations [148]. Mayring [187] suggests
two main procedures for QCA, inductive and deductive category development. Inductive category develop-
ment is data-driven while deductive category development is theory-driven. The principles for inductive cate-
gory development were adopted for the coding process as the scope of this analysis is explorative. The strategy
implies that the researcher’s goal is the formulation of a criterion of definition, derived from the theoretical
background and/or the research question(s) as a selection criterion to detect relevant material from the text
[187]. A step-by-step procedure, consisting of: selection, reduction, generalization, construction, combina-
tion and integration, is systematically applied by the researcher [148], [187]. This procedure was adopted by
the author.

First, the transcripts of the interviews were examined line-by-line applying usual steps of text analysis, as for
instance highlighting of text, writing notes and seeking for keywords in the text [187] using Atlas.ti 8.4 [24]. The
transcripts were then reread to define initial categories. As mentioned earlier, the coding process occurred us-
ing the inductive category development process as described by Mayring [187]. An overview of the steps and
associated description is given in Figure 3.50.

40



Step 1
o FResearch question, theoretical background

}

Step 2 .
Establishment of a selection criterion,
category definition, level of abstraction

!

Step 3
Working through the texts line by line, new
category formulation or subsumption

l

Step 4
Revision of categories and rules
after 10 - 50% of texts
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Step 5
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:

Step 6
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!

Step 7
Intra-{Inter-coder agreement check

!

Step &
Final results, ev. frequencies, interpretation

Figure 3.50: Inductive Category Development step-by-step procedure [187].

The category definition was formulated as follows:
Experiences and opinions in and around analogue missions related to testing and application of new tech-
nologies as well as new concepts of operation.

The level of abstraction is:
Experiences and opinions with new technologies focusing on aspects related to usability, user interaction and
implementation. Experiences with new concepts of operation.

Secondly, the different identified categories were grouped into categories and subcategories. This step was
performed deductively by introducing theoretical considerations while formulating the main categories and
assigning the subcategories, as suggested by Mayring [187].

Thirdly, the number of quotations was counted as well as the number of classified quotations. It should be
noted that when the quote was referring to more than one subcategory, the quote was assigned to every sub-
category it belonged to. After that, subcategory frequencies and respective main category frequencies within
the material were evaluated. Then, the number of respondents per subcategory was counted. It should be
noted that subcategories with one respondent only were omitted.

Finally, illustrative quotes of each subcategory were selected to corroborate the validity of the analysis and
to conciliate the reader of the connection between the interpretation and the evidence [56], [168], [225]. The
principle of “prototypical and outlier illustrations” for each subcategory [56] was used for this purpose. The
assumption was made that the importance of a subcategory is proportional to the number of times it gets
mentioned by the respondents. Consequently, it was decided to report the number of quotes (see section 6.4)
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such that these are proportional to the number of respondents mentioning the corresponding subcategory.
One quote per respondent was accepted for each of the subcategories as the maximum to avoid that a subcat-
egory is dominantly described by a single respondent.

Ilustrative quotes were therefore selected as such:

¢ Subcategories mentioned by 2 to 3 respondents are represented by a minimum of 1 and a maximum of
2 quotes

* Subcategories mentioned by all 4 respondents are represented by a minimum of 2 and a maximum of 3
quotes
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AR-IoT Tool

In this chapter, the developed proof of concept of the innovative Augmented Reality Internet-of-Things (AR-
IoT) surface exploration tool created to aid future extravehicular (EV) crew during geological field activities,
specifically for geological site inspections, is presented. First the features of the AR-IoT tool are explained.
After that, video demonstrations of prototype I, described in subsection 3.2.2, created as a result of the iterative
conceptual phase (see section 3.2), are elucidated and shown.

4.1. Features

Based on research on geological field activities previously outlined in chapter 2, analogue campaigns such as
BASALT [51] and Caves & Pangaea [134] as well as discussions with experts from Caves & Pangaea at the Euro-
pean Space Agency’s Astronaut Centre (ESA-EAC), it could be concluded that an augmented reality tool for site
evaluation activities had not yet been developed but is in line with future needs and requirements. It should
be noted that this research project is essentially a proof of concept, therefore it was important to focus on one
specific task with a set of defined sub-tasks that could easily be tested.

As stated in chapter 2, geological field work involves different activities namely: site evaluation, site prepara-
tion and documentation and sampling [130], [135]. These activities are reflected in the Electronic Field Book
(EFB) as well. Thus, the hierarchical structure of these activities integrated in the EFB [135] was used as refer-
ence during the development of the AR-10T tool, this was done keeping in mind a potential future integration
of the tool in the Caves & Pangaea test campaigns. Moreover, suggested enhancements, necessary and/or de-
sired capabilities and recommendations gathered during analogues such as BASALT-2 [51] and from the testing
of the Holo-SEXTANT concept [55] have been considered.

The developed AR-IoT tool focuses specifically on the site evaluation aspect of geological field activities. The
site evaluation activity involves different actions, namely creating a stop description, making a geolocation site
screening, carrying out an analytical screening and documenting the stop and the area [135]. The developed
AR-IoT tool focuses on all aspects except the analytical screening, which involves performing a mineral screen-
ing with some kind of analytical tool and providing the support team with the spectra found. The analytical
screening support feature was not included in the tool as it was considered out of the scope of this proof of
concept.

The features of the innovative AR-IoT tool will be elaborated upon hereafter. Please note that more details on
the various functions, iteration and rationale behind certain interface layout decisions and means of interac-
tion can be found in section 3.2, where the user-centered design methodology applied to create the tool’s proof
of concept is elucidated.

Constant access to a main menu

The main menu is shown once the application has been loaded. It gives the user the possibility to select one of
the following options: log data, geological sampling, health status, site evaluation. The main menu is meant to
give users the possibility to: log data at any point in time during their planned traverse, recall their health sta-
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tus which includes biomedical data and consumable levels at any point in time and perform site evaluations
when required. It should be noted that the geological sampling option has not been enabled for this proof of
concept, it was simply added for completeness purposes.

Hands-free interaction

The tool offers hands-free interaction to the user. In fact, the users avail themselves of gaze input to pick the
action that needs to be performed. The chosen action is then highlighted upon selection and requires double
confirmation through one simple click performed by pressing on the given clicker (see subsection 3.1.1) once,
while gazing on the item of choice. It could be argued that the act of pressing a button does not represent
complete hands-free interaction nevertheless, the assumption is made that the button will be incorporated
in the astronaut spacesuit glove. The reason why the alternative means of interaction by voice input was not
employed in the first place is because voice loops interference, as initially recommended by Apollo astronauts
[197], should be avoided when feasible.

Hands-free logging of data

The log data capability allows the user to record data hands-free (e.g. via speech recognition). The data log
can be geospatially pinned to the desired location at which the user has recorded the data. This way the user
can create linked electronic field notes with the aim to increase efficiency and reduce workload. In fact, the
users do not have to take their hands off the tools they are momentarily using. The interaction is based on gaze
input and a simple button click to start the recording. While the pin function is on a drag & drop basis, more
specifically gaze on the pin button, click enable dragging, gaze to drag and drop by clicking again.

Saving of logged data

The logged data, namely the text recorded and transcribed via speech recognition can be saved to a .txt file in
a local folder in the HoloLens and is then accessible via the Windows Device Portal by other ground control
crewmembers or intravehicular (IV) crew.

Deletion of recorded/logged information

The interface allows the user to make corrections on recorded information. The user is free to delete recorded
text when necessary. Moreover, before deleting the text definitely the user will be prompted to give an extra
confirmation as a window requesting a confirmation for the action will pop up.

Access on demand to consumables levels and biomedical data
The health status button provides with a simple text-based display providing the user with data on critical suit
consumables and biomedical data as suggested by Stevens et al. [12] and Apollo astronauts [197].

Access to tutorials in form of references/procedures

In case the user does not recall how to perform a certain activity, in this case a site evaluation, the users can
avail themselves of guided procedures. This is aimed at reducing mental workload and increasing efficiency.
The user can readily perform the action required at each step without having to switch to different windows
again reducing the workload and time required to perform an action.

Hands-free taking photographs and panoramic views/videos

The user can take photos of desired locations and record videos in form of panoramic views hands-free. The
photographs and videos/panoramic 360 photos are automatically saved to a local folder on the HoloLens and
can be accessed via the Windows Device Portal by any other ground control crewmember or IV crew.

Hands-free creation of waypoints

The user can easily and promptly mark field locations of interest without the need to take their hands off the
tools they are using in the field at that specific instant in time. Furthermore, the user can readily link data to
the waypoint represented by a flag, namely location information and descriptions of the area. This is meant to
help extravehicular (EV) crew in mapping an area and highlighting features during a traverse while making it
accessible/visible to both subsequent EV crew but also to monitoring crew inside the habitat or on ground.

Real-time live stream of HoloLens
Other crewmembers in this case IV crewmembers can potentially see anything the HoloLens user sees in-
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cluding the surrounding environment and the holograms. This would allow IV crew to be able to constantly
monitor EV crew and increase their situational awareness.

4.2.Video Demonstration

For the reader to be able to visualise the final product of this thesis, two video demonstrations are made avail-
able. Both video demonstrations are representing prototype I created as a result of the iterative conceptual
phase described in subsection 3.2.2. A more detailed description of what can be seen in the videos is de-
scribed hereafter. Finally, the links to the videos are provided.

In the first demonstration named Demo 1, the AR-IoT application as a whole is shown. The reader is referred
to section 2.4 for background information on the activities carried out during geological site evaluations to
better understand what is shown and the rationale behind the selected set and sequence of activities. Once
the application is started, the main menu with the different options to be selected namely: log data, recall the
health status which includes biomedical data and consumable levels, perform site evaluations and geological
sampling, is shown. Then, the site evaluation option is selected via gaze and click input. One can see that the
white cursor is directed on the option through gazing, which makes the icon highlight while the click confirms
the selection. Note that a clicker (see Figure 3.2) is being held in the hands at that time. The site evaluation
option gives users the possibility to follow a tutorial or if users are acquainted with the site evaluation pro-
cess, they can directly select the geological site screening option. The latter case is shown first in the video.
After that, in the same manner, the geological site screening option is selected. The user now selects the way-
point creation option, a flag is created and by gazing at the flag, clicking, selecting the location where the flag
should be placed through gaze, and by clicking again, the flag can be dropped at the desired location. The user
can then record GPS data and a general description of what is seen in the area via speech-to-text conversion
through voice recognition. The user is supposedly seeing basaltic rocks and records the information, more-
over the user dictates the coordinates for the latitude. After that, the user decides to delete the recorded data
to showcase the functionality. As many waypoints as desired to mark an area can be created and placed. The
use of these waypoints is described more thoroughly in section 4.1. Finally, as is common practice for geol-
ogists on the field photo-documentation is done by taking photos and panoramic 360 photos in form of videos.

Carrying out geological site inspections aided by the tutorial option under the site evaluation menu is then
shown, the importance of this feature is described in section 4.1. The same steps as described earlier are
shown. Upon completion the user decides to check their health status which for the moment shows the water
consumable level of the simulated portable life support system (PLSS) and shows that 50% is remaining. Then
the user decides to add some extra notes based on observations of the area that is being surveyed, e.g. colour
of the landscape and number of rocks. The data logging is done by recording data via speech recognition. The
data log can be pinned to any landmark or placed next to a waypoint by dragging and dropping it, similar to
the flag placement. Moreover, it is shown that the data can be saved and deleted if considered necessary. As
described in section 4.1 the saved log is accessible via the Windows Device Portal of the HoloLens. All interac-
tions are hands-free, note that the importance of this feature is described in section 4.1.

In the second demonstration named Demo 2, the integration of the IoT in the AR application is explicitly
shown. As described earlier, and specified in section 4.1, the user can access consumables levels and biomed-
ical data on demand. This feature was achieved specifically with the integration of IoT (for more details, refer
to subsection 3.1.2) into the AR application. Once the application has loaded, one can see that the user selects
the health status option to view the remaining water available in the simulated PLSS, which at the start is 85%.
The user then carries out the usual set of geological site inspection activities as described earlier for Demo 1
while keeping an eye on the dropping level of the water consumable to get an idea of how much time is still
left to carry out operations until an eventual return to base. In fact, finally 5% of water are remaining and op-
erations are ended.

To view the two video demonstrations of the AR-IoT prototype I proof of concept (Demo 1 and Demo 2), the
reader is invited to click on: AR-IoT Tool Video Demonstrations.
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Operational Scenario

In this chapter, the proposed operational scenario to be adopted during the initially planned controlled ex-
periments detailed in Appendix A is presented. The development of this concept of operations (ConOps) was
not only aimed at creating a feasible operational scenario for human subject testing but it was also essential
throughout the design of the AR-IoT tool. In fact, it provides with an overall picture of the operation from
the perspective of the users who will operate the tool [173]. First, the design considerations related to the
operational scenario are elucidated, then the assumptions that have been made are presented, after that the
operational setup including background information, task design, roles and responsibilities, test equipment,
data flow, task instructions and guidelines are described.

The selection and design of this test scenario takes into consideration the Concepts of Operations (ConOps)
investigated during different analog field experiences such as NASA’s Biologic Analog Science Associated with
Lava Terrains (BASALT) [121], the Desert Research And Technology Studies (DRATS), Pavilion Lake Research
Project (PLRP) and NASA Extreme Environment Operations (NEEMO) program as well as the ConOps of the
Apollo missions.

5.1. Research Design Considerations

Important considerations to be accounted for while planning a simulation and evaluating results have been
made. In 2008, NASA’s Directorate Integration Office hired the Exploration Analog and Mission Development
(EAMD) team to manage and conduct several spaceflight analog mission evaluations (including at DRATS,
PLRP, NEEMO, and BASALT) employing a set of operational methods and metrics that would allow for an iter-
ative development, testing, analysis, and validation of evolving exploration architectures. This method ensures
that the data collected stays pertinent to NASA’s strategic architecture and technology development goals and
allows for data-driven, actionable recommendations. For this study, key points considered for the methodol-
ogy adopted by EAMD have been extracted and considered [121]. These include:

* the development of a study that integrates all required tasks to address objectives and questions as well
as a plan to gather quantitative and qualitative data;

¢ the documentation of the assumptions made;
* the selection of test subjects that are representative of the target population;

* the execution of the research design with sufficient fidelity of the operational environment and integra-
tion of relevant technologies;

* the use of test subject consensus results to create a single set of data.

5.2. Assumptions

Important assumptions have been made to provide with a framework for the selected concept of operations
or proposed test scenario.
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1. It is assumed that during the execution of the EVA by crew, additional levels of information will be re-
trieved via contextual sampling and presampling of sites of interest which can modify the science tasks,
traverse plans and science priorities [121]. In fact, the goal while conducting exploration EVAs by human
crews is to retrieve as much scientific information as possible to fulfill mission science objectives [122].

2. Ttis assumed that a crucial element to this new vision of lunar and planetary field geology is the notion
of coordinated human and robotic exploration. Currently as well as in the predictable future, it is as-
sumed that no autonomous robots exist with the capacities of human explorers for: expert analysis of
geologic associations established upon basic training and real-world experience; intelligent and quick
decision-making with respect to the most critical observations to make or samples to take; on-the-fly
data synthesis and the utilisation of that synthesis for traverse replanning; as well as adjudicate when
satisfactory observation and sampling has been performed [130].

At the same time, human exploration is risky and necessitates the use of limited resources in an opti-
mal manner (e.g., oxygen and water) to keep even primary life support for the astronaut crew. Resource
requirements are more easily managed for robots. When remotely controlled by humans or with short-
term autonomy, robots can perform notably well when it comes to: systematic collection of observa-
tional data, such as different types of imagery; systematic sampling, in-situ analysis, and the archiving
of samples which necessitates straightforward functional capabilities; deployment of scientific experi-
ments; and repetitive, rule-based surveys [130].

3. Tt is therefore assumed that robotic precursor missions, both orbital and on the surface will have col-
lected imagery and data which determined the plan for the science operation extravehicular activity
(EVA) traverses [91], [121] [130].

4. Ttis assumed that crewmembers are provided with geological site inspection assistance tools such as an
Augmented Reality Internet-of-Things interface.

5. It is assumed that communication issues including latencies of 2.5 seconds in the case of a lunar ex-
ploration scenario, interferences and interruptions will be occurring [121] between extravehicular (EV)
crew and Mission Support Centre (MSC).

6. Itis assumed that there are two EV crew on site [121]. This does not imply that the simulated operational
scenario has to be carried out with two test subjects. One can assume that the other EV crew (EV2) has
other tasks to perform that are not related to the activity of EV1. In certain currently predicted future
lunar scenarios, EV1 would be in charge of operations and EV2 in charge of science [121]. However,
thanks to new innovative technologies that can relief the mental and physical workload of the EV crew,
it is considered realistic to assume that EV1 and EV2 are in charge of both operations and science just in
different locations to maximise the scientific outcome. Hence, there is no need to be specialised in one
activity only and require the direct support from the other crewmember but instead rely on the support
of innovative aiding technology.

7. Tt is assumed that during real operations on the Moon, two intravehicular (IV) crew are located on the
Human Landing System (HLS) and assist the two EV crew during surface operations. In that case, EV1
would be in charge of operations and EV2 in charge of science, two IV crew would be needed as IV1
would be in charge of timelines, operational tasks, procedures and constraints, whereas IV2 would be the
science lead, and primarily interact with the EV crew and MSC (via SCICOM, Science Communicator)
on science tasks, priorities, and recommendations. In fact, the HLS is planned to be designed for four
crewmembers [91], moreover, the Lunar Gateway is also planned to host a total of four crewmembers
and so is the Orion spacecraft [172]. Nevertheless, it is possible that the Gateway will be expanded and
crew will be present on the Gateway while four crewmembers are on the surface. In case EV1 and EV2 are
both in charge of operations and science, specialised IV1 and IV2 crew in charge of both operations and
science respectively, could still be useful. Another possibility could be to have personalized assistance
in both science and operations from IV1 to EV1 and from IV2 to EV2 provided that IV1 and IV2 avail of
innovative aiding and guiding technology as well. It is however also feasible and realistic to assume that
as during the Apollo missions crew is assisted by the Mission Control Centre (MCC).
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8. Ttis assumed that MCC assists crew on surface rather than IV crew. This can be reasoned by the scope of
this research project namely assessing whether the designed AR-IoT tool can aid crew operations under
communication issues including latencies and interferences. Additionally this is in line with the concept
of operations during the Apollo missions [57]. It should be noted that during the BASALT analogue it was
assumed that MCC is limitedly available to assist crew on the surface. In fact, IV crew was assumed to
communicate with an Earth-based Mission Support Centre (MSC) that supplies with scientific expertise
and operational guidance across communication latency and bandwidth limitations [51]. It should be
noted that Mission Control Centre was then Mission Support Centre to reflect the advisory role of the
team in case of limited availability when working in presence of communication delays [121]. Neverthe-
less, the focus of the BASALT analogues was specifically human exploration on Mars.

9. Itis assumed that operations take place during Artemis III, hence in 2024, where the first crew lands on
the Moon with a lunar lander also known as HLS [180].

10. Itis assumed that there is no habitat or base in place on the lunar surface yet by the year 2024 [180].

11. Itis assumed that the spacesuit of the crew is equipped with sensors able to measure consumable levels,
medical health data and environmental data. These sensors belong to an IoT network which ensures
communication with an augmented reality interface and/or monitoring displays integrated in the suit.

12. It is assumed that there is only one voice loop between EV crew and MCC for the specific concept of
operation chosen. In fact, as IV crew will not be playing a crucial role in this case a voice loop for IV and
EV crew as well as for IV and MCC is not necessary as EV communicates directly with MCC. It should
be noted however that during BASALT analogues for example, it was assumed that there are two voice
communication loops one between IV and EV crew which happens real-time and is open for listening
by MSC, and one between IV and MSC which is affected by communication latencies and interruptions.
From the acceptability assessments of BASALT analogue missions [122] it appeared that voice commu-
nication between IV and EV crew was essential/enabling while voice communication from MSC to IV
was said to be providing with little or no enhancement by EV crew as the messages were received across
latency. EV crew discouraged voice communication from MSC as these kind of interactions were per-
ceived as distracting or even detrimental to the science and operations flow. Communication between
IV crew and MSC was essential. Nevertheless, for this research it is considered acceptable to assume that
EV crew receives direct instructions from MCC. In fact, the focus is on the assessment of the capabilities
of new technology by EV crew rather than on the whole operational scenario architecture.

13. It is assumed that there is no impact on the results caused by the fact that the subjects are not wearing
a spacesuit as the planned comparison scenario with conventional media used during Apollo missions
to assess the AR-IoT would just like the scenario involving the AR-IoT tool not involve wearing a suit. In
fact, it is assumed that the disadvantages due to the use of a suit affect the two scenarios equally.

14. Itis assumed that a wireless network connection is available.

5.3. Operational Setup

In this section, first background information on concepts of operations drawn from previous analogue mis-
sions is given, after that the task design or the set of EVA tasks is shown, then the roles and responsibilities
together with the test equipment, data flow, task instructions and guidelines are elucidated.

5.3.1. Background Information

This operational scenario draws its framework from several simulated scenarios during the BASALT analogues
[121], the geological site inspection activities described by Hodges and Schmitt [130] and the set of activi-
ties performed during a site inspection in the Pangaea-eXtension, also known as Pangaea-X, campaign [135].
During Pangaea-X in 2018, several different approaches for the scenarios were simulated, tested and analysed
[134]. Different sites, with specific geologic and environmental characters were made available within the Lan-
zarote Geopark. A complex logistic framework was set up with the aim of maximising efficiency and allowing
an interconnection between the different experiments. The specific goal of the campaign was to evaluate po-
tential applications and developments for future mission scenarios and to increase operational relevance of
training [134]. One of the technologies tested during the Pangaea-X campaigns is the Electronic Field Book
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(EFB) for tablets. The European Space Agency’s Astronaut Centre (ESA-EAC) initiated the development of the
EFB, with the aim of integrating geological reference, sampling protocols, traverse preparation, navigation and
documentation, analytical tools as well as providing real-time awareness to support mission control personnel
and scientists during operations. Please note that the functionalities provided by the EFB have been previously
outlined in section 2.4. For the reader to better understand the set of actions involved during site evaluation
activities, it is highly advised to refer to section 2.4 where these are described.

Finally, it should be noted that several verbal discussions to analyze and validate the relevance and feasibility
of the chosen operational scenario, for this research project specifically, were successfully held with Caves &
Pangaea geological field training experts at ESA-EAC.

5.3.2. Task Design

An overview of the different tasks to be performed by EV crew and MCC as well as the media needed during the
operational test scenario, in chronological order, is shown in Figure 5.1. It should be noted that the scenario
outlined includes the use of the HoloLens. The reader is referred to Appendix A for more information on the
planned comparison scenario with conventional media. At the start of the EVA, the EV crew provides with a
brief report of system checks before egressing the airlock and then prepares for airlock egress. After that, EV
crew egresses the airlock. With the assumption that a rover has already mapped the area and a target area for
the crew has been determined, the crew starts the traverse by moving to the target area. During the target area
approach phase, the EV crew evaluates the surrounding terrain and determines whether there are important
features that characterise the area and/or sites to be noted and reported. The EV crew also determines whether
there might be relevant areas for other science objectives or sites that might be worth visiting later or return-
ing to during another separate EVA. On arrival at the predetermined target area, EVA crew creates a site and
conducts a verbal contextual survey from the distance and then from different perspectives. Consecutively, EV
crew records relevant imagery and video footage. Finally, after checking the completeness and correctness of
the delivered documentation crew returns to the airlock.

During analogues such as BASALT, the visitation order of the different stations was prioritized in such a way
that the first two stations were the ones with the highest priority whereas the third represented a secondary
objective [14]. To allow for some flexibility in responding and adapting to new discoveries during an EVA [130]
targets of opportunity (TOP) were introduced. TOP are features or sites of interest identified by EV crew during
a target area approach or within the target area which had not been identified as a specific EVA objective before
[14]. These TOP have the potential to become a top scientific objective.
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Figure 5.1: Extravehicular crew (EV1) and Mission Control Centre (MCC) tasks in chronological order throughout the different EVA
phases and the required instructional media. It should be noted that this scenario includes the HoloLens.

5.3.3. Roles and Responsibilities

For analogue missions such as NASA's BASALT it has been common practice to have two EV crewmembers
cooperating on the field to complete science tasks. More specifically EV1 would be operations lead managing
the timeline, traverse navigation and operational tasks, whereas EV2 would be science lead. two IV crew were
present inside an IV workstation supporting the EVAs. IV1 was assigned to the communication with EV crew
and MSC (via CAPCOM) on operations, procedures, timelines and constraints, while IV2 would interact with
EV crew and MSC (via SCICOM) regarding science tasks, recommendations and priorities. The MSC segment
would not only involve a CAPCOM and SCICOM but also a Flight Director having the authority over all oper-
ational recommendations from MSC, an EVA planner, a Science Team Lead, a Biology Lead, a Geology Lead,
an Instrument Lead, an Imagery Lead, a Leaderboard Lead, a Tactical Awareness Lead and a Science Team
member [121].

Considering the roles and responsibilities assigned during analogue missions such as BASALT and consider-
ing the scope of this study, which is to evaluate the usability of an innovative technology able to support EV
crew during surface operations, it is considered sufficient to perform the simulations with one EV crew, as test
subject, performing geological field operations and communicating with MSC and one simulated MSC crew
playing a key role especially for the comparison scenario in supporting EV crew and collecting reported data.
It follows that there will be only one voice loop.

In fact, the scope of this study is neither to develop, test, analyse and validate new exploration architectures
as it was for BASALT nor to develop future mission scenarios and increase the relevance of training as it was
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partially for Pangaea-X, the goal of this study is to evaluate new crew support technology.

Furthermore, it should be noted that the new technology being tested is a proof of concept and to be able to
assess the efficiency and effectiveness of it, it is important to keep the complexity of the scenario low, else the
more variables are introduced the more bias is introduced and the more difficult the assessment becomes.
The decision to keep the scenario as simple as possible to reduce the noise factors during the test led to the
choice of only one test subject as EV crew. It should be noted again that the aim of this research is to assess
the effectiveness and the efficiency of technology on its own and not the ability of the technology to create and
enhance the collaborative environment between the two EV crew. Additionally, despite the fact a collaborating
rover able to support crew is a safe assumption to make when considering future lunar exploration mission, it
has been decided not to include this component in the tests to reduce the complexity of the simulation and the
mental effort for the test subject. It is believed in fact that introducing a rover represents an undesired noise
factor.

The considerations mentioned earlier in section 5.1 still apply, namely that the research design has sufficient
fidelity with the operational environment, the test subjects are representative of the target population, consent
to analysing the results is provided by the latter and that the study integrates all required tasks to address the
objectives and a plan to gather quantitative and qualitative data.

The EV crew (test subjects) will be geological field activity experts, hence either instructors or astronauts. While
the MCC will be simulated by the same trained person in each test to reduce individual bias.

5.3.4. Test Equipment

For the scenario in which the AR-IoT tool is evaluated, the test equipment consists of the Microsoft (MS)
HoloLens [163], a Raspberry Pi [202] and voice communication devices. An available Wi-Fi network is also
necessary. The IoT network consists of a Raspberry Pi which receives and manages either simulated data or
data from several different types of sensors equipped with a Wi-Fi chip, ESP8266 [64], Zigbee [250] or LoRA
[140]. It should be noted that this IoT network is modular such that different types of sensors can send data to
the Raspberry Pi. The AR cues are generated using in-house software that was programmed in Unity [227] and
are displayed on the MS HoloLens. For more information on the hardware used as well as the hardware and
software integration the reader is referred to subsection 3.1.1 and subsection 3.1.2

5.3.5. Data Flow

In Table 5.1 an overview of the data type generated by the simulated Mission Control Centre (MCC) and the
simulated extravehicular (EV) crew, together with the way this data is transmitted through the different inter-
faces at hand is given. Furthermore, it should be noted that latencies and/or interruptions are simulated in
voice communications between EV and MCC. Latencies should be introduced in the data transmission as well.
Additionally, the latencies and/or interruptions in this scenario are most crucial on voice communications be-
tween MCC and EV crew, latencies in other data transmission are not affecting the operations thus the results
in this case.
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Table 5.1: Data Flow between Mission Control Centre and EV crew through various interfaces. Information on the data type, who
generates it, transmission modality and whether latencies/interruptions occur or not is specified.

Transmission

Data Type Generated by Accessible by Modality Communication Issues
Planned traverse MCC EV, MCC Post-its on the ground describe the path No
L. . Briefly outlined beforehand and during the
Planned activity Mec EV,MCC activity through cuff-checklist or HoloLens No
e Spatially locatable, accessible through

Notes/Tags (text) EV EV,MCC the Windows Device Portal No
. Spatially locatable, accessible through the

Waypoints EV EV, MCC Windows Device Portal No
. Spatially locatable, accessible through the

Photos EV Mee Windows Device Portal No
. . Spatially locatable, accessible through the

Video EV Mee ‘Windows Device Portal No

Voice EV, MCC EV, MCC Transmitted with delay and simulated interruptions Yes

Communication
ToT sensor data of suit consumable levels and | Sensors and/or Script on RaspberryPi
biomedical data simulating sensor data

Accessible via command line client by the MCC and

EV, MCC via HoloLens or device with the Graphical User Interface

5.3.6. Task Instructions

In subsection 5.3.2 an overview on the task design was given. More detailed information on the actual tasks
are given hereafter. Task instructions given to the test subject are limited. At the start of each test, participants
are told that they have to perform tasks related to geological site inspection activities for which they will be
given sufficient instructions to be followed. More specifically, the test subjects are requested to:

"perform the tasks as accurate and as fast as possible while maintaining adequate situational awareness and
following the instructions given by the tool at hand".

When using the MS HoloLens, the user is first familiarized with the tool, especially with the user hands-free
interaction possibilities. A quick interaction trial by gaze and click is performed, moreover the user is made
aware of the fact that the device provides with speech recognition.

After that, each participant is requested to locate themselves at the airlock and perform system checks in com-
munication with ground control who will provide with all the required instructions to accomplish this task.

In fact, from Figure 5.1 it can be seen that the first task that crew has to perform is to carry out system checks.
In this case, crew has to report to simulated ground control also referred to as Mission Control Centre (MCC)
whether voice communication is working nominally and in case the HoloLens is used, whether the HoloLens
application is functioning nominally. These system checks do not require any knowledge by the participant
as all instructions will come from the simulated ground control. Moreover, in both cases crew is requested
to report simulated suit data consisting of biomedical data, namely suit pressure, heart rate, temperature and
consumable levels more specifically water, oxygen and carbon dioxide. System checks performed with MCC
represent a pre-task. It means that the time taken to accomplish this task and the accuracy in carrying out this
pre-task are not considered in the results analysis.

Upon system checks completion, the test subject is instructed to egress the airlock and start the outlined tra-
verse by means of post-its on the ground until the marked target area is reached where the test subject is re-
quested to perform all the requested site evaluation activities. All tasks should be performed with the sole use
of the tools provided without requiring communication with MCC (in the case the AR-IoT tool is evaluated).
Special attention should be taken during the traverse and interesting sites, so called targets of opportunity
(TOP) should be "logged" or reported using the HoloLens.

It should be noted that the path outlined by the post-its will not have been visible to the test subject prior to
that moment.

Once the airlock is egressed the stopwatch is activated. The participant will soon reach the first TOP, quite
evidently marked by a certain number of rocks placed in the middle of the path where he or she should be
logging data with the HoloLens as accurately as possible following the instructions on the HoloLens regarding
the features to document. The test subject will know which option to click on the HoloLens to log the data of a
target of opportunity (TOP) as it is named accordingly. The participant will have to report on:

¢ Number of rocks
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* Colour of the rocks
¢ Other notable characteristics of the surrounding area

After that, the test subject will continue the traverse through the outlined path to the target area where he or
she has earlier been requested to perform a site evaluation activity. The participant will know which tasks to
perform as they are specified under the option "site evaluation" on the HoloLens. Upon arrival at the marked
target area the participant will have to create a waypoint by placing a virtual flag in the augmented world and
document the area based on the specified criteria, which are the same as for the TOP evaluation. After that,
the subject is requested to take a regular photo and a panoramic 360 photo with the HoloLens.

The stopwatch will be stopped once the test subject will signal that he or she is done with the site evaluation
task.

The idea behind the given task was to keep them as simple as possible to reduce the workload and task com-
plexity for users that are completely new to augmented reality technologies.

It should be noted that the role of the IoT in this test scenario is among others marked by the presence of a
predetermined traverse map, in fact in this scenario it is assumed that a lunar or planetary rover, which is part
of the IoT network, has previously mapped the area and the data gathered was then used to create a map of the
area to determine interesting sites or target areas and the associated traverse. Moreover, the sensors, suppos-
edly embedded in the astronaut suit and the life support system which provide with simulated data, are also
considered part of the internet-of-things network. The data obtained and displayed to the participant during
the test is not meant to influence the results, it is however meant to enhance realism and showcase a useful
and expandable feature for later geological field activities to the experts. In fact, during Caves & Pangaea cam-
paigns carry-on "sensor boxes" containing different environmental sensors, required for instance to explore
caves, were employed. Integrating sensor data from these sensors into the AR-IoT tool is considered useful and
straightforward to implement.

5.3.7. Guidelines

For crewmembers to know which kind of information is required to be collected during the different phases of
the EVA, guidelines are usually established by the science team prior to the expedition. During BASALT ana-
logues verbal descriptive observations were required from crewmembers over the course of the EVA [14] such
as: weather conditions, general observations regarding the outcrop scale, environmental discomfort, potential
TOBP other unforeseen conditions and/or obstacles as well as detailed observations regarding the outcrop and
sample scale [12].

The procedures created for the operational scenario of this research are inspired by the cuff-checklists created

for the BASALT analogues [12] used by the EV crew as prompts for what descriptions they should be reporting
at different stages in the EVA (see Figure 5.2).
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MISSION PHASE TASKS TASK DETAILS
Station Approach = Translale to slation perimeler base » Local Report:
{15 min, once into comm = Give local report o Local ime
coverage) » Record contextual video + still imagery o Wind speed & direction
» Look for TOPs o % gloyd cover & sun £
« Arrive at station perimeter base o jgmp & precipitation
Station Contextual Survey | « Position SA Camera » Contextual Report:
{5 min, 5 m out) = Give contextual report, including still imagery and o Orientation & shape
video (as bandwidih allows) o Condition & color
o Presence of water, other fluids, & biomass
o Specifics for loday's EVA objectives
Sample Location Search » Get candidate sample location markers from FST s Sample Location Report:

(25 min, 1 m out)

« Search for, mark, describe, & record video + still
imagery (as bandwidth allows) for each candidate
location

« Translate back fo stafion perimeter base

o Orientation & shape

o Condition & color

o Presance of water, other fluids, & biomass
o Specifics for today's EVA objectives

Pre-Sampling Survey

» Get candidate sample markers from FST

#» Replicate Report:

{60 min, < 1 m) » Translale to Sample Location o Orientation & shape
» Search for, mark, describe, & record video + still o Condition & color
imagery (as bandwidth allows) for each candidate o Presence of water, other fluids, & biomass
replicate » Report:
» Take ASD scans o ASD minerals + general spectrum
» Take still imagery of ASD screens
» Translate back lo station perimeter base
Sampling « Perform bio sterlization + Sample Report:
(30 min, < 1 m) «» Translate o replicate location o Bag number
» Broak rock o Sample type (bio, memasiar, geo, archive)
# Hold samples + bags up to videc camera (if e Color
bandwidth allows) o Surface slope & azimuth
» Bag samples o Friability
= Arrange bags on oniginal outcrop and take still o Texture, yesiculation.
imagery of bags o Volatiles
o Primary, Secondary Minerals
o Presance of biomass

Figure 5.2: Cuff-checklist providing EV crew information on what is required for them to so at each stage of the EVA. TOPs stands for
Targets of Opportunity, SA for Situational Awareness, FST for Field Support Team, ASD for Handheld VNIR spectrometer [12].

Interestingly, scientists and engineers of different disciplines frequently use unique language and distinct ter-
minology, hence it became crucial to implement formal project definitions for terms that would be used to
plan and execute the BASALT EVAs. The set of definitions comprised references to spatial locations, employed
in the formulation of EVA tasks, geological/environmental terms used to describe the scientific objectives of
each individual EVA and the alteration types being selected [14]. Stevens et al. [12] reported a brief glossary
cheat sheet (see Figure 5.3).
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FIELD GLOSSARY CHEAT SHEET

FEATURE DETAILS
Golor (includes & Dlgck, grey, tan, reddish-Drown, orange
variations in color) = banded or zoned
Graln Size Approximate size ranges as follows:
» very coarsa 5-10 mm
s coarsa 2-5 mm
s medium 1-2 mm
s fine =1mm
& aphanitis - not visitle, too fine to see unaided.

Alteration Degree of alteration or weathering Is based on two factors:
1. Thickness of alleration rind.

a. none = frash, cannol measure

b, low= <6 mm

c. medium = 1-2 cm (can find fresh rock inside)

d. high =2-10 em (have to work hard to get fresh rock)

e, intense = = 10 cm, or even pervasive (generally not applicable to young rocks in dry climates; however, some

rocks as young as a few 10 kg might hawe infillings of caliche 1o depths exceeding “meadium” or “high~)

2. Intensity of mineralogical changes from original rock texture, regandiess of the rind thickness.

@ neng = cEnnet depict any changs fram fresh rock

b. |gw = original visible minarals are present, bul they may be discolored; groundmass is discoloned.

c. medium = both visible minerals and groundmass ane discolored, some degradation of ariginal fabric
(groundmass texture).

d. high = cannot determine orginal mineralogy or groundmass; original lextures complelely lost; discoloration
complete,

e, intense = cannot distinguish whether altered part is actually original rock or has been replaced; totally
discolored and disfigured.

Figure 5.3: Field Glossary Cheat Sheet [12].

For the selected concept of operation the following dummy observational data has to be collected.

e Number of rocks
¢ Colour of the rocks

¢ Other notable characteristics of the surrounding area

The following guidelines in form of cuff-checklist, shown in Figure 5.4, are given during the test scenario em-
ploying traditional media. The HoloLens application avails itself of the same instructions under the site eval-
uation option. The same instructions of data logging of the target of opportunity are incorporated under the
"log data" option in the augmented reality interface. It should be noted that despite the fact the naming "log
data" and "data logging of the target of opportunity" are not consistent yet, this will have to be ensured be-
fore the test. While the possibility of integrating a cheat sheet, as shown earlier in Figure 5.3, should be kept
in mind, in this case it was not considered necessary as the tasks requested to be performed are consciously
simplified to avoid the need of prior training or briefings of inexperienced users.
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DATA LOGGING OF TARGET OF
OPPORTUNITY (TOP)

1. Report number of rocks to
Mission Control Centre

2. Report colour of rocks to
Mission Control Centre

3. Report notable features of
TOP area to Mission Control
Centre
4.Proceed on the outlined
traverse

GEOLOGICAL SITE
EVALUATION

1. Place this (->) marker to
create the site

2. Describe the site
2.a Report number of rocks to Mission Control
Centre
2.b Report colour of rocks
2.c Report notable features of the area
to Mission Control Centre

3. Take photo
4. Take panoramic photo 360

5. Report end of activities to
Mission Control Centre

VOICE COMMUNICATION
WITH MISSION CONTROL CENTRE

To communicate with Mission
Control Centre keep button A on
the Belt Pack

pressed and speak

Figure 5.4: Cuff-checklists provided as instructions for the TOP evaluation and the target area evaluation during the controlled
experiment with conventional media.
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Results

In this chapter, the results from the different evaluations performed through the design of the AR-IoT tool
are discussed. First, the results from the informal expert reviews of the initial design concepts are reported.
These were performed during the conceptual design phase. After that, the results from the heuristic evalua-
tion are discussed, this was performed once the initial concept of the application had been reviewed several
times and an actual final concept was conceived with a more concrete structure and layout, more specifically
concept IV. Two further evaluations were performed through a requirements compliance questionnaire (see
Appendix C) and complementary semi-structured interviews directed to ESA astronauts and astronaut geolog-
ical field training experts. The results from both the questionnaires and the in-depth interviews are reported
in this chapter as well.

6.1. Expert Reviews Results

During the conceptual phase, the primary design phase of the AR application, expert reviews were performed.
These were informal open discussions on the capabilities and means of user interaction the application should
have to become operationally feasible and to be helpful and useful for the target group e.g. astronauts. Experts
had the opportunity to mention positive and negative aspects as well as to suggest further features to be im-
plemented.

Concept I was reviewed by three experts at the European Space Agency’s Astronaut Centre (ESA-EAC), these
experts included a former participant of the Pangaea-X 2018 test campaign, a software developer of the Caves
& Pangaea team and an expert in human and robotic exploration. The results are reported in Table 6.1. Gener-
ally, the initial concept, including the capabilities of the interface, was defined as good and clear as well as the
gaze interaction with the gaze feedback through the horizontal loading bar on the button.

With respect to the layout it was suggested to replace the rectangular shaped buttons with large square but-
tons. Regarding the structure of the menus, it was suggested to group features and arrange these in different
levels depending on whether the actions have to be performed simultaneously or sequentially.

With respect to the interface capabilities, it was suggested to include the display of system date and time as
well as the request for registering the user’s ID upon login. It was also suggested to enable the personalisation
of the interface depending on the user’s needs. Moreover, regarding the tool localisation features it was sug-
gested to direct the user with augmented visual feedback to the tools.

With respect to the user interaction, the gaze input with the gaze feedback, through the horizontal loading bar
on the button, was perceived as effective and clear. Nevertheless, it was mentioned that a double confirma-
tion should be requested to the user before proceeding with an action to give the user more control over their
actions. More specifically, instead of executing an action after loading completion of the button, which could
happen accidentally as the user is inactively gazing on a button, it is important to request for an additional
action through a different or similar means of interaction to confirm the request. The response time of the in-
terface more specifically the loading speed of the loading bar was perceived as too slow. Interestingly, as some
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features were fully interactive through gaze while others through the use of hand gestures, as for instance the
"place tag" button, it could be observed, from the interface interaction by one of the experts, that hand gesture
interaction is very troublesome for inexperienced users, in fact the subject was not able to successfully com-
plete the action.

Concept II was reviewed by two experts in human machine interaction (HMI) interface design. The results are
reported in Table 6.1 as well.

Positive and negative aspects related to the interface as well as suggestions for further implementation are re-
ported hereafter.

Generally, the interface was defined as well structured and the capabilities as clear, the colour scheme was
defined as good and clear as well as the icons and labels. It was noted however, that the menu layout was
occasionally lacking consistency. Additionally, it was noted that the flag created once the "create stop" button
was pressed was not appearing in the field-of-view (FOV) of the user.

Suggestions regarding the interface included: placing the "pin" button next to the "quit" button for consis-
tency as these actions are both involving the whole menu, moreover it was suggested to provide additional
feedback when the pin window capability is enabled by highlighting the borders of the menu. Other sugges-
tions included displaying all menus in such a way that they are all in the FOV of the user, angled such that
the setup resembles a "semi-circle", highlighting buttons when active and displaying the label of an icon only
upon hovering with the gaze to reduce the mental overload of the user.

Positive and negative aspects related to the means of interaction as well as suggestions for further implemen-
tation are reported hereafter. The double confirmation through a combination of user inputs, namely gaze
and click was perceived as intuitive, user-friendly and effective. It was noted however that the "click to con-
firm" prompt to remind the user to use the clicker to confirm an action upon gaze was displayed too soon.
Furthermore, it was mentioned that the response time of the loading bar was yet too slow and loading was not
resumed upon gazing away from the button. Finally, it was pointed out that unfortunately no feedback was
provided to the user once a photo had been taken successfully.

Concept III was reviewed by the same experts that reviewed concept I. The results are reported in Table 6.1.

With respect to the interface the experts mentioned that it was clear and comprehensive, especially the icons
and labels of the buttons. It was noted that all the required features for geological site evaluation activities
were included. Nevertheless, experts mentioned that prompts were not always legible and the flags created
upon selection of the "create stop" button were perceived as too small. Finally, a negative aspect mentioned
was that the information of the stop documentation was not linked to the flag.

Suggestions for further implementation included the definition of an architecture for the different menus as
well as the direct inclusion of the capabilities related to each step in the references to ease the user and reduce
mental workload. It was also suggested to include a logbook in the interface that allows the user to track con-
cluded actions. Additionally, it was suggested to include a "delete" option to increase the control of the user,
namely allowing the user to delete previously recorded data, if desired. Finally, it was suggested to perform
colour testing to evaluate whether good visibility of the interface is always ensured under different lighting
conditions e.g., indoors and outdoors.

Regarding the user interaction, it was mentioned again that loading should resume when the user does not
gaze on a button, moreover it was noted that it was not possible to take photos at a desired location as the
"geolocation site screening” menu was set as static and would not follow the user. Finally, it was mentioned
that the type of interaction, namely gazing on the object, click to select, drag and drop to place an object at a
desired location should apply to not only the placement of the flag but also to the "pinning" or dragging and
dropping of a menu.
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6.2. Heuristic Evaluation Results

After the conceptual phase which included several informal expert reviews, once a more complete, defined
and structured concept was available, namely concept IV, three heuristic evaluations were performed. The
evaluations were performed by three different Human Machine Interaction (HMI) design experts separately.
Each evaluator was given a checklist with the identified usability principles, the so called "heuristics" and was
requested to examine the interface and judge its compliance to these heuristics. Each heuristic evaluation
took approximately one hour. For more information on the methodology behind this evaluation the reader is
referred to subsection 3.2.3.

The rating of and the comments provided by the different evaluators are reported in Appendix B. It can be
seen that for some of the listed and rated principles there is quite a spread in the assignment of the points
on the 5-point Likert scale [232]. For principle 1, 4, 5, 8, 10 and 13, the ratings differed majorly between the
subjects as can be seen when comparing the filled in questionnaires of the different subjects in Appendix B.
A key feature of the heuristic evaluation questionnaire ratings process is the fact that comments and recom-
mendations were documented for each numerical rating provided. While the numerical ratings are important
and often the subject of considerable discussion and debate, their most important function in this case was
to provide structure and consistency to the process through which the different heuristic principles identified
were critiqued.

The comments provided during the heuristic evaluation were gathered and discussed during a de-briefing
session together with all three evaluators. The feedback for each point is discussed hereafter. Please consult
subsection 3.2.3 or Appendix B to see the details on each heuristic principle selected.

1. System status feedback
is unclear with respect to:

¢ recording status

* saving status

¢ take pan 360

¢ dragging & dropping of the flag
* button states

¢ take photo
is redundant with respect to the:
e confirmation request "click to confirm"
2. Response times are inadequate when using the loading animation for the gaze feedback
3. Unclear/unfamiliar icons include:

¢ Save icon which resembles a download icon instead

¢ Reference icon which shows an inappropriate label

4. The user’s freedom to control is not ensured during the "take photo" action and when going through
the references in fact the user could not go through them backwards

5. The interface is rated as not fully consistent due to the loading animation which does not resume when
the user gazes away and due to the references which do not portray all the steps in detail

6. The interface is rated as legible
7. Font size should be increased for certain prompts such as the "photo taken" prompt

8. The prompt for photo taken is unclear, while prompts for: recording, pan 360 and for the confirmation
to delete the text are missing

9. Color and brightness are good
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10. Instruction for required "drag & drop" action is missing

11. Relevant information is present

12. Displays and control are visible and easily accessible

13. The created flag and the references menu are not within the field-of-view

14. Information such as the written prompt "click to confirm" to confirm the action is excessive while insuf-
ficient for the flag "drag & drop" task

The discussion with all the evaluators aimed at finding solutions to the identified issues which led to a viola-
tion of the selected heuristic principles. For each principle certain questions had to be answered.

1. How to implement more intuitive feedback for the record, take pan 360, take photo, move flag and save
button?

Evaluator 1: suggests the use of sounds and colours or other means of providing feedback.

Evaluator 2: is not in favour of mixing means of feedback, stressing the importance of staying consistent, while
being in favour of using text and keeping in mind to not overwhelm the user.

Evaluator 3: suggests setting up a strategy to have consistent icons and means of interaction based on the var-
ious states of the buttons.

From the discussion on principle 1. it became clear that the evaluators have contrasting opinions on how to
best provide feedback to the user. An agreement on a strategy on how to make the recording button states
more intuitive could not be found. Nevertheless, everyone agrees on displaying a "drag & drop" label on the
flag.

2. How to solve the inadequate response time issue when using the loading animation for the gaze feed-
back?

Everyone agrees to get rid of the loading animation and to change the colour of the button, by highlighting it
on gaze/hover instead.

3. How to make the save, reference and delete icons more intuitive?

Everyone agrees to use a trashcan icon for the "delete" button and folder with a horizontal arrow pointing into
the folder from the left-hand side for the "save" button. Additionally, everyone agrees that "tutorial” instead of
"references" should be used as label and for consistency it is suggested to have a tutorial function to perform
every demanding action that includes several steps.

4. How to provide the user with more freedom to control?
Everyone agrees to add a "go backwards" button to the references/tutorial button and to allow the "geological
site screening" menu to follow the user such that those actions can be performed at any location.

5. How to ensure consistency?

Evaluator 1: suggests to add more steps to the references/tutorial.

Evaluator 2 and 3: suggest to not add more steps, by stating that the steps are clear and detailed enough, in
fact it is safe to assume that the target user (astronaut) does not require additional steps.

From the discussion on principle 5. no conclusions can be drawn for now. Usability tests and controlled user
experiments are foreseen to provide more insights regarding this matter.

8. How to make the prompts brief and less ambiguous?

Everyone agrees that there is a need for a consistent plan for prompts. However, as for principle 1. no agree-
ment can be found on how to submit feedback to the user. More specifically, it remains unclear whether it is
actually best to use text to ensure consistency and clearness or not to use text as it may cause an increased
cognitive workload.

Everyone agrees that a prompt requesting a deletion confirmation should be implemented.
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13. How to ensure that everything is within the FOV of the user?
The FOV is limited by the technology.

14. How to keep information relevant, sufficient but not excessive?

Evaluator 1: suggests to use different colours for the flag to indicate the state of completion of the "geolocation
site screening” action e.g. red if incomplete and green upon completion. The evaluator in this case was not
entirely familiar with the human spaceflight colour coding scheme in fact it is very important to pay attention
to the colours used for interfaces that are meant for astronauts as there is a clear set of colours and a clear
meaning associated to them (yellow: caution, red: warning or emergency, green: normal state) [173], [181].

From the discussion it became clear that an agreement on a solution could not always be found due to con-
trasting opinions on design principles and/or methodologies as well as personal preferences. Nevertheless, the
discussion provided with certain useful and implementable solutions. It should be noted that these solutions
were implemented right away as can be seen in prototype I (see section 3.2). Additionally, some good insights
from the different designers’ opinions were obtained. It became evident as well that a clear, well-defined and
structured operational scenario/concept of operations is needed to be able to provide the application with a
more structured interface.

6.3. Astronaut and Astronaut Geological Field Training Experts Question-

naire Results

In this section, the results from the questionnaires are reported. In total, seven of the experts that have been
contacted provided with the filled in questionnaire, more specifically:

¢ 3 ESA astronauts
e 1 participant of Pangaea analogue missions as well as support engineer
¢ 3 Caves & Pangaea support engineers and tool developers

Hereafter, the frequencies and percentages for each response are described together with the central tendency
(Median, Mdn) and the variation (Interquartile range, IQR). The results were produced using a custom-made
Python script and successfully validated using the statistical analysis software, SPSS [87]. It should be noted
that all results except the IQR results could be validated. This is due to the fact that the methods used to calcu-
late the percentiles differ, linear interpolation was used in Python while SPSS uses a weighted average method
which is not available through the Python NumPy library used to describe the other results. Therefore, the
results of the IQR computed by the Python script have been validated with hand calculations.

The comments added to questionnaire items were also explored, counted and elucidated. Here it should be
noted that comments that said: "I cannot evaluate" or "I can’t judge this" were neither counted nor reported as
they are reflected in the respondents’ neutral response or missing response on the Likert scale of the question-
naire, furthermore this choice was made to avoid repetitiveness.

In Figure 6.1 the frequencies and percentages, median and IQR are shown for the questionnaire item with ID:
USEFUL, namely:

"The application is useful and helpful for future astronaut geology field training and geology field
exploration activities on the Moon."

Most respondents indicated agreement with the fact that the application is useful and helpful for future astro-
naut geological field activities (Mdn=4, IQR=1).

Three out of seven added a comment to this questionnaire item, of those three, two mentioned that the ap-
plication is "potentially helpful" (R01) as at the moment there is only "a short demo of a small subset of all the
actions required, which is promising, but would need further assessment once the complete worksite operations
are covered" (R05), one of the two explained that: "the helpfulness will also depends on the interface. Action
confirmation by voice recognition shall be considered. To say sometimes “Confirmed’, to validate an action, is
not more interfering with the voice loop, than voicing up the site description during the recording" (R05). The
remaining respondent instead makes a comparison with the existing Electronic Field Book (EFB) on a tablet
and says: "it would be much easier and faster to use your application" (R04).
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Fr

ID = USEFUL

Percentages

5 = Strongly Agree

4 = Agree

3 = Neutral

2 = Disagree

1 = Strongly Disagree

3 = Neutral

5 = Strongly Agree

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Number of Responses
count min median max 25% 75% IQR missing values
7.0 3.0 4.0 5.0 4.0 5.0 1.0 0.0

Figure 6.1: Frequencies and percentages for the response to ID: USEFUL, N = 7, missing response(s) = 0.

In Figure 6.2 the frequencies and percentages, median and IQR are shown for the questionnaire item with ID:

OPSFEASIBLE, namely:

"The application is operationally feasible for future astronaut geology field training and geology

field exploration activities on the Moon."

Most respondents indicated agreement with the fact that the application is operationally feasible for future

astronaut geological field activities (Mdn=4, IQR=0.5).

Four out of seven respondents provided with a comment, of those four, three agreed that the operational feasi-
bility depends on "the integration of the Hololens AR into the EVA suit helmet" (R05). One of the three indicated
that: "it also depends on how reliable it is and how easy it is to operate from inside the suit" (R05). The remaining
respondent argues that it depends on whether the application will incorporate the capability of mapping the

surrounding environment, saying that it: "depends on the open field mapping" (R03).

ID = OPSFEASIBLE

Fr

5 = Strongly Agree

4 = Agree

3 = Neutral

2 = Disagree

1 = Strongly Disagree

1

2

3

Number of Responses

Percentages

3 = Neutral

5 = Strongly Agree

count

min

median

25% 75% IQR missing values

7.0

3.0

4.0

35 4.0 0.5 0.0

Figure 6.2: Frequencies and percentages for the response to ID: OPSFEASIBLE, N = 7, missing response(s) = 0.
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In Figure 6.3 the frequencies and percentages, median and IQR are shown for the questionnaire item with ID:
IMPORTANTDATA, namely:

"Only data that is important to mission success and significant in terms of crew interface is pro-
vided."

ID = IMPORTANTDATA

Frequencies Percentages
3 = Neutral

5 = Strongly Agree

2 = Disagree
4 = Agree

3 = Neutral

2 = Disagree

5 = Strongly Agree

1 = Strongly Disagree

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Number of Responses

count min median max 25% 75% IQR missing values

7.0 2.0 4.0 5.0 3.25 4.0 0.75 1.0

Figure 6.3: Frequencies and percentages for the response to ID: IMPORTANTDATA, N = 7, missing response(s) = 1.

Most respondents indicated agreement with the fact that the application includes only data that is crucial for
future astronaut geological field activities (Mdn=4, IQR=0.75). However, one response is missing.

Four out of seven added comments, three of them agree that only "a subset of" (R03) the important data is pro-
vided as "access to a map of the area, Augmented Reality identifications on horizon objects" (R05) as well as the
"capability to recall photos or visualise them before recording them, distances appearing in AR between differ-
ent locations, real calculated time allowance to reach a safe haven (based on suit consumable left, consumables
consumption, distance, calculated consumables consumption required to reach the safe haven, AR flag of the
position of the EVA buddy in real time (if hidden by an obstacle or far away distance), sample locations in AR,
virtual AR sample markers" (R05) are still missing. Moreover, two of these seven also agree that certain "info
displayed is still too much" (R02) one of them explains that the longitude and latitude data should be com-
ing from another device and says that these data should be "directly transmitted and recorded automatically"
(R05), and that this should be done "instead of reading the data, and entering it in the AR field" (R05).

In Figure 6.4 the frequencies and percentages, median and IQR are shown for the questionnaire item with ID:
TASKBASED, namely:

"The overall display design is based on the geological site inspection tasks that will be performed
with the display."”

Most respondents indicated agreement with the fact that the application is based on geological site inspection
tasks (Mdn=4, IQR=0). However, one response is missing.

Three out of seven left a comment regarding this, two of them agree that the application is a "good start" (R05)
and thatitis "on a good track" (R02), all three agree that however "a lot of key steps are not covered yet" (R05) and
suggest to add places to record "site lithology" (R06) and "structural relationships"” (R06) as well as "validation
of rejection feedback from the Control Centre to the astronaut” (R05) such that the astronaut can keep track
of which samples have been accepted, rejected and which ones have been newly selected. Moreover "the
confirmation by the astronaut of the taken sample locations, IDs and descriptions” (R05) is also a task that is
still missing.
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ID = TASKBASED

Fr i Percentages

5 = Strongly Agree

3 = Neutral
4 = Agree

3 = Neutral 4 = Agree
2 = Disagree
5 = Strongly Agree
1 = Strongly Disagree
0 1 2 3 4
Number of Responses
count min median max 25% 75% IQR missing values
7.0 3.0 4.0 5.0 4.0 4.0 0.0 1.0

Figure 6.4: Frequencies and percentages for the response to ID: TASKBASED, N = 7, missing response(s) = 1.

In Figure 6.5 the frequencies and percentages, median and IQR are shown for the questionnaire item with ID:
DISPLAYOUT, namely:

"Specific data shown, the display layout and groupings, and the choice of display elements is driven
by operational requirements."

ID = DISPLAYOUT

Fr i Percentages

5 = Strongly Agree

3 = Neutral
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Figure 6.5: Frequencies and percentages for the response to ID: DISPLAYOUT, N = 7, missing response(s) = 1.

Most respondents indicated agreement with the fact that the application is driven by operational requirements
when it comes to the display layout and groupings, and the choice of display elements (Mdn=4, IQR=0.75). One
response is however missing.

Three out of seven provided with comments and all three addressed different aspects: one perceived that the
"groupings and file are sensible” (R06) another one mentioned that "too many windows open at the same time"
(RO1) while another respondent suggested that "operational requirements need first to be clearly identified and
cross checked with the layout” (R05).

In Figure 6.6 the frequencies and percentages, median and IQR are shown for the questionnaire item with ID:
LOGICALGROUPING, namely:
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"Information is logically grouped according to purpose, function, or sequence of use (e.g., either a
left-to-right or top-to-bottom orientation).”
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Figure 6.6: Frequencies and percentages for the response to ID: LOGICALGROUPING, N = 7, missing response(s) = 0.

Most respondents indicated agreement with the fact that the information within the application is logically
grouped (Mdn=4, IQR=0.5).

Two respondents out of seven left a comment, both agree that the grouping is "logical for these first functions"
(RO5) one of them adds that it is "intuitive that information opens from top to bottom and left to right, like a
computer GUI system" (R06).

In Figure 6.7 the frequencies and percentages, median and IQR are shown for the questionnaire item with ID:
MINIMUMACTION, namely:

"The display follows operational flows and allows task completion with the minimum number of
actions."

Opinions seem to be divided with regard to whether the application allows task completion with the mini-
mum number of actions. While 28.6% (N=2) of the respondents remained neutral, 28.6% (N=2) expressed dis-
agreement, but a roughly equal number (42.9%, N=3) indicated that they agreed or strongly agreed (Mdn=3,
IQR=1.5).

Three out of seven left a comment, while one respondent believes that the number of actions can be "min-
imised" (R05) suggesting to use voice instead of gazing and/or clicking a button, explaining: "saying “con-
firmed” to confirm an action is [a] less demanding action than pressing a button or glazing [gazing] carefully at
a precise location on an AR display for 2 to 3 seconds" (R05) another one believes that "specific tasks could be
simplified (e.g. planting the flag could be also a single button, allowing to have the flag in the ground in front
of you automatically in one click, and with inside automatically geolocation coordinates)" (R03). The third re-
spondent expressed concerns about the fact that the "windows are fixed in space and one has to move the gaze
away from what one is doing to go back to watching the menu windows" (R01).
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Figure 6.7: Frequencies and percentages for the response to ID: MINIMUMACTION, N = 7, missing response(s) = 0.

In Figure 6.8 the frequencies and percentages, median and IQR are shown for the questionnaire item with ID:
CONSISTENTGROUPING, namely:

"The display is consistent when grouping/ordering display elements."
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Figure 6.8: Frequencies and percentages for the response to ID: CONSISTENTGROUPING, N = 7, missing response(s) = 0.

Most respondents indicated agreement with the fact that the application shows consistency when it comes to
grouping/ordering display elements (Mdn=4, IQR=1).

Only one out of seven left a comment agreeing with the statement and adding that "the hierarchy tree is clear
and consistent"” (R06).

In Figure 6.9 the frequencies and percentages, median and IQR are shown for the questionnaire item with ID:
CONSISTENTELEMENTS, namely:

"The interface elements, colours and provided feedback are consistent.”
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Figure 6.9: Frequencies and percentages for the response to ID: CONSISTENTELEMENTS, N = 7, missing response(s) = 0.

Most respondents indicated strong agreement with the fact that the application interface elements, colours
and feedback given are consistent (Mdn=5, IQR=1).

Two out of seven left a comment. Both expressed concerns about the colours used for the interface, while one
is concerned about the saliency of information and suggests to improve the interface "with additional colours:
green for validated or done and red for delete" (R05) the other one expressed concerns about the extreme colour
contrasts on the Moon, explaining that "the black sky is very black while the surface can seem very bright."”
(R04) and suggests to investigate "which colour would work best with those contidions [conditions] to make
sure astronauts don't tire their eyes too much" (R04).

In Figure 6.10 the frequencies and percentages, median and IQR are shown for the questionnaire item with ID:
CLEARANDRELEVANT, namely:

"The interface elements (e.g., text, icons, labels, objects) are clear and relevant."
Most respondents indicated either strong agreement or agreement (71.4%, N=5) with the fact that the applica-
tion interface elements are clear and relevant (Mdn=5, IQR=1.5).

Two out of seven left a comment. While one agrees with the statement and adds that the icons are "simple”
(R0O6) and "clean"” (R06), the other one argues that it is "impossible to judge without a test with realistic back-
ground and illumination conditions” (RO1).
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Figure 6.10: Frequencies and percentages for the response to ID: CLEARANDRELEVANT, N = 7, missing response(s) = 0.

In Figure 6.11 the frequencies and percentages, median and IQR are shown for the questionnaire item with ID:
INFODENSITY, namely:

"Information density is held to a minimum in displays used for critical geological site inspection
tasks."
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Figure 6.11: Frequencies and percentages for the response to ID: INFODENSITY, N = 7, missing response(s) = 0.

Opinions seem to be divided with regard to the fact that the density of information is held to the minimum for
critical tasks within the interface. Many respondents (N=3, 42.9%) expressed disagreement, while 28.6% (N=2)
remained neutral and another 28.6% (N=2) indicated that they agreed or strongly agreed (Mdn=3, IQR=1.5).

Four out of seven provided comments. While three of the four perceive that there is "still foo much" (R02)
information, one explains that it is because "too many windows remain open at the same time" (R01), while two
of them propose to improve this by adjusting it "depending on the situation (ex. A big waypoint flag seen from
far away and almost transparent of smaller when on site)" (R05) or "grey out not needed info" (R02). Another
suggestion includes the size reduction of "some of the blue panels" (R05) as well as the "waypoint flag" (R05).
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In Figure 6.12 the frequencies and percentages, median and IQR are shown for the questionnaire item with ID:
SUMMARYDISPLAY, namely:

"Primary information required for performing a geological site inspection task is on a summary
display."
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Figure 6.12: Frequencies and percentages for the response to ID: SUMMARYDISPLAY, N = 7, missing response(s) = 1.

Overall opinions are neutral leaning towards agreement with regard to the presence of a summary display
for primary information (Mdn=3.5, IQR=1), in fact a third of the respondents (33.3%, N=2) remained neutral,
another third (33.3%, N=2) indicated that they agree, while among the remaining respondents one disagrees
and the other one strongly agrees. Note that one response is missing.

Three out of seven provided a comment, they all agree that "information will have to be extended" (R03), two of
the three suggest adding the "site description (verbally or written)" (R06) task and "AR name & distance overlays
of horizon features (craters, monts, hills) and of vital assets (lander position, rover position, EVA buddy position)
as well as access to maps and description cheat sheets or procedure guidelines” (R05).

In Figure 6.13 the frequencies and percentages, median and IQR are shown for the questionnaire item with ID:
INFOLAYERS, namely:

"Information layering, via secondary displays or dialog boxes, is implemented to provide supple-
mental information in support of the primary display (e.g., specify options available to the crewmem-
ber or to provide details)."

Most respondents (71.5%, N=5) indicated either strong agreement or agreement with the fact that the interface
implements information layering for additional information (Mdn=4, IQR=1.5).

Three out of seven added a comment. While one of them believes that "the options and information displays
were well implemented"” (R06) the other two disagree and are concerned that it leads to having "too many
virtual displays around the astronauts, which would hide the geological details in his/her field-of-view and be
detrimental to the situational awareness and the safety. With all the displays opened in the demo video, we can
barely observe what is around us in the room" (R05) one of the two suggests to "minimise the maximum number
of open displays” (R02).
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Figure 6.13: Frequencies and percentages for the response to ID: INFOLAYERS, N = 7, missing response(s) = 0.

In Figure 6.14 the frequencies and percentages, median and IQR are shown for the questionnaire item with ID:
EFFICIENCY, namely:

"The interface is designed for efficient use of crew time and to minimize crew and flight controller

training time."
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Figure 6.14: Frequencies and percentages for the response to ID: EFFICIENCY, N = 7, missing response(s) = 2.

Most respondents (60%, N=3) remained neutral about the fact that the interface is designed for efficient use of
crew time and required minimum training (Mdn=3, IQR=1). Note that two respondents did not rate this item.
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Three out of seven respondents added a comment. Two of them agree that there is room for improvement
in terms of optimising the interface. While one expressed concerns about "the tempo with the filling bar for
the confirmation of what the eyes look at" (R05) being "too long" (R05) another one fears that users will be
"spending a little too much time fussing with the boxes/where to pin icons" and that "some dialogue boxes, like
“log data” box are bigger than they need to be by default"” will be getting in the way and for these suggests to
"expand as more data is added to them" (R06). The other one of the three argues that "this can only be judged
in a comparative way" (R01).

In Figure 6.15 the frequencies and percentages, median and IQR are shown for the questionnaire item with ID:
INPUTS, namely:

"The number of user inputs e.g. gestures/voice/gaze needed to perform simple or routine functions is
minimized."
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Figure 6.15: Frequencies and percentages for the response to ID: INPUTS, N = 7, missing response(s) = 2.

Opinions seem to differ regarding the fact that the number of user inputs required are minimized, even though
60% (N=3) agrees or strongly agrees, 20% (N=1) disagrees and the other 20% (N=1) remains neutral, moreover
two responses are missing (Mdn=4, IQR=2).

Three out of seven left a comment regarding this questionnaire item. While one of the respondents left positive
feedback regarding the required user inputs noting that only a "few ‘gaze-clicks’ are needed to perform impor-
tant tasks" (R06), the other two respondents raised concerns about the fact that the "fempo with the filling bar
for the confirmation of what the eyes look at is too long" (R05) and the "button as a user input" (R07). It is argued
that the button is "rather impractical, and will delay (or even prevent) the implementation of such a system in a
spacesuit" (R07), the suggestion was made to "alternate input signals, such as repeated eye-lid blinking (e.g. a
triple blink) or short sounds that do not trigger the voice VOX, like clicking with the tongue" (R07).

In Figure 6.16 the frequencies and percentages, median and IQR are shown for the questionnaire item with ID:
HELP namely:

"A help function is accessible to the crewmembers."

Opinions seem to be divided with regard to the fact that a help function is provided (Mdn=3.5, IQR=1.75).
Additionally, 42.8% of the respondents did not rate this item hence no actual conclusions can be made [95].

Two out of seven provided with a comment, of those three two are sceptical, one mentions to "not see a help
function” (R01). Only one of the three seemed to have "identified" the help function and mentions that: "there
are help boxes site marking procedures” (R06).
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Figure 6.16: Frequencies and percentages for the response to ID: HELP, N = 7, missing response(s) = 3.

In Figure 6.17 the frequencies and percentages, median and IQR are shown for the questionnaire item with ID:
ERRORFREE, namely:

"Display design facilitates error-free operations.”
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Figure 6.17: Frequencies and percentages for the response to ID: ERRORFREE, N = 7, missing response(s) = 2.

Most respondents indicated agreement with the fact that the application facilitates error-free operations (Mdn=4,
IQR=0). Nevertheless, it should be noted that two responses are missing.

Two out of seven provided with a comment, both agree that there is room for improvements, one suggest
adding a " “back” or “undo” button" (R04), the other mentions possible improvements depending on technol-
ogy advancements in "eye-tracking software" (R06).
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In Figure 6.18 the frequencies and percentages, median and IQR are shown for the questionnaire item with ID:
PROTECTEDDATA, namely:

"Data is protected from inadvertent errors and hardware failures e.g. frequent saves."
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Figure 6.18: Frequencies and percentages for the response to ID: PROTECTEDDATA, N = 7, missing response(s) = 2.

Most respondents remain neutral regarding the fact that the application ensures that the data is protected
(Mdn=3, IQR=0). Also, two responses are missing.

In Figure 6.19 the frequencies and percentages, median and IQR are shown for the questionnaire item with ID:
INITCOMPLFEEDBACK, namely:

"When a process is initiated or completed, crew member feedback is provided."
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Figure 6.19: Frequencies and percentages for the response to ID: INITCOMPLFEEDBACK, N = 7, missing response(s) = 1.
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Most respondents indicated agreement with the fact that the application provides with feedback upon process
initiation and completion (Mdn=4.5, IQR=1). One response is missing though.

Only one out of seven left a comment agreeing with the statement acknowledging the fact that "there was the
little load bar on each icon" (R06).

In Figure 6.20 the frequencies and percentages, median and IQR are shown for the questionnaire item with ID:
INPUTUPONCHANGE, namely:

"When an input is required, an indication is provided to the crewmember, e.g., a cursor change. "
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Figure 6.20: Frequencies and percentages for the response to ID: INPUTUPONCHANGE, N = 7, missing response(s) = 0.

Most respondents indicated agreement with the fact that the application informs the user when an input is
required (Mdn=4, IQR=0).

Three out of seven provided with a comment. Two out of these three agreed that input was not always clear
as one did not know "when input is required based on the visual interface" (R06) and the other mentioned that
"the small writings that appear about [above] the icons" (R01) "are hardly readable” (R01). The third respondent
suggested "using additional colours like green or red" (R05) which "could enhance the feedback" (R05).

In Figure 6.21 the frequencies and percentages, median and IQR are shown for the questionnaire item with ID:
NEEDFORACTION, namely:

"If the completed command implies the need for further crewmember action, the need for action is
indicated. "

Most respondents indicated agreement with the fact that the application informs the user in case further action
is needed (Mdn=4, IQR=1). Two responses are however missing.

Two out of seven provided with a comment. One of the two mentions that "in the demo the user created stops
without following the “take photo” and “take 360" steps but it was not clear to me if the system indicated they
needed to take further action" (R06), the other suggests to improve this with "additional ‘HUD’ banners" (R03).
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Figure 6.21: Frequencies and percentages for the response to ID: NEEDFORACTION, N = 7, missing response(s) = 2.

In Figure 6.22 the frequencies and percentages, median and IQR are shown for the questionnaire item with ID:
APPROPRIATEFEEDBACK, namely:

"The application responds to crewmember interaction with appropriate feedback."
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Figure 6.22: Frequencies and percentages for the response to ID: APPROPRIATEFEEDBACK, N = 7, missing response(s) = 1.

Most respondents indicated agreement with the fact that the application responds with appropriate feedback
(Mdn=4, IQR=0.75). One response is missing though.

Two out of seven provided with a comment, both agree that feedback is not always appropriate as "taking
pictures does not show the picture that you take for control before sending" (R05) also "there is a significant
delayed response time in opening some of the tabs" (R06), both make suggestions, one of the two suggests that
this "could be mitigated if they could multitask (i.e. doing something with their hands) while navigating the
application"” (R06), the other one suggests a "validation with a green label" (R05) instead of "a growing light
blue bar" (R05).

In Figure 6.23 the frequencies and percentages, median and IQR are shown for the questionnaire item with ID:
NAV, namely:
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"Navigation through the interface is clear and intuitive."
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Figure 6.23: Frequencies and percentages for the response to ID: NAV, N = 7, missing response(s) = 1.

Most respondents indicated agreement with the fact that navigation through the interface is clear and intuitive
(Mdn=4, IQR=0.75). Nonetheless, one response is missing.
In Figure 6.24 the frequencies and percentages, median and IQR are shown for the questionnaire item with ID:
WORKLOAD, namely:

"The application minimizes the user’s mental workload."
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Figure 6.24: Frequencies and percentages for the response to ID: WORKLOAD, N = 7, missing response(s) = 1.

Opinions seem to be divided with regard to whether the application minimizes users’ mental workload. While
33.3% (N=2) of the respondents remained neutral and 16.7% (N=1) expressed disagreement, an equal number
(50%, N=3) indicated that they agreed or strongly agreed (Mdn=3.5, IQR=1.75). Note that one respondent did

not rate this item.
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Four out of seven added a comment. Two out of these four agree with the statement and mention positive
aspects such as "icons together with text" (R04) being a "great idea" (R04) as well as the fact that "the HoloLens
reduces that [one of the most tedious but important tasks in terrestrial field geology, is taking site coordinates and
detailed photo-documentation and descriptions of the sites] by having the GPS and verbal “field notebook” easily
assessable in one application" (R06). The other two are "not convinced" (R05) and argue that "voicing up (like
in SIRI) to a speech recognition system to confirm [an] AR action uses much less mental workload than looking
for a precise point in an AR display, glazing [gazing] carefully and steadily at it during the tempo incrementation
of the blue bar for 2 to 3 seconds” (R05), moreover, "moving an AR display or a virtual flag with the interaction
of your hand in the field-of-view (like the Hololens allows it) is much easier and less mental demanding than
moving your eye to transport the item attached to your glancing position" (R05). Finally, it is argued that "when
all AR displays and sub displays are opened it is requiring quite some mental workload to look at all of them to
search what you need while keeping enough situational awareness around you to complete your task efficiently
and safely” (R05). The other one of the two suggests that one "can only judge “minimize” if you can compare
with other options” (R01).

In Figure 6.25 the frequencies and percentages, median and IQR are shown for the questionnaire item with ID:
SATISFACTION, namely:

"The interface is satisfying for crewmembers and training members."

ID = SATISFACTION

Frequencies Percentages
3 = Neutral
5 = Strongly Agree
40.0%
4 = Agree
3 = Neutral
2 = Disagree
5 = Strongly Agree
1 = Strongly Disagree
0.0 0.5 1.0 15 2.0
Number of Responses
count min median max 25% 75% IQR missing values
7.0 3.0 4.0 5.0 3.0 4.0 1.0 2.0

Figure 6.25: Frequencies and percentages for the response to ID: SATISFACTION, N = 7, missing response(s) = 2.

Most respondents indicated agreement with the fact that the application is satisfying (Mdn=4, IQR=1). Note
however that two did not respond.

Two out of seven left a comment both agreed that "without wearing it" (R06) and without even being "trained
on it" (R05), "it is impossible to reply” (R05).

In Figure 6.26 the frequencies and percentages, median and IQR are shown for the questionnaire item with ID:
EASYACCESS, namely:

"The required information is easily found and accessed."

Most respondents indicated agreement with the fact that information is easily found and accessible (Mdn=4,
IQR=1). Two responses are however missing.

One out of seven left a comment mentioning that "the displayed information is easily found" (R05) however
that there are "easier way [ways] to access it (voice recognition, hand movement in the filed [field] of view to
interact with the AR displays" (R05).
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Figure 6.26: Frequencies and percentages for the response to ID: EASYACCESS, N = 7, missing response(s) = 2.

In Figure 6.27 the frequencies and percentages, median and IQR are shown for the questionnaire item with ID:
INTEGRATION, namely:

"It is possible to understand what the features of the application represent and to realize the integra-
tion of the different media."
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Figure 6.27: Frequencies and percentages for the response to ID: INTEGRATION, N = 7, missing response(s) = 2.

Most respondents indicated agreement with the fact that the features of the application are understandable as
well as the integration of the different media (Mdn=4, IQR=1). However, it should be noted that two responses
are missing.

Only one out of seven left a comment, suggesting to integrate the displaying of "photos” (R05) and "data from
instrument analysis" (R05).

In Figure 6.28 the frequencies and percentages, median and IQR are shown for the questionnaire item with ID:
ASTRONAUTFRIENDLY, namely:

"o

"The application is "astronaut crew-friendly".
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Figure 6.28: Frequencies and percentages for the response to ID: ASTRONAUTFRIENDLY, N = 7, missing response(s) = 3.

Overall opinions are rather neutral leaning towards agreement regarding the fact that the application is astronaut-
friendly in fact, while three responses are missing, half of the respondents (N=2) remain neutral, the other half

expresses agreement or strong agreement (Mdn=3.5, IQR=1.25). No conclusions can be made regarding this
point as the percentage of missing responses is 42.8% [95].

Three out of seven left a comment. One of the three felt that the interface was astronaut-friendly as "overall,
it is very straightforward" (R06) while another one said that it "very much depends on how easy it is to navigate
with the gaze" (R01). Finally, the third respondent believes that "using more voice recognition or hand gesture
interaction with the AR environment would be more astronaut crew friendly" (R05).

In Figure 6.29 the frequencies and percentages, median and IQR are shown for the questionnaire item with ID:
FLIGHTPROVEN, namely:

"The application has the potential to become "flight proven" assuming that augmented reality tech-
nology will be an integral part of the astronauts’ EVA helmet."
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Figure 6.29: Frequencies and percentages for the response to ID: FLIGHTPROVEN, N = 7, missing response(s) = 0.
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Most respondents indicated agreement with the fact that the application has the potential to become flight
proven (Mdn=4, IQR=0.5).

Five out of seven provided with feedback. Three respondents agree that it is a step "constrained by technology
limitations" (R03) "e.g. electronics in the 100% O, atmosphere within the suit" (R02) which represent a "fire
hazard" (R02). The other two agree, one adds that once it is able to "cover all functions and to show that
everything is easily accessible and reliable and compatible with the maintenance of a good situational awareness
and work efficiency” (R05) it will become flight-proven. The other one added: to be "convinced that augmented
reality systems will play an important role in the future of human space flight, because they reduce the amount
of training required for a flight (e.g. to Mars), and they allow to work scientifically inside a spacesuit, and,
generally, with systems that we haven't trained for. That's why since many years, astronauts propose to develop
these systems. A very important part is that they are easy to use, i.e. quick to set up and without cables. I would
have loved to be able to use such systems on my two flights to ISS" (R07).

6.4. Astronaut and Astronaut Geological Field Training Experts Interview

Results

The results from the qualitative content analysis performed on the semi-structured in-depth interviews with
experts, namely ESA astronauts and astronaut geological field training experts are reported hereafter. The
main extracted categories and associated subcategories as well as representative quotes are presented. A total
of four interviews were conducted with two ESA astronauts and two support engineers of the Caves & Pangaea
team. The semi-structured interviews differed in length ranging from 20 to 70 minutes.

6.4.1. Main Categories and Subcategories

The qualitative content analysis of the four conducted interviews led to the identification of 113 quotations. 22
quotes were assigned to two subcategories and two quotes to three subcategories. Therefore, the total number
of classified quotes is 139. The 139 quotes constituting 25 subcategories were then assigned to nine main cat-
egories relevant to the experts’ experiences and opinions with new technologies focusing on aspects related
to usability, user interaction and implementation as well as experiences with new concepts of operations. A
summary of all the extracted subcategories and identified main categories as well as related sources are shown
in Table 6.2.

The main categories identified are as follows:

1. User satisfaction

2. Effectiveness

3. Efficiency

4. Workload

5. Situational awareness
6. Training

7. User interaction

8. Implementation aspects

9. Concepts of Operations
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Table 6.2: Main categories and associated subcategories, as well as the sources related to the subcategories.

Category numbering | Categories Subcategories Sources
Annoying newly created
Complex [2], 193]
Easy usage [2], [93]
e Helpful [82], [139]
L User satisfaction Information in the field-of-view (151, 551, [79], [82], [139]
Integration of different systems [2], [93]
Simple [55]
Useful newly created
2. Effectiveness Effective [173]
3. Efficiency Time consuming [173]
4. Workload Hard task newly created
5. Situational awareness Situational awareness [32], [55], [123], [173]
6. Training Training [103]
Hands-free [15], [55], [79], [125], [126], [146], [198], [221]
Voice [31, [55], [126], [139], [146], [154], [230]
7. User interaction Button/clicker newly created
Double confirmation newly created
Interaction [96], [173]
Adaptation of technology rather than human newly created
AR integrated in the helmet newly created
8 Implementation aspects Easy data transfer [158], [197]
: Operationally feasible newly created
Enable remote support [14], (511, [98], [130], [175], [212]
Work automation and/or sharing work with off-site scientists | [135]
9. Concepts of operation Concepts of operation [121], [122], [135], [173]

As mentioned in subsection 3.2.3 the selection criterion and associated level of abstraction was aimed at ex-
tracting information from the text related to usability, user interaction and implementation aspects of new
technologies. Moreover, information on concepts of operations were extracted as well.

According to the ISO standard 9241-11 [92] usability refers to the extent to which a product can be used by
specified users to achieve specified goals with efficiency, effectiveness, and satisfaction in a specified context
of use.

Here, satisfaction is defined as the users’ comfort with respect to the use of the system as well as the users’
positive attitudes toward this [173]. Therefore, annoying, complex, simple, easy usage, useful, helpful, informa-
tion in the field-of-view and integration of different systems have been assigned to the user satisfaction main
category (see Table 6.2). It should be noted that some of those aspects can be found mentioned explicitly in
the System Usability Scale (SUS) [2], [93] (see Appendix E) such as: ease of use, integration and complexity.
While other aspects can be found in the Smart Glasses User Satisfaction (SGUS) questionnaire [82], [139] (see
Appendix F) such as: information location and helpfulness. The importance of keeping an interface, that is
meant for astronauts, simple has been found by Anandapadmanaban et al. [55] as well. Useful and annoying
are newly created.

Effectiveness refers to the accuracy and completeness with which a goal is achieved. Quality of the user’s solu-
tion and error rates are effectiveness indicators [173]. This attribute was mentioned by respondents and hence
assigned to a distinct category named effectiveness accordingly.

Efficiency is defined as the relation between accuracy and completeness with which users achieve a preset goal
and the resources used to achieve it. Task completion time and learning time are indicators of efficiency [173].
Efficiency as an attribute was mentioned explicitly by only one of the respondents hence it was not included,
however the subcategory time consuming was quite often mentioned and thus assigned to the main category
efficiency as these are strongly connected.

Workload is a measure for astronaut operations to be considered especially for EVAs. It is defined as the men-
tal and physical effort required to meet the demands of the assigned task [173] and is considered a metric of
usability [192]. Hard task was newly created and assigned to the workload category.

NASA-STD-3001, volume 2 [178] specifies workload requirements. With respect to cognitive workload it is
stated in V2 5007 that:

"Cognitive workload shall be accommodated in the design of all system elements that interface with
the crew for all levels of crew capability and all levels of task demands"
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In NASA's Human Integration Design Processes document [173] it is stated that:

"Display formats must provide situational awareness, reduce crew workload, and enhance crew
safety by providing readily understood graphical and textual subsystem information in a timely
manner."

Situational awareness was thus defined as main category as it is considered an important aspect when design-
ing displays for astronaut crew and can be considered a usability aspect.

The main category training is connected to the learnability principle, one of the 5 usability principles defined
by Nielsen [103]. Learnability refers to how easy is it for users to successfully complete a basic task the first
time they deal with the product, hence to how much training it requires.

The main category user interaction includes different modes of interaction namely: hands-free, voice e.g.
speech recognition, as well as with hand gestures e.g., via a mechanical interface such as a button/clicker.
These different modes of interaction have been investigated in some space-related AR studies as well [79],
[123], [125], [139], [146], [198] [221], [230]. Hands-free interaction has been highly recommended by Apollo
astronauts as well [154]. The button/clicker as well as the double confirmation subcategory have been newly
created.

The category implementation aspects includes recommended features and concerns related to the implemen-
tation of new technologies. Some categories were newly created, others such as: easy data transfer is a feature
that has been indirectly recommended by Apollo astronauts [197] and other AR space-related studies [158].
Moreover, enabling remote support has been recommended by Apollo astronauts and in many analogue stud-
ies [14], [51], [98], [130], [175], [212] while work automation by "smart" tools and/or sharing work with off-site
scientists is an aspect that is being investigated by Caves & Pangaea analogue campaigns as well [135].

The concepts of operations category includes experiences related to newly tested concepts of operations. The
development of concepts of operations is an important aspect when designing new technology as it gives an
overall picture of the operation from the users’ perspective [173]. It is also part of the user and task analysis
process of the user-centered design methodology [173] described in section 3.2 hence it was considered fun-
damental to get additional insights on this subject.

In Table 6.3 the number of subcategory occurrences and the number of respondents per subcategory is shown
in absolute numbers and percentages. It should be noted that additionally under the number of respondents
it is specified in brackets whether the respondents were majorly astronauts denoted as ’astro’ or support engi-
neers/developers denoted as 'dev’.
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Table 6.3: Number of subcategory occurrences and respective main category occurrences within the material, percentage of occurrences
of subcategories and respective main category occurrences within the material, number of respondents (number of astronauts denoted
as 'astro’ and number of support engineers/tool developers denoted as 'dev’) per subcategory as well as the percentage of respondents
w.r.t. all respondents (N=4).

. . Number of % of occurrences Number of % w.r.t. all
Category and corresponding subcategories w.r.t. all
occurrences . respondents respondents
subcategories
1. User satisfaction 45 32%
annoying 6 4% 2 (2 astro) 50%
complex 3 2% 2 (2 astro) 50%
easy usage 4 3% 3 (1 astro, 2dev) | 75%
helpful 7 5% 3 (2 astro, 1 dev) | 75%
information in the field-of-view 4 3% 3 (1 astro, 2dev) | 75%
integration of different systems 7 5% 3 (1 astro, 2dev) | 75%
simple 8 6% 2 (1 astro, 1 dev) | 50%
useful 6 4% 3 (1 astro, 2 dev) | 75%
2. Effectiveness 2 1%
effective 2 1% 2 (1 astro, 1 dev) | 50%
3. Efficiency 5 4%
time consuming 5 4% 2 (2 astro) 50%
4. Workload 3 2%
hard task 3 2% 3 (2 astro, 1 dev) | 75%
5. Situational awareness 4 3%
situational awareness 4 3% 2 (1 astro, 1 dev) | 50%
6. Training 4 3%
training 4 3% 3 (2 astro, 1 dev) | 75%
7. User interaction 33 24%
button/clicker 9 6% 4 (2 astro, 2 dev) | 100%
double confirmation 3 2% 2 (1 astro, 1 dev) | 50%
hands-free 5 4% 2 (2 astro) 50%
interaction 3 2% 2 (2 astro) 50%
voice 13 9% 2 (2 astro) 50%
8. Implementation aspects 29 21%
adaptation of technology rather than human 3 2% 2 (2 astro) 50%
AR integrated in the helmet 9 6% 3 (1 astro, 2 dev) | 75%
easy data transfer 2 1% 2 (1 astro, 1 dev) | 50%
operationally feasible 2 1% 2 (2dev) 50%
remote support 7 5% 2 (2 astro) 50%
work automation and/or sharing work with off-site scientists | 6 4% 2 (1 astro, 1 dev) | 50%
9. Concepts of Operation 14 10%
concepts of Operations 14 10% 3 (1 astro, 2 dev) | 75%
> 139 100% 4 (2 astro, 2 dev) | -

In Figure 6.30 a Pie chart is shown for the reader to get a better overview of the number of occurrences of each
subcategory and to see which of these subcategories resulted having the highest number of quotes.
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Figure 6.30: Pie chart showing the nine main categories and their associated 25 subcategories. The arc length of each sector is
proportional to the number of quotes. The percentage of occurrences of each category and their subcategories are displayed on the
corresponding sectors.

6.4.2. Category I: User Satisfaction

Subcategory: Annoying

Two respondents, both of them astronauts, addressed this subcategory highlighting what aspects of an AR ap-
plication they would find annoying leading to poor user satisfaction.

One of them described previous experiences during analogue missions, in this case NASA’s Extreme Environ-
ment Mission Operations (NEEMO), where crew were given to test different types of applications for mainte-

nance and medical related tasks with the Microsoft HoloLens and said:

"it was annoying, it would get stuck or you know when you finally were able to change the step it
would actually change two of them and then it would get stuck and then it wouldn'’t go back and
then I mean it was just... so I was like if I just had a piece of paper in my hands." (R01)

The other respondent referred to the AR-IoT tool developed for this project. Based on the video demonstration
the astronaut mentioned that it is annoying when an application used for field work provides with too many
options, namely fields to fill in. More specifically, the astronaut said:

"longitude, latitude, modify... honestly I would not need it in the field and it is just annoying to have
too many options." (R02)

Subcategory: Complex
Two respondents, both of them astronauts, mentioned this subcategory highlighting what operational aspects
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technology- and task-related they find complex leading to poor user satisfaction.

One of them described previous experiences during analogue missions, in this case NEEMO, where crew were
given to test an AR application for logistics which involved the use of the Microsoft HoloLens and said:

"I thought OK, I just want to have my single white bag, usually I fire the computer, I punch in a num-
ber and I get the stowage location and here with the HoloLens I need to walk through a completely
over-lengthened procedure that is way too complex, takes way too long to get me there." (R02)

The other astronaut addressed the fact that maintenance tasks are often complex and just as humans have a
hard time dealing with these, technology has a difficult time as well and said:

"but the real pieces of equipment where you really would need help right?! Because they are complex,
because they have maybe a bunch of cables and they are very close to each other and maybe they
are all tangled and that’s where you as a human have a difficult time, but that’s also where the
technology has a difficult time." (RO1)

Subcategory: Easy usage

Three respondents referred to this subcategory, the two Pangaea & Caves experts, with the role of support
engineers, and one of the astronauts. All of them gave suggestions on features that would make the developed
AR-IoT tool easy to use. One of the support engineers referred to the interaction component and the double
confirmation procedure used for the developed application, saying:

"if you make that piece like very easy to use in a suit and during the operations, that’s gonna add a
lot of value and I think it is a very good idea to have like this double accepting." (R04)

While describing a complex experiment involving lengthy procedures, as pdf-file on a computer, which had
to be carried out during a NEEMO mission, the astronaut mentioned that an application, potentially an AR
application that could guide the astronaut step by step would ease them while using procedures, explaining:

"a program logic guiding you step by step I think that would be helpful to avoid steps that you easily
get stuck or get lost in the text or to ease us." (R02)

Subcategory: Helpful

Three respondents addressed this subcategory, the two astronauts and one of the support engineers. One
of the astronauts first mentions the difficulties related to operations encountered during Pangaea analogue
missions, namely the cooperation between different instruments which is essential to later on understand
exactly what the astronauts did and then expresses their opinion on how the developed AR-IoT tool can be
helpful by saying:

"this cooperation part of your instruments, that is really difficult currently using the EVA gloves you
cannot use small buttons and you don’t wanna go on the small screen like on a GoPro on the bag
and then touch stuff, so there it is absolutely mandatory that clever tools and I think your HoloLens
approach is really really nice to come and help the astronaut in simplifying and being way more
efficient.” (R02)

On a different note, one of the support engineers stresses the importance of starting now with the develop-
ment of technology that shows potential in being helpful for astronaut crew, despite the current constraints by

saying:

"if you think that will be helpful in that case [geological field exploration] it would also be sort of
helpful now given the technology constraints. So right now, you have to face with these constraints,
in the future you won't, but still if it will be useful for that objective, you have anyway to start now
to develop it." (RO3)

Subcategory: Information in the field-of-view

This subcategory was mentioned by three respondents, one astronaut and both support engineers. One of the
support engineers stressed the importance of information being in the field-of-view (FOV) more specifically
in appropriate locations for the astronaut doing field work, explaining:
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"you know the helmet itself doesn'’t turn so even if they move their head they are gonna like see inside
of the helmet, so it would be best if it’s in that field-of-view." (R04)

On the other hand, one of the astronauts stressed the importance of only having necessary information in the
FOV, saying:

"I mean you don’t want to clutter your view you don’t wanna clutter all your awareness with infor-
mation that is not relevant to you." (R02)

Subcategory: Integration of different systems

Three respondents addressed this subcategory, two support engineers and one astronaut. Both support engi-
neers based on their experience with Caves & Pangaea stressed the importance of integrating different external
tools, systems and subsystems in the AR-IoT tool in the future to render it useful for astronaut crew, one of them
explained:

"if you want them to use it actively of course it must be at some point capable of integration with
for example the EFB or whatever other system for data transmission, ground anyway has to interact
with that in a proper way." (R03)

Similarly the astronaut mentioned that:

"once you are on the Moon I also believe that we will have additional tools like the spectrometers and
also tools like the camera system or like some measuring devices for distance or whatever I mean like
different types of instruments that all need to be connected, the data needs to flow into the system,
so that people later on understand exactly what we did." (R02)

Subcategory: Simple

Two respondents, one astronaut and one support engineer, mentioned the importance of a technology or
interface meant for astronauts to be simple. In fact, one of the support engineers who develops technologies
for EVAs, while narrating experiences in the development of a cart for astronaut crew for EVAs, said:

"of course because it was so small and simple they really liked it." (R04)
When the astronaut was asked what is necessary for an application to be astronaut-friendly, the response was:
"it needs to be simple!" (R02)

Subcategory: Useful
Three respondents mentioned this subcategory, one astronaut and two support engineers. The astronaut be-
lieves that only in case an AR tool is essential for the task, it is useful, else annoying, explaining:

"I have tried the HoloLens which is obviously one of the professional systems that is out there and
even that was annoying, I mean of course it is useful if you don’t have something else and I think
some applications that are especially useful of course is when you have somebody remote seeing
exactly what you are seeing and being able to project things for you in real life or pointing out things
for you, I mean those are all things that you cannot do in any other way." (R01)

One of the support engineers on the other hand makes a suggestion on how to increase the value of an AR
application by enhancing its usefulness. More specifically, it is explained how during Pangaea missions, crew
was given zoom cameras on a long stick (as bending to reach the ground is very difficult in a spacesuit) to
inspect samples and how:

"if they had a tool that could like give them a close up and that they could kind of already display
in that system and I think that would be very useful as well,  mean I know it’s an external tool but I

am just saying that a link to those additional tools would increase the value as well." (R04)
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6.4.3. Category II: Effectiveness

Two respondents mentioned this subcategory, one astronaut and one support engineer. Both stressed the
importance of technology leading to effective operations. The astronaut said, referring to the developed AR-
IoT tool:

"that’s exactly what we are looking for, tools that give us more autonomy and lead us to efficient and
effective operations."(R02)

Whereas the support engineer said:

"the final goal, is still of course improved exploration, so improve technology to support effective
sampling, scientific experiments and operations on the field." (R03)

6.4.4. Category III: Efficiency

Subcategory: Time consuming

This subcategory was mentioned by two respondents, both astronauts. These narrated about their experiences
during analogue missions, namely Pangaea and NEEMO, respectively and explained their concerns regarding
tasks/operations being time consuming with the technology at hand, saying:

"the EFB had too many steps, they are all interlinked so it was time consuming, as to go to one action
one had to go through all the prior steps." (R02)

"that was a little bit of rickety type of instrument and it was quite a complicated calibration and
setup procedure so that was a little bit challenging and time consuming and we were, we had this
procedure on the iPad however we didn'’t really have a good solution to like hold the iPad while we
were reading we also didn’t want this iPad to be on the seafloor because if you had like sand going
into the seal of its case it might just damage it and then it might have leaks and you know not have
an iPad the next day." (R01)

6.4.5. Category IV: Workload

Subcategory: Hard task
Three respondents mentioned this subcategory, two astronauts and one support engineer, highlighting activ-
ities that are challenging during astronaut geological field work:

"it’s really hard for them to say if the sample is really interesting if they look at it from a distance, and
I mean you know they are tall guys trying to look on the ground, the ground will anyway be really
bright and not all samples are actually interesting for scientists." (R04)

"this cooperation part of your instruments, that is really difficult currently using the EVA gloves you
know you cannot use small buttons and you don't wanna go on the small screen like on a GoPro on
the bag and then touch stuff." (R02)

6.4.6. Category V: Situational Awareness

This subcategory was mentioned by two respondents, one astronaut and one support engineer. The impor-
tance of the astronaut maintaining situational awareness during operations in the field was underlined by both
the astronaut and the support engineer who said, respectively:

"the EFB on tablets during Pangaea-X was a good tool but it was a burden, a lot of interaction was
required with the tablet which would make you loose awareness of the site around you. A tool like
yours is definitely something we look forward to." (R02)

"humans have to collaborate together with a tool capable of easy data transfer, for sampling, for
operations and coordination and situational awareness." (R03)
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6.4.7. Category VI: Training

Three respondents mentioned this subcategory, two astronauts and one support engineer. The importance of
geological field training for more crew autonomy in connection with innovative support tools was mentioned
by one astronaut saying:

"we figured out that it is hugely important that the astronaut is much better trained to be au-
tonomous for like even scientific decisions and indeed to have also the right tools obviously we are
all or most of us are not the perfect scientist." (R02)

While the other astronaut referred more specifically to potentially beneficial effects achieved through train-
ing with specifically AR applications. The astronaut mentioned that none of the applications tested led to a
satisfying usage with one of the reasons being short training times, explaining that:

"in neither one of those cases I had the chance to like use it [MS HoloLens] for a long time. So, the
question is, is there a training effect if you use it for five hours, ten hours, twenty hours, fifty hours,
does it then become second nature? And then you might say, oh my gosh it’s great I never want to do
anything without it, it’s just that I think it takes time to verify that." (R01)

6.4.8. Category VII: User Interaction

Subcategory: Hands-free

Two respondents addressed this subcategory, more specifically the two astronauts. They both mentioned the
astronaut’s need to be able to work hands-free during EVAs, one of them referred to the general need to work
hands-free when in the field, saying:

"I think every activity when you are out in the field where you need to work hands-free." (R02)

The other one referred specifically to a NEEMO analogue mission scenario, and more generally to EVAs on the
International Space Station (ISS) explaining:

"what seemed to work much better was to have the IV, like the person inside just reading the steps of
the procedure to us so we could work hand-free just basically what people do in EVAs on the space
station nowadays, I mean they have somebody read the next step to them so they don’t, you know we
don’t carry any written reference." (R01)

Subcategory: Voice

This subcategory was addressed by two respondents, the two astronauts. Both agree that voice e.g., speech
recognition should be a primary means of interaction with modern interfaces such as the developed AR-IoT
tool, explaining:

"ideally of course it should be voice and maybe a button just as a backup for whatever reason voice is
not working or for whatever reason there is a very noisy environment in the suit and it’s interfering
but I think as a baseline it should be something that you don’t need your hands." (R01)

"voice, voice command and voice recording is definitely the solution!" (R02)

Subcategory: Buttons/Clicker
All four interviewees mentioned this subcategory. While one of the astronauts expressed a preference for a
mechanical interface such as a button, saying:

"I actually prefer like a more old style mechanical interface if that is absolutely robust so like there
is one button on the EVA suit as an interaction that you mentioned that definitely is I think the way
that the engineers would decide." (R02)

the other one expresses concerns about the interaction being hands-free if the mechanical interface such as a
button or clicker is not integrated in such a way that would ensure hands-free interaction, explaining:

"if you are doing something with the both of your hands what do you do? Unless it's a button that is
somehow integrated on your hand itself and you just need to move a finger or something like that."
(RO1)
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One of the support engineers made a different suggestion, namely using a smartphone-like interface which
could ease the interaction, saying:

"if instead of using the “clicker” button you connect it from a smartphone and you implement two
buttons on the smartphone interface because these are easy to press you can for example have a
button that say create site and the other saying something else such that instead of having to go into
the menu and waiting until the AR button loads to create the flag." (R03)

Subcategory: Double Confirmation

Two respondents addressed this subcategory, an astronaut and a support engineer. The support engineer
mentioned that using a double confirmation approach is correct, pointing out that different combinations of
inputs could have a large impact, saying:

"double confirmation, no but it’s good it's good, I think this is a very good idea, it should be done this
way and but probably there are like many options it can be clicker I don’t know what else it could
be but like probably there are some other options and I think by varying those options you actually
mabke it much much better or worse." (R04)

The astronaut suggested an alternative combination to gazing and clicking, saying:

"instead of the clicker, the double confirmation: gazing plus audio [voice] should also be an option."
(RO2)

Subcategory: Interaction

Two respondents addressed this subcategory both of them were astronauts stressing the importance of keep-
ing the user interaction with a tool, interface or procedure to the minimum and simple to avoid critical conse-
quences, one of them explained:

"in NEEMO we had a procedure that had more than 50 pages, it had a lot interactions and so it was
a complex experiment and as soon as you made one error the entire experiment was doomed." (R02)

6.4.9. Category VIII: Implementation Aspects

Subcategory: Adaptation of technology rather than human

Two respondents mentioned this subcategory both of them were astronauts. They explained the importance
of a tool that is meant for astronauts to be adapting to the astronaut rather than the astronaut having to adapt
to the tool. One astronaut says,

"It should be follow me and I shouldn’t be adapting to the tool, it’s the tool that should be adapting
to me." (RO1)

Subcategory: AR integrated in the helmet

Three respondents mentioned this category, one astronaut and two support engineers. They both agree that
currently there are technological constraints when it comes to the integration of AR in the spacesuit such as
current devices neither being certified for vacuum nor for the spacesuits which have 100% oxygen where the
use of electronics can lead to fire hazards. The astronaut mentions:

"having this device inside the helmet would be preferred from a designer point of view so like a
pilot, like a heads-up display but currently NASA is trying to avoid this for the first Artemis missions
because inside the spacesuit you have 100% oxygen, you remember Apollo 12" (R02)

nevertheless, the technology development has to start now in fact the support engineer says:

"I think anyway that NASA is how to say already struggling in having a HUD, so I don’t really think
that for at least 5-6 years there will be a development on AR, or a usage of AR, its good anyway to
have proof of concepts and proceed the development because at some point we have to be ready to
embed them in the proper technology, yes totally." (R03)

Subcategory: Easy data transfer
This subcategory was mentioned by two respondents, one astronaut and one support engineer, both agree that
easy data transfer is a crucial need of modern tools and interfaces meant to aid crew during EVAs, explaining:
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"humans have to collaborate together with a tool capable of easy data transfer, for sampling, for
operations and coordination and situational awareness." (R03)

"to setup all the systems and to transfer data from instrument A to the EFB that also needs to be
easy." (R02)

Subcategory: Operationally feasible
This subcategory was mentioned by two respondents, both support engineers. They raised the importance of
operational feasibility when designing tools and interfaces for EVAs, saying:

"if you use everything together you basically don’t have enough hands I mean [the] astronaut would
have to hold the tools but still click on the tablet and that just, you know didn’t work all the time, so
he would have to put the tool away to check something in the electronic field book or like press few
buttons, then take the tool back, then to take a picture with another tool they also had to click it on
the tablet and they were complaining that it’s not like really feasible." (R04)

"it must be also comfortable to bring on your head for prolonged sessions, for example hours, a
traverse it will last at least two hours, it can be up to four hours, six hours, you have to be with power
constraints, of course you can connect batteries et cetera but you can’t connect, I don’t know, six kg
of power banks just to power the heads-up display otherwise, I mean it's unfeasible."(R03)

Subcategory: Enable remote support

Two respondents addressed this subcategory, namely the two astronauts. One of them pointed out the im-
portance of enabling remote support, in form of "virtual colleagues” to increase the scientific outcome of the
mission, through future innovative interfaces, saying:

"so this is the main point: to increase the outcome of the mission, to get more scientific data without
bringing actually the stones back and also to enable virtual colleagues to walk with you in the field
so and all this needs to be integrated efficiently and shouldn’t lead to an overload of the astronaut.”
(RO2)

The other one mentioned that enabling real-time remote support through an interface such as an AR applica-
tion would be an irreplaceable feature, saying:

"I have tried the HoloLens which is obviously one of the professional systems that is out there and
even that was annoying, I mean of course it is useful if you don’t have something else and I think
some applications that are especially useful of course is when you have somebody remote seeing
exactly what you are seeing and being able to project things for you in real life or pointing out things
for you, I mean those are all things that you cannot do in any other way." (R01)

Subcategory: Work automation and/or sharing work with off-site scientists

This subcategory has been addressed by two respondents, one astronaut and one support engineer. Both
addressed the importance of relieving the astronaut crew from work which is transferred to the monitoring
scientists, in fact the support engineer describes an idea that emerged during one of the Pangaea missions,
saying:

"they also had an idea, what if the astronaut takes the picture, it being sent to the scientists and
they give it a name, they create that folder for [the] sample and whatever, what if they just do the
necessity and then either some system does it or just scientists that do it manually. So I think your
system could be like the dummy scientist who does like some of the work that is repetitive in some
way." (R04)

The astronaut explains how some processes should be automated to a certain extent, saying:

"if everyone starts calling and questioning me, and then I could easily get distracted and if they say
like: enter this data, enter that data, so that should not be the case, so if they wanna have additional
data then it needs to be an easy work flow or it should also be maybe semi-automatic.” (R02)
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6.4.10. Category IX: Concepts of Operations

This subcategory was mentioned by three respondents, two support engineers and one astronaut. They all ad-
dressed the new concepts of operations being currently tested during the Pangaea analogue missions enabled
by modern tools, explaining:

"the electronic field book for example, it allowed us to test an exploration scenario, where the two
astronauts work in close vicinity but actually have two different tasks to do, then you say astronaut
1 collects rock 1 and astronaut 2 collects rock 2 so those need to document, those need to describe
what they see, the context to enter the data." (R02)

"what we tested is the response time of humans to certain tasks, the time to reach a point in the
traverse and then maybe to split, to separate, and then sampling, each astronauts sampling its own
spot and then coming back together everything of course with this data sharing." (R03)
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Discussions and Recommendations for
Future Work

In this chapter, the results will be discussed in relation to the literature outlined in chapter 1 and chapter 2.
Furthermore, potential applications of the Augmented Reality (AR) Internet-of-Things (IoT) tool, the limita-
tions of the research and design as well as recommendations for future work are presented.

Human factors design principles, standards and guidelines specifically for displays are well established in the
space sector for decades already [119], [173], [181], however with the rise of modern immersive technologies
such as AR, clear standards and guidelines have yet to be defined. This research project explores which usabil-
ity, user interaction and implementation aspects are important for astronauts with respect to new technologies
as well as for the specific use case: geological field activities. Moreover, it analyses in-depth which of these pre-
established design standards are transferable to the design of immersive technologies, more specifically AR,
and which have to be newly defined.

Studies involving the development of new technology are often technology-centered instead of user-centered.
Based on the survey by Swan and Gabbard [97] it could be concluded that of 1104 articles on augmented real-
ity, only roughly 3% addressed aspects of Human Computer Interaction (HCI) and only roughly 2% described
a formal user-based study [97]. Swan and Gabbard [97] highlighted that in order to create effective user inter-
faces for emerging technologies, such as augmented reality it is crucial to understand perceptual and cognitive
characteristics of the users, hence develop AR based on performed user studies [97]. A more recent study which
analysed AR studies between 2005-2014 concluded that overall on average less than 10% of all the AR papers
were user study papers [7]. Additionally, analysis showed that the majority of the studies included little field
testing and few heuristic evaluations. That survey however, included only one AR space-related application
study, namely the one by Markov-Vetter and Staadt [160]. It should be noted that most AR studies for space ap-
plications focused on the user and gathered feedback from the users through direct observations, surveys and
questionnaires and in some cases performed usability tests, nevertheless, only a few AR space-related studies
have been performed so far (see Table D.1 in Appendix D).

While most AR space-related studies were user-centered and frequently mention that the assessment was per-
formed through user feedback and interviews after the user tests (see Table D.1 in Appendix D), the method-
ology used for data collection and analysis for these evaluations is rarely clearly outlined.

Therefore, this study not only provides additional knowledge on user-centered design AR studies in general
but also and particularly on user-centered AR space-related application studies. In fact, a user-centered de-
sign methodology, which is in line with the human-centered design methodology used by NASA [173], the
principles proposed by Gould and Lewis [116] and the model suggested by Lee et al. [96] was adopted for this
research project. This involved expert reviews, heuristic evaluations as well as expert requirements compli-
ance questionnaires and in-depth interviews with astronauts and astronaut geological field training experts.
A clear overview of the methodology used for data collection and analysis is presented as well. This study pro-
poses a set of heuristics principles relevant to the design of AR applications to be adopted during heuristics
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evaluations in the conceptual phase, it provides with customised questionnaires based on among others es-
tablished space program requirements [181] and provides with insights on the methodology adopted for the
qualitative analysis of the interviews.

Finally, as mentioned earlier in chapter 1, most AR applications have been tested for procedural work on the
ISS such as the applications developed and studied by Braly, Nuernberger, and Young Kim [15] and the AR
application by Markov-Vetter and Staadt [160], as well as mobiPV4HoloLens [126], WEKIT [34], [128], EdcAR
[52], [124], [128], WEAR [146], [221], ARAMIS [72], Sidekick [175] and T2 Augmented Reality [230]. Only a few
other studies investigated the benefits of AR for other applications such as the study by Furuya et al. [79] on
on-board stowage operations and logistics or the study by Karasinski et al. [99] who investigated the use of a
tool combining AR and IoT for just-in-time training. Only one AR application specifically for geological field
exploration has been developed so far focusing entirely on navigation and traverse planning [55]. As a result,
the AR-IoT tool developed for this study is the first of its kind created to support astronaut geological site in-
spection activities.

Therefore, the aim of this research was ultimately to develop and investigate whether an augmented reality
user interface is a usable concept able to tackle issues related to future human extraterrestrial surface explo-
ration missions. More specifically, long communication latencies which will require more crew autonomy, as
real-time ground support will be unavailable. And the purpose of the investigation was particularly to de-
termine whether an AR interface for astronaut geological field activities, more specifically site inspections, is
regarded as useful and helpful as well as operationally feasible, when compared to currently used tools and
media, by astronauts and astronaut geological field activities experts.

7.1. User Interface

The expert requirements compliance questionnaire results showed that the AR-IoT prototype fulfills the ma-
jority of the set requirements outlined in subsection 3.2.3. Overall opinions were positive with respect to the
developed proof of concept, in fact experts commented that the application is "promising” as in terms of de-
sign and developmentitis "a good start" and "on a good track". One expert defined the AR application as "easier
and faster” compared to conventional media currently used e.g., tablets. This is in line with the common per-
ception of users that hands-free displays such as the Microsoft (MS) HoloLens are preferable over handheld
devices, such as tablets, due to the user’s freedom of being able to use both hands for a task while having the
necessary information [79], [198].

While the in-depth interviews highlighted important usability, user interaction and implementation aspects
to be considered in the development of new aiding tools based on experts’ past experience, from the ques-
tionnaires and associated comments, it was possible to extract crucial aspects specifically for the AR-IoT tool.
More details regarding different aspects of the user interface such as layout and capabilities are described in
subsection 7.1.1 and subsection 7.1.2, respectively. While usability and user interaction aspects are detailed in
subsection 7.1.3 and subsection 7.1.4, respectively.

7.1.1. Layout

Regarding the layout of the user interface (UD), it resulted that the current elements are perceived as logically
grouped for the purpose of use. Moreover, experts rated the interface display elements grouping and ordering
as well as the colours and feedback as consistent. Specifically the icons, labels and text have been defined as
clear and relevant. In fact, the text was chosen to be bright white, a colour that resulted in optimal visibility
for the Holo-SEXTANT application as well [55]. It resulted that most respondents perceived that the required
information to perform a certain action or task was easy to be found and easily accessible within the inter-
face. Results also showed that the features of the application as well as the integration of the different media
are mostly understandable. The sole recommendation that was made with respect to the latter aspect was,
to include the displaying of recorded media such as the photos taken and eventually data resulting from the
analysis of external analytical instruments. More details on recommended features are provided in subsec-
tion 7.1.2.

While some experts make suggestions regarding additional features and information that are still required by
the Ul to have an even more complete set of tasks for geological activities (elucidated in subsection 7.1.2), oth-
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ers criticise the fact that too much information is displayed and that too many windows stay open at the same
time, which can result in a loss of situational awareness and affect safety. This finding, namely the importance
of keeping the user’s field-of-view (FOV) unobstructed to avoid safety risks, is in line with those of the Holo-
SEXTANT study [55] and the study by Karasinski et al [99]. Overall it can be concluded that the amount and
type of displayed information needs to be optimised. To do that, one needs to have a clear idea of what the
type and sequence of activities are during operations. The author suggests to verify and validate the feasibility
of the proposed concept of operations (see chapter 5) and based on the user tests, improve the layout of infor-
mation. This is in line with the methodology suggested by NASA [173]. After that, it is suggested to elaborate
a strategy regarding the principle of salience compatibility for information [96]: bring irrelevant information
to the background or "greying it out" to minimize the amount of obstructing open windows, and adjusting the
size of elements depending on their distance from the user as recommended by the experts. The importance
of adjusting interface elements to the user’s visual acuity by adapting their distance and size became evident
in the StowageApp study by Furuya et al. [79] as well. One of the astronauts also suggested to keep the panel
background of displays to the minimum to decrease the users’ feeling of being overloaded by information. In
the Holo-SEXTANT study this problem was tackled by rendering the panels translucent [55]. One of the experts
made a valuable suggestion to minimize information cluttering, hence situational awareness impairment, by
rendering windows expandable as more information is added by the user.

Additionally, colour coding was suggested by one of the experts to increase salience compatibility of infor-
mation. This is a common display design principle, also suggested by Lee et al. [96], however caution is re-
quired when it comes to colour coding for validation purposes as colours used for interfaces that are meant
for astronauts need to be in line with the clear meaning associated to them (yellow: caution, red: warning or
emergency, green: normal state) [173], [181]. It remains unclear whether the expert was not aware of this and
if aware how the actual implementation was foreseen.

Finally, suggestions for future iterations include testing the interface colours under representative environ-
mental conditions, namely simulated lunar conditions. It should be noted that vivid blue was chosen for the
interface elements to ensure maximum visibility, based on the findings by Anandapadmanaban et al. [55],
who actually tested their interface outdoors, hence visibility of the interface during training on Earth should
be ensured.

7.1.2. Capabilities

From the questionnaire, it could be concluded that even though experts agree with the fact that the interface
only provides important data for the accomplishment of astronaut geological site evaluation tasks and that
the design is task-based, several relevant missing capabilities have been identified. It became evident that the
integration of, and access to, a map is considered by several experts very important for the tool to increase its
usefulness in the field, which is in line with the findings by Beaton et al. [123] and Anandapadmanaban et al.
[55]. Being able to see distances between sites, horizon features’ names, the location of important vital assets
e.g., lander position, rover position, extravehicular activity (EVA) buddy position in AR, were additional capa-
bilities recommended by one of the experts. The displaying of distance between sites was also recommended
by Anandapadmanaban et al., in fact estimating distances in a terrain with sparse landmarks, as is the case for
the Moon and Mars, is especially difficult for humans without any aiding tools [55]. Furthermore, having a cal-
culated time allowance to reach the safe haven on the basis of remaining suit consumables, consumables con-
sumption, distance and calculated consumables consumption was suggested and considered essential data as
well. This feature was also suggested by Apollo astronauts [197], Schmitt et al. [81] and explored by Johnson et
al. [19] who integrated the explorer’s energy consumption as metric in their traverse planning algorithm called
SEXTANT. This algorithm is the one that was later implemented in Holo-SEXTANT [55]. It should be noted
that the capability of the tool to show consumable levels has also been successfully integrated into the AR-IoT
tool prototype I, as described in subsection 3.1.2 and subsection 3.2.2. This capability was described but was
not explicitly demonstrated in the video provided for evaluation to experts, which showed concept IV (second
latest version) due to Covid-19 restrictions.

One expert pointed out that the AR-IoT tool allows for the accomplishment of one of the most tiresome yet
crucial tasks in terrestrial field geology which is taking site coordinates, detailed photo-documentation and
descriptions of sites through the presence of GPS and a verbal “field notebook”. With respect to the integration
of the site coordinates documentation action, on the basis of interview and questionnaire data though, it re-
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sulted that the majority agrees that the action should be automatised, namely coordinates should be directly
transmitted from another device and recorded automatically. The IoT client-server architecture via Message
Queuing Telemetry Transport (MQTT) protocol adopted for the AR-I0T tool to display dummy consumables
values can certainly be expanded for GPS coordinates transmission. Nonetheless, it was pointed out that, the
integration within the interface of site lithology activities, namely reporting and/or documenting what types of
rocks or regolith are present as well as the documentation of structural relationships, more specifically identi-
fying whether there are any rocks or regolith on top of each other or in a crater, are still missing. In addition, the
creation and displaying of AR sample markers as well as sample location was recommended, these fall under
geological sampling activities which were deliberately considered out of the scope of this first proof of concept
but are certainly valuable and potential features to be integrated in the future.

Based on the interview and questionnaire data, the importance of having clear step-by-step procedures to
accomplish any type of task, especially if extensive prior training was not performed by crew, has been under-
lined once more. One of the experts in fact suggested integrating additional cheat sheets and guidelines. As
references, or so called guidelines for the tasks that are part of geological site inspections are already integrated
in the interface, it is assumed that the expert stressed the importance of additional cheat sheets in relation to
geological sampling activities which are recommended for future implementations.

7.1.3. Usability

From the questionnaire results it can be concluded that only certain usability aspects have been fulfilled and
improvements can be made. When referring to usability, the extent to which a product can be used by speci-
fied users to achieve specified goals with efficiency, effectiveness, and satisfaction in a specified context of use
is meant [92]. Where efficiency is defined as the relation between accuracy and completeness with which users
can achieve a preset goal and the resources used to achieve it, and effectiveness is defined as the accuracy and
completeness with which a goal is achieved [173]. Finally, satisfaction is defined as the users’ comfort with
respect to the use of the system as well as the users’ positive attitudes toward this [173]. Overall, as mentioned
in chapter 1 the way the tool will be used and whether it allows the user to do so in an effective, simple and
pleasurable way is investigated. To assess this, one needs to investigate whether the target group, which in
this case are astronauts and astronaut geological field activities experts, perceive the tool as useful, helpful
and operationally feasible. In fact, this will be crucial to understand whether the target group would consider
adopting the tool in the first place.

Efficiency

The majority of the experts remained neutral or decided not to judge the efficiency of the tool in the question-
naire. It appears that respondents found it difficult to express their opinion, as one explicitly said that it can
only be evaluated by comparison. Suggested improvements included minimizing the loading bar response
time. Please note again that experts based their responses on concept IV (the second latest version) and not
prototype I as desired, because of Covid-19 restrictions. In prototype I, based on the feedback of the heuristic
evaluations, response time upon gazing on an interface element had been reduced significantly as items be-
ing gazed at highlight immediately instead of loading. While most experts felt that it was difficult to rate the
efficiency of the tool, it was a usability aspect specifically addressed by astronauts during the interviews, who
narrated their experience, with time consuming thus inefficient and not satisfactory tools, during analogue
missions.

Effectiveness

From the interviews, it can be deduced that effectiveness is a determining usability aspect that experts are
looking for in innovative tools to accomplish one of the primary goals during EVAs, namely effective scientific
operations e.g., effective sampling, as mentioned both by support engineers and astronauts. With respect to
the effectiveness of the AR-I0T tool specifically, based on the questionnaire results most experts state that the
interface allows for error-free operations. Note that during the heuristic evaluations the addition of a "go back"
option was suggested, which is in line with one of the experts’ suggestions in the questionnaire. In concept IV,
the one evaluated by the experts, this feature was not included yet, however in prototype I it is. The tool can
therefore be considered as potentially effective.

User satisfaction
On the basis of the in-depth interviews conducted with astronauts and analogue mission support engineers,
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aspects related to user satisfaction received most mentions (32% of 139 quotes). It emerged that astronauts are
looking for innovative tools that are useful and helpful while not becoming a burden. According to the gath-
ered results from the questionnaire the AR-IoT proof of concept was considered useful and helpful for future
astronaut geology field training and geological field exploration activities on the Moon. Experts mentioned
that the application has potential and will definitely gain additional value once certain features, as outlined in
subsection 7.1.2, are implemented. Moreover, based on the interviews and questionnaire comments, it could
be concluded that both astronauts and support engineers perceive that an AR tool such as the one developed is
easier and faster compared to the currently used tool, namely the Electronic Field Book (EFB) on tablet which
does among other things not allow for an important aspect especially mentioned by astronauts during the in-
terviews, which is hands-free operations, discussed later on in subsection 7.1.4.

One of the astronauts mentioned how only if an AR tool is irreplaceable, it would be perceived as useful else,
under current circumstances, annoying. The same astronaut narrates how most experiences with AR tools
so far have been unsatisfactory with respect to implementation and hence annoying. Moreover, the respon-
dent remains sceptical with respect to the potential of these tools in aiding crew during complex activities
such as maintenance with real pieces of equipment which involve a multitude of tangled up cables and hence
require high-precision AR overlays. Complexity is another aspect specifically mentioned by astronauts in rela-
tion to user satisfaction as particularly procedures that need to be followed during operations are often over-
lengthened, hence perceived as complex. Thus, astronauts hope for systems that are simple and easy to use
as well as capable of guiding step by step, for instance, through procedural work. It should be noted that the
attribute 'simple’ was stressed during the interviews (6% of 139 quotes) especially by one of the astronauts and
identified as an important requirement in the Holo-SEXTANT study as well [55].

Use case related usability

With respect to the tools’ use case: geological field work, based on experiences with analogue missions such
as NEEMO and Caves & Pangaea, majorly support engineers but also astronauts frequently mentioned (5% of
139 quotes) the importance of integrating different systems that are capable of easy data transmission into one
system, such as the developed AR-IoT tool. One expert specifically mentioned how enabling the integration
of the EFB used for Caves & Pangaea missions with the AR-IoT tool would increase the possibility of an active
use of the system by astronauts. One of the astronauts stressed the importance of having one system, capable
of gathering and merging data from the different instruments used in the field, to increase the understanding
of the performed field work by the scientists later on. The same astronaut appreciated the approach of the
developed AR-IoT tool in regard to the cooperation aspect as well as the integration of different media and
underlined the helpfulness of the tool in simplifying operations while ensuring efficiency.

An aspect particularly related to augmented reality that has an impact on the user’s satisfaction mentioned in
the interviews is: the displaying of necessary information specifically in the user’s field-of-view (FOV). One of
the support engineers underlined the restrictions on movement of the spacesuit helmet and hence the impor-
tance of placing information in the user’s FOV. Whereas one of the astronauts emphasized the importance of
showing solely important data to avoid cluttering the user’s view, hence impairing situational awareness. The
importance of showing solely important data that is crucial to the task is a finding that has been corroborated
by the Holo-SEXTANT study [55], as well as the study by Furuya et al. [79]. In fact, several extra features had
been removed from the head-up display for Holo-SEXTANT [55] while a simple head-fixed panel with solely
important data for the specific task was introduced for the StowageApp [79].

Situational awareness

Situational awareness is another fundamental aspect mentioned during the interviews, both by astronauts
and support engineers, and confirmed by the Holo-SEXTANT study [55], [123], that needs to be ensured when
developing and planning the implementation of new tools. One astronaut mentioned that during Pangaea
missions, the use of the EFB on the tablet was a burden as it required a lot of interaction causing a loss in
awareness. For this reason, the astronaut stated that a tool like the AR-IoT tool is something they look forward
to. Despite that, rating the level of satisfaction explicitly was challenging for most respondents, actually two
respondents mentioned that without wearing the HoloLens and without any prior training with the tool, it is
difficult to make a statement.
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Training

The training attribute is a usability aspect that was specifically mentioned during the expert interviews, espe-
cially by astronauts but also support engineers. Two astronauts stressed the importance of training with tools,
one addressed the relevance of training with the 'right’ tools capable of increasing crew autonomy for scien-
tific decision-making processes, as a matter of fact enhanced crew autonomy is a major requirement for future
missions to Moon, Mars and beyond [32], [153]. Whereas the other astronaut raised the interesting point of
tools potentially becoming second nature and indispensable after extensive training.

Mental workload

Providing adequate system status feedback is generally a fundamental usability principle [105] and display
requirement [181]. According to the questionnaire results, experts perceived the system status feedback as
visible for every user action, as the majority agreed that feedback was appropriate upon the start and end of an
action, and when input was required by the user. Suggested feedback enhancements by one of the experts in-
cluded the use of colours to complement status information. Though, as mentioned earlier caution is required
when it comes to colour coding for validation purposes. Therefore, the use of colours for additional status in-
formation is not considered necessary for the current proof of concept. Additionally, respondents rated the
navigation through the interface as clear and intuitive and as mentioned earlier information was perceived to
be easily found and accessible. Despite that, the respondents’ opinion was divided with respect to whether the
interface allows the minimization of the user’s mental workload. While some experts perceived the tool as less
demanding to use, as it integrates all the necessary actions for one of the most tiring but essential tasks of ter-
restrial field geology, specifically taking site coordinates and detailed photo-documentation and descriptions
of the sites, others mentioned that an evaluation can be made and conclusions drawn only by comparison.
During the interviews, support engineers and astronauts gave insights on notably hard tasks, hence tasks that
require a high workload. In particular, tasks such as geological sampling e.g., identifying interesting samples
and cooperating with different tools simultaneously under the spacesuit restrictions, as reported earlier al-
ready, were described. A suggestion for future tools or implementations of the AR-IoT tool made during the
interviews, by both astronauts and support engineers, was to enable an automation of repetitive tasks e.g.,
sorting samples.

User-friendliness

Similarly, it is concluded that expressing an opinion on the user-friendliness, more specifically on the astronaut-
friendliness of the tool resulted to be troublesome for most questionnaire respondents without having the

chance to personally experience and interact with the tool. Nevertheless, important aspects regarding an

astronaut-friendly implementation of such an AR-IoT tool have been made during the interview by both astro-

nauts, namely ensuring tools to be "follow me", thus adapting to and seconding the astronaut instead of the

other way around. Another suggestion, frequently addressed by astronauts during the interviews (5% of 139

quotes), included the fact that tools should enable remote support, through the presence of virtual colleagues

on the field or expert scientists assisting operations interactively real-time.

Operational feasibility

Finally, based on questionnaire data, the developed tool was rated by the experts as operationally feasible. The
importance of this aspect was addressed by the support engineers in the interviews as well. These narrated
the pertinence of rendering tools operationally feasible, among other points they mentioned specifically how
decisive it is for the tools to be comfortable for the user. Tools need to be comfortable not only when wearing
but also when operating them. Regarding the latter, one engineer underlined once more how using a tablet
during Pangaea was unfeasible, at times, as crew had too many tools to handle simultaneously. Nevertheless,
ultimately, as mentioned by one of the experts, the operational feasibility will also depend on how reliably and
easily the tool can be operated within the suit. Recommendations arising from the questionnaires to increase
the operational feasibility include the integration of open field mapping and navigation aids. Note that, as
mentioned earlier, the prominence of a tool that aids crew in navigation and traverse planning has been iden-
tified and investigated already by Anandapadmanaban et al. [55] and Beaton et al. [123]. As mentioned already
this was however considered out of the scope of this research for the time being.
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7.1.4. User Interaction

Aspects related to user interaction received the second highest number of mentions during the interviews af-
ter user satisfaction attributes, namely 24% of 139 quotes. While the subcategory voice referring to the use of
voice input received most attention (9% of 139 quotes) by the two astronauts, the use of the button/clicker was
addressed by all respondents (6% of 139 quotes). More details on the most suitable means of user interaction
will be outlined hereafter.

Double confirmation

From the interviews and the questionnaire data it can be concluded that the novel process of "double confir-
mation" is considered a good strategy in fact it ensures error-free operations and gives the user more control
and freedom over their actions. The double confirmation strategy can be seen as multimodal user interaction
which is considered to be best especially for AR systems [90], [143] moreover the advantage in terms of error-
free operations generally for human-machine communication has been corroborated by Cohen and Oviatt
[190] as well. Currently, the developed AR-IoT tool permits users to avail themselves of gaze input to pick the
action that needs to be performed, the chosen action is then highlighted upon selection and requires dou-
ble confirmation through one simple click performed by pressing on the, so called, clicker. Opinions seem
to be divided with respect to the most effective and efficient type and combination of user inputs required to
accomplish an action. While some experts appreciate the current strategy of a "few gaze and clicks" others,
as deduced from the interview mentions, especially astronauts stress the effectiveness and lower user efforts
when using voice e.g., speech recognition.

Voice

The use of voice e.g., speech recognition has raised concerns in the past by Apollo astronauts [154] especially
because of interferences in noisy environments as is the case for a space station or spacesuit. The use of voice
as user input is currently still debated, however from the interviews and questionnaire data it can be concluded
that the majority of the experts believes that voice is more intuitive which is in line with the findings of Cardano
et al. [146], Ravagnolo et al. [139], Anandapadmanaban et al. [55] and Byrne et al. [230]. Experts confirm that
as long as the voice commands are simple, hence straightforward to remember, voice input should be consid-
ered as a primary user input. In fact, in the MobiPV4Hololens study by Helin et al. [126] one issue for users was
to remember the voice commands. Moreover, experts agree that having a backup option e.g., a mechanical
interface like a button, in case voice input is not working, is a good option. To overcome interferences with
voice inputs in noisy environments, a recommended solution to be considered is the use of bone conduction
microphones [55].

Interestingly, most non-space related AR studies focused on comparing voice and gestures as user inputs or
a combination of the two without considering gaze. While Chen et al. [247] concluded that voice is more
accurate than gestures, whereas gestures are faster, the study by Lee et al. [152] concluded that voice is the
most effective and efficient user input compared to multimodal interaction (gestures and voice) and gestures-
only. Nonetheless, results from the study by Turini et al. [65] showed that all three user interactions: gaze,
gestures and voice were easy and intuitive. It should be noted again that only a few non-space related AR
studies focused on the user [7] and the user interaction, therefore, similar findings on voice being the most
intuitive and preferred input by users are scarce. Moreover, concerns on the limited performance of voice
recognition in combination with AR in noisy environments has caused voice control, as a means of interac-
tion, to be kept to the minimum [115] or even out of consideration [40], [41]. However, this may be the case
as the technology readiness level (TRL) of voice recognition technologies was low at the time of these studies.
Nevertheless, according to Microsoft, voice input for AR applications, more specifically for the HoloLens, can
reduce time, minimize user effort as tasks are supposed to be more fluid and reduce cognitive demand as it is
intuitive. Moreover, as the range of accuracy of gazing and gestures is limited for the HoloLens, voice might
be the only trusted input by the user [166]. Similarly, Gamm and Haeb-Umbach [208] performed a study of
voice controlled user interfaces for consumer electronics and referred to the unique properties voice offers:
straightforwardness as no mental translations are required, hands- and eye-free operations and remote con-
trol. Moreover, Gamm and Haeb-Umbach [208] state that speech input/output is often considered the most
natural interface however, man-machine communication would only be really natural if the machine could
meet the capabilities of a human [208]. Voice being considered the most trustworthy user input, the least
mentally demanding may be the reason why it is considered by most experts the most intuitive and hence
preferred means of interaction.
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Button/Clicker

Some experts expressed concerns regarding the use of a button as well, because of both the usage and the in-
tegration within the spacesuit, whereas others mentioned that they would prefer such a mechanical interface.
The concerns around the use of the button rely heavily upon the integration with the spacesuit, in fact the
location of integration will be crucial. Initially, the idea was to integrate the button in the spacesuit gloves such
that crew would only have to move their fingers guaranteeing hands-free operations, this idea was mentioned
by one of the astronauts during one of the interviews as well.

Hands-free

Hands-free operations is a user interaction aspect stressed particularly by astronauts during the interviews.
In fact, it is a crucial aspect especially for this use case: EVAs. Studies by Anandapadmanaban et al. [55] and
Johnson et al. [19] corroborate this. The possibility to work hands-free is an important aspect during EVAs
in general as suggested by Apollo astronauts [197], but also during other astronaut operations. Several space-
related AR studies aimed at tools that enable hands-free operations specifically for procedural work on-board
[15], [79], [126], [146], [198]. Most non-space related AR studies also stressed the importance of using voice as
user input to ensure hands-free operations [18], [210].

Enabling hands-free operations specifically through voice control is a crucial aspect when in comes to con-
trolling devices in vehicles as well. In fact, findings by Owens et al. [101] suggest that voice control may permit
drivers to keep their eyes on the road longer and track their course more regularly, moreover it appears that a
lower mental demand is required by drivers when compared to manual control of these devices. The study by
Carter and Graham [28] found that driver performance increases when using voice control instead of manual
control moreover, users rated the voice controls with feedback as easiest, most likeable, and most efficient to
use while driving. Voice control appears to be the preferred means of interaction when hands-free operations
are crucial to the success of operations. Similarly to astronaut extravehicular activities, in vehicle driving, voice
controls appear to be the key to enhanced performance, ensured situational awareness and ease of use.

Finally, no conclusions can be drawn on the most suitable combination of inputs as a means of interaction for
the double confirmation strategy, however it can be deduced that interaction has to allow hands-free opera-
tions and has to be kept simple as well as to the minimum as has been underlined specifically by astronauts
during the interviews. Some experts are satisfied with gazing and clicking on a button, others suggest voice as
primary input and clicking on a button as backup whereas some others suggest gaze and voice, voice and hand
gestures or eye-blinking and tongue clicking. It should be noted that especially hand gestures are usually not
preferred and especially unfamiliar HoloLens users have a hard time using and recalling gestures [55], [139],
[146]. Note however that Microsoft mentions that HoloLens 2 features more intuitive interaction through en-
hanced hand tracking [164] which could be a turning point.

To summarize, with respect to the type of user input, reported downsides of the use of a button are related
to the integration within the spacesuit as it can eventually hinder hands-free operations, moreover similarly
to gazing it is perceived as more mentally demanding compared to the use of voice, whereas voice input is
perceived as intuitive, always enabling hands-free operations and the least mentally demanding input. While
the button was rated as robust and reliable, the experts that participated in the questionnaires and interviews
remained sceptical on the reliability of gaze input. Nonetheless, heuristic evaluators who actually wore the
HoloLens and tried the application rated the gaze input as effective, clear and user-friendly. Hand gestures
are generally not preferred as these are not perceived as intuitive and user-friendly especially by unfamiliar
HoloLens users. Therefore, it is recommended to first of all have the users test different input combinations
for the double confirmation strategy (multimodal interaction) ensuring their reliability and eventually allowing
for user input customizability. The importance of a customizable UI was a result of the Holo-SEXTANT study
by Anandapadmanaban et al. [55] as well. This was also mentioned by one of the experts during expert reviews
in the conceptual design phase of the AR-IoT application.

7.2. Applications of the AR-IoT Tool

The developed AR-IoT tool is a promising asset for analogue training missions that involve the simulation of
extraterrestrial geological field work and in the future for lunar geological field work. Based on the positive
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feedback from experts at the European Space Agency’s Astronaut Centre (ESA-EAC), the author envisions this
AR-I0T tool to be further tested and evaluated by crewmembers and scientists in analogue environments such
as Caves & Pangaea.

Furthermore, it is recommended to render the AR-IoT tool interfaceable with some of the analytical tools used
for geological sampling, to then replace the Electronic Field Book (EFB) [135] on tablet, currently used during
Caves & Pangaea astronaut field training, once additional usability tests and evaluations of the tool in a realis-
tic operational scenario have been performed. In fact, these additional assessments are foreseen to add value
and further prove the benefits of the tool.

Moreover, this AR-IoT tool features several desirable and recommended capabilities identified during BASALT-
2 analogue missions [122, 123], namely: incorporating means to take hands-free field notes, providing suit
diagnostics, overlays of virtual traverse waypoints and annotations as well as generally aiding with geologi-
cal inspection tasks. Therefore, the author envisions that the developed tool could be beneficial during fu-
ture BASALT analogue missions, and thus recommends the application and assessment of it during the next
BASALT mission and eventually the integration with Holo-SEXTANT.

The AR-IoT tool is not only supposed to support astronauts in performing geological site inspections more au-
tonomously but also to aid monitoring scientists that are off-site in keeping track of the operations performed.
In fact, scientists could see what the astronaut is seeing and have immediate access to the data being generated
and stored by the astronaut. Scientists could then, as suggested during the in-depth interviews, already start
gathering, sorting and analysing the collected data, maximising the scientific understanding and outcome.

It is believed that this AR-IoT tool proof of concept, being one of the first of its kind applications, paves the way
and represents an incentive for the development of further augmented reality applications for lunar and plan-
etary EVA training in terms of both software and hardware. Several technological constraints are still present
and need to be coped with when planning the implementation into operations of AR technologies, thus for this
AR-IoT tool which is considered by experts to have the potential to become flight-proven to actually become
it. Ideally, of course, AR should be integrated in the astronaut’s suit visor. The integration of AR in the suit was
frequently addressed during the interviews as well (6% of 139 quotes) by both astronauts and support engi-
neers. Nevertheless, as emerged from the experts’ comments one of the major issues is the use of electronics
in a 100% oxygen environment as is the case for spacesuits presenting risks of fire hazards. A solution for the
integration of AR glasses or even head-up displays (HUD) within the suit has not been found yet.

As mentioned by Anandapadmanaban et al. [55], the MS HoloLens has been designed for indoor use, hence
one has to first find custom hardware solutions consisting of a physically more robust design, more powerful
sensors, and hardware that is application specific. Regarding AR display requirements a power analysis needs
to be performed as well [55]. The implementation of the optics in the helmet visor represents a challenge as
well, considering the distance from the retinas to the display which would be on the visor. Finally, sensors and
mapping cameras would have to be implemented on the exterior of the suit to enable spatial 3D mapping for
world-locked content and localization purposes [55].

Despite this, as one of the support engineers mentioned during the interviews, the development of this tech-
nology has to start now such that the potential usefulness and helpfulness can be shown and to be ready to
embed this technology once the constraints are no longer present.

7.3. Limitations of the Design and Recommendations for Future Work

The developed AR-IoT tool is a proof of concept specifically for astronaut geological site inspections, never-
theless site inspections are only a subset of geological field activities. A major challenge for Apollo astronauts
on the Moon was navigation [37], the fact that the tool does not provide with traverse planning and navigation
capabilities is therefore a limitation. Moreover, geological sampling activities are often cumbersome for astro-
nauts that are not geologists and experts in the field, a tool such as the developed AR-IoT tool shall include
capabilities that support geological sampling e.g., the integration with different scientific instruments as sug-
gested by experts during the interviews and based on the comments from the questionnaires. Finally, as sug-
gested by one of the experts showing remaining consumables, consumables consumption and time remaining
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to reach the safe haven based on distance as well as consumables consumption and remaining consumables
is a capability to be considered for future implementations. While this capability has been partially integrated
in the AR-IoT tool, it can be expanded, in fact only the percentage of consumables remaining is shown for now
while for a real training this feature can be expanded through simulation of data or real data depending on the
equipment available.

Besides the integration of different capabilities that are currently missing and could increase the value of the
application significantly, some user interface layout and design as well as interaction aspects could turn out
to be design limitations. These include: a missing coherent plan for button states (for more details see sec-
tion 6.2), an interface colour scheme that has not been tested outdoors or in relevant environments and a
combination of user inputs that is not considered optimal by the majority of the experts.

The following design improvements for the AR-IoT tool are thus recommended:

1. As suggested and planned after the heuristic evaluations: the implementation of a coherent plan for
button states.

2. Testing the interface outdoors or in a relevant analogue environment to see whether the colours and
brightness actually allow for sufficient and adequate visibility, to then adapt the interface colours. This
was suggested by some experts as well. Despite this, note that the colour scheme applied for Holo-
SEXTANT, which has been successfully tested outdoors [55], was adopted so far.

3. Testdifferent means of interaction and user input combinations e.g., gaze and click, gaze and voice, only
voice, to decide either which combination is the most feasible or to allow for customizability.

4. Expand the interface to geological sampling activities by integrating analytical tools that can generate or
retrieve the mineral spectra as well as analyse it.

5. Integrate navigation and mapping capabilities.

Item 1, 2 and 3 were part of the initial plan but could not be implemented or tested due to time constraints and
restricted access to the hardware and software due to Covid-19. Feature 4 and 5 are simply recommendations
for future work.

Finally, current hardware limitations such as limited battery life, limited FOV and discomfort identified by the
majority of the other AR space-related studies [15], [125], [139], [198], as well as partially during the heuristic
evaluations, could be overcome through the migration of the application to the MS HoloLens 2. Based on
the specifications of HoloLens 2 [164] major improvements with respect to comfort and FOV size have been
achieved. Moreover, it should be noted that HoloLens 1 is no longer available for purchase.

7.4. Limitations of the Research and Recommendations for Future Research
Limitations of this research should be considered as well. As the analysis of qualitative data involves interpret-
ing the study findings, it is potentially open to subjectivity and researcher’s bias [184]. Various strategies, as
suggested by Mays and Pope [168], have been undertaken to protect against bias and increase the reliability
of the results, such as providing with a clear explanation of the data collection and analysis methodology as
well as reporting illustrative verbatim quotes. Nevertheless, to minimize this bias even further and enhance
the reliability of the analysis, as suggested by Mays and Pope [168], an independent assessment of the inter-
view transcripts should be performed by additional skilled qualitative researchers as well as a comparison for
agreement between the raters.

Despite the high value of the qualitative data gathered through the questionnaires and in-depth interviews
with experts in the field, including ESA astronauts, participants of analogue missions and analogue mission
support engineers, including geologists, EVA experts and EVA tool developers, it is believed that the collec-
tion of quantitative data can provide with additional insights and value to this research. It is therefore highly
recommended to evaluate the effectiveness, efficiency and user satisfaction of the AR-IoT proof of concept
through controlled experiments. Please note that this was also the initial plan before the restrictions imposed
by Covid-19 on human subject testing at ESA-EAC. Extensive research and discussions with experts at ESA-EAC
have been performed regarding the setup of these experiments, described in Appendix A along with a feasible
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concept of operations described in chapter 5 which has been partly corroborated during the interviews by the
experts. In particular, regarding the idea of testing the tool with one subject only, under the assumption that
the two astronauts operate separately on the field, and then measure the time to accomplish the assigned tasks.

Moreover, assessing the usability of an AR-IoT tool through a video demonstration is certainly less intuitive and
more cumbersome for a user than trying the application in real life. Unfortunately, due to Covid-19 perform-
ing usability tests with human test subjects wearing the HoloLens with the application running on the device
was not possible as access to the hardware was denied and human subject testing with the device not allowed.
Thus, it is recommended to perform usability tests on the application prototype as soon as it will be possible
again. As initially planned, two usability tests, using the System Usability Scale (SUS) proposed by Brooke [93]
and complemented by Bangor, Kortum, and Miller [2] (see Figure E.1 and Figure E.2 in Appendix E) as well as
the Smart Glasses Usability Satisfaction (SGUS) questionnaire (see Figure E1 in Appendix F) proposed for the
WEKIT study [139], which also used the MS HoloLens, should be performed. Usability tests are crucial when
adopting a user-centered design methodology and should be done during the dry-runs before the actual con-
trolled experiments. It is recommended to perform the usability tests with at least two subjects from the user
target group, e.g. astronauts.

Another limitation of this study was that only a small number of experts, namely four, were available for an in-
depth interview while a rather larger but still low number of experts, seven in total, filled in the questionnaire.
Nevertheless, as can be seen in Table D.1 in Appendix D, most space-related AR studies involved small sample
sizes. In fact, it is believed that, as the participants were all experts, the study can be considered representative
even if the sample size is small. Despite that, future evaluations, in the form of usability tests and controlled
experiments, are recommended to be performed with a larger sample size of preferably experts to increase the
validity of this research.

A further source of bias may rely in the overly positive responses of the support engineers who are enthusiastic
about the tool and its potential. Nevertheless, it was noted from the interviews and the comments attached to
the questionnaires, that also astronauts are generally optimistic about the usefulness and helpfulness of the
AR-IoT tool. However, they are generally more cautious (as seen from the number of missing responses) in rat-
ing requirements compliance as trying the tool in real life was not possible and a comparison was not either.
Nonetheless, specifically one of the astronauts was generally more sceptical about AR tools due to unsatisfac-
tory experiences in terms of implementation of AR in tools used in the past.

Finally, as was just mentioned, with respect to the questionnaire data in some cases there was a high number
of missing responses, for nine questionnaire items there was a 28% of missing responses and in two cases even
42.8%. Missing responses were reasoned by the respondents of the questionnaire in the comment section as
follows: "cannot evaluate" or "cannot be assessed". A pattern of missing responses was noted in two respon-
dents specifically, in fact these two rated totally 48% and 52% of the items in the questionnaire. It should be
noted that no conclusions were drawn regarding questionnaire items, which were two in total, with 42.8%
missing responses as suggested by Jakobsen et al. [95].
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Conclusions

NASA is committed to land astronauts on the Moon by 2024. The lunar exploration program - Artemis aims
at using innovative technologies and systems to explore more of the Moon than has ever been done before.
The goal is to establish sustainable missions by 2028, use what is learned on and around the Moon to take
the next giant leap, namely sending astronauts to Mars. Activities planned during the missions of the Artemis
program, especially in early phases, involve finding and using water and other critical resources needed for
long-term exploration, investigating the Moon’s mysteries and acquire more knowledge on Earth and the uni-
verse by carrying out experiments. All these activities involve extensive lunar geological field work which is
orders of magnitude more complex than field geology on Earth. Extravehicular activities (EVAs) will become
increasingly more complicated than the tasks executed during the early Artemis missions and generally dur-
ing human spaceflight missions so far. EVA systems and crewmember skills that currently do not exist will be
required. Moreover, the most critical foreseen issues concerning these future missions will be long communi-
cation latencies. As a consequence, ground control will not be able to support the operations step by step, also
real-time monitoring and instructions will not be possible. Thus, crew will need to be more autonomous.

Therefore, modern human-machine interfaces have to be designed to support astronauts during their deep
space missions. Augmented reality (AR) has found a broad range of applications in many domains including
the space industry, specifically for procedural work. Several studies have been performed on the effectiveness
of AR in assisting procedure-guided tasks for both on-board and on-ground operations. While AR is currently
considered one of the key disruptive technologies, it is by far not clear how AR is best applied for future human
lunar and planetary surface exploration. This research strove to close this gap and identify key usability and
user interaction aspects, pertinent capabilities determining the adoption of AR tools, as well as provide essen-
tial insights into future human-machine interaction and design requirements for augmented reality technolo-
gies.

While some AR space-related studies recommended combining AR and IoT to enhance sensing and control of
surrounding devices other non-space related studies already demonstrated an increase in work-productivity
and situational awareness through the use of an AR-IoT tool. Nevertheless, only a few human spaceflight tools
that combine AR and IoT technologies to increase crew situational awareness and work-productivity have been
developed while a tool for EVAs specifically has neither been developed nor tested yet.

The aim of this study was to develop and investigate the usability of an AR user interface (UI) for future human
lunar and planetary surface exploration EVAs, more specifically for site evaluation activities, and its potential
in providing support to the crew when real-time communication with ground control is not available.

One main research question and several subquestions were posed at the beginning of this thesis. These will
be answered in relation to the theory outlined and the data gathered through the experts’ evaluations in this

chapter.

By combining all the observations and considerations from this study, an answer to the main research question
could be formulated:
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"is an augmented reality user interface a usable concept to tackle long communication laten-
cies, hence increase autonomy of astronaut crew during future human extraterrestrial surface
activities on the Moon and eventually on Mars?"

The answer to the question is that the AR-IoT tool developed is a potentially usable concept capable of en-
hancing crew autonomy during future human extraterrestrial surface activities on the Moon and eventually
on Mars.

To be able to design a tool that is usable and relevant to the use case it is designed for, one needs to understand
the type of activities that one is designing for and the type of information that is useful for the user and to be
provided by the user to accomplish the given tasks. An extensive user and task analysis based on literature
reviews, informal discussions with experts at the European Space Agency’s Astronaut Centre (ESA-EAC) and fi-
nally through in-depth interviews with experts at ESA-EAC was carried out. Relevant activities for the chosen
use case include: providing with site descriptions, performing geolocation site screenings which includes
detailed photo-documentation, performing analytical screening to identify the mineral spectras and tak-
ing site coordinates. It should be noted that the integration of analytical tools capable of geological sampling
was considered out of the scope of this project, however it is highly recommended for future implementation,
which is in line with experts’ suggestions. In terms of necessary information it could be deduced that con-
sumable levels, time allowance to reach a safe haven, as well as navigational data is essential for geological
site activities. While providing with navigational and traverse planning information was considered out of the
scope of this project, information on consumable levels are retrievable through the developed AR interface.
In fact, an IoT client-server architecture via Message Queuing Telemetry Transport (MQTT) protocol has been
successfully implemented allowing the AR application to interface with other surrounding devices. It is envi-
sioned that this setup can be expanded to the use of other devices for which an integration into the AR-IoT tool
is necessary.

To ensure and enhance the usability of a designed tool, the designer needs to make sure that design princi-
ples specifically relevant to the developed user interface are not violated. As mentioned earlier, for common
displays human factors design principles, standards and guidelines are well established in the space sector for
decades already. Nonetheless, with the emergence of new immersive technologies, relevant and applicable
design principles have to be determined first. Following a user-centered design methodology which involved
expert reviews, heuristic evaluations, requirements compliance questionnaires and in-depth interviews with
experts at ESA-EAC, relevant design principles that are applicable to AR were ascertained and afterwards com-
pared with prior AR space-related studies. It was concluded that existing principles that are still relevant
are: consistent, clear and relevant interface elements e.g. text, icons, labels and colours, as well as logical
groupings for the context of use. Providing with appropriate user feedback is fundamental as well as dis-
playing solely important task-based data to not overload the user. Ensuring a clear and intuitive navigation
through the interface as well as easy access to information and error-free operations are key usability factors.
According to the majority of the experts the above mentioned principles have been fulfilled in the design of the
AR-IoT tool. Aspects that have been specifically identified as decisive for AR interfaces and in particular for
the lunar and planetary EVAs are: displaying only strictly necessary information in the field-of-view (FOV)
of the astronaut such that situational awareness, thus safety are always ensured as well as adjusting interface
elements to the visual acuity of the user by adapting their distance and size. Moreover, as stressed by astro-
nauts AR interfaces should be as simple and easy to use as possible to not become a burden. AR tools should
also be following or even seconding the astronaut instead of the other way around and enable remote sup-
port capabilities. Additionally, an AR-IoT tool like the one developed shall offer integration possibilities with
external tools e.g. analytical tools and/or navigational tools, ensure easy data transfer as well as be opera-
tionally feasible, namely comfortable to wear and to use.

A major difference between an EVA and operations inside the International Space Station (ISS) is the kind of
interaction an astronaut can have with an AR system. While human-computer interaction (HCI) requirements
are also well established in the space sector for decades already, again with the emergence of new technolo-
gies such as AR, requirements have yet to be defined. While several studies have been performed regarding
the use of AR on-board the ISS, only a few have focused on the use of AR for EVAs, more specifically for lunar
and planetary surface exploration. To ensure usability, operational feasibility needs to be ensured and hence
appropriate means of interaction with the tool. While it can be concluded that the novel process of "double
confirmation" is considered a good multimodal interaction strategy as it allows for error-free operations as
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well as more user control and freedom over the user’s actions, no conclusions can be drawn regarding the
most suitable combination of inputs as a means of interaction. Some experts are satisfied with the idea of
gazing and clicking on a button, others suggest combining voice and clicking, more specifically voice as pri-
mary input and clicking on a button as backup whereas some others suggest gaze and voice, voice and hand
gestures or when technology will allow for it even eye-blinking or tongue clicking.

Generally, with respect to the type of user input, reported downsides of the use of a button are related to
the integration within the spacesuit as it can eventually hinder hands-free operations, moreover similarly
to gazing it is perceived as more mentally demanding compared to the use of voice, whereas voice input
is perceived as intuitive, always enabling hands-free operations and the least mentally demanding input.
While the button was rated as robust and reliable, the experts that participated in the questionnaires and
interviews remained sceptical on the reliability of gaze input. Nonetheless, heuristic evaluators who actually
wore the HoloLens and tried the application rated the gaze input as effective, clear and user-friendly. Hand
gestures are generally not preferred as these are not perceived as intuitive and user-friendly especially by
unfamiliar users. From the interviews and questionnaire data, it can be concluded that the majority of the
experts believes that voice is generally the most intuitive user input which may be related to the fact that it
is the least mentally demanding, thanks to its straightforwardness, and the most trustworthy. Other AR space-
related studies corroborate this finding, namely that voice is the most intuitive means of interaction, while
similar findings remain scarce for non-space related AR studies as most of these did neither focus on usabil-
ity aspects nor on voice as user input. In fact, voice was at times even discarded due to the low technology
readiness level of voice recognition technologies. Nevertheless, it appears that the preferred means of interac-
tion with other devices, in case hands- and/or eye-free interaction is crucial for successful operations, is voice
control e.g., control of in-vehicle systems and consumer electronics. Finally, from the interviews and question-
naires it resulted that, user interaction has to allow hands-free operations and has to be kept simple as well
as to the minimum, as has been underlined specifically by astronauts. It should be noted that the experts that
filled in the questionnaire and participated in the interviews did not have the chance to test the interaction in
person and had to base their opinion on a video demonstration of the AR-IoT tool. Having the astronauts and
astronaut geological field training experts actually test different input combinations for the double confirma-
tion strategy also referred to as multimodal interaction, while wearing the HoloLens, ensuring their reliability
and eventually allowing for user input customizability is definitely a recommendation for future evaluations.

Based on the research performed on the Apollo missions and EVAs in general, it became evident that workload
is high during these operations. Crew workload should be minimized based on NASA’s guidelines, moreover
reduced workload can lead to increased user satisfaction and therefore increased usability. No conclusions
could be drawn on whether the tool allows to minimize the user’s mental workload. While some experts
perceived the tool as less demanding to use as it integrates all the necessary actions for one of the most
tiring but essential tasks of terrestrial field geology, specifically taking site coordinates and detailed photo-
documentation and descriptions of the sites, others mentioned that an evaluation can be made and conclu-
sions drawn solely by comparison. Despite a concept of operation and a clear operational setup for the con-
trolled experiment had been developed in accordance with experts at ESA-EAC, tests could unfortunately not
take place due to Covid-19 restrictions.

The usability of the tool depends on several factors, such as: whether the user target group, in this case as-
tronauts, perceives the tool as useful, helpful and operationally feasible. In fact, these factors will be decisive
in the adoption of the tool in the first place. The AR-IoT tool was perceived as helpful and useful by both
astronauts and support engineers. The tool was defined as promising for geological site inspections and po-
tentially easier and faster compared to the currently used tools, such as the Electronic Field Book (EFB) on
tablet which does among other things not allow for an important aspect especially mentioned by astronauts in
the interview, which is hands-free operations. The tool was also defined as operationally feasible, especially
as it has the potential to replace the EFB on a tablet which was unfeasible at times during Pangaea analogues
as crew had too many tools to handle simultaneously. Nevertheless, the operational feasibility has to still be
tested in the field where the integration of mapping and navigation aids will be crucial. Finally, the operational
feasibility will also depend on how reliably and easily the AR-IoT tool can be operated within the suit, which is
yet to be determined.
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Controlled Experiment Design

To evaluate the effectiveness, efficiency and user satisfaction of the AR-IoT concept the initial plan, before
the restrictions on human-subject testing at the European Space Agency’s Astronaut Centre (ESA-EAC) due
to Covid-19, was to perform experiments in a laboratory environment. The experiments were supposed to
be carried out in the Training Hall at ESA-EAC, in Cologne. It is recommended to carry out these tests in a
later moment in time before testing the tool during an actual Caves & Pangaea expedition or similar analogue
missions.

A.1. Participants

The plan initially entailed the selection of 20 participants from ESA-EAC in Cologne for the chosen operational
test scenario, for more information see chapter 5. This is the minimum number to achieve statistically signifi-
cant numbers according to Nielsen [106]. It is forecast that most of the participants will not be familiar with AR
nevertheless, differences between subjects have to be taken into account. Participants would consist of mostly
ESA staff including astronauts, astronaut geological field activities experts, past analogue mission participants
and eventually Spaceship EAC and Caves and Pangaea interns. The aim was to have 10 (50%) female and 10
(50%) male participants.

A.2. Experiment Design

The scenario chosen is simple and designed such that not too many factors are involved and a fair comparison
with the conventional media and tools is possible.

The concept of operation (ConOps) or operational test scenario has been explained in detail in chapter 5.
This is recommended to be reviewed and verified through additional feedback from Caves & Pangaea experts
besides the literature study on several analogue missions reported in chapter 5 and the in-depth interviews
with experts who addressed tested ConOps. It is recommended to compare two scenarios, one that involves
the use of the AR-IoT tool and the other which involves the use of a cuff-checklist as was the case during
Apollo missions. The scenario involving the HoloLens is illustrated in Figure A.1 while the scenario involving
conventional media e.g. the cuff-checklist is illustrated in Figure A.2.
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NEEDED TASKS NEEDED
EV1 1 Mcc
1 -Checklist
Troubleshootin
HoloLens Report on: System Checks 550014 and support in case of -Stopwatch ¢
with application -Communication * - ) anomaly -Notepad
running on the -Suit (Biomedical 1
device data and 1
consumables level) Airlock Egress
1
Start Traverse
Post-it Move to site by 1
on following outlined 1
ground path ] Monitor -Checkl\stv
f - I- - ) Respond and Support only Tra_)sugejvr;?a:mg
in case of anomaly P
1 -Notepad
HoloLens Decision-making 1
with
i process 1
Criteria/ (obstacle/TOP)
Cheatsheet 1
for TOP
Arrival at Target Area
1
1.Site creation 1 Monit -Checklist
2. Survey from distance and different 1 onior i
_ v erspectives f -— ) Respond and Support only Troubleshooting
HoloLens with Persp 1 in case of anomaly -Stopwatch
instructions 3. Take pan 360 1 -Notepad
4.Take photo
1
Airlock Ingress
1
1

LEGEND:

Communication
EV and MCC if and
only if strictly
necessary

Figure A.1: Extravehicular crew (EV1) and Mission Control Centre (MCC) tasks in chronological order throughout the different EVA
phases and the required instructional media respectively. It should be noted that this scenario includes the HoloLens. Note that a
communication system is not displayed in this figure but required.
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NEEDED TASKS NEEDED
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! o -Checklist
' “Vionitor Troubleshootin,
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Start Traverse
Post-it Move to site by 1
on following outlined 1
ground path -Monitor -Checklist
(_ - '_ - ) -Respond and Support only Troubleshooting
1 in case of anomaly -Stopwatch
Cuff- 1 -Note down reported information -Notepad
checklist Decision-making 1
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Cheatsheet 1
for TOP Arrival at Target Area -Monitor
1 -Respond and Support only
. 1 in case of anomaly
1.Site creation -Note down reported information -Checklist
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Cuff-checklist with perspectives 1 -Stopwatch
instructions 3. Take pan 360 1 -Notepad
4.Take photo
Camera capable of I
(photo+video) Airlock Ingress
1
1

LEGEND:

<--->»

Communication
EV and MCC

Figure A.2: Extravehicular crew (EV1) and Mission Control Centre (MCC) tasks in chronological order throughout the different EVA
phases and the required instructional media respectively. It should be noted that this scenario includes the cuff-checklist. Note that a
communication system is not displayed in this figure but required.
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A.3. Test Equipment

The IoT network consists of a Raspberry Pi [202] which receives and manages data from several different types
of sensors. It should be noted that this IoT network is modular such that different types of sensors can send
data to the Raspberry Pi. In case the experiment is carried out as suggested in the Training Hall at ESA-EAC
without the test subject wearing a suit, it is suggested to simulate sensor data from the IoT network, as mean-
ingful information on for instance: suit pressure, oxygen level and water level, cannot be retrieved. The AR
cues are generated using in-house software that is programmed in Unity [227] and is displayed on the Mi-
crosoft (MS) HoloLens [163]. For more information on the hardware used as well as the hardware and software
integration the reader is referred to subsection 3.1.1 and subsection 3.1.2. It should be noted that in the sce-
nario where no HoloLens is involved, a device that is capable of displaying the IoT health status data through a
custom Graphical User Interface (GUI) and taking photos as well as panoramic 360 photos is required. For this
it is recommended to use an Android phone as the GUI developed for these tests was specifically developed
for Android devices (see subsection 3.1.2). Moreover, a communication system to talk to the simulated MCC
shall be provided to all test subjects.

A.4. Instruction Methods

As mentioned earlier, the initial plan was to compare two scenarios to assess the usability of the AR-IoT tool
in a realistic and feasible operational setting. For this, different instruction methods were to be provided, the
innovative technology to be tested namely the AR-IoT tool and the conventional tool, more specifically the
cuff-checklist. To summarise:

instruction method 1: AR-IoT tool and Mission Control Centre (MCC) as ground control.
instruction method 2: Cuff-checklist and Mission Control Centre (MCC) as ground control.

Please note that the details on the task instructions given and the guidelines are described in detail in sec-
tion 5.3.

A.5. Procedure

Before the test, participants should be requested to complete a demographic questionnaire in which they are
requested to mention: age, gender and whether they have experience with AR technology and/or geological
field activities. After that, the test subjects should be provided with a brief task instruction described in sec-
tion 5.3 and then they should be ready to start the test. Only in the case the test subject would have to perform
the test using the HoloLens he or she should be briefly familiarized with the way a user can interact with the
interface, namely gaze and click to confirm. They should also be informed about the fact that the application
features speech recognition.

A.6. Task Instructions

Task instructions given to the test subjects should be limited. At the start of each test, participants should be
told that they have to perform tasks related to geological site inspection activities for which they are given suf-
ficient instructions to be followed. More specifically, the test subjects should be requested to:

"perform the tasks as accurate and as fast as possible while maintaining adequate situational awareness and
following the instructions given by tool at hand."

In case the test involves the use of the MS HoloLens, the user should be familiarized with the tool first, es-
pecially with the hands-free interaction possibilities. A quick interaction trial by gaze and click should be
performed, moreover the user should be made aware of the fact that the device avails of speech recognition.
Participants should also be instructed on how to use the communication device e.g., press button A and speak.

In case the test involves the use of the cuff-checklist and communication with MCC who acts as transcriber of
the information, participants should be instructed on how to use the communication device e.g., press button
A and speak. Furthermore, participants should be provided with a device capable of: taking photos, panoramic
360 photos and of displaying consumable levels and biomedical data on a GUIL
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After that, each participant should be requested to locate themselves at the airlock and perform system checks
in communication with MCC who should provide with all required instructions to accomplish this task.

In fact, from Figure 5.1 and Figure A.2 it can be seen that the first task that crew would have to perform would
be carrying out system checks. In this case crew should report to ground control whether voice communica-
tion is working nominally and in case the HoloLens is used, whether the HoloLens application is functioning
nominally. These system checks do not require any knowledge by the participant as all instructions would
come from ground control. Moreover, in both cases crew would be requested to report suit data consisting of
biomedical data, namely suit pressure, heart rate, temperature and consumable levels more specifically water,
oxygen and carbon dioxide. System checks would be performed with Mission Control Centre (MCC), this is a
pre-task. It means that the time taken to accomplish this task and accuracy in carrying out this pre-task would
not be considered in the results analysis.

Upon system checks completion, the test subject would be instructed to egress the airlock and start the out-
lined traverse by means of post-its on the ground until the marked target area would be reached where the
test subject would be requested to perform all the requested site evaluation activities. All tasks should be per-
formed with the sole use of the tools provided (HoloLens or cuff-checklist). Special attention should be taken
during the traverse and interesting sites, so called targets of opportunity (TOPs) should be "logged" or reported
to ground with the HoloLens or through the voice communication devices, respectively.

It should be noted that the path outlined by the post-its would have not have been visible to the test subject
prior to that moment.

Once the airlock is egressed, the stopwatch would be activated. The participant would then soon reach the
first TOP, quite evidently marked by a certain number of rocks placed in the middle of the path where he or she
should be logging data with the HoloLens or via communication with ground, as accurately as possible, fol-
lowing the instructions on the HoloLens or cuff-checklist regarding the features to document. The test subject
would know which option to select on the HoloLens to log the data of a target of opportunity (TOP) as it would
be named accordingly. The user would have to report on:

e Number of rocks
¢ Colour of the rocks
¢ Other notable characteristics of the surrounding area

After that, the participant should continue the traverse through the outlined path to the target area where he
or she was requested to perform a site evaluation activity. The participant would know which tasks to perform
as they are specified under the option "site evaluation" on the HoloLens and as such in the cuff-checklist.
Upon arrival at the marked target area, the participant should create a waypoint by placing a flag or a physical
marker attached in the provided cuff-checklist, respectively and document the area based on the specified cri-
teria, which are the same as for the TOP evaluation, moreover the subject would be requested to take a regular
photo and a panoramic photo with the HoloLens or the given device, respectively.

The stopwatch should be stopped once the test subject signals that he or she is done with the test.

The idea behind the given task is to keep them as simple as possible to reduce the workload and task complex-
ity for users that are completely new to the field of augmented reality.

It should be noted that the role of the IoT in this test scenario is among others marked by the presence of a
predetermined traverse map, in fact in this scenario it is assumed that a lunar or planetary rover part of the
internet-of-things network has previously mapped the area and the data gathered would have then been used
to create a map of the area to determine interesting sites or target areas and the associated traverse. Moreover,
sensors embedded in the astronaut suit and the life support system are considered part of the internet-of-
things network leading to enhanced realism of the scenario. The data obtained and displayed to the partici-
pant during the test is not meant to influence the results, it is however meant to enhance realism and showcase
a useful and expandable feature for later geological field training activities to the experts. In fact, during Caves
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& Pangaea campaigns, carry-on "sensor boxes" containing different environmental sensors, required for in-
stance to explore caves, are employed. It follows that integrating the information from these sensors into the
AR-IoT tool would be straightforward and useful.

A.7. Guidelines

For crew members to know which kind of information is required to be collected during the different phases
of the EVA, guidelines need to be established by the science team prior to the expedition.

The cuff-checklist created for the operational scenario of this research is inspired by the cuff-checklists cre-
ated for the BASALT analogues [12] and Apollo cuff-checklists shown in Figure 2.3 and Figure 2.2 used by the
EV crew as prompts for what descriptions they should be reporting at different stages in the EVA.

For the selected concept of operation the "dummy" observational data mentioned earlier has to be collected,
namely: number of rocks, colour of the rocks and other notable characteristics of the surrounding area.

The following guidelines in form of cuff-checklist displayed in Figure A.3 are given during the test scenario
employing conventional media. Note that, a physical marker was planned to be attached to the cuff-checklist.
The HoloLens application avails itself of the same instructions under the site evaluation option. The same
instructions of data logging of the TOPs are incorporated under the "log data" option in the AR interface. It
should be noted that despite the fact the naming "log data" and "data logging of the target of opportunity" are
not consistent yet, this would have been ensured before the test. A cheat sheet in this case is not necessary as
the tasks requested to be performed are consciously simplified to avoid the need of prior training or briefings
of inexperienced users.

DATA LOGGING OF TARGET OF GEOLOGICAL SITE
OPPORTUNITY (TOP) EVALUATION
1. Place this (->) marker to

1. Report number of rocks to create the site

Mission Control Centre 2. Describe the site

2.a Report number of rocks to Mission Control

2. Report colour of rocks to Centre

Mission Control Centre 2.b Report colour of rocks

2.c Report notable features of the area

3. Report notable features of R
to Mission Control Centre

TOP area to Mission Control
Centre 3. Take photo
4.Proceed on the outlined

4. Take panoramic photo 360
traverse

5. Report end of activities to
Mission Control Centre

VOICE COMMUNICATION
WITH MISSION CONTROL CENTRE

To communicate with Mission
Control Centre keep button A on
the Belt Pack

pressed and speak

Figure A.3: Cuff-checklists provided as instructions for the TOP evaluation and the target area evaluation during the controlled
experiment with conventional media.

116



A.8. Evaluation Metrics

From literature it was concluded that most AR space application studies focused particularly on usability, and
obtained mostly qualitative results, from user feedback and direct observations, rather that quantitative results
based on effectiveness and efficiency metrics such as task completion time and accuracy/error rates (see sub-
section G.2.2). This research was initially aimed at obtaining quantitative results as well as qualitative results.
To compare the two instruction modes, objective and subjective metrics had been chosen. As mentioned in
literature, objective and subjective metrics are most of the time complementary [96]. From an extensive liter-
ature study, it was concluded that to evaluate effectiveness and efficiency the most common metrics are error
rates/accuracy and task completion time, respectively. For the definition of effectiveness and efficiency the
reader is referred to subsection G.7.3. The target group of this application are astronauts more specifically
extravehicular (EV) crew members who have to perform extravehicular activities (EVAs). As mentioned in sub-
section G.1.3 EVAs are of limited duration and represent a high physical and mental workload for the crew.
Furthermore, the primary goal of EVAs is to maximise the scientific outcome. Therefore, time and accuracy
are crucial in these activities. Hence, to assess the usability of the tool, it becomes essential to test the required
time for task completion and accuracy. Finally, as part of the user-centered study method, it is crucial to eval-
uate user satisfaction, this is done through user rating scales. To assess the usability of the tool, the System
Usability Scale (SUS) (see Figure E.1 and Figure E.2 in Appendix E) and the Smart Glasses User Satisfaction
Questionnaire (SGUS) (see Figure E1 in Appendix F) are recommended to be used after the tests. To assess
workload, either the NASA TLX (see Figure G.14 in Appendix G) or the Bedford scale (see Figure G.15 in Ap-
pendix G) are recommended to be used. Workload is known to be high during EVAs (see subsection G.1.2) and
should be minimized, hence it is considered a relevant metric to investigate.

A.9. Variables

The experiment’s independent variables collected for the statistical analysis are as follows: subjects, instruc-
tion modes, tasks and total number of trials. 20 subjects (10 male, 10 female, mean age TBD) are recom-
mended. There are two instruction modes, one with ground support and cuff-checklists, the other with AR-
IoT tool on MS HoloLens and ground support. One task namely a geological field inspection task should be
carried out. This leads to 40 trials in total. The experiment’s dependent variables collected for the statistical
analysis were planned as follows: task completion time in seconds, error rate/accuracy based on a wrong task
completion and workload assessed through NASA TLX or Bedford scale. User rating scales were planned to be
used to assess user satisfaction.

A.10. Hypothesis

The following hypothesis are to be tested:

Hypothesis 1: When compared to conventional media, the AR-IoT tool will reduce the amount of time to com-
plete the EVA task: a geological site inspection.

Hypothesis 2: When compared to conventional media, AR-10T tool will enhance accuracy/reduce errors of the
EVA task: a geological site inspection.

Hypothesis 3: When compared to conventional media, the AR-IoT tool will reduce cognitive load of the EVA task:
a geological site inspection.

A.11. Data Collection

The following recommendation is made for data collection, namely that during each trial demographic in-
formation such as age, gender and whether the participant has had experience with AR technology and/or
geological field activities in the past is collected through the use of a questionnaire. The objective metric to
assess efficiency namely task completion time is recommended to be collected through the use of a stopwatch.
From the moment the test subject has completed the system checks and everything is working nominally the
stopwatch should be started. The stopwatch should be stopped after the target area site inspection is com-
pleted, more specifically when the test subject clearly signals task completion. In case technical issues occur
the test subject should be assisted by the Mission Control Centre (MCC) and the stopwatch should be paused
until the issue is fixed and the test subject can continue nominal operations. The amount of time operations
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were paused should be documented. The objective metric to assess effectiveness namely accuracy/error rate
is recommended to be collected in the following manner. The test subject is supposed to complete a number
of tasks during the traverse and when arriving at the target area, these tasks are all specified in the AR-IoT tool
and on the cuff-checklist. Every missed tasks should be accounted for as an error and every task that is not
performed according to the given scheme should be accounted for as an error as well. Data on the subjective
metrics such as user mental workload and user satisfaction should be collected through predefined question-
naires and user rating scales namely the Bedford scale (see Figure G.15 in Appendix G) or the NASA TLX (see
Figure G.14 in Appendix G) and the System Usability Scale (SUS) (see Figure E.1 and Figure E.2 in Appendix E)
as well as the Smart Glasses User Satisfaction Questionnaire (SGUS) (see Figure E1 in Appendix F).
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Heuristic Evaluation

Table B.1: Heuristic Evaluation Questionnaire

Strongly disagree | Disagree | Neutral | Agree | Strongly Agree | G

The system status feedback is visible for every user action (1)

The response times are appropriate to the user (1)

The icons are concrete and familiar (2) [V2 10044, NASA STD-3001 vol.2]

The user is free to control their actions (3)

The user interface is i (4) [V210038, NASA STD-3001 vol.2]

The user interface is legible (4) [V2 10039, NASA STD-3001 vol.2]

Font size and type ensures acquisition, readability, and interpretability
of the display allowing for timely and accurate processing of information. V2 10050, NASA STD-3001 vol.2>V2 10050, NASA STD-3001 vol.2

The prompts are brief, unambiguous and imply the user is in control (6, 7)

The color and brightness contrast is good (6)

Instructions for use of the system are visible or
casily retrievable (6, 8)

Dialogues contain relevant information to the current task (8) [V2 10041, NASA STD-3001 vol.2]

Displays and controls are visible and easily accessible [V2 10029, NASA STD-3001 vol.2]

The system provides the display area to present all critical
task information within the user’s Field-of-View (FoV) [V2 10037, NASA STD-3001 vol.2]

The displayed information is relevant, sufficient, but not excessive, to allow the crew to make decisions
and perform the intended actions [V2 10040, NASA STD-3001 vol.2]
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Table A.1: Heuristic Evaluation Questionnaire

Strongly disagree | Disagree | Neutral | Agree | Strongly Agree | Comments

The system status is visible for every user action (1)

The response times are appropriate to the user (1)

X

The icons are concrete and familiar (2) [V2 10044, NASA STD-3001 vol.2]

The user is free to control their actions (3)

X

The user interface is i (4) [V2 10038, NASA STD-3001 vol.2]

The user interface is legible (4) [V2 10039, NASA STD-3001 vol.2]

N oW =

Font size and type ensures acquisition, readability, and interpretability
of the display allowing for timely and accurate processing of information. [ V2 10050, NASA STD-3001 vol.2]

X
X

The prompts are brief, unambiguous and imply the user is in control (6, 7)

The color and bri contrast is good (6)

o ©om®

Instructions for use of the system are visible or
easily retrievable (6, 8)

11 | Dialogues contain relevant information to the current task (8) [V2 10041, NASA STD-3001 vol.2]

12 | Displays and controls are visible and easily ible [V2 10029, NASA STD-3001 vol.2]

13 | The system provides the display area to present all critical
task information within the user’s Field-of-View (FoV)[V2 10037, NASA STD-3001 vol.2]

14 | Thedisplayed information is relevant, sufficient, but not excessive, to allow the crew to make decisions
and perform the intended actions [V2 10040, NASA STD-3001 vol.2]

1. no feedback on:

- recording

- saving

- take pan: how good, when done, when saved
- how to move the flag

good feedback on the flag

2. Rapid
3. -icons good
-change naming of the "reference”
4. - no free to control on guide references as the go backward is missing
- on where to take the photo

5. enlarge the steps of the guided procedure, introduce intermediary steps
6. OK

7. 0K

8. additional ones for photo and pan 360

9. more elaborate process for references and change the name
10. OK

11. OK

12. OK

13 Loose flags, forget where

14. not always enough, e.g pan, photo

Figure B.1: Heuristic Evaluation by Evaluator 1
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N oW =

o ©om®

1
12
13

Table A.1: Heuristic Evaluation Questionnaire

Strongly disagree

Disagree

Neutral

Agree

Strongly Agree

Comments

The system status is visible for every user action (1)

The response times are appropriate to the user (1)

The icons are concrete and familiar (2) [V2 10044, NASA STD-3001 vol.2]

The user is free to control their actions (3)

The user interface is i (4) [V2 10038, NASA STD-3001 vol.2]

The user interface is legible (4) [V2 10039, NASA STD-3001 vol.2]

X XXX

Font size and type ensures acquisition, readability, and interpretability
of the display allowing for timely and accurate processing of information. [ V2 10050, NASA STD-3001 vol.2]

The prompts are brief, unambiguous and imply the user is in control (6, 7)

The color and bri contrast is good (6)

X

Instructions for use of the system are visible or
easily retrievable (6, 8)

Dialogues contain relevant information to the current task (8) [V2 10041, NASA STD-3001 vol.2]

Displays and controls are visible and easily [V2 10029, NASA STD-3001 vol.2]

XX

The system provides the display area to present all critical
task information within the user’s Field-of-View (FoV)[V2 10037, NASA STD-3001 vol.2]

The displayed information is relevant, sufficient, but not excessive, to allow the crew to make decisions

and perform the intended actions [V2 10040, NASA STD-3001 vol.2]

1. -pan 360 feedback, when starts, when done missing

- microphone feedback, when recording, when not recording missing

- feedback on flag, drag and drop
2. 0K
3.0K simple, coherent, clear
4.doing what desired
5. not 100% consistent due to loading bar. get rid of the animation
6. OK
7. feedback message "photo taken" font size bigger
8. Ok
9. OK
10. drag and drop placement instructions
11. OK

12. OK, good display proximity

13. no comment

14. not enough, info on drag and drop flag missing

Figure B.2: Heuristic Evaluation by Evaluator 2
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Table A.1: Heuristic Evaluation Questionnaire

Strongly disagree | Disagree | Neutral | Agree | Strongly Agree | Comments

The system status is visible for every user action (1)

The response times are appropriate to the user (1)

X

The icons are concrete and familiar (2) [V2 10044, NASA STD-3001 vol.2]

X

The user is free to control their actions (3)

X

The user interface is i (4) [V2 10038, NASA STD-3001 vol.2]

The user interface is legible (4) [V2 10039, NASA STD-3001 vol.2]

N oW =

Font size and type ensures acquisition, readability, and interpretability
of the display allowing for timely and accurate processing of information. [ V2 10050, NASA STD-3001 vol.2]

The prompts are brief, unambiguous and imply the user is in control (6, 7)

The color and bri contrast is good (6)

o ©om®

Instructions for use of the system are visible or
easily retrievable (6, 8)

11 | Dialogues contain relevant information to the current task (8) [V2 10041, NASA STD-3001 vol.2]

12 | Displays and controls are visible and easily ible [V2 10029, NASA STD-3001 vol.2]

XX XX X X

13 | The system provides the display area to present all critical
task information within the user’s Field-of-View (FoV)[V2 10037, NASA STD-3001 vol.2]

14 | Thedisplayed information is relevant, sufficient, but not excessive, to allow the crew to make decisions
and perform the intended actions [V2 10040, NASA STD-3001 vol.2]

1. -No action message required "click to confirm”, once the loading animation is gone,
on hover change color, on click trigger action, text requires too
much cognitive effort.
- have an active and a passive button state
- feedback for photo taken, replace text with other feedback, color/sound
-microphone state feedback insufficient
-what have | opened, visual reference
2. - get rid of loading animation
3. -Save icon
- Delete icon replace with clear and put trash can
. -References are restrictive, missing an overview of available options
. -consistency low due to inconsistent loading animation (e.g photo)
- font size
OK

s

o

Figure B.3: Heuristic Evaluation by Evaluator 3
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7. 0K

8. ambiguous prompts, e.g photo and microphone. Prompt
for deletion is required to confirm the action

9. OK

10. OK

11. OK

12. OK

13. References not in FOV

14. written text not always necessary. Differentiate
navigation and action type of buttons
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Strongly
Disagree

Disagree

Neutral

Agree

Strongly
Agree

Comments/Feedback
Suggestions

1. The application is useful and
helpful for future astronaut
geology field training and
geology field exploration
activities on the Moon.

2. The application is
operationally feasible for future
astronaut geology field training
and geology field exploration
activities on the Moon.

3. Only data that is important to
mission success and significant
in terms of crew interface is
provided.

4. The overall display design is
based on the geological site
inspection tasks that will be
performed with the display.

4. a Specific data shown, the
display layout and groupings,
and the choice of display
elements is driven by
operational requirements.

4. b Information is logically
grouped according to purpose,
function, or sequence of use
(e.g., either a left-to-right or
top-to-bottom orientation).

4. c The display follows
operational flows and allows
task completion with the
minimum number of actions.

5. The display is consistent
when grouping/ordering display
elements.

6. The interface elements,
colours and provided feedback
are consistent.

7. The interface elements (e.g.,
text, icons, labels, objects) are
clear and relevant.

8. Information density is held to
a minimum in displays used for
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critical geological site inspection
tasks.

9. Primary information required
for performing a geological site

inspection task is on a summary
display.

10. Information layering, via
secondary displays or dialog
boxes, is implemented to
provide supplemental
information in support of the
primary display (e.g., specify
options available to the
crewmember or to provide
details).

11. The interface is designed for
efficient use of crew time and
to minimize crew and flight
controller training time.

12. The number of user inputs
e.g. gestures/voice/gaze
needed to perform simple or
routine functions is minimized.*

13. A help function is accessible
to the crewmembers.

14. Display design facilitates
error-free operations.

15. Data is protected from
inadvertent errors and
hardware failures e.g. frequent
saves.

16. When a process is initiated
or completed, crew member
feedback is provided.

17. When an input is required,
an indication is provided to the
crewmember, e.g., a cursor
change.
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18. If the completed command
implies the need for further
crewmember action, the need
for action is indicated.

19. The application responds to
crewmember interaction with
appropriate feedback.*

20. Navigation through the
interface is clear and intuitive.*

21. The application minimizes
the user’s mental workload.*

22. The interface is satisfying
for crewmembers and training
members.

23. The required information is
easily found and accessed.

24. It is possible to understand
what the features of the
application represent and to
realize the integration of the
different media.

25. The application is "astronaut
crew-friendly".

26. The application has the
potential to become "flight
proven" assuming that
augmented reality technology
will be an integral part of the
astronauts’ EVA helmet.

*Despite the fact it is difficult to rate these aspects without wearing the HoloLens with the
application running on the device, please try to rate the questionnaire statement based on
your understanding of the material provided: video demo, screenshots, additional
information.
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Review of Space-related AR Studies
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Table D.1: Summary of space-related AR studies and projects.
(Please note that O and S stand for objective and subjective, respectively. N/A indicates that it is not applicable to the study/project.)
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System Usability Scale
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1. | think that | would like 1o
use this system frequently

2. | found fhe system unnecessanly
compiex

3. | thought the sysiem was easy
to use

4. | think that | would need the

support of a technical persan to
be able to use this system

5. I found e various funciions In
this system wara well Integrated

6. | thought there was fno much
Inconslstency In this system

7. | would Imagine that most people
would leam fo use this system

very quickly

8. | found e system very
cumbersome to uss

9. | falt very confident using the
sysiem

10. | needed to leam a lot of
things before | could get going
with this system

Figure E.1: System Usability Scale [93]

11. Overall, I would rate the user-friendliness of this product as:
[m] O O O m] [m] O
Worst Awful Poor OK Good Excellent Best
Imaginable Imaginable

Figure E.2: Adjective Rating Scale added to the System Usability Scale [2]
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Smart Glasses User Satisfaction (SGUS)
Questionnaire
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Gl With AR-glasses | could access information at the most appropnate place and moment.

strongly disagree (1) disagree  somewhat disagree (3)  netther agree or disagree (4] somewhat agree (5] Agree  strongly
) ®) agree(l)

Content displayed on the AR-glasses made sense in the context | used it.

strongly disagree (1) disagree  somewhat disagree (3)  nerther agree or disagree (4)  somewhat agree(5) Agree  stromgly
2) 6)  agre(7)

AR-glasses provided me with the most suitable amount of information.

strongly disagree (1) disagree  somewhat disagree (3)  neither agree or disagree (4)  somewhat agree(5)  Agree  stromgly
{2) 16) agree (7)

GL4 AR-glasses allowed a natural way to interact with information displayed.

strongly disagree (1) disagree  somewhat disagree (3)  nerther agree or disagmee (4)  somewhat agree(5)  Agree  stromgly
i2) 16) agree (7)

I had a good conception of what is real and what 1s augmented when using AR-glasses.

strongly diagree (1) disagree  somewhat disagree (3)  neither agrec or disagree (4)  somewhat agree(5)  Agree  stromgly
12) i6) agree (7)

The interaction with content on AR-glasses captivated my atiention in a positive way.

strongly disagree (1) disagree  somewhat disagree (3)  neither agree or disagree (4)  somewhat agree(5)  Agree  strongly
{2) (3] agree (T)

(17 The instructions given by AR-glasses helped me to accomplish the ask.

strongly disagree (1) disagree  somewhat disagree (3)  neither agree or disagree (4)  somewhat agree(5)  Agree  strongly
{2) (3] agree (T)

GLS 1 understood what is expected from me in each phase of the task with the help of AR-glasses.

strongly disagree (1) disagree  somewhat disagree (1)  neither agree or disagree (4)  somewhat agree(5)  Agree  strongly
{2) 16) agree (7)

GLY Performing the task with the help of AR-glasses was natural to me.

strongly disagree (1) disagree  somewhat disagree (1)  neither agree or disagree (4)  somewhat agree(5)  Agree  strongly
12) i) agree (7)

Giit While using AR-glasses, [ was aware of the phase of the task at all umes during the execution of the task.
strongly disagree (1) disagree  somewhat disagree (1)  neither agree or disagree (4)  somewhat agree(5)  Agree  strongly
2} 6)  agree(T
Gl While using AR -glasses, | was able to pay attention to the essential aspects of the task all the nme.

strongly disagree (1) disagree  somewhal disagree (3)  neither agree or disagree (4)  somewhat agree(5)  Agree  strongly
) ) agme(7)

Figure E1: Smart Glasses User Satisfaction (SGUS) Questionnaire [35]
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Literature Study

In this chapter, first an overview of human space exploration activities is given in section G.1, then the state-
of-the-art of augmented reality (AR) technology is presented in section G.2 as well as the state-of-the-art of the
internet-of-things (IoT) technology in section G.3. After that, methods currently used to integrate AR and IoT
technologies are investigated and presented in section G.4. Furthermore, user interface design approaches
are presented in section G.5. Then, augmented reality interface design considerations are presented in sec-
tion G.6. After that, evaluation and testing methodologies inherent to the user-centred design methodology
are presented in section G.7.

G.1. Human Space Exploration Activities

In this section, first a general introduction on Extravehicular Activities, so called EVAs is given. Then, EVA
design considerations are elaborated upon in. Third, an overview of the EVAs that have been performed on the
lunar surface during the Apollo missions is given. Consequently, the information tools used during the Apollo
mission EVAs, including recommendations from Apollo crewmembers, are presented. Finally, predicted issues
related to the new era of human space exploration, where astronauts will go to Moon, Mars and beyond, will
be elaborated upon.

G.1.1. Extravehicular Activities

EVAs are defined as any activity carried out by a pressure-suited astronaut crewmember in an unpressurized or
space environment. These activities can be carried out on a space station or on the surface of another celestial
body (e.g. Lunar or Martian surface). EVAs can be classified in three classes [31]:

¢ Scheduled
¢ Unscheduled
¢ Contingency

Scheduled activities include tasks that need to be carried out to support specified mission operations, these
are activities that are part of the baseline scheduled timeline and therefore planned. An unscheduled EVA is
an unplanned activity that is not included in the baseline timeline but is needed to reach mission success,
mission enhancement, or to repair or override failed systems. The contingency EVA is conducted to ensure the
safety of the vehicle or crew or to enable the safe return of the vehicle [31].

A further classification of EVAs can be made based on the level of complexity of the EVA, there are basic, mod-
erately difficult, or difficult activities. Basic EVAs require the use of standard tools, restraints, or mobility aids,
no special training is needed, there is little coordination between astronaut crewmembers, they involve eas-
ily accessible work sites and they do not expose crewmembers to unique hazards [31]. Moderately difficult
EVAs are simple procedure-wise, however they require additional tools or equipment and skills that are not
frequently used. During moderately difficult EVAs more coordination between EVA crewmembers is neces-
sary, adjustments of existing procedures and techniques might be required as well as more in-depth training
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[31]. Difficult EVAs involve a unique skillset, as they require specialized tools or mobility aids and pose access
or restraint problems. Moreover, intense and/or time critical coordination between the EVA crew, the Intra-
Vehicular Activity (IVA) crew and the application of a remote manipulator system operator are needed [31].

Typical EVAs in space and/or on a celestial bodies’ surface include [31]:

* Mechanical support to accomplish the most important mission objectives. These include activities such
as berthing, assembly, capture, deployment, positioning, and connecting or disconnecting utilities or
large space structures or satellites. Furthermore, removing launch restraints and covers, deploying an-
tennas, sensors, cameras as well as fastening (bolting or latching) together structural components.

e Maintenance and support activities which include: inspecting and replacing equipment modules or
orbital replacement units, activating or deactivating experiments, retrieving samples, resupplying pro-
pellant or fluids and repairing damages.

¢ Transfer which involves the movement of cargo, equipment, and personnel, including the transfer of
disabled crewmembers. Robotic aids can be used for these tasks.

¢ Experimentation with new hardware or techniques in an extravehicular (EV) environment.

* Inspection of hardware through observations or photographs.

G.1.2. Extravehicular Activity Design Considerations

There are several design considerations to be made when creating hardware for astronaut crewmembers as-
signed to EVAs. Guidelines to be considered when designing EVA systems and planning EVA tasks to maintain
the EVA crewmembers’ physiological well-being have been set. Tactile limits, eye/hand coordination, reaction
time, strength capabilities, workload, food and drinking water, body waste management, medical monitoring,
and atmospheric conditions are all aspects to be considered. Analysing all topics is out of the scope of this
research, nevertheless relevant aspects for this research are addressed. The design considerations as outlined
in NASA’s "Man-System Integration Standards" include [178]:

* EVA vision is influenced by the changes in atmospheric attenuation, transmission of light via the helmet
and visors, and requirements set for the visual display.

¢ Eye and hand coordination for an EVA crew wearing a spacesuit is altered by the limits of the specific
pressure suit.

* Sensory perception and reaction time change in response to the stimuli in the space environment and
the pressure suit hindrances.

* EVA workload needs to be addressed. EVAs require a high mental and physical effort, to minimize crew
workload and maximize crew efficiency, planned EVAs should be performed from a preset location. Task
familiarization as well as training help in reducing the workload.

¢ EVA medical monitoring systems should be comfortable for the EVA crew and not hamper operations.
A real-time physiological monitoring system shall be provided for each EVA crewmember to measure
physiological parameters. Crew should be able to detect physiological stress and/or excess while per-
forming an EVA. Parameters to be monitored include: oxygen consumption, heart rate and Electrocar-
diography (EKG) signal, suit pressure and carbon dioxide pressure.

* Crew should be able to detect physiological stress and/or excess while performing an EVA. Caution and
warning alarms shall be incorporated in the suit and the provision of caution and warning alarms for IVA
crewmember support shall be available.

¢ EVA display type and location shall conform to the IVA display requirements. Labeling and color coding
at EVA workstations shall conform to the IVA labeling and coding requirements and they need to be
mechanically or permanently attached to the mounting surface.

» The type of EVA display is required to be suited for the task to be carried out.
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¢ EVA displays should be able to cope with crew-imposed contact loads in all directions or be protected
from these. They should be placed within the Field-of-View (FOV) allowed by the pressure suit and
restraint system.

* Display readability over the range of lighting extremes expected shall be ensured. Color coding should
be employed only in case adequate white illumination is available.

G.1.3. Apollo Surface Activities

The first and only time EVAs were performed on the surface of another celestial body was during the Apollo
missions. An overview of the EVA duration, tasks and challenges the Apollo astronauts had to face on the lunar
surface will be given.

During the first EVA of the Apollo 11 mission, on the 21st of July, in 1969, EVA crew Buzz Aldrin and Neil Arm-
strong spent around 2.5 hours on the lunar surface. The Apollo astronauts had to perform many different
tasks in that short amount of time, including lunar sample collection, deployment of several experiments,
lunar surface inspections and photographing. The first experiment was the Laser Ranging Retroreflector, fol-
lowed by the Passive Seismic Experiment. The third experiment, the Lunar Dust Detector, was then mounted
on the Passive Seismic Experiment. The experiments themselves were deployed without complications. Nev-
ertheless, finding a level spot for deployment resulted in difficulties. All scientific activities were completed
satisfactorily, all instruments were deployed, and samples were collected [118].

During the two EVA periods of the Apollo 12 mission, EVA crew had to perform similar tasks compared to the
previous mission. Astronaut Charles Conrad and Alan L. Bean spent around 7.5 hours on the lunar surface.
The Apollo 12 lunar module landed close to Surveyor 3 spacecraft, more specifically 160 meters. The Surveyor
3 had been exposed to the lunar environment 31 months before the Apollo 12 mission. The crew was assigned
to collect different pieces of the Surveyor, including the TV camera and connected electrical cables, two pieces
of aluminum tubing as well as the sample scoop. The aim was to analyze the spacecraft components when
back on Earth to determine how they were affected by exposure to the lunar environment. The experiments
this time included a cold cathode gauge, a lunar surface magnetometer, a passive seismometer, a solar wind
spectrometer, a dust detector, and a suprathermal ion detector. A geological traverse, within a radius of 0.5
kilometers of the landing site was carried out as well during this mission [118].

During Apollo 14, besides playing golf, the astronauts had to perform similar activities compared to the pre-
vious Apollo missions (e.g. deploying different kind of payloads) [118]. EVA crew managed to cover a total
traverse distance of 3.5 kilometers and spent a total of 9 hours on the lunar surface divided over two EVAs.

The Apollo 15 mission involved drilling activities for the emplacement of heat flow experiments (see Figure G.1
[118]) and geological traverses, assisted for the first time by the Lunar Roving Vehicle (LRV) [118]. EVA crew
carried out three EVAs totaling around 18.5 hours, in fact thanks to the enhanced Portable Life Support System
(PLSS) used with the astronauts’ space suits, EVA crew was now able to perform longer EVAs (up to 7.5 hours).

During Apollo 16, crew spent 71 hours on the Moon and conducted three EVAs totaling around 20.3 hours on
the lunar surface. These EVAs included performing lunar rover traverses of around 26.7 kilometers, collecting
lunar samples at 11 different sites, deploying or performing nine experiments, and examining and photograph-
ing the lunar surface. Furthermore, astronauts had to perform repairs on the LRV, as a hammer got underneath
the fender during the traverse and a part of the fender broke. The broken fender made the rover kick up dust
plumes while driving, creating difficulties to the astronauts. Finally, astronaut crew managed to repair the
fender during the second EVA employing clamps from the optical alignment telescope lamp and lunar maps
[118].

During Apollo 17, astronaut crew spent 75 hours on the Moon, three EVAs were conducted totaling 22 hours.
Surface activities included 36 kilometers of lunar rover traversing, collecting lunar samples in the Taurus-
Littrow Valley at 22 different locations and deploying as well as conducting 10 scientific experiments [37]. Fi-
nally surface inspections had to be carried out and photographs had to be taken [57].

Several experiments were deployed or carried out on the lunar surface during the six Apollo lunar landing
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Figure G.1: Apollo Lunar surface drill [118]

missions as mentioned earlier. To minimize volume, weight and power requirements many experiments were
integrated into one system, the so called Apollo Lunar Surface Experiment Package (ALSEP) (see Figure G.2

[118]). The experiments contained in the ALSEP varied over the different missions.
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Figure G.2: Apollo Lunar Surface Experiment Package and stowage in the Lunar Module [118]

Several tools were required to carry out the surface operations during the different Apollo missions. An ex-
ample of a set of tools used during the Apollo missions to carry out geological tasks on the lunar surface (see

Figure G.3 [118]).
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Figure G.3: Soil mechanics and lunar geology tools [118]

It can be concluded that the accomplishments Apollo astronauts reached in just a couple of days was incred-
ible. Apollo astronauts worked at very high pace, the number of different tasks they had to carry out was very
high, navigation was difficult and working with the provided tools was very exhausting [37], therefore these
working conditions could neither be sustained for weeks nor for months.

G.1.4. Apollo Surface Activity Instructional Media and Recommendations

During the Apollo missions, operations and activity management were guided by procedures displayed on
wrist checklists stitched on the suit (see Apollo 11 checklist in Figure G.4, [120]) and on cuff checklists (see
Apollo 16 checklist in Figure G.5 [219]) on paper, furthermore guidance would be provided by ground control
and other crewmembers in the crew base.

Figure G.4: Wrist Checklist Apollo 11 [120] Figure G.5: Cuff Checklist EVA 2 & 3 Apollo 16 [219]

CapCom, the Mission Control Centre (MCC) in Houston, played a major role when it comes to instructional
guidance, tracking, logging, monitoring, advising and scheduling. From the voice transcripts of Apollo 17, it
could be concluded that EVA crew interacted with CapCom during their EVA when [37]:

¢ logging (reading out information)
* asking about the location of materials
e reporting descriptions on the surroundings or on the equipment status
¢ suggesting, requesting or documenting EVA equipment settings and usage
CapCom managed the EVA actively by [37]:
e communicating elapsed time, remaining time at a specific site, warnings when turning around
e communicating revised plans for reprioritizing, skipping or substituting work

e communicating navigation advice and identifying sites the crew is seeing
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To give an example of EVA crew and CapCom communication, an excerpt of voice transcript of the Apollo 17
mission is reported below [167]. During this mission, astronaut Eugene A. Cernan was the CDR (Commander)
while Robert A. Parker (Bob) was the CC (Capsule Communicator, CapCom).

146:30:19 Cernan: Say, Bob, where can I get a new set of bags?
146:30:23 Parker: Okay, you want new bags...They'll be under Jack’s seat.

In fact, MCC (Mission Control Centre) could monitor EVA crew activities through the Lunar Surface TV which
was either connected to the LM (Lander Module) by cable or mounted on the ground-controlled television
assembly on the LRV (Lunar Roving Vehicle) and could be controlled remotely [142]. As mentioned earlier, the
LRV was first used during Apollo 15 mission [142].

Nevertheless, some issues in communication with CapCom occurred with respect to verbal exchange, tracking
and planning [37]. Identified issues were [37]:

¢ Crew mishearing or not listening to CapCom or other crewmembers
¢ Crew not understanding who is talking to whom

¢ Communication breakdowns

¢ Unnecessary remarks from CapCom leading to disruption

¢ Non-optimal scheduling decisions made by CapCom, as EVA crew was seeing opportunities CapCom
could not see

¢ Misunderstandings between rover indicator and checklist

On the LRV, the rover used by the astronauts to extend the range of their surface EVAs, information on the
heading, pitch, speed, power and temperature levels was provided through control and display modules lo-
cated in front of the handle. Navigation was obtained by continuously recording direction and distance using
a directional gyro and odometer and inputting this data into a computer that would check the overall direction
and distance back to the lander module [50].

From interviews with Apollo astronauts that carried out EVAs, several recommendations regarding the display-
ing of information were retrieved. Apollo astronauts suggested that the information provided should be simple
and limited to the minimum required. Most importantly, it was suggested to display only relevant information
to the current operational risks and safety-related status information, which should be retrievable on a call-up
basis [154].

In case of emergencies or other crucial events, alarms are preferred. Nevertheless, to relieve EVA crew and
enhance their focusing capabilities, it is preferred that ground or the crew base actively monitor the situation
and call issues to the attention of EVA crew. [154].

Other recommendations included visual displays to support operational tasks, including aural displays for
alarms. Astronauts expressed interest in voice-activated displays, however they also expressed concerns since
their use could interfere with other voice communications as mentioned earlier. The importance of having
good visual and aural communication links with both the ground and the crew base was underlined [154].

Interviews were conducted with Apollo astronauts, concerning medical operations, to retrieve recommenda-
tions to improve crew health and performance for future exploration missions and lunar surface operations.
Recommendations were extracted from the medical operations recommendations report concerning informa-
tion displays and operations [197].

Suggestions from Apollo astronauts include the development of a reliable Heads-up Display (HUD) which dis-
plays navigation and position data on demand, consumables information and limited biomedical data. Crew
suggested to display operational information only when required at any time. Crew mentioned that they did
not consider necessary to know their heart rate, metabolic rate, or other physiological information during an
EVA as in a continuous display, despite that being able to access this physiological information on demand
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would be useful [197].

Crew suggested having a navigation system available on the suit HUD for surface operations, as the Moon
presents ambiguities such terrain, slopes, sun shadows, and bland environments. During Apollo EVAs it was
easy to lose known points of reference and geographic orientation due to the undulating terrain. A HUD with
a navigation system could save crew time [197].

G.1.5. Future Human Space Exploration Surface Activities

NASA is committed to land astronauts on the Moon by 2024 [179]. The lunar exploration program, Artemis,
aims at using innovative new technologies and systems to explore more of the Moon than has ever been done
before. The goal is to establish sustainable missions by 2028, use what is learned on and around the Moon to
take the next giant leap, namely sending astronauts to Mars [179]. It becomes evident that the relatively simple
tasks carried out during the Apollo missions of deploying experiments and collecting samples require a rather
involved EVA. Lunar and planetary EVAs that involve building crew bases, laboratories and facilities are orders
of magnitude more complicated than the Apollo tasks described in subsection G.1.4 [48]. EVA systems and
crewmember skills that currently do not exist will be required. Activities planned during Artemis involve find-
ing and using water and other critical resources needed for long-term exploration, investigating the Moon’s
mysteries and acquire more knowledge on Earth and the universe by carrying out experiments [179]. Further-
more, it will be crucial to learn how to live and operate on the surface of another celestial body where crew is
days or even months away from home. Activities will also involve proving the technologies required prior to
sending astronauts to Mars, where a round-trip can last up to three years [179].

G.1.6. Predicted Issues during Future Extravehicular Activities

All the challenges related to the environment of space such as vacuum, radiation, lighting conditions and ther-
mal extremes are combined with system design constraints for EVA systems, more specifically, volume, weight,
power consumption, oxygen compatibility, mobility, dexterity, and tactility restrictions. Information support
and management options for EVA astronauts was restricted by all these issues during past missions. How-
ever, through a combination of training and extensive support from the Earth and from Intravehicular (IV)
personnel using voice communications, these challenges were manageable. Nevertheless, future missions will
render these approaches less effective and less desirable. Information transfer and management requirements
will increase while opportunities for ground support and the effectiveness of training before the mission are
lower [147].

One of the most critical foreseen issues regarding future EVAs will be long communication latencies. Time-
delays in communication of up to 40 minutes in a two-way conversation when considering Mars will surely
be challenging to cope with [37]. As a consequence, ground control will not be able to support the operations
step by step, real-time monitoring and instructions will not be possible.

EVA crew’s ability to take part directly in more complex mission stayed limited and relatively rudimentary until
now. Information is provided to the astronauts in real-time through written checklists, verbal communication
and limited capacity text displays. For future missions, a more robust capability of digital transfer and flexi-
ble data presentation, information displaying on graphic displays and a wide range of data management and
command interaction is required and envisioned [147]. The communication system on the next generation
interplanetary exploration suit will surely require wireless technology, with high processing speeds and good
software compatibility [147].

More autonomy will be required from EVA crew to manage both systems performance and mission execution.
The crew residing in the crew base will play an increasingly important role in assisting crew during EVAs, tak-
ing on activities previously performed by ground control. Hence, astronauts in the crew base need the tools
and the skills to perform the EVA monitoring. Ensuring the health of the crew, efficient workflows and critical
events will all be additional challenges to face. While technology can aid in coping with all these issues, tech-
nological challenges need to be taken into account as well.
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G.2. Augmented Reality State-Of-The-Art

In this section, an overview of Augmented Reality (AR) and its applications will be given. After that, projects
and studies involving AR specifically for space applications will be presented. Finally, future challenges related
to augmented reality and its application generally and in the space industry will be discussed.

G.2.1. Overview of Augmented Reality and its Applications

Augmented Reality (AR) is a technology that superimposes computer-generated data, audio and other sensory
enhancements on a user’s view, in such a way that the virtual content is aligned with real-world objects, and
it is possible to view and interact with it in real-time [201]. The virtual content shown comprises information
that users are not able to detect directly with their own senses and it helps them performing real-world task
[201]. AR is therefore able to enhance a user’s perception of the surrounding world as well as the interaction
with it. The first reference to augmented reality was coined by Caudell and Mizell in 1990 [36] when applying
a heads-up display technology to help workers at Boeing while putting together wiring harness. Research and
development in the field of augmented reality (AR) has advanced greatly in the last few decades, moving from
research laboratories to consumer devices that are widely available. The progress in advanced and portable
hardware, the enhanced graphics quality, the increased registration accuracy and acceptable device sizes have
led to an increased adoption of this innovative technology [128].

Many industries from gaming and entertainment [5], [240], manufacturing [20], [226], education [8, 43, 44],
health care [69] to the space industry [128], [160], [52] have benefited from the technological advances in aug-
mented reality, simulation, visualization and interaction in various application areas.

The focus of this research is specifically on the space industry, however the state-of-the-art in the assembly,
maintenance & repair, procedural work and training is also investigated as developments and findings in these
areas are relevant and applicable for human space operations as well as became clear in section G.1.

Augmented reality has received an increasing amount of attention by researchers in the manufacturing com-
munity, as AR can be applied to solve a large range of issues throughout the assembly phase in the lifecycle
of a product including planning, design, ergonomics assessment, operation guidance and training [243]. Re-
searchers have identified the potential of AR to tackle problems arising from the extremely competitive busi-
ness environment, which is pushing for innovative products at diminished time-to-market, as well as the rising
trend in collaborative manufacturing environments, which requires real-time information exchanges between
different stakeholders involved in the product development. Wang, Ong, and Nee [243] performed a review on
AR-based assembly systems reported between 2005-2015 and found that a great amount of research has been
done in the following three main areas of application: assembly guidance, AR assembly training and AR as-
sembly, design, simulation & planning.

In the field of AR assembly training, research has largely involved procedural work. It should be noted that pro-
cedural work is the basis of all human space operations, hence special focus will be put on advancements in
this field. Procedural tasks are common for installation, maintenance work and assembly, where regulations
require that procedural instructions are shown on a paper medium [215], [226]. The instructions given are
complex and include redundant information in different formats such as descriptive text, photos, or diagrams
[110, 137, 215]. This results in the operators spending a great amount of time in studying paper instructions
[209]. Therefore, several studies have been performed aimed at evaluating the effectiveness of augmented re-
ality for procedural tasks.

Henderson and Feiner showcased potential benefits of AR applications in procedural tasks for the mainte-
nance of armored vehicles [209]. A within-subject controlled user study investigated the use of AR for pro-
fessional military mechanics. Different tasks comprising the installation and removal of fasteners, indicator
lights, and connecting cables inside an armored personnel carrier turret had to be performed. Two conditions,
one using AR with an untracked head-worn display with text and graphics and one using a fixed display show-
ing laptop-based documentation, were compared during the above mentioned tasks. The condition involving
AR allowed mechanics to locate tasks more quickly than when using the conventional laptop-based documen-
tation on a fixed display. For certain tasks the AR condition resulted in reduced head movement as well [209].
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Furthermore, overall the AR tool was perceived as intuitive by the users.

A similar study by Henderson and Feiner investigated the potential benefits of AR applications in procedural
tasks for aircraft engine combustion chamber assembly [211]. Results showed that the AR condition led to re-
duced completion times, higher accuracy and user satisfaction [211].

In the study of Neumann and Majoros [226] distinct cognitive areas that AR media can complement in man-
ufacturing and maintenance tasks were presented. Potential benefits of AR for users referring to effects in
cognitive psychology in the fields of error likelihood reduction, information access, increased motivation as
well as concurrent training and performance were identified. These findings have also been corroborated by
others [155].

A Spatial Augmented Reality (SAR) prototype intended to be used for manual working stations of future smart
factories was developed by Uva et al. [9]. Results showed that operators’ performance with respect to paper
manuals increases and that users accept SAR. The main advantage observed was a reduction of error rate, fur-
thermore the effectiveness of SAR was mainly seen in difficult tasks rather than simple ones [9].

An analogous study has been done on the comparative effectiveness of augmented reality for object assembly
tasks in which alternative instructional media such as a printed manual, computer assisted instructions (CAI)
using a monitor-based display and CAI using a head-mounted display (HMD) were compared [18]. The aim of
the study was to understand whether AR improves human performance in assembly tasks with respect to other
media and what a theoretical basis for how AR interfaces might provide cognitive support and augmentation
could be. The results of the study showed an 82% reduction in error rate for assembly task when applying CAI
using a HMD, specifically a decreased cumulative error rate, characterised by errors due to previous assembly
mistakes and a reduction in mental effort [18].

Another study confirming the benefits of AR regarding task completion times and accuracy was carried out
by Iowa state University in collaboration with Boeing. In this case, a randomized study in which participants
had to assemble a complex object for the first time using AR on tablets was performed [222]. Results showed
that for a 46-step task of variable complexity, ranging from proper part selection to the proper alignment and
fastening of bolts through various parts, the use of AR led to task completion time reduction of 30% and an
error reduction that led to quality improvements of 90% [222].

It can be concluded that a great effort has been put on investigating how AR might enhance procedural work
in the field of assembly, manufacturing, maintenance & repair (for surveys see [215], [243], [86]). The potential
benefits regarding increased efficiency and effectiveness have been corroborated. It should be noted that in
this case accuracy and task completion time are measures for efficiency and effectiveness, respectively. Addi-
tionally, AR instructions resulted in lower levels of mental workload compared with paper instructions [18].

Other interesting and relevant studies connected to augmented reality investigated the idea of 2D windows
in a 3D world. Feiner et al. [205] showed the placement of 2D windows with respect to the user’s head, body
and objects in the nearby environment, whereas Billinghurst et al. [144] demonstrated that spatialization of
information on a wearable display enhances user performance related to search time. Further work based on
this concept has been performed and applied to several use cases [25]. A showcasing of a 3D navigation appli-
cation which guides the user through an unknown building to a specific location demonstrated 3D signpost
methods along with 2D overview maps in AR [53]. Additional work regarding other navigation possibilities
including animated walkthroughs and landmark presenting has been done by Butz et al. [4]. Foyle, Andre,
and Hooey [39] demonstrated methods that allow the reduction of cognitive tunneling by placing critical but
non-pathfinding far from pathfinding visualizations.

Additionally, studies focusing on effective conveyal of instructive information have been performed. Tversky,
Morrison, and Betrancourt [27] demonstrated that interactive animated graphics present an increased effec-
tiveness compared to static graphics for complex system information, while Booher [78] showed that text in-
struction remain important when conveying procedural instructions even though pictorial cues lead to faster
informational comprehension.
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G.2.2. Augmented Reality Space Applications

NASAs Annual Mishap Report showed that the direct cost of NASA spaceflight accidents was almost 500 mil-
lion US dollars between 2010 and 2017 [15]. Interestingly, it was found that half of the accidents reported
between 1996 and 2005 were caused by human errors and a significant portion resulted from the incorrect
execution of procedures [15]. Procedural tasks in human spaceflight operations present several challenges
that could take advantage of the potential benefits of augmented reality [15]. Several augmented reality stud-
ies and projects related to human spaceflight have been carried out in the past decade, most of them were
carried out in collaboration with the space agencies, NASA and ESA. To best of my knowledge all pilot studies
and projects regarding AR space applications are presented hereafter.

Pilot Studies
Pilot studies that involved the design and testing of AR for space applications are presented hereafter.

A recent study carried out at the Jet Propulsion Laboratory (JPL) by Braly, Nuernberger, and Young Kim [15]
was specifically aimed at investigating the benefits of AR to cope with the challenges presented by procedural
work in spaceflight operations on the International Space Station (ISS). Results showed that the AR instruction
method resulted in faster task completion times and lower levels of mental and temporal demand compared
with paper instructions. Furthermore, when participants used the AR instruction method prior the paper in-
struction method, a transfer of training that improved a subsequent procedure using the paper instruction
method was observed [15]. Additionally, the study concluded that the Microsoft (MS) HoloLens [163], an
off-the-shelf augmented reality head-mounted display, can enhance procedural work involving simple op-
erational tasks [15].

A similar comparative pilot study was performed in 2013, at the European Astronaut Centre (EAC), in Cologne.
The pilot study compared a mobile AR system with the common method CCS (Crew Commanding Station), a
laptop containing all the required information in PDE during spaceflight procedures for intra-vehicular (IV)
payload activities. The study showed that AR was preferred and decreased subjective workload [160].

A comparative ground study involving augmented reality for task guidance for stowage operations on the ISS
was carried out to analyse the impact of AR on flight performance [79]. The study pointed out that stowage
operations, involving the transfer of cargo items to and from different spacecraft, can take up to 60 hours while
being guided real-time by ground. For this study, an application was created and deployed on the MS Hololens
[163]. A between-subject study involving 25 participants was carried out in several mockups of ISS modules
at NASA. Each participant had to accomplish a set of stowage tasks in a predefined time. Objective measures
selected included task completion time and number of errors. An unweighted NASA TLX survey and free-form
exit interviews were carried out. Inventory and Stowage Officers (ISOs) supporting flight crew were included as
participants, more specifically 18 (36%). Preliminary results showed that the AR condition produced a mean
task completion time of 12.1 min compared to current touchscreen instructions of around 36.75 minutes in
flight (24 minutes on ground). It was concluded that results did not prove significant differences in task com-
pletion time, errors committed, or Task Load Index (TLX) responses when using the application on the MS
HoloLens compared to the tablet handheld device. Nevertheless, the majority of the participants (98%) pre-
ferred the AR application over the handheld device [79].

An interesting study combining augmented reality and internet-of-things technologies for just-in-time astro-
naut training was performed by Karasinski et al. [99] together with NASA Ames Research Centre. A mobile
prototype consisting of the MS Hololens and a network of custom internet-of-things sensors was developed.
The prototype was able to show operational procedures to the user and allowed the user to interact with them
in real-time. Furthermore, it allowed users to easily locate tools through precision navigation. The aim of the
prototype was to enable just-in-time training. Five qualitative user tests were performed to get insights and
learn about best practices that lead to a reduction in cognitive load and time saving [99]. It was concluded that
augmented reality and embedded IoT sensors were an effective combination of tools capable of enhancing
productivity and reducing procedural execution times. User testing results did not include numerical results
or statistical data analysis [99].

A study involving the development of a Graphical-User Interface utilizing AR (GUI-AR) for space exploration
scenarios in order to comprehend relevant interaction methods was performed. The positive results obtained
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during user evaluation sessions of this system proved that GUI-AR can be promising for other applications
such as Assembly, Integration and Testing (AIT) and Assembly, Integration and Verification (AIV), on-orbit
scenarios, malfunction and recovery tasks. EAcAR is a project, commissioned by ESA, connected to this study.
It stands for Engineering data in cross platform AR and was aimed at using AR in different operational scenar-
ios [52].

Projects
Projects that involved the design and testing of AR for space applications are presented hereafter.

MOON

Project MOON [114] (asseMbly Oriented authOring augmeNted reality) was developed in 2011 by Airbus Mili-
tary with the aim of demonstrating that the use of AR to develop and deliver work instructions for the A400M
wiring harness assembly processes leads to noticeable time reductions. For the creation of work instructions,
time reductions were up to 90% (3 instead of 30 hours), work instruction consulting time reduced by 50% (1
instead of 2 hours), work instruction maintenance time was also reduced by 90% (1 instead of 10 hours) [114].
The great reduction in time is caused by the possibility of reusing information from the digital models that
have been created during different design stages.

OnSight

NASA JPL and Microsoft showcased Mixed Reality technology with real-time Mars rover data. The OnSight
project [175], a partnership between NASA JPL and Microsoft, recently showed how rover data combined with
specially-designed motion capture systems focusing on remote experts can be combined to create a 3-D sim-
ulation of the Martian environment. Wearing the HoloLens while using OnSight, it is possible for mission
scientists to meet through augmented tele-presence in order to discuss rover operations [175].

EdcAR and WEKIT

A recent study on augmented reality systems in support of astronauts’ manual work support has been per-
formed by Helin et al. [128]. This study included an evaluation study with the goal of proving that reasonable
user experience of augmented reality can lead to a reduction in performance errors while executing a proce-
dure, increasing memorability, improving cost and training time efficiency. The study includes two phases,
where the first phase consists of the EdcAR-Augmented Reality for Assembly, Integration, Testing and Verifi-
cation, and Operations project, led by VIT Technical Research Centre of Finland [235] through 2016 and 2017
[124]. The main objective of the EdcAR project was to verify whether AR and VR could be eligible technologies
and productive tools in the aerospace industry. Further objectives included, the identification of critical tech-
nology areas in building effective AR systems (e.g. tracking, registration), creating the architecture and design
of the EdcAR solution, as well as the implementation of a Proof-Of-Concept demonstrator. Identified use cases
were [223]:

1. AR supported Telecom Payload Coax Cables Assembly
2. AR based On-board Training and Remote Support of Centralized Cabin Filter Replacement in ISS
3. AR based Remote Support during On-board training and Remote Support
Regarding use case 1. the following functionalities were aimed for with respect to AR:
¢ Semi-automatic content creation from 3D model and CVS files
* Visualizing 3D models of installed cables
* Visualizing meta-data annotated to cables
* Updating of traceability document
For use case 2, the following functionalities were aimed for with respect to AR:
* Executing lesson scripts
* Visualizing textual/graphic indications for task execution

* Visualizing dynamic graphics showing correct operations to perform

143



¢ Displaying systems/devices real-time telemetry in AR

¢ Checking of spare part code for correct part replacement
For use case 3, the following functionalities were aimed for with respect to AR:

* Remote working area video streaming
* Audio communication between user and remote support personnel

* Capability for the Ground Control to display in AR to the ISS crew textual/graphic indications of the task
to be executed

The aim of the first phase was to observe and gather feedback from the AR system and the user. The main
outcomes of the project were that the AR-googles (Epson Moverio BT-2000) used featured a processing power
much lower than expected and the Android-like operation system presented issues. Additionally, the usability
of the glasses was quite low, field-of-view (FOV) and latency were the main issues. Point cloud based tracking
was working really well with a good tracking stability. It was concluded that using a fully Unity3D [227] based
system, for instance, could show better features of AR and would also enhance system performance.

Recommendations from this study include: the visualization in AR of instructions which could be delivered
by the MobiPV [3] application which will be presented later on. Concerning procedural steps to be executed,
the EdcAR system could provide the crew with different types of additional information relevant to the task to
be performed. Another recommendation was to connect the system to real devices and thus exploit telemetry
(TM) or similar data in AR via IoT and ROS interfaces. This EdcAR capability can therefore be exploited very
conveniently during the execution of Operation Data File (ODF) procedures when the operator has to monitor
parameters while performing the task. Note that the ODF is the collection of procedures and reference infor-
mation supporting ISS operations.

The EdcAR system could also provide real-time values of monitored parameters of nearby monitored devices
so that the user does not have to jump back and forth from the setting place to the valve pressure regulator to
the device displaying the telemetry for instance. This will save crew time and prevent errors during procedu-
ral task execution. Moreover, a wearable GUI is suggested to display not only telemetry but also means to set
values and send commands pertinent to the ODF step in execution.

A final recommendation is that the EdcAR system should be tested in a real environment with real end-users
such that ergonomic evaluations and refinements can be performed and to finally close the loop for a correct
human centred design approach.

The second phase of the study included an in-situ trial and evaluation process which was developed and eval-
uated under the so called WEKIT-Wearable Experience for Knowledge Intensive Training project [34]. The final
trial for the space pilot case entailed testing the hardware and software prototype on an actual procedure em-
ployed for astronaut training purposes. The test involved operations related to a Mars rover in the test facility,
so called Mars Moon Terrain Demonstrator of ALTEC, in Torino, Italy (see Figure G.6) [139].

144



Figure G.6: WEKIT test subject conducting a trial [139]

The number of test participants of this study amounted to 147. Several questionnaires were used for eval-
uation purposes. The SSQ (Simulator Sickness Questionnaire), the TAMARA (Technology Acceptance Model
for AR/WT) developed in [82], the SGUS (Smart Glasses Usability Satisfaction) developed for WEKIT, the QUIS
(Questionnaire for User Interaction Satisfaction) and the TM (Transfer Mechanisms) questionnaires were used
[139]. The study concluded that overall user experience was satisfactory as results of questionnaires showed
that the users defined the system as interesting, easy, useful, comfortable and engaging. A System Usability
Scale (SUS) was used to understand the user experience and results showed that it was acceptable with an av-
erage score of 68. Improvements have to be made to cope with the narrow FOV provided by the MS HoloLens
1, the AR device used for this project. Suggestions on how to cope with the issues related to the work space
perception include: enhancing visual guidance and providing instructions and clear orientation to the task
[128].

MobiPV

mobiPV [3], a mobile procedure viewer was developed for astronauts with the aim of improving efficiency
and reducing the time lost to consult instructions displayed on laptop, tablet or paper. The project involved
custom software run on a smartphone, connected to a wearable head-mounted camera, an audio headset and
amobile tablet when required. Astronauts were able to view procedures through either voice commands or the
smartphone/tablet touchscreen. Ground control was able to monitor the astronauts performing tasks through
the camera. mobiPV was successfully tested during the NEEMO 19, 20 and 21 underwater ‘aquanaut’ missions
[170] (see Figure G.7).

Figure G.7: Astronaut Matthias Maurer using MobiPV during NEEMO 21 [3]

NEEMO (NASA Extreme Environment Mission Operations) is a NASA analog mission which sends astronauts,
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engineers and scientists for up to three weeks in a row in preparation for future space exploration, to live in
the Aquarius underwater laboratory, an undersea research station [170]. Additionally, it was tested during the
International Space Station (ISS) mission iriss with astronaut Andreas Mogensen [158], during the Vita mission
with astronaut Paolo Nespoli [61] and the Horizon mission with astronaut Alexander Gerst [60]. Tests resulted
in improved work efficiency and led to saved task execution time [3].

Recommendations for future work included the capability to adapt task instructions real-time based on events
and issues that occur during execution. The system could for instance inject Fault Detection, Isolation, and
Recovery (FDIR) instructions into the pre-planned procedure. Another suggestion included the support in di-
rect commanding and monitoring of small infrastructure and simple payload items through a direct interface.
That capability would also enable an alternative download path to be employed for unforeseen contingencies,
using internet-of-things (IoT) technologies to sense and control experiments and infrastructure [158]. The
main advantage of IoT is that devices can be accessed wirelessly.

Furthermore, it is envisioned that in a future Lunar or Martian exploration scenario where ground support is
limited, the use of Near Field Communication (NFC) technologies to enable tracking of items, supplies and
tools will be necessary. Incorporating Artificial Intelligence (Al) is envisioned as a mean to produce tailored
procedures adapted to specific situations. For instance, in case a tool is broken or missing, AI could propose
an alternative tool, similarly in the case of a defect or missing system component, Al could produce tailored
procedures to ease astronauts when dealing with modified configurations. Additionally, devices could contain
their own procedures, instruction manuals as well as their status description and the information could be
used by the AI [158]. IoT and Al technologies could enable the proposed enhancements.

Currently, the goal of new versions of mobiPV is to create a tool that allows astronauts to display procedures
everywhere, at any time, on any device and in a collaborative manner.

MobiPV4Hololens [125] [127] is a MobiPV version for the HoloLens that has recently been tested and demon-
strated. It had the following features:

¢ hands-free

¢ linked to mobiPV server

» working with voice commands

¢ using the camera on the HoloLens to capture images and videos
e capable of text-to-speech

e capable of pinning information

* featuring a collaboration mode

User tests with 5 users showed that the main benefits were the support of procedures that require both hands,
the ability to see images next to the working area and the support during procedure execution from text-to-
speech. However, usability/comfort issues with the HoloLens were mentioned by the users as well as the nar-
row FOV which cut images. Additionally, users mentioned that reading text was difficult from time to time.
Demos at different VIT [235] facilities with approximately 40 users showed that the tool is working together
with voice commands which were hard to remember however. The narrow FOV and usability issues were again
major drawbacks pointed out.

WEAR

WEAR (WEarable Augmented Reality) is a project which was jointly funded by Space Application Services and
Belgium Science Policy Office through a support technology program of ESA. The project objectives of WEAR
were to support hands-free operations and offer a wearable AR system, location-based and context-sensitive
information, visualization and management capabilities. WEAR is a speech interface technology (stereo 3D
vision and sound), with voice commanded interface, as well as synthesized voice output and automatic item
identification [146]. Crew can use voice recognition to interact with the tool and intuitive visualizations can be
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displayed. Furthermore, object recognition and tracking are also possible [146].

The use cases identified were hands-free procedure viewing and manipulation, audio/video note recording as
well as reference material consultation, barcode recognition, textual and graphical visualizations of informa-
tion on item or subsystem on the user’s field of view. A demonstration case of the WEAR tool was executed
on board the ISS, crew Frank De Winne performed a real maintenance operation which was based on SODF
procedures. Questionnaires, logfiles and a post-flight debriefing were used to assess the results [220].

The results obtained showed that the tool is good for a demonstrator but too bulky for an operational tool,
usability in bright conditions could be improved. Nevertheless, the system offered sufficient capabilities to
demonstrate the features of WEAR. Speech recognition was intuitive and reliable despite the background noise.
Barcode reading was impractical but functioning, note taking, note playback and reference data visualization
functioned as expected. Procedure navigation and viewing was intuitive, GUI navigation to cautions, warnings
and reference data was clear. Recommendations to fully use the potential of such a tool included creating a
variety of potential applications such as a smart procedure viewer, guided tour helper and training tool [220].

ARAMIS

Augmented reality technology advances the development of enhanced planning and execution methods for
crew operations on-board the International Space Station (ISS) and future spacecraft. The Augmented Reality
Application for Maintenance, Inventory and Stowage (ARAMIS) project had the scope of demonstrating the
use of augmented reality technology to improve efficiency of operations aboard the space station leading to
saved crew time that could be used for scientific research instead [176], [72]. To the best of my knowledge nei-
ther user evaluation studies were performed and nor relevant results on the effectiveness of the concept were
obtained.

Sidekick

Project Sidekick [175], a collaboration between NASA and Microsoft had similar objectives. The experiment
involved the use of the MS HoloLens [163]. The goal of Sidekick was to enable station crews with assistance at
any time and place required. This new capability has the potential of reducing crew training requirements and
increasing the efficiency at which astronauts can work in space on tasks such as science experiments, main-
tenance and operations. Project Sidekick was also tested during NEEMO 20 and 21 with the astronauts Luca
Parmitano and Matthias Maurer, respectively. Based on video footage of Luca Parmitano during NEEMO 20,
it can be seen that operations were carried successfully [109]. The task to be carried out was to retrieve an
oxygen mask and manage two valves to allow for oxygen flow in the mask through external guidance. The sim-
ulated ground control would be able to see what the astronaut sees and display relevant information on the
HoloLens accordingly. Neither user evaluation studies nor relevant results on the effectiveness of the concept
were found regarding this project.

T2 Augmented Reality

T2 Augmented Reality [230] is a NASA Ames payload aimed at guiding crew through monthly and quarterly
treadmill maintenance procedures via the Sidekick device mentioned earlier, in this case the HoloLens. Proce-
dures were divided into single steps and overlaid onto the crew’s FOV with additional assistance from guidance
markers and 3D model overlays. Ground testing results showed that subjects were excited and supportive with
respect to the use of AR, however it was mentioned that generally they would not wear the HoloLens if not
extremely necessary. Furthermore, test subjects were worried of becoming over-reliant and tunnel focused.

Results showed that all types of overlays were effective, nevertheless every subject had unique preferences.
When a choice was given between detailed and basic help to be obtained, subjects chose the detailed help.
However, unnecessary details should be removed. Subjects pointed out that arrows were good for general area
navigation but not for detailed/precise placement, different color overlays to identify details are suggested.
Voice commands were used more frequently than gestures [230].

All the reported studies and projects so far focused on the potential benefits of AR for human space operations

procedural work, specifically for ISS operations. The following project reported is not strictly related to human
spaceflight operations, nevertheless addressed to the space industry [230].
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ARPASS

The ARPASS project (Augmented Reality in Product Assurance & Safety Study) involves a recent study commis-
sioned by ESA aimed at assessing the maturity and business value of augmented reality with respect to space
product assurance and safety activities applications [198]. As the majority of the errors in industrial manufac-
turing as well as maintenance activities are due to procedural errors and several errors are due to negligence
[226] it is believed that augmented reality has the potential of providing the necessary information with ade-
quate quality to the required location and on time to prevent these errors [75]. Interviews and surveys were
conducted involving product assurance and safety experts as well as a review of requirements of space indus-
try and component technology readiness levels (TRLs). The feasibility study concluded that the TRL of certain
AR components does not yet fully satisfy requirements set by the space industry however, AR presents great
potential for long-term benefits [198]. The study moreover did not include use cases involving extraterres-
trial exploration, nevertheless it is forecast that AR could provide great support for maintenance operations on
Mars such that preparatory training time can be reduced and communication delays can be mitigated allow-
ing a great autonomy for astronauts [198].

Holo-SEXTANT

Holo-SEXTANT is an AR tool that aims at helping extravehicular (EV) crewmembers navigating a planned tra-
verse during the extravehicular activities (EVAs). SEXTANT stands for Surface Exploration Traverse Analysis
and Navigational Tool and it brings together three components: an environmental model, more specifically
terrain data, an explorer model with energetic cost functions and a solver or path planner [108]. This tool was
developed and iterated upon by Massachusetts Institute of Technology (MIT) graduate students [108] till it was
integrated in the MS HoloLens during the Biologic Analog Science Associated with Lava Terrains (BASALT) ex-
ploration field campaign which took place in November 2017, at Hawai’i Volcanoes National Park [55].
Holo-SEXTANT presents a modern approach that permits traverse plans to be superimposed on the terrain in
the display, facilitating the user to see their surroundings while always being aware of the location of the path.
It computes the most efficient route between user-specified waypoints across a terrain surface through the
minimization of a cost function that is based on different factors such as terrain slope or projected metabolic
expenditure [123]. The system relies on geographic coordinates of the path as an input, allowing for the display
of any arbitrary traverse path and hence providing with geolocation awareness. The user can interact with the
tool by voice control and the tool comprises real-time information displays pertinent to the user’s location.
During the BASALT campaign, the system was tested in hazardous terrain where natural or visually evident
paths did not exist, rendering the Holo-SEXTANT crucial. It is argued that Holo-SEXTANT is a viable solution
for navigation.

For the Holo-SEXTANT BASALT campaign use case, the user had to perform crucial tasks with their hands,
implying that there was a need for a hands-free interface. Therefore, Holo-SEXTANT uses voice commands,
this allowed the user to actively provide input to the tool without having to worry neither about focusing on
cursor position accuracy nor on turning their head. The hypothesis that voice commands are more intuitive
to use was enforced during the BASALT campaign.

From testing the tool during the BASALT campaign it was concluded that regarding the HoloLens limitations
in tracking, mapping, and robustness, the device had sufficient hardware capabilities for this proof of concept
navigation assistant. While other limitations, more specifically re-calibration, drift, and error did hinder the
EVA experience [55].

During the BASALT-3 campaign, a set of subjective and objective technology impact metrics was considered
[123]: simulation quality, capability assessment, acceptability, usability, workload and the quantitative usage
of data. The simulation quality represents a measure of simulation fidelity with respect to the implementation
of the capability, capability assessment represents a measure of the capability’s potential to improve and en-
able future extravehicular activities (EVAs). Acceptability is a measure for the capability’s suitability for future
EVAs. Usability evaluates user efficiency, effectiveness, and satisfaction. Workload assesses the user’s physical
and mental effort. Finally, the quantitative usage data aimed at assessing which features were most- and least-
used.

Finding key metrics to test the efficacy of a navigation interface was found to be cumbersome. In fact, paths
could not be repeated by the same user as the user would remember the traverse. Additionally, the speed of
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crew members traversing showed a large spread. An obvious choice might appear to be a comparison between
the planned path with the traversed path, then again following the path exactly is unfeasible and unnecessary
to the goal of the EVA. Moreover, one of the goals of Holo-SEXTANT is to enable EVA crew to safely and willfully
deviate from the path to explore in case it is desired and to return to the path easily. It was concluded that
further investigation would be needed to identify the best metrics to test such an AR navigation interface.

To test the interface user interviews were performed to gather subjective feedback. Following the different
needs and preferences of each EV crewmember depending on the tasks they were assigned, it became crucial
to develop a highly customizable user interface (UI). Any UI component can be hidden if the user wishes so.
All the UI components were directly manipulatable allowing the user to design their own “workspace” on the

go.

Overall, it was concluded that the tool is significantly enhancing EVAs. Recommendations for future applica-
tions included an AR assistant able to aid during sample identification, providing suit diagnostics, aiding with
tasks, taking notes, communicating with IV or mission control and more. Moreover, such an EVA tool could
have integrated intelligence going beyond simple voice commands. Finally, an artificially intelligent assistant
could be included to aid in decision making processes.

Studies on the required road-map, requirements, system capabilities and available technology to allow hu-
mans to embark on a new era of human space exploration aimed at sending crewed spacecraft beyond Low
Earth Orbit have been performed. Humans will be facing new environments with high-levels of autonomy
and human-machine interfaces including information management applications together with advanced dis-
plays and vision systems will be present. The goal is that these systems allow crew to access and understand
the data from the on-board systems, obtain the capability to provide an overview and control of autonomous,
automated and manual functions, while keeping cognitive overload during off-nominal or critical events to
the minimum and situational awareness to the maximum [32]. On-board training, critical skills enhancement
and space-based maintenance will be critical capabilities as well [32]. Based on the results of the studies and
projects performed it is believed that immersive technologies, more specifically AR could ensure the fulfill-
ment of these requirements and capabilities.

An overview of all space-related AR studies can be found in Table D.1.

G.2.3. Challenges of Augmented Reality Applications

Despite the great potential of AR, there are technical issues to be solved. One great feature of augmented re-
ality is the ability to place digital objects in the 3D real-world space. The final goal of several AR applications
is marker-less tracking. Marker-less AR is technologically challenging as it requires a complex understanding
of real-world 3D space (please refer to section G.4 for more information). Even on systems capable of the pro-
cessing required, many AR devices suffer from tracking latency.

As mentioned by several studies which involved different AR devices (e.g Google glasses, Microsoft HoloLens
etc.), the FOV or the space in which digital holograms can appear is still limited and can hinder task execution.
A headset with a narrow FOV has more difficulties offering the same level of immersion as a headset with a
larger FOV. Additionally, visuals in current AR headsets are not able to meet the high-resolution demands con-
sumers would like to receive.

Battery life is also still limited for mobile AR devices (e.g. MS HoloLens) and would not be adequate for the
entire duration of an EVA, which can last up to 8 hours [141].

Furthermore, the augmented reality headsets, as for instance the MS HoloLens, are not very ergonomic as re-
ported from several users during the studies mentioned earlier. It would certainly not be comfortable for an
astronaut to wear an immersive headset for the entire duration of an EVA. Surely, the headsets will evolve and
become more ergonomic and lightweight. A possibility would be integrating AR into the spacesuit helmet.

Finally, certifications of AR devices, such as the Goggle glasses or the Microsoft HoloLens, for space applica-
tions have represented a major challenge in the past.
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G.3. Internet-of-Things State-Of-The-Art

In this section, an overview of internet-of-things (IoT) applications and studies performed will be given. IoT
sensors and their application will be presented as well. Additionally, studies and developments of IoT for space
applications will be presented. Finally, IoT related technological challenges will be discussed.

G.3.1. Internet-of-Things State-of-the-art Applications

The internet-of-things (IoT) is defined as a system of interrelated computing devices, mechanical and digital
machines able to transfer data over a network independently. It presents a way to connect, monitor, optimize
and automate distributed systems. The idea of the IoT is to enable network-connected devices to exchange
information with each other, allowing the creation of large, completely autonomous systems as well as smaller
scale home-automation applications [70].

The difference between IoT services and other IT-related techniques within an industrial or home office con-
text lies in the ubiquitous and embedded features of the IoT services [67]. Despite the fact that the main IoT
architecture(s) is yet to be defined, their underlying pattern provides with a way to gather one or more “things”
(e.g sensors and interactive devices) employing distinct communication interfaces capable of sharing data
and communicating with the surrounding environment via specifically designed network gateways [195]. The
outcome is analogous to service-oriented architectures (SOA) which can undergo service orchestration for in-
stance via Application Programming Interfaces (APIs). After being processed, the events and information is
presented as output of the application to a human’s interaction or employed to perform autonomic decisions.
Additionally, the IoT concept enables applications to interact with things, machines and/or humans via actu-
ators to exert new control [33].

The potential offered by internet-of-things technologies make the development of a large number of applica-
tions possible. 10T is already having a major impact in the following domains: healthcare [156], transportation
and logistics [74], industry, farming [189], smart environments (e.g. home, office) [133], disaster management
[234] and cities [21]. It is believed that IoT will be an enabling technology for future human space operations
as well.

Some example application in different domains, judged as relevant to this research and applicable for hu-
man spaceflight operations, will be elaborated upon. In the logistics domain, thanks to real-time information
processing technologies such as Radio-frequency Identification (RFID) and Near-Field Communication (NFC)
monitoring the entire supply chain by obtaining product related information in a quick and accurate man-
ner enabling a prompt response to intricate and changeable markets becomes possible [133]. Additionally,
tracking possibilities that allow continuous inventory location tracking are enabled through IoT as well as
monitoring environmental parameters which can enhance the efficiency of the food supply chain [133] as well
as the work-productivity of farmers for instance [189]. IoT plays a key role when it comes to smart industrial
plants as automation can be improved via the deployment of RFID tags for example. Events can be generated
by reading these tags on the production parts, then necessary information about these can be stored allowing
machines and robots to handle parts more efficiently after matching data with the enterprise system and the
tag [133]. Another notable application involves robotics [33]. IoT technologies have recently shown potential
in facilitating human-robot interaction at functional and social levels, and for tele-interaction purposes [191].

In the last decade, several survey papers on the IoT technologies from different aspects have been published.
These surveys help to get a general overview on IoT application areas as well as developments and related chal-
lenges. The survey by Atzori, Iera, and Morabito [133] gave an overview of the enabling communication tech-
nologies and different visions of IoT. The survey performed by Al-Fuqaha et al. [1] provided with an overview of
the enabling technologies, possible IoT applications, protocols and the key IoT challenges. Issues concerning
security and privacy in IoT have been addressed in the survey done by Andrea et al. [22]. The survey work done
by Sha et al. [241] presented challenges issues and opportunities in IoT.

G.3.2. Internet-of-Things Sensors and their Application
A classification of existing sensors and their application is presented in the research by De Morais, Sadok, and
Kelner [33]. The following sensors could be applicable to IoT networks of human spaceflight applications [33]:

e ambient (temperature, humidity, pressure)
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¢ motion (accelerometers, gyroscopes)
¢ biosensors (ECG, EEG, heartbeat, breath)
¢ identification (RFID, NFC tags and readers)

* position (GPS, magnetometers or fixed wireless access points through the processing of received signal
strength (RSS) information)

* chemical (pH sensors, gas sensors)
e interaction (sensors that are human activated, e.g buttons)

¢ object information (different types of sensors that provide specific information e.g. sensors inside a
machine)

G.3.3. Internet-of-Things Space Applications

Innovations in the domain of IoT will certainly have a major influence on space-related research and devel-
opment activities. Many research projects, especially at universities, have been investigating this powerful
emerging technology. Projects on IoT for space applications will be elaborated upon.

Companies such as Hiber [83], the former Magnitude Space, are already planning to employ networks of satel-
lites to cover remote areas and to provide global coverage for IoT devices even in densely populated cities. The
company envisions to use many satellites that communicate with their proprietary sensor nodes connected
to IoT devices on ground, and upload data to the cloud through the proposed system “Low-power Global Area
Network” [83].

NASA has come up with several new ideas for the future, targeting small satellites, such as NASA’s Cube Quest
Challenge [177] to design small satellites. Others such as OneWeb [183] envision global Internet service with
small satellites in 2020, Surrey space center [200] proposes a concept of PCBSat and Satellite on Chip. More-
over, there is the Starshot program by Stephen Hawking [10], [136] a project that envisions shooting a satellite,
in the form of a wafer-sized chip, to far away stars at ultra-high-speeds from Earth, through highly concen-
trated laser beams fired from Earth.

Advancements in low power miniaturized electronics and wireless communication technologies open up new
possibilities such as Sensor Wireless Actuator Networks in Space (SWANS) and Space Pixels [218].

Satellites comprise many different sensors and actuators such as magnetometers, sun and star sensors, gyro-
scopes and reaction wheels, which are all connected via wires, so called harness which increases size and mass
and therefore costs. The idea of SWANS, a project by TU Delft, is to replace the harness with wireless without
impairing performance [218]. Finally, an external communication system could extend SWANS to comprise a
group of satellites to enable multiple applications together with swarms of satellites.

It is envisioned that swarms of autonomous small satellites or wireless smart sensor networks deployed around
other celestial bodies, such as Moon or Mars, are able to retrieve an increased amount of data regarding deep
space exploration when compared to an observatory on Earth. Precise measurements of aerosol and smoke
concentration in the atmosphere could be easier and more effective when using a swarm of small satellites
in Low Earth Orbit (LEO) [218]. Finally, it is forecast that swarms of robots could improve space robotics to
control robots from Earth with much lower time delays for targeted autonomous applications compared to
the state-of-the-art [218].

Work with IoT satellites known as sprites or ChipSats has already proven how small technologies could spur
future space exploration advancements [129]. ChipSats might contain specialized electronics for particular
missions, investigate weather patterns or gather data about wildlife migrations. Moreover, these IoT satellites
could send communications and data-collection tools to other planets, such as Mars [129].

A new concept based on a cyber-physical system extending across space, ground and air, called the Internet of
Space Things/CubeSats (IoST) has been introduced [85]. IoST extends the functionalities of the conventional
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IoT, by providing an always-available satellite backhaul network and also by contributing real-time satellite-
captured information. Additionally, [oST enables new applications by integrating on-ground data and satellite
information. The study identified open issues critical to the full deployment, namely system performance
evaluations. A study focusing on the performance evaluation of software defined networks (SDN), specifically
the Internet of Space Things (IoST) has therefore been performed [13]. The focus lied on the IoST Hub-CubeSat
links, the next-hop metrics, the Inter-CubeSat links and end-to-end system operation, latencies, link rates, life-
times and next-hop availabilities were the metrics covered [13].

Similarly, the use of CubeSats to provide global coverage for the IoT has been proposed by Almonacid and
Franck [228]. Practical issues related to energy-efficient communications have been identified and a solution
that takes advantage of the delay tolerant nature of the network to enhance the performance of the MAC layer
has been proposed.

Since the creation of SATAM2M [84], the data connectivity provider has been building upon TELDASAT, a low
cost Machine to Machine (M2M) communication service using existing space-based infrastructure to provide
IoT communications, to establish the IoT space segment. The IoTEE project is an integrant part of that plan,
more specifically it focuses on the development of a multi connectivity chip implementing a new communi-
cation protocol on the same frequency bands as Sigfox and Lora. The project used the ISS as a testbed for the
first Low Power Wide Area (LPWA) satellite. The aim is to complement the terrestrial LPWA and create a global
coverage, a network able to send several IoT messages per day using solely the ISS [84].

An IoT space-related project with a different application compared to the studies mentioned earlier, is WEKIT.
The project WEKIT involved an IoT sensor network, more specifically a biosensor harness (BH). The BH in-
volved sensors that were able to measure blood volume pulse (BVP), galvanic skin response (GSR), bodily and
environmental temperature and humidity. Additionally, two sets of inertial measurement sensors including
an accelerometer, gyroscope and magnetometer were used. The measurements were carried out to assess the
participants’ physiology to analyze potential “stress” indicators which could outline unclear or difficult proce-
dure steps, despite the provided user information on the MS HoloLens.

G.3.4. Challenges of Internet-of-Things Applications

Identified challenges to be addressed when implementing IoT include: distributed systems, in fact the goal is
that all the independently built and assembled modules work toward a common goal making up a system that
is reliable, adaptive to the space environment and robust [218]. Moreover, miniaturization poses challenges
with respect to power supply and hardware limitations (e.g. radiation mitigation) [218]. The utilisation of wire-
less poses challenges with respect to the reliability of wireless links, problems regarding RF interference and
higher power consumption due to the new wireless devices need to be tackled. Wireless technologies such
as BLE (Bluetooth Low Energy) and ZigBee have proven to be operational in space, yet complete satellites for
instance have not been built employing these wireless technologies [218]. Handling large amount of data is
another challenge especially when high resolution data is required and when dealing with miniaturised sys-
tems. Synchronization of the swarm satellites or swarms of other 10T devices is a key requirement. In Earth
orbit, synchronization is achieved utilising GPS signals, however GPS is not available in non-Earth orbits hence
clock synchronization has to be used. Accuracy and clock drifts present a major challenge in this case. Making
the swarms of satellites programmable and transformable requires flexibility when designing and executing
software modules, this poses challenges with respect to software defined system [218]. Localization of space
objects that do not have position sensors like GPS and travel at extremely high speeds while covering a large
area, presents another major challenge as well [218].

The IoT, has physical challenges, such as distance limitations, battery life, and durability that become even
more pronounced in the extreme conditions found in very hot or cold locations such as future space mission
destinations. Tespack, a finnish startup, is attempting to tackle some of these problems by developing solar-
powered backpacks with IoT and connectivity capabilities, to take energy-generation to another planet [224].
Furthermore, fast and secure networks that cannot be hacked or damaged, devices and machines able to react
in real-time are challenges that need to be tackled. Further challenges currently faced by industries working
with IoT are concerning implementation methods, data fusion & handling and cyber-security.
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G.4. The Integration of Augmented Reality and the Internet-of-Things

In this section, an overview of the state-of-the-art of augmented reality in the integrative internet-of-things
will be given. It is a relatively new field of research, hence various types of applications across different indus-
tries will be presented to get an understanding of the potential of these two emerging technologies. The few
identified space applications combining AR and the IoT will be discussed as well. Additionally, augmented
reality techniques to represent, transmit and interact with information of physical objects, part of an internet-
of-things network are provided.

G.4.1. Augmented Reality in the Integrative Internet-of-Things Environment State-of-the-
Art

Multiple research projects have been exploring different aspects of the internet-of-things, namely IoT tech-
nological challenges, the creation of applications and development of enablers for IoT systems as well as the
design of models for interaction. An essential part is represented by technology enablers [133], momentar-
ily several research groups in the IoT community are addressing enablers for computational intelligence and
context-aware computing, which is part of the physical as well as the digital worlds [70]. Similarly to AR, IoT
systems include physical and digital spaces, therefore, it seems natural to use AR as a user interface (UI) for
IoT interaction [70].

One project by the MIT Media Lab, that began with exploiting the two concepts, namely ubiquitous comput-
ing and augmented reality, is the Reality Editor [231]. The Reality Editor is a system that enables editing the
behavior and interfaces of “smarter objects”, namely objects or devices with an incorporated embedded pro-
cessor and communication capability. This system is able to map graphical elements on top of the tangible
interfaces on physical objects, such as push buttons or knobs using augmented reality techniques [231]. Ledo
et al. [47] proposed a system that interacts within the internet-of-things, namely the proxemic-aware con-
trols. This system takes advantage of the spatial relationships between the user’s handheld device and all the
devices in the proximity [47]. A completely different approach to control devices has been proposed by Chen
et al. [245], this uses infrared targeting to control surrounding devices through a head-worn computing device.

Augmented reality is seen as one of the emerging technologies that is most feasible to interact with internet-
of-things objects [70]. Initially, a common issue encountered when using a smartphone enabling AR is the so
called "keyhole" problem, where users interact with their surrounding environment via a screen, employing a
camera to recreate reality [70]. This led to a disconnection between the user and the surroundings and there-
fore limited usability. Recently however, several head-mounted displays have appeared, such as Microsoft
HoloLens and the Meta 2, these glassed-based AR systems certainly create new opportunities to experiment
with IoT interaction [70].

In the meanwhile, architectures combining AR and IoT to improve the user’s experience through enhanced in-
teraction have been proposed across many sectors from farming [189] to retail [46] to remanufacturing [151].
A recently conducted study for precision farming argued that conventional IoT data visualization is mostly
carried out in offsite and textual environments, hence not stimulating a user’s sensorial perception and in-
teraction. The so called AR-IoT system overcame this issue by overlaying IoT data onto real-world objects
directly, enhancing object interaction. It demonstrated that using AR-IoT technology was less error prone and
more promising than traditional visualization methods [189]. A great way of taking advantage of the IoT sys-
tem is real-time visualisation combined with AR, where the AR device detects the IoT devices in the screen and
overlays the acquired data at their location. In this precision farming project, a WSN (Wireless Sensor Network)
was set up to visualize the virtual contents.

Other concepts, that allow intuitive interaction between user and systems and simple data interpretation, have
been developed by Park, Yun, and Kim [246] and Jo and Kim [117]. VisloT developed by Jo and Kim [117] is a
system able to track the location of a wireless transmitter in internet-of-things devices and display it on the
screen of an AR device. Useful applications that have been identified by this study are IoT for: smart factories,
agriculture and smart homes. It is envisioned that in smart factories information on the status of different
IoT machines and sensors can be easily retrieved through an AR device [117]. The data from IoT sensors and
machines are overlaid on the screen of the AR device at the location of the IoT devices. This way it becomes
possible to identify the exact location that needs more attention, for instance an inventory that is out of stock
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or a device with exceeding its temperature threshold. The application VisIoT [117] identified smart farming
as a potential use case similarly to the precision farming study [189], it is argued that through IoT data visu-
alisation, the identification of spots that need more fertilizer or pest control, while working in the field, could
enhance work-productivity. For smart homes, the combination of AR and IoT could ease the interaction with
different devices such as IoT-enabled lights and the monitoring of other home IoT devices that do not have a
screen [117].

Concepts combining IoT and AR within a smart city maintenance service, to enhance the accessibility of sensor
and actuator devices, where responsiveness is crucial, have been investigated [249]. White et al. [77] discusses
the use of augmented reality in IoT to provide contextual information to service users and providers. Applica-
tions to enhance the user experience through personalized ad-hoc information for commuters, tourists and
farmers have been analysed as well [77].

To the best of my knowledge there is only a few studies that investigated the combination of AR and IoT specif-
ically for space applications, these will be presented hereafter.

An interesting study that developed a system that combines AR and IoT technologies for just-in-time astro-
naut training was performed by Karasinski et al. [99]. A mobile prototype consisting of the MS Hololens and
a network of custom internet-of-things sensors was developed. The prototype was able to show operational
procedures to the user and allowed the user to interact with them in real-time. Furthermore, it allowed users to
easily locate tools through precision navigation. The aim of the prototype was to enable just-in-time training.
Five qualitative user tests were performed to get insights and learn about best practices that lead to a reduc-
tion in cognitive load and time saving [99]. It was concluded that augmented reality and embedded IoT sensors
were an effective combination of tools capable of enhancing productivity and reducing procedural execution
times. User testing results did not include numerical results or statistical data analysis [99].

Another study that investigated an IoT setup in combination with AR was the space-related AR study com-
prising EdcAR and WEKIT aimed at supporting manual work of astronauts [128]. It involved the so called
IoT demo box which was aimed at demonstrating and testing IoT features in AR. This box included a Beagle-
Bone microcomputer which run the MQTT server and the WLAN router simultaneously. The AR system could
connect via the MQTT IoT standard and AR-visualizations were showing information based on the IoT data
[128]. As mentioned earlier, project WEKIT, described in subsection G.2.2, involved an IoT sensor network,
namely a biosensor harness (BH) [139]. The BH involved sensors that were able to measure blood volume
pulse (BVP), galvanic skin response (GSR), bodily and environmental temperature and humidity. Addition-
ally, two sets of inertial measurement sensors including an accelerometer, gyroscope and magnetometer were
used. The measurements were carried out to assess the participants’ physiology to analyze potential “stress”
indicators, which could outline unclear or difficult procedure steps, despite the provided user information on
the Microsoft HoloLens [139].

G.4.2. Augmented Reality Information Representation for Physical Objects

Augmented reality services have to manage information for their augmentation targets, namely physical ob-
jects part of the IoT network. A review on the currently used approaches of data representation for AR use is
performed. Initially, AR systems included all the assets and content that had to be visualised, using Vuforia
[236] and the ARToolKit [23] for instance. The development of location-based geographical and AR services
however, implied the need of content separation and format specifications and the means to support the no-
tion of “everywhere” content and service, as well as a unified management of content on the server. Markup
languages such as HTML, KML (Keyhole Markup Language) [131] and ARML [182] (Augmented Reality Markup
Language) serve this purpose. ARML was specifically proposed to define geographical points or landmarks of
interest and to associate GPS coordinates and simple augmentation content, namely text, logos, and images. A
standard content format to represent different forms of AR services does not exist yet, it will be crucial however
once thousands of objects will be able to communicate with computers and connect with each other [46]. A so
called "webization of things" is forecast in the near future where every component of the IoT network will have
their unique URL, show its content in standard format (HTML or Javascript) and be unified and accessible
through one Web framework [46]. A proof-of-concept implementation applied to a "digital-analog" shopping
experience was developed by Jo and Kim [46]. This used an AR client that received the datasets and contents
from each discovered IoT item in the user proximity in standard format to allow for recognition, visualization
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and interaction [117]. It should be noted that the digi-log concept by Jo and Kim [46] contained information
directly in the IoT device, hence it was not accessed and retrieved from an external server.

G.4.3. Information Transmission Techniques between Internet-of-Things Network and Aug-
mented Reality Device

The MQTT (Message Queuing Telemetry Transport) protocol is frequently used to send information to a spe-

cific topic and a device or sensor belonging to the internet-of-things network [128], [77], [1] [33]. MQTT is a

machine-to-machine (M2M)/"Internet of Things" connectivity protocol, it is a lightweight publish/subscribe

messaging transport, useful for connections with remote locations where a small code footprint is required

and/or network bandwidth is at a premium [203].

There are several solutions to enable the transfer of information of IoT devices or sensors to and from an AR
device, e.g. Microsoft HoloLens. One solution would be that the IoT component includes an Arduino onboard
with Wi-Fi module which is subscribed to a topic on the MQTT protocol. The Raspberry pi 3 for instance can
run a Mosquitto server and then both the Microsoft Hololens and the IoT sensor/device can be connected
to that broker/server and retrieve or send information from or to the topic, respectively. The integration of
the MQTT functionality into the HoloLens can be accomplished using an MQTT client library. The M2MQTT
library [150] is a possibility in this case, as it supports all .Net platforms and WinRT platforms for Internet-of-
Things and machine-to-machine (M2M) communications [150]. The only problem is that it is not possible to
use the same plugin for the HoloLens and Unity [227]. This problem can however be solved [150].

Another possibility to enable communication between an IoT device or sensor would be installing an MQTT
client on the device or sensor and use the AR support equipment developed for the HoloLens during the Gen-
eral Support Technology Program (GSTP) AR study for ESA-EAC. This study comprised the development of
an AR support equipment added to the MS HoloLens to overcome its limited processing resources and to
provide an interface with rover-related systems, such as broker or Meteron Robotic System (MRS). It is em-
ployed to maintain the connection with rover-related systems and it serves to translate between the HoloLens
and these systems. The AR components required to support operations are, the Message-oriented Middle-
ware (MoM) which is an ActiveMQ broker instance to which the AR application and the METERON Operations
Environment, MOE Adapter connect. The broker is started via the so called bowerick [199] wrapper to ease
deployment and start-up. bowerick is a wrapper around ActiveM(Q and additional supporting libraries aiming
on easing simple MoM deployments and tasks [199]. It provides a simple way to start a multi-protocol broker
plus a command line client which can aid during debugging. An adapter able to translate between the MoM
and the rover-related software (broker and MRS) is required. Originally, the MOE Adapter was used as support,
however this adapter was specifically developed for the MARVIN project, which involved other parties apart
from EAC, hence cannot be applied for other purposes. An embedded MQTT client on the IoT component
which includes a JSON library can replace this adapter. An adapter for the MARVIN project more specifically
for the rover has been developed and successfully tested [66].

Another alternative is to use the Internet-of-Things network developed by a previous intern which includes
MQTT and uses IO Broker. Sending IoT component information via MQTT protocol to a Mosquitto broker is
presumed possible, it has however not been tested yet. An MQTT client on the HoloLens that connects to the
Mosquitto broker would be required in this case to enable communication. It should be noted that the net-
work currently consists entirely of accelerometers.

G.4.4. Augmented Reality Information Storage, Management and Indexing for Physical
Objects
Currently, the most common method of visualization and interaction with digital objects is via GUI-based
interfaces [46]. Augmented reality provides additional capabilities with target object recognition and identi-
fication [111]. Despite the fact that a server-based approach to ubiquitous AR services with everyday phys-
ical objects is possible, AR services for everyday spaces have been cumbersome to accomplish because of
the object recognition process, complicated feature matching, and content look-up for multiple objects [46].
Nevertheless, cloud computing services featuring high performance are available for the fast object matching
process and for speeding up the associated content retrieval in providing an AR service [248]. It remains dif-
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ficult however to support the scalability to reach ubiquity. Alternatively, a solution would be to connect to a
singular areal server that manages only a restricted number of objects [46]. No solution has been found so far
to scale AR services and efficiently manage the large amount of data from the surrounding environment. The
“unified” Web-based solution presented by Jo and Kim [46] relies on the central network server architecture
which causes serious performance issues. A few studies are trying to obtain datasets directly from objects close
to the user in the surroundings [117]. In the concept proposed by Jo and Kim [46] the AR client can easily and
rapidly identify, track and retrieve content from surrounding objects, as only a limited amount of objects are
involved.

G.4.5. AR Interaction with Physical Objects

Augmented reality offers different means of interaction, in situ object control methods are already available
[117] together with improved control and simulation features [46]. CyberCode [112] was one of the first pro-
posed means of interaction using 2D barcodes for object identification, detection and manipulation. As men-
tioned earlier Heun, Hobin, and Maes [231] proposed the Reality Editor, a concept that allows for direct map-
ping of operation via embedded processors and communication capabilities within so called "smarter objects"
[231]. GuideMe, an application proposed by Miiller, Aslan, and Krii8en [138] allows users to access instructions
for appliances. The interaction with the appliances’ instruction in this case was possible through marker-based
detection. Other interaction types were proposed and compared by Alce et al. [70], namely floating icons, a
floating menu and World in Miniature (WIM). The floating icons concept is based on the idea that interactive
holographic icons are placed in proximity of the device they represent. The floating menu on the other hand
reproduces a more traditional approach to IoT interaction while WIM, is based on the idea that the environ-
ment in which a user wants to control IoT devices is modeled as an interactive hologram. It remains unclear
how a consistent and coherent AR interaction framework has to be established as most AR studies are designed
in an ad-hoc manner.

There are several methods to detect and track objects, more specifically devices or sensors that are part of an
internet-of-things network. AR offers three different types of detection and tracking: marker-based, marker-
less and location-based tracking. In a marker-based AR application the images that have to be recognized are
provided beforehand. In this scenario one knows exactly what the application will search for while acquiring
camera data. It should be noted that it is much easier to detect things that are hard-coded in the application
beforehand. A marker-less AR application is capable of recognizing things that were not directly provided to
the application beforehand. This is more difficult to implement as the recognition algorithm running in the AR
application is required to identify patterns, colors and other features that could be present in camera frames.
Location-based augmented reality ties augmented reality content to a specific location. A well-known exam-
ple of location-based application is the Pokemon-Go application [194].

Marker-based Detection and Tracking

When using marker-based detection and tracking, the digital world is anchored to the real world. In this case,
the device must first recognise the object the user is looking at from the live camera view on the AR device.
This can be accomplished by placing a distinctive picture or shape on the object which can then be recognised
and the animation can start instantly, tracked to the appropriate place on the device. The user can also move
the physical object around and see the virtual world attached to the real surface of the page.

Augmented reality markers are visual cues that trigger the display of the virtual information. Markers can be
normal images or small objects which are trained in advance such that they can be recognized later in the
camera stream. Once a marker is detected and recognized, its scale, position and rotation are derived from
visual cues and transferred to the virtual information. More details on augmented reality marker types and
software development kits supporting marker-based tracking are elaborated upon below.

Augmented Reality Markers

There are several types of augmented reality markers: framework, NFT (Natural Feature Tracking), GPS and
object markers. Framework markers are markers that are square and have a significant black and sometimes
white border. Barcodes and QR codes are part of this 2D marker category. NFT markers are images that do not
need the black border, instead they are characterised by distinguishable natural features. GPS markers allow
to place objects based on their known position. Object markers are similar to the 2D markers, framework and
NFT markers mentioned earlier, however these are 3D markers and have the advantage that the viewing angle
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does not matter during the recognition phase. Finally, there are activation markers, these are replaced by the
"activation” of an application, RFID tags used for short distance wireless communication and sound-markers,
such as speech commands, can be used.

Augmented Reality Marker-based Application SDKs

There are several SDKs (Software Development Kits) available for image and object recognition that allow for
marker-less tracking and detection, viable options are Vuforia image and object recognition SDK, ARToolKit
object recognition SDK and VisionLib.

Vuforia offers a tool called VuMarks [239] which includes customized markers that can encode a range of data
formats and support unique identification as well as tracking for AR applications. Vuforia Advanced Model 360
object recognition [237] offers instantaneous recognition and tracking of physical objects, the viewing position
does not matter and digital content can be augmented realistically on an object by detecting the edges of the
object from all angles. The Vuforia Advanced Model Target 360 works through a database which is trained in
the MTG desktop tool, the Model Target database is uploaded to the Vuforia Cloud and there it is trained by
a deep learning process [237]. While Object Reco [238], also an object recognition tool of Vuforia, detects the
object based off the texture features, the object needs to be scanned in using the scanner tool.

The difference between object recognition and model targets is that the latter are detected based off the geo-
metrical data of the target and require the 3D/CAD model of the object.

VisionLib [233], a multi-platform library for augmented reality applications, offers highly accurate 3D ob-
ject tracking, furthermore setting up the model tracker is easy, no prior registering targets or surroundings
is needed, one can simply use their own 3D models and CAD data to create trackers, as they are perfect ref-
erences for physical 3D objects. Finally, robustness can be enhanced by extending the model tracker with
marker-less feature tracking.

Wikitude AR SDK for HoloLens [242] offers valuable augmented reality functionalities for image, object, bar-
code and QR code recognition as well.

Marker-less based Detection and Tracking

Marker-less tracking is a positional tracking method. This method as the name suggests does not rely on op-
tical markers hence it is more flexible. Marker-less tracking solely uses sensors to calculate orientation and
position of the AR device camera. A model-based approach represents a way to determine the placement of
virtual objects with real ones. For this method, the model of the real object can be encoded as a (CAD model)
[244]. Hence, marker-less AR tracking would continuously look for the image it receives with the known 3D
model and compare it [244].

As mentioned earlier VisionLib extended the model tracker with marker-less feature tracking [233]. HoloLens
offers marker-less tracking as well thanks to its spatial mapping capabilities based on SLAM (Simultaneous Lo-
calisation And Mapping). The MixedReality Toolkit is comprised of a number of components and scripts that
are intended to accelerate the development of augmented reality applications designed to target the Microsoft
HoloLens [161], this toolkit could therefore be valuable to develop marker-less AR applications.

Location-based Detection and Tracking

Location-based systems consider the user’s location when processing and displaying information to the user
[76]. Location-based AR applications work if geo-positioning and augmented reality technologies are correctly
implemented and provide precise data. This type of AR application uses so called geo-markers, also called
points of interest (POI). The AR application in this case has to identify POIs and determine the exact position
of the employed AR device. GPS is one of the famous technologies to accomplish this, nevertheless, there are
several options, including those that allow for indoor positioning [16]. An AR application often uses data from
a digital compass and accelerometers together with GPS data. When the application identifies a specific POI,
it is able to trigger augmented reality content which is displayed on top of the real environment.
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G.5. User Interface Design Approaches
In this section different design approaches including models and principles used for the development of user
interfaces are presented.

Designing user interfaces that are effective is a major challenge when it comes to emerging technologies that
present new ways of user interaction and perception and do not have established design guidelines [100].
Augmented reality is one of these emerging technologies as it has the potential of changing the way humans
perceive the world. A literature survey performed in 2004 showed that user-based studies have been rarely
utilized for augmented reality user interface design as engineering challenges were the main focus. Swan and
Gabbard [97] identified the need to develop AR systems from a technology-centric medium to a user-centric
medium. From the survey it could be concluded that of 1104 articles on augmented reality, only roughly 3%
addressed aspects of Human Computer Interaction (HCI) and only roughly 2% described a formal user-based
study [97]. Swan and Gabbard [97] state that to create effective user interfaces for emerging technologies, such
as augmented reality it is crucial to understand perceptual and cognitive characteristics of the users, hence
develop AR based on performed user studies [97]. A more recent study which analysed AR studies between
2005-2014 concluded that overall on average less than 10% of all the AR papers were user study papers [7].
Additionally, analysis showed that the majority of the studies included little field testing and few heuristic eval-
uations. It is believed that it heavily depends on the user satisfaction whether AR devices turn into a market
success. Therefore, a study on the user satisfaction of AR applied to different use cases was performed [82]. AR
user satisfaction was divided into two categories: interaction satisfaction and satisfaction with the AR device.
142 participants from the aeronautics, medicine, and astronautics sector were chosen. The study investigated
factors such as age and gender, level of Internet knowledge, level of education and the participant role. De-
spite the fact the users had no experience with the Microsoft HoloLens, general computer knowledge resulted
having a positive effect on user satisfaction. Additionally, user satisfaction of both learning and teaching were
acceptable [82].

Different design processes that have been developed for software and user interface design, including the wa-
terfall model, the spiral model, the star life cycle model, the Vee model, the user engineering life cycle model
and the understand, create and evaluate model have been investigated.

It was considered important to get an overview to be able to finally select the most feasible design process for
the proposed research project. Note that only the relevant investigated models are presented hereafter.

Mayhew [45] presents a user engineering life cycle model (see Figure G.8) which is iterative and focused on

integrating users throughout the entire development process. The cycle is based on screen design standards,
that are evaluated and updated in an iterative manner.
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Figure G.8: User Engineering Life Cycle Model [45]

User-centred design is a framework that emerged in the mid 1980s and is nowadays one of the guiding prin-
ciples to develop and design usable technologies, it is also an ISO standard, namely ISO 9241 (see Figure G.9
[92]).
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Figure G.9: User-Centered Design Process - ISO 9241 [92]

The design framework can be applied to both software and hardware development [149]. The principle behind
this design process is that the user is at the centre of the development. The focus is on the people that will
actually use the new product and on how they will use it. The system developed needs to consider the skills
and judgement ability of the users and aims at supporting the user during their work [149]. Several sets of
principles have been proposed. Gould and Lewis proposed the following three design principles [116]:

1. Early Focus On Users and Tasks
2. Empirical Measurements

3. Iterative Process
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The first principle implies that the designer has to understand who the users are, which involves understand-
ing their cognitive, behavioral, anthropometric and attitudinal characteristics. Additionally, the task that the
users will carry out needs to be studied. The second principle involves testing the developed prototypes on
the users that have to carry out real work and then analyse their performance and reactions based on obser-
vations made. The third implies that there should be a cycle of design, which includes performing user testing
and measurements, redesigning and repeating this if necessary [116].

The set of principles of Norman [49] and Shneiderman’s eight rules [26] serve to understand the design philos-
ophy of user-centred design, however as suggested by Haklay and Nivala [149] and Lee et al. [96] the framework
suggested by Gould and Lewis [116] is more comprehensive and hence applied as basis of implementation of
user-centred design in design projects.

Lee et al. proposes a so called, understand, create and evaluate cycle (see Figure G.10) based on the three major
human-centered design process phases [54] in line with the framework suggested by Gould and Lewis [116]
and the set of principles by NASA [173] presented hereafter. The cycle is based on first understanding the user
through observations and task analysis and second creating a prototype that combines the previously acquired
knowledge on the user and tasks with principles, guidelines and human characteristics. Finally, evaluations
based on heuristics and usability tests with papers prototypes and product prototypes are performed in an
iterative manner to arrive at the final step of the product release [96].

Create

Understand Evaluate

"~

Figure G.10: Understand, Create, Evaluate cycle [96]

The human-centered design principles proposed by NASA [173] are:
* Involvement of the users and understanding of tasks and users
¢ (Clear function allocation between the technology ad the users

e Tterative design

Multidisciplinary design

Active involvement of the users is required and beneficial, as valuable knowledge on tasks, context of use and
performance can be retrieved from the users. Involving the users allows to better understand the needs and
receive feedback on how the systems will be used, what the task demands are and consequently formulate
requirements that lead to improved design decisions [173]. Task analysis is an essential methodology which
identifies system level and subsystem level tasks. The focus is again on the human and on how the task is
performed. Cognitive and physical capabilities and limitations as well as critical crew tasks have to be iden-
tified. Critical crew tasks can occur nominally or off-nominally and they comprise tasks that are essential to
crew health. If these tasks are not done in the correct manner, they can lead to loss of mission, loss of crew
or undesired vehicle states, hence they have to be identified to reduce the probability of mishaps or errors
occurring and to avoid errors and improve safety. The task analysis should yield understanding of inter-task
interactions, critical crew and systems task to develop procedures, make human reliability assessments and
perform verifications [173].

The capabilities and limitations of the human against the technology need to be weighted and a decision has
to be made on which function should be carried out by whom. Factors to be considered are: speed, accuracy,

reliability, flexibility of response, financial costs, users well-being and strength. It is important that it is not
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the tasks that cannot be carried out by the machine that are assigned to the human, a meaningful set of tasks
should be allocated instead [173].

The process is highly iterative, tests, models and analysis with active user involvement should be performed
and the results used to progressively refine the solutions [173].

In Figure G.11 the activities revolving around the human-centered design method proposed by NASA [173] are
shown.

Ensure needs of the user are met H

*Develop missions & scenarios
*Develop concept of operations
«Allocate functions between user & system
LGS UBRUTIN «perform user task analysis
User and sConduct requirements analysis
Environment _J
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representative HW/Sw
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environment and on design solutions

(RTITE ARG «improve fidelity of HW/SW representations and of

evaluations with progressive design iterations j

Figure G.11: Human-centered design activities [173]

The methods applied during the various steps of a user-centred design process vary depending on the devel-
opment time available. There are several methods one can apply to perform a context, user and task analysis.
To collect task data one can perform several activities [96], these are listed below.

¢ Observe the users interact with current product versions

* Perform retrospective protocols such as video recordings or verbal protocols as both retrospective and
prospective protocols can be used

¢ Perform interviews
¢ Perform surveys and questionnaires

» Use automatic data recording techniques

After data collection and interpretation one can then proceed to the innovation step, consisting of a specific
analysis of the data and draw conclusions to improve existing systems or to create new systems. This step is
characterised by a user task analysis. There are different types of task analysis [96] listed below.

* Scenarios and use case analysis in which situations and tasks relevant to the use of the product are
defined

¢ Environment and context analysis in which the product is used are defined

* Workload analysis in which one needs to assess the mental and physical demands of the product use on
the user
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¢ Safety and hazard analyses in which the safety implications of the product are defined

¢ Function allocation analysis in which the task distribution between user and technology is defined.

Prototype development follows the user task analysis. There are several types to be used these are listed below
together with their features.

¢ Paper prototypes aid in understanding the users needs early in the conceptual design phase

¢ Wireframes show the grouping of content and content location, they also allow the communication of
software design ideas

* Mockups render ideas more concrete

* Prototypes support user evaluation as one can use and react to it

The iterative evaluation and testing phase, which follows the creation of prototypes is elaborated upon in sec-
tion G.7.

Several different models applied for user interface design have been presented in this chapter to get a better
overview and be able to choose the most feasible option for this research. As suggested by literature (see sec-
tion G.5), when designing for people, especially when designing an interface, a user-centered design method
is highly recommended. As stated by Swan and Gabbard [97] it is crucial to understand perceptual and cog-
nitive characteristics of the users, hence develop AR based on performed user studies [97]. It was found that
in the past AR studies did not often adopt user-centered design methodologies, in fact less than 10% of all
the AR papers between 2005-2014 were user study papers [7]. Additionally, analysis showed that the majority
of the studies included little field testing and few heuristic evaluations. That survey however, included only
one AR space application related study, namely the one by Markov-Vetter and Staadt [160]. It should be noted
that most AR studies for space applications focused on the user and gathered feedback from the users through
direct observations, surveys and questionnaires and in some cases performed usability tests. Based on the re-
view of the different design models, principles and standards (see section G.5 and section G.6) it was concluded
that a user-centered design method is most feasible for this research. This method includes an initial user and
task analysis, followed by prototype development and evaluations. This design process is highly iterative. Task
data collection can be performed via different methods e.g. direct observations, interviews, questionnaires
and surveys. After collecting task data, a user task analysis that can include a workload, context and use case
analysis is performed. Consequently, different types of prototypes can be designed depending on the appli-
cation. Finally, it is concluded that a user-centered model which is in line with the human-centered design
model used by NASA [173] and the principles proposed by Gould and Lewis [116] suggested by Lee et al. [96]
is the most feasible one for this research.

G.6. Augmented Reality Interface Design Considerations

In this section, first important design aspects, criteria and principles when designing human-machine in-
terfaces, focusing on displays will be presented. Then, the design of specifically integrative displays such as
Head-Mounted Displays (HMD) will be analysed. Finally, human-computer interaction design principles are
mentioned.

G.6.1. Display Design Principles
In this section, display design principles including attentional, perceptual, memory and mental model princi-
ples are presented. Further, principles and criteria for alerts, icons and labels relevant to this research are given.

Lee et al. define displays as artifacts designed to guide attention to system information relevant to the situation
and to then aid in the perception and interpretation of this information [96]. In cockpits, pilots use software
displays as their primary interface to command subsystems and monitor their health and status hence it is
essential that these displays provide situational awareness, enhance safety providing textual and graphical in-
formation on time and reduce the workload [173]. There is certain standards set to ensure a common design
framework for all flight and system interfaces as well as easy learning, enhanced crew productivity and mission
safety through consistent user environments [173], these standards also exist for spaceflight system design and
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will be elaborated upon.

Displays and user interfaces are closely linked concepts, in fact user interfaces do not only display informa-
tion but also accept inputs to alter the display and control the system. Displays show information regarding
the requested action or state of the system considered. Furthermore, they relate the person to the system
overcoming the so called gulf of evaluation, which is the difference between the person’s understanding of the
system and the actual state of the system. To design an effective display it is important to consider the compat-
ibility of the displayed system information with the perceptual and cognitive properties of the users following
the user-centered design principles mentioned in section G.5. There are 15 human factors principles to follow
in order to assure this compatibility, these will however change depending on the task considered and require
adaptation. The first step to take when designing a display is to define the task and the information needed by
the user to carry out the task, this is in line with the user-centered design principles mentioned in section G.5.

During task analysis, scenario development and the development of an operational concepts, questions to be
addressed include [173]:

1. What kind of interaction with the display formats will the user have and what possibilities are there (e.g
voice command, eye gazing, gestures)?

2. Are several instances of the display formats possible? Ifit is the case, how will real-time data updates and
commands be handled?

3. What are the insights in terms of system status and faults the user can get?

4. What are the cautions and warnings expected and how will they be handled?

Attentional, Perceptual, Memory and Mental Model Principles
Display design principles can be categorized into attentional principles, perceptual principles, those that re-
late to memory and finally those that can be traced to the concept of the mental model [96].

Attentional principles: include salience compatibility, minimization of information access costs, proximity
compatibility and avoidance of resource competition. Urgent and crucial information needs to attract atten-
tion, features that can aid in that are: contrast, colour and flashing. Auditory alerts are highly salient as well,
however interference with voice communication loops need to be considered in case of EVA astronaut appli-
cations, as mentioned in subsection G.1.4. Furthermore, it is important to relate salience with solely important
information to avoid alarm fatigue and annoyance. Relevant information should be kept easily accessible re-
ducing the accessibility costs. Information should be arranged such that their mental proximity is related to
the display proximity creating high proximity compatibility [29]. Display proximity can be achieved in differ-
ent ways by using the same colours, similar formats, configuring them in a pattern as well as linking them with
lines for instance. Finally information should be divide into several sources and presented stimulating differ-
ent cognitive systems (e.g. auditive system, visual sensory system) [96].

Perceptual principles include: making a display legible, avoiding absolute judgements limits, supporting top-
down processing, assuring discriminability and exploiting redundancy gain. Legibility as well as audibility is
an essential need of a good display. The user should not be required to judge the level of a variable on the basis
of a single sensory variable that contain several different levels as it leads to errors of judgement. As people
have expectations based on past experience, signals and information are perceived according to that, which
makes it thus important to support the user enhancing saliency of the information that is contrary to what is
expected. Using different physical forms reduces the chance that factors degrading one form have the ability
to degrade another form as well. Information that is similar creates confusion hence it is advised to avoid un-
necessary similar features and highlight dissimilar ones [96].

Memory principles include: presenting knowledge in the world, supporting visual momentum, providing pre-
dictive aids and being consistent. Presenting knowledge in the world to aid humans is necessary as the mem-
ory of humans is vulnerable and has a limited capacity. Humans are often required to retain information from
one display to another when displays consist of different elements for instance sequentially viewed displays.

163



Methods to enhance visual momentum reduces memory load and information integration capabilities. Proac-
tive behaviour is desired rather than reactive behaviour, displays that can predict what will happen and aid in
proactivity lead to better human performance. Consistency is important when designing a display, it is advised
to design displays that are consistent with other displays the user is required to work with or has been exposed
to before. Interface designers should be consistent when it comes to colour coding for instance, it is important
to use colours consistently to avoid confusion. To give an example, red should be consistently used for states to
be avoided or even for danger [96]. More information about colour coding can be found later on in this section.

Mental model principles include: the principle of pictorial realism, namely the fact that a display should re-
semble the variable that it represents [217] and the principle of the moving part, namely that the moving parts
of any display of dynamic information is required to move in a spatial pattern and direction that is in line with
the mental model the user has on how the represented element actually moves in the physical system [217].

Alerts

During surface operations, alerts such as warnings, cautions and advisories will occur as mentioned in sub-
section G.1.3. A display can aid in the detection of these alerts. To effectively design alerting displays con-
siderations have to be made such as salience compatibility mentioned earlier. To avoid confusion of alerting
severity the aviation sector has set up a number of guidelines to follow, these include consistent colour coding
for instance [96]. Colours should be used to complement status information and not as the sole indicator as
different lighting conditions or crew abilities perception issues can affect the information transfer.

Example conventions include [173]:

¢ Yellow: caution

¢ Red: warning or emergency

¢ Blue: advisory

¢ Grey: unavailable function

e White: available dynamic function
¢ Green: normal state

Icons and Labels

Icons are an effective way to grab the users attention and convey a message while labels can aid in the interpre-
tation of an icon and avoid ambiguity. Labels are essential for a user interface as they provide information on
the identification of and the instructions for certain activities [173]. Hazard, caution, warning and emergency
labeling are meant to convey critical information.

Icons are frequently used in the aerospace sector as well and astronauts are very familiar with a certain set of
icons. The SSP 50313 - Display and Graphics Commonality Standard [181] contains all icons and labels used
for the International Space Station Program. These icons can certainly be adopted for the HMD design of the
AR application when necessary. However, for future space exploration scenarios, new icons will be required,
thus looking into the design criteria for icons might be useful. Design criteria include: visibility, meaningful-
ness, location and discriminability [96].

Finally, it should be noted that preferred fonts ensuring good readability include: Helvetica and Arial [173]. For
further details on guidelines for display design (e.g. layout, text content and size, labeling, spacing, grouping,
use of colours and graphics) it is advised to consult the NASA/SP-2010-3407/REV1 Human Integration Design
Handbook (HIDH) [119].

G.6.2. Head-Mounted Displays

One of the most technologically powerful AR devices currently on the market is the Microsoft Hololens [163]
which is essentially a Head-Mounted Display, HMD. These displays help the user to reduce the access costs
and keep their hands free to carry out other activities. For pilots this is beneficial as it helps retaining the full
overview of flight instruments and at the same time keep an eye on the outside world [39]. For assembly work-
ers it is beneficial as information on how to carry out the work can be directly displayed on the HMD easing

164



the integration of information sources [243]. One of the problematics with HMDs relates to the efforts to place
conformal imagery on the displays due to image updating delays. These conformal displays are augmented re-
ality displays as they show spatial positions in the outside world and have to be updated when the user rotates
their head relative to the world. In case the image is not updated fast enough upon the head rotation of the
user, this can cause motion sickness and disorientation [96], else the user might adopt unnatural behaviours,
compensating this issue by moving their head slower [68]. Generally, it is yet unclear whether it is more ad-
vantageous to use a head-up HMD or hand-down handheld display [159], however flight control performance
is higher when the critical information on flight instruments is shown head-up [204], [30]. For astronaut EVA
applications head-up HMD seem to be more advantageous as it can be used hands-free.

Head-mounted displays fall under the category of wearable technology. There are additional design consid-
erations to be made to ensure these wearable technologies enhance productivity, user satisfaction and safety
[96].

The wearable technology should be comfortable for the user to wear. The MS Hololens 1 [163] used for sev-
eral AR application studies for instance WEKIT [34] and Sidekick [175] does not offer good ergonomic features,
nevertheless improvements are implemented in the new version of MS Hololens 2 [164], as it is lighter and has
a more balanced center of gravity.

Information should be prioritized, it is important to identify which information should be pushed forward as
the spaces are constrained [96]. Information should be visible with a single glance, it should be avoided that
one has to page through multiple screens. Non-visual cues should be considered. Complex tasks should be
simplified and divided in smaller ones. Signs and indicators should be provided to allow the user to activate or
deactivate surrounding devices detection if such a feature is available in the first place.

G.6.3. Human-Computer Interaction Design Principles

Head-mounted AR displays as for instance the MS HoloLens allow for and require user interaction. Thus de-
sign considerations with respect to the interaction aspect have to be made in addition to the display design
considerations. Similar attention, perception, memory and mental model principles as for the display design
apply however, response selection and interaction principles have to be accounted for as well [96].

Response selection principles include: choosing the appropriate defaults, simplifying and structuring task se-
quences. Ensuring that default values are useful and practical is important as well since the user might not
remember how to change every setting of an interface that has many options and a lot of information. Fur-
thermore, carrying out a complex task is often easier when the task is split in into smaller steps [96].

Interaction principles include: showing the system state clearly and supporting flexibility, efficiency and per-
sonalization. Prompt feedback is necessary with respect to the status of an executed action. The application
should match the users needs. Depending on the tasks performed, the interface should provide accelerators
or shortcuts for tasks that are frequently performed for instance. Additionally, having the possibility of person-
alizing the interface based on the users needs is advised [96].

G.7. Evaluation and Testing Methods

In section G.5 the design processes were presented and it could be concluded that the processes follow a cycle
which includes understanding, creating and evaluating. In this section, the focus will be on the evaluation
aspect. Please note that the evaluation process is an iterative process. It is important to involve the users
throughout the design process such that they can participate and understand the design decisions, only this
way user satisfaction can be achieved. Especially in the case where the human has critical control responsi-
bilities over a system or when the interaction is crucial to achieving the mission goals [173]. First, available
types of evaluation will be shown, second available designs for studies are presented, after that data analysis
techniques are given.

G.7.1. Type of Evaluation

The types of evaluation include the following options [96]:

e Literature Reviews, Heuristic Evaluations and Cognitive Walkthrough
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¢ Usability Testing
¢ Comprehensive Evaluations and Controlled Experiments
* In-service Evaluation

¢ Expert Reviews

Literature reviews serve to identify how people behave in related situations, this phase involves reading topic
related research papers, books and reports. During heuristic evaluations a small set of evaluators analyze every
aspect of an interface to assess whether it fulfils the usability requirements. Nevertheless, other requirements
such as user satisfaction and safety need to be fulfilled as well and can be assessed during heuristic evaluations.
Since evaluators tend to miss certain aspects and usually different evaluators identify different aspects, Nielsen
[104] suggests using a minimum of three, preferable five evaluators to perform heuristic evaluations. Nielsen
identified ten Usability Heuristics for User Interface Design, these are listed below [104].

1. Visibility of system status

2. Match between system and the real world

3. User control and freedom

4. Consistency and standards

5. Error prevention

6. Recognition rather than recall

7. Flexibility and efficiency of use

8. Aesthetic and minimalist design

9. Help users recognize, diagnose, and recover from errors

10. Help and documentation

Cognitive walkthroughs are used for interaction design mostly, while heuristic evaluations are used for inter-
face design. Cognitive walkthrough is a more structured approach and it aims at analyzing every task asso-
ciated with a system interaction and poses a set of questions aimed at addressing potential issues. Design
questions have been proposed to guide this process [145] and include the following:

¢ Is the action the user is supposed to perform sufficiently clear?
¢ Isitlikely that the user will carry out the task correctly?

* Will the user know when the following task can be carried out?

Is feedback implemented such that the user knows when the task has been completed successfully?

* Does the user know how to carry out the given tasks?

Usability testing is a fundamental element of human-centered design (HCD) and it has been demonstrated
that it increases efficiency, effectiveness and user satisfaction [173]. Effectiveness is defined as the complete-
ness and accuracy with which users accomplish the task, quality of the user’s solution and error rates are met-
rics for effectiveness [173]. Efficiency is defined as the relation between accuracy and completeness with which
users accomplish a task and resources required to do so, task completion time and learning time are measures
for efficiency. User satisfaction is based on how comfortable the system is for the user and on how positive the
user’s attitude is toward the use of the system [173]. Usability testing investigates how the design of a system
can be improved based on the following dimensions [103]:

¢ Learnability

e Efficiency of Use
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¢ Memorability
¢ Few and Noncatastrophic Errors

¢ Subjective Satisfaction

The system designed should be easy to learn and efficient to use by enabling high work-productivity. The steps
required to be taken by the system should be easy to remember, moreover the system should allow the user
to commit a low amount of errors and enable quick recovery. Finally, the user should be sufficiently satisfied
with the system [96]. At least two usability tests have to be performed, ideally five. After each test, a design
iteration is necessary and the system is refined, after that another test follows with new users [96]. Nielsen
states that at least three to five iterations need to be performed and usually 25% to 40% of the improvements
can be observed after one iteration [102]. Once the system design is close to being finalised, comprehensive
tests and evaluations can be performed. Taking iterative steps avoids late design changes and hence costly
impacts [173]. Designs with good usability can reduce errors, training time, fatigue and life cycle costs.

Comprehensive evaluations and controlled experiments are more cumbersome as they resemble real experi-
ments. Comprehensive evaluations are more summative than usability tests. During controlled experiments
the idea is to change one independent variable only, while controlling the other variables and see the effect on
the dependent variables [96].

In-service evaluations are performed once the system has been released. Usually controlled experiments are
difficult to perform at that stage hence descriptive evaluations are critical. A-B testing is a common in-service
evaluation, where version A is compared to version B, these evaluations can involve thousands of people [96].

Expert reviews are useful as human factors specialists can identify design strengths and weaknesses and rec-
ommend improvements, these reviews essentially combine the two methods: heuristic evaluations with cog-
nitive walkthrough. The review can be performed early on, on conceptual sketches and working prototypes
[173].

G.7.2. Study Design

During an experiment the relationship between the independent variables and the changes in one or multiple
dependent variables are investigated. Dependent variables include performance, situational awareness, work-
load and preference for instance. An experimental design includes the identification of independent variables
controlled in the study and the measurement and observation of dependent variables or results of interest. It is
important that so called confounding variables are accounted for. In fact, confounding variables can influence
the causal relationship of interest and have to be controlled [96]. Experimental designs include [96]:

¢ One-factor design

e Multiple-factor design

* Between-subjects design
¢ Within-subjects design

¢ Mixed Designs

A very common type of experiment involves the comparison of two conditions, this is a so called one factor
design. The two conditions often involve a control and a treatment, for instance driving a rover only (control)
and driving a rover with AR support (treatment). Else two levels of treatment might be involved like driving a
rover with voice command or with a hand-controller.

Multi-factor experiments on the other hand involve the evaluation of multiple factors set at multiple levels.
A design that investigates two or more independent variables combining the different levels of each variable
is a so called factorial design. This design allows to evaluate the effect of each independent variable but also
how these interact with each other. This method has the advantage that it captures more options and hence
renders it more realistic as the results are more general and it is possible to capture interactions. Selecting one
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compared to the other depends on what the type of study and how many factors are required to be tested [96].

Between-subjects study designs are such that different subjects test each condition, so that each person is
only exposed to one condition or user interface. Between-subjects experiments minimize the learning effects
and transfer of knowledge across conditions. The test sessions for between-subjects are shorter compared
to within-subjects experiments for the subjects. Between-subject tests are easier to set up, especially when
there are multiple independent variables. Randomization can be used to avoid order effects more easily with
between-subjects than with within-subjects designs, however it is essential for both. Randomization counter-
acts order, learning and transfer effects [96].

Within-subjects study designs are such that the same subject tests all the conditions. This type of study de-
sign has the advantage that not many participants are required to render the results significant. A similar
between-subjects designs requires twice the amount of participants compared to within-subjects studies. A
within-subject design can help reducing errors related to individual subject differences. In a between-subject
design individuals are randomly assigned to the independent variable or condition, therefore there is the pos-
sibility that fundamental differences between the groups impacts the experiment’s results. In a within-subject
design, individuals are exposed to all conditions, hence individual differences do not distort the results. Disad-
vantages of within-subjects tests are fatigue and boredom induced in the subject after too many tests. Results
on subject performance might be negatively affected by due practice effects, as the subject becomes more
skilled after taking the test multiple times [96].

Mixed design studies involve at least one between-subjects factor and at least one within-subjects factor [96].
This type of study design combines the advantages of within-subjects factors, namely greater statistical power
and between-subjects factors, namely less risk of subjects discovering the hypothesis.

It should be noted that after defining the independent variables, people need to be selected based on the
principle of representative sampling. It is important that participants represent the group of people one is in-
terested in analysing [96].

To get a better understanding, the study designs adopted by the studies reviewed in section G.2 were investi-
gated.

The study by Braly, Nuernberger, and Young Kim [15] involved between-subject studies. In total 30 trials from
three critical areas on the instrument, namely CPU, science module and electrical filter were carried out. 50%
of the trials were assigned as mate trials and 50% as demate trials in a random manner. After that, two sets
of trials were created to ensure that test subjects did not carry out the same trials in every instruction method
(AR and paper) [15]. The random selection for each set of trial was done according to these constraints: the
same amount of mate and demate trials as well as trials from each of the three areas and number of connec-
tion types had to be fulfilled. Finally, the order of the 15 trials in every set was randomised. Test subjects were
randomly allocated to one of two instruction method orders defining which instruction method was used first
by the subjects [15].

The study by Markov-Vetter and Staadt [160] on the other hand involved a within-subject study, test subjects
were exposed to two different instruction method conditions (PDE AR), each subject performed the proce-
dure for every independent variable in all levels resulting in a 2x2 factorial design. Fatigue effects were taken
into account and mitigated [160]. A within-subject study was carried out to evaluate the stowage application
developed in the study of Furuya et al. [79]. Nevertheless, between-subject pilot studies with 25 individuals
including experts were carried out as well prior to the final experiments [79].

To the best of my knowledge, other AR projects involving space applications such as EdcAR [124], WEKIT[34],
mobiPV [3], WEAR [220] and T2 [230] performed user reviews sessions to evaluate the usability of the system.
For ARPASS [198] online surveys and user reviews on desirability and feasibility were performed. While no
information on the types of evaluations performed for the projects ARAMIS [72], Sidekick [175], MOON [114]
and OnSight [175] could be found.

From the survey performed by Dey et al. [7] it was concluded that most of the AR studies, across all disci-
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plines, were designed as within-subjects studies, namely 73.7% of the studies while 14.1% where designed as
between-subjects studies and 4.3% as mixed studies.

G.7.3. Measurement

Many usability metrics including effectiveness, efficiency and satisfaction can be used. As mentioned earlier,
effectiveness is defined as the accuracy and completeness with which a goal is achieved. Quality of the user’s
solution and error rates are effectiveness indicators [173]. Efficiency is defined as the relation between accu-
racy and completeness with which users achieve a preset goal and the resources used to achieve it. Task com-
pletion time and learning time are indicators of efficiency [173]. Satisfaction is defined as the users’ comfort
with respect to the use of the system as well as the users’ positive attitudes toward this. To assess satisfaction
user ratings and surveys addressing satisfaction with the interface are used.

The System Usability Scale (SUS) [93], [2], a 5 point Likert scale, is a common tool used to assess user satisfac-
tion. The SUS has been used for WEKIT’s [34] evaluation studies for instance, see Figure G.12 and Figure G.13.
To calculate the SUS score, one needs to sum the score contributions from every item. Score contribution
range from 0 to 4. For item: 1, 3, 5, 7 and 9 the score contribution equals the scale position minus 1. For item:
2,4, 6, 8 and 10, the score contribution equals 5 minus the scale position [93]. Finally, the SU result is obtained
by multiplying the sum of the scores by 2.5. Scores range from 0 to 100 [93]. Validation studies concluded that
an SUS score starting from 68-70 stands for an acceptable system usability level. The Acceptability ranges are
as follows: 0-50 not acceptable; 50-70 marginal; 70-acceptable [2, 35, 94].
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use this system freguently , " ; ; "
2. | found e system unnecessanly
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E‘!\S‘m 1 2 1 4 3
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Figure G.12: System Usability Scale [93]

11. Overall, I would rate the user-friendliness of this product as:
[m] O O O [m] O
Worst Awful Poor OK Good Excellent Best
Imaginable Imaginable

Figure G.13: Adjective Rating Scale added to the System Usability Scale [2]

Other questionnaires relevant to AR studies include the Questionnaire User Interaction Satisfaction (QUIS)
and the Smart Glasses User Satisfaction questionnaire (SGUS) (please refer to Figure E1 in Appendix F to view
the SGUS), both were used as evaluation methods for WEKIT [128]. The SGUS was specifically created for the
WEKIT project, it consists of 11 items and it is a 7 point Likert scale as can be seen in Figure E1. To get insights
on the results, the overall average of all items is calculated together with the averages of the individual items.
Every individual average is then compared to the overall average and based on this comparison and the indi-
vidual average scores conclusions are drawn.

It should be noted that the three metrics, efficiency, effectiveness and satisfaction have a low correlation
among them [113], making all three measurements appropriate.

To the best of my knowledge most space-related AR projects (see subsection G.2.2) mainly used direct obser-
vations and user feedback rather than questionnaires, surveys or user rating scales (e.g. MobiPV [3], WEAR
[220], T2 [230] and ARPASS [198]). It should be noted however that on project MOON [114], OnSight [175] and
Sidekick [175] no information could be found on the evaluation methods.

Subjective and objective measurements can be distinguished. Subjective measurements include workload, sit-
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uation awareness, fatigue, safety, acceptance, trust and comfort. Objective measurements include task com-
pletion times and accuracy/error rates. The differences between the type of measures should be considered, as
for instance subjective measures are easier to retrieve and are less expensive. There are certain experimental
contexts where subjective measures are better predictors while in other cases the subjective measures are not
ideal as performance is not a well represented feature. An example of this situation, could be that following a
subjective evaluation people prefer color to monochromatic displays while this choice according to objective
measures undermines performance [6]. Nevertheless, the two measures are often complementary [96].

Based on the survey performed by Dey et al. [7], the most common objective measures were error rates or
accuracy and task completion time. Error rate or accuracy was the objective measure chosen in the following
space-related studies, mentioned in subsection G.2.2, by Braly, Nuernberger, and Young Kim [15], Markov-
Vetter and Staadt [160], Tang et al. [18] and Uva et al. [9], while task completion time was selected in the
following space-related studies by Braly, Nuernberger, and Young Kim [15], Furuya et al. [79], Boyd et al. [3].
Other studies evaluating the effectiveness of AR related to maintenance and repair used time and error rates
as objective measures [210], similarly did a study evaluating the effectiveness of AR for procedural tasks [211].
Other objective measures identified in the survey by Dey et al. include: response rate, distance walked, head
movement and physiological measures [7], however these were specifically related to the nature of the experi-
ment.

Subjective measures include workload for instance. Workload is defined as the mental and physical effort re-
quired to meet the demands of the assigned task [173]. It appears to be a relevant measure for the proposed
research, hence ways to assess this measure will be investigated.

NASA-STD-3001, volume 2 [178] specifies workload requirements. With respect to cognitive workload it is
stated in V2 5007 that:

"Cognitive workload shall be accommodated in the design of all system elements that interface with
the crew for all levels of crew capability and all levels of task demands"

Workload is usually obtained through user ratings, the user is requested to rate the workload on a subjec-
tive scale. Subjective scales can be divided into two categories: unidimensional and multidimensional ratings
[216]. Unidimensional rating scales are said to be simple to use as they do not involve complicated analysis
techniques. These scales have only one dimension as the name suggests, nevertheless generally unidimen-
sional scales are more sensitive than the multidimensional ones [42]. The multidimensional workload scale
represents a more complex and time consuming form of measurement. It has from three to six dimensions.
Unidimensional rating scales have not been given much validity in past research since they are often consid-
ered too simple to measure the complexity of workload. Despite this, through further analysis unidimensional
scales acquired validity and managed to outperform multidimensional scales. Examples of unidimensional
scales are the modified Cooper-Harper Scale (MCH) and the Overall Workload Scale (OW) [216].

Multidimensional scales are the most widely accepted form of measuring workload using subjective means.
The two main multidimensional measures currently being used in the real-world and simulated environment
are the NASA-Task Load Index (NASA-TLX) scale, and the Subjective Workload Assessment Technique (SWAT)
[216]. There are also several other scales that are less well known [216].

The NASA Task Load Index (TLX) is a frequently used subjective measurement tool (see Figure G.14), used to
assess workload, it consists of six subscales representing independent clusters of variables, three dimensions
are related to the demands imposed on the subject (Mental, Physical, and Temporal Demands) and the other
three relate to the interaction of the subject with the task (Effort, Frustration, and Performance) [206]. Scale
ratings are score based, the user can give a score from 0 to 100 and the weights range from 0 to 5. Weighted aver-
ages are computed by multiplying the raw score of each scale by the number of times the associated workload
factor was chosen in the paired-choice task, then dividing by the sum of the weights (i.e., 15). Unweighted/Raw
TLX scores are also commonly published [206].
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Mental Demand How mentally demanding was the task?

Lttt v

Very Low Very High
Physical Demand How physically demanding was the task?
Lttt it
Very Low Very High
Temporal Demand How hurried or rushed was the pace of the task?
] Y Y Y | Y Y
Very Low Very High
Performance How successful were you in accomplishing what

you were asked to do?

Lottty

Perfect Failure

Effort How hard did you have to work to accomplish
your level of performance?

LLr ettty

Very Low Very High

Frustration How insecure, discouraged, irritated, stressed,
and annoyed wereyou?

IIIIIIIIII|IIII|]]II|

Very Low Very High

Figure G.14: NASA Task Load Index (TLX) scale [206]

The Subjective Workload Assessment Technique (SWAT) uses three levels, low, medium and high for each of
the three dimensions of time load, mental load and physiological stress load to assess workload [207]. The
SWAT technique scales the measurement scores to generate one rating scale with interval properties [216].
The technique aims at gaining insights into the way the human uses resources to process information [216].
When the SWAT scale is compared to the NASA-TLX, the latter is generally considered to be the better scale to
measure mental workload [207] [185].

As mentioned earlier there are many less well known subjective scales used for the measurement of various
types of workload, such as Cooper-Harper rating scale which is unidimensional and mainly used for measure-
ment of psychomotor workload of pilots [216]. The Rating Scale Mental Effort (RSME) is another example of
unidimensional scale, it consists of a line with a length of 150 mm marked with nine anchor points, each with
a descriptive label indicating a degree of effort [17].

NASA uses the unidimensional Bedford scale [11] to assess workload [173] (see Figure G.15). The scale is char-
acterized by a decision-tree format and was developed for test pilots with their help. The subjects are required
to start answering questions from the bottom left corner and each question in order. This scale is feasible to
carry out verification processes as it provides anchors for every rating, it is familiar to crew, it also gives a deci-
sion gate in which ratings above this gate gives evidence that workload is not satisfactory without a reduction
in spare capacity or not tolerable [173].
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Figure G.15

Bedford scale [11], [173]
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