30 Sensors to Mars: Toward Distributed Support Systems for Astronauts in Space Habitats

Inga Rüb^⋆ Maciej Matraszek^⋆ Piotr Konorski^† Małgorzata Perycz^‡ Aleksander Waśniowski^§ Dominik Batorski^♯ Konrad Iwanicki^⋆

⋆Faculty of Mathematics, Informatics and Mechanics, University of Warsaw, Warsaw, Poland †Astronomical Observatory, University of Warsaw, Warsaw, Poland ‡Open Science Foundation, Warsaw, Poland §LUNARES Project by Space Garden, Ltd., Piła, Poland ♯Interdisciplinary Center for Mathematical and Computational Modeling, University of Warsaw, Warsaw, Poland E-mails: {inga.rub, m.matraszek}@mimuw.edu.pl piokon@astrouw.edu.pl {malgorzata.perycz, aleksander.wasniowski}@gmail.com db@uw.edu.pl iwanicki@mimuw.edu.pl

Abstract—In October 2017, an international crew participated in an emulated Mars colonization mission. For two weeks, they stayed confined in a special complex, a so-called analog habitat, where they were isolated from the outside world, including a lack of natural lighting and exterior noises, and lived on particularly adjusted Martian time. The mission followed a strict schedule, involving actual scientific work and activities envisioned as necessary for survival and exploration of the red planet. The main objective was to study the behavior and group dynamics of the crew in conditions recreating colonization of Mars, albeit under some unique circumstances compared to previous similar experiments. What was also special about the mission was the use of sociometric methods utilizing custom pervasive sensing solutions that we had built and deployed to complement classic methods based on self-reports and interviews.

Based on that experiment, in this paper we contribute twofold. First, we share our deployment experiences to highlight the potential of pervasive distributed sensing systems in sociometric studies of habitat-based missions. The examples presented to this end include quantitative results that we obtained, among others, on social interactions between the astronauts, the impact of atypical situations on the crew, and the ergonomics of the habitat. Second, drawing from the experiences, in cooperation with the astronauts we attempt to highlight some unique challenges that space habitats pose for distributed support systems, such as ours. Among others, the challenges pertain to system deployment, autonomy, resilience, and flexibility. We believe that these challenges and, in general, space colonization constitute exciting research opportunities for the distributed systems community.

Index Terms—space colonization, astronaut, habitat, analog mission, behavioral study, sociometric system, distributed sensing

I. INTRODUCTION For many years, our civilization has aspired to becoming multiplanetary [1], [2], [3] but it has been only recently that ventures aiming to reach this goal, notably by colonizing Mars, have attracted a lot of interest and support. Such ongoing colonization initiatives [4], [5], [6] inherently put an emphasis on technologies that would ensure safe and efficient transportation to the red planet and survival in its hostile environment. Nevertheless, a potential manned mission to

Mars has to face also different types of challenges: ones that are not of a technical but sociopsychological nature.

More specifically, while on the red planet, the first astronauts will likely be forced to stay in an isolated and confined environment, a so-called habitat, which will maintain atmosphere, radiation, temperature, and other life-critical parameters at levels tolerable by humans. Such living conditions raise concerns about the behavioral health and performance of the crew [7], [8], especially since similar settings, like space flights [9], [10], [11], polar missions [12], or submarine expeditions [13], have already proved to be problematic from the sociopsychological perspective. What is more, apart from the inconveniences of the habitat, homesickness, and stress, the crew may themselves be a source of behavioral tensions. In particular, different objectives and cultural backgrounds of astronauts have already been known to contribute to group conflicts or individual mental issues [14], [10]. Consequently, the enormous impact that a manned mission on Mars will have on humanity, not to mention its huge costs, requires minimizing the risks posed by such sociopsychological factors.

This is done by emulating extraterrestrial missions on Earth to collect relevant sociopsychological data, analyze them, and develop appropriate procedures and practices. In such a mission, referred to as an analog mission, a crew of astronauts is deployed in an Earth-based habitat to perform real tasks envisioned as necessary during the actual colonization, and various behavioral parameters of the crew members are regularly monitored [15], [16], [17]. As we elaborate in the next section, to date such monitoring has been conducted mainly through diverse surveys or medical examination, for instance, daily interviews or frequent blood tests. However, these classic methods exhibit numerous shortcomings, which we believe can be addressed by additionally employing sociometric technologies based on distributed sensing systems. Although such technologies have already been utilized for different studies in social sciences, missions in habitats pose unique challenges, including the isolation, small subject populations, peculiar activities the subjects engage into, and a need to focus not only on large-scale trends but also individual events. At the same time, to the best of our knowledge, little work has been done on developing and deploying distributed sensing systems for behavioral studies of astronauts in habitats.

In this paper, we make a step toward bridging this gap and argue that distributed sensing systems for behavioral monitoring of astronauts as well as for supporting them in other aspects of their missions may be a cornerstone of successful colonization of Mars. Our contributions are twofold. First, we share our experiences from one of the analog habitat missions conducted with a distributed sociometric system that we had developed. Second, based on these experiences (as well as those from an earlier mission), we highlight the challenges and research opportunities that habitat-based settings and colonization missions offer for distributed systems.

The considered mission involved a commonly-sized international crew of six astronauts. It was conducted for a period of two (terrestrial) weeks within a professional habitat, in which we were allowed to deploy 30+ wireless sensors, notably our custom wearable sociometric badges [18] that had been utilized in a few earlier successful sociopsychological studies in different settings. Apart from the use of this technology, some aspects of the mission were unprecedented also from the astronautical perspective, especially participation of a physically impaired crew member, which all in all gives a lot of unique insights that we believe are worth sharing.

After surveying related work in Section II, we start by presenting the most relevant details of the mission in Section III. In Section IV, we explain our sociometric methods and technology, followed in Section V by examples of results from the mission. In Section VI, we outline some of the research challenges that we learned space habitats offer for distributed systems. Finally, in Section VII, we conclude.

II. RELATED WORK Being primary opportunities for research on Martian habitats, analog missions emulate numerous known aspects of real missions: their crews are formed of carefully selected candidates, the habitats feature professional infrastructure envisioned as suitable for colonization, and the crew members perform tasks and follow rigorous astronautical procedures that are known as necessary for survival on the red planet and exploration thereof. This faithful reproduction of Martian missions and use of state-of-the-art technologies in habitats is in stark contrast with the methods that have been employed to date to understand behavioral dynamics of the crew: in a great majority of past analog missions, classic methods based on self-reports, surveys, and interviews were adopted [8].

The classic methods exhibit limitations and various forms of bias that have been widely recognized [19], [20]. Consequently, modern sociopsychological studies increasingly combine them with quantitative approaches based on sensing and computing technologies, even to the extent that warrants creation of new fields of science [21]. In the context of pervasive sensing technologies, especially computer vision, smartphones, and wearable multi-modal sensing devices, often custom ones, have become popular. Among others, such technologies enable analyzing the appearance, voice, movement, orientation, and proximity of the experiment participants, and such analyses often yield compelling quantitative results regarding not only individuals but also groups of people.

To illustrate, it was demonstrated that interpersonal relationships can be inferred from phone call logs and proximity data [22], and social activities of individuals can be classified by means of smartphones [23]. Correlation values were computed between behavioral metrics and personality traits [24], and it was quantitatively assessed to what degree different cultures shape contact patterns [25]. A new concept of communication richness was showed to be a key factor influencing productivity of software engineers [26], and it was measured how multitasking and social interactions affect employees’ concentration [27] and moods [28]. Moreover, by quantifying social contacts, infection transmissions were investigated [29], and terms that had been abstract before, like “trust” [30], were operationalized in terms of computational models. Finally, quantitative data was presented on how work performance is influenced by factors such as physical space design [31], schedule of work breaks [32], [33], or temperature and noise [34]. All in all, these few selected examples already show the potential results that sociometric methods based on pervasive sensing could yield during missions in habitats.

Yet, while to date these methods have been utilized in numerous settings, including offices [26], [33], social events [35], schools [36], hospitals [37], and museums [38], to name just a few applications, analog missions in habitats have hardly been targeted. A major problem is the very nature of such missions.

On the one hand, the absolute confinement ensured by habitats precludes any intrusive on-demand observations, involving real-time communication with astronauts or their advanced examinations. As a result, only the astronauts themselves can be trained to conduct certain procedures and only with the equipment available in the habitat. Moreover, these procedures and equipment must not impair the core mission activities the astronauts engage into. To illustrate, in recent missions, some crew members were specifically trained and equipped to perform on-site blood tests [39] or analyses of saliva, urine, breathed air, and ECG and EEG measurements [40], which aimed to enable assessing individual levels of stress hormones and emotional reactions to various stimuli [41].

On the other hand, automated continuous monitoring of astronauts must not violate their privacy. Consequently, certain types of effective sensors, like cameras, often cannot be deployed in a way that would enable drawing meaningful conclusions. To be concrete, we are aware of only one attempt to using video recording and automated visual recognition for detecting the emotions of the crew members [42]. Nevertheless, even in that case, the settings were rather peculiar.

Analog missions in habitats thus indeed present unique challenges for developers of sociometric technologies based on pervasive sensing. To the best of our knowledge, just a single recent study independent of our work has started quantitatively analyzing social activity and teamwork of astronauts by means of custom wearable sensing devices [43]. However, there have been no published sociopsychological results nor data on technical aspects of this project, apart from a presentation with general information on the executed and planned experiments [44]. What is more, as mentioned previously, the mission presented here was unprecedented in several aspects, which to some extent was dictated by the need to evaluate our technology in scenarios that diverge from the hoped-for ones.

This paper is thus arguably the first to highlight the possibilities that pervasive sensing technologies offer for sociometric studies of analog missions and to discuss the concerns that have to be addressed when turning such technologies into future systems dedicated for behavioral monitoring of astronauts in habitats. We focus mainly on technical aspects of such monitoring, leaving detailed analyses of sociopsychological phenomena during the mission for separate papers. Nevertheless, to support our claims, we do present examples of such phenomena observed thanks to our solutions.

III. MISSION ICARES-1 The selected mission, ICAres-1, was organized in 2017 and received considerable local media attention. It started on October 8 and lasted until the early morning of October 22. For these two full weeks a crew of six astronauts lived in an isolated and confined habitat that emulates conditions expected during Mars colonization. The participants behaved as though the mission had been real, while the situations they were put into had been directed by a group of researchers. The study aimed at gaining insight into perception of time in response to clock shifts, finding potential impact of delays in communication between Mars and Earth, and, above all, verifying if state-of-the-art technologies and standardized procedures remain effective in case of potential accidents. Next, we give details on the habitat, the activities involved in the mission, and the crew, as well as highlight unique aspects.

A. Habitat

ICAres-1 took place in Lunares [45], a professional habitat in Pila, Poland, combining an emulated space base with a research laboratory. Its location and construction made the astronauts absolutely isolated from the outside world. There were no intruders, no urban noises, and no light other than artificial lighting that corresponded to Martian time of day. The only people who were able to exchange messages with the crew was the so-called mission control, that is, a group of professionals who supervised the experiment from a facility almost 200 km away. Moreover, the communication was delayed by 20 min, reflecting a possible Earth-Mars latencies.

The habitat itself consists of separate modules of distinct kinds and purposes: a bedroom, kitchen, office, biological and analytical laboratories, an equipment storage, gym, and bathroom, which are all arranged in a semicircle with a place to rest in the middle. During the mission the only available exit led via an airlock to an isolated hangar, where Martian regolith, with sand, rocks, and other irregularities, was imitated.

B. Activities

Each of the 14 days in the habitat was filled with demanding tasks. Most of them, like conducting experiments on potentially useful parasitic species, taking care of an indoor hydroponic garden, or designing and 3D-printing specialized equipment, required skills and expertise in certain fields. Another challenging kind of tasks was extravehicular activities (EVAs), performed on the artificial Martian surface in an outdoor outfit imitating an actual space suit. For the faithfulness of EVA emulation, meticulous preparations and post-EVA procedures were adopted, lasting approximately 30 min each. EVAs themselves involved in turn steering semi-autonomous rovers and testing a lightweight electric wheelchair, adjusted to possible use cases on Mars.

All of the activities had been determined a priori and organized into a strict and precise plan, divided into 30 min slots. Each crew member was expected to follow their own schedule for a given day, which regulated 14 h of daytime and included only two 30 min-long breaks. While 1.5 h in total was spent on eating meals, for the remaining 11.5 h the astronauts were supposed to work on their tasks in full seriousness: the experiments and tests were not merely a mean to emulate Martian expedition, but had their own scientific purpose. Consequently, hard work of astronauts could potentially lead to novel publications in their respective fields, which presumably improved engagement and discipline of the crew. On the other hand, the pressure to complete individual tasks on time as well as their high level of difficulty severely constrained the opportunities in which the crew members were able to socialize. These circumstances and the fact that the astronauts had barely known each other before the mission let us expect occurrences of relevant sociopsychological phenomena, which our sociometric solutions aimed to help detect.

C. Crew

The crew was international and consisted of 3 women and 3 men. This is a representative crew size envisioned for the colonization as well as adopted during many previous analog missions. A major reason is the amount of resources (e.g., space, oxygen, food, equipment) that can be secured during a flight to Mars and later in a habitat. Moreover, in large teams the performance of individuals declines [46], partially because of the surging number of links managed among the team members, which make cooperation impractical to handle [47]. Consequently, even though such a subject population seems small compared to previous sociometric research in different settings, it is to be expected in Martian habitats.

Attracting tens of volunteers per position, recruitments for analog missions are multi-stage and extremely selective, and the considered mission was no exception. In particular, the crew members had second-class medical certificates for pilots or professional drivers (apart from one person, as we explain shortly). They had undergone additional medical and psychological examination, as well as various types of training, such as aerodynamic tunnel training, outdoor survival, advanced medical emergency techniques training, or helicopter underwater escape training, to name a few examples.

Each of the participants was then given a position in accordance with their competences and experience. For instance, Commander of the mission had already spent more than a year on similar projects, Chief Medical Officer had graduated in both Astronomy and Medicine, while Structural Material Scientist was pursuing a doctoral degree in Engineering. The astronauts, aside from performing their duties, formally agreed to undergo all necessary procedures dictated by the mission targets. Their commitment to stay in the habitat and complete the goals is worth even more respect considering the unique nature of the mission, as discussed next.

D. Extraordinary Aspects

Before ICAres-1, analog missions were based on the assumption that astronauts were perfectly fit and healthy, which would likely be the case on their launch day. However, a space flight and the hostile environment of Mars pose a high risk of situations that may lead to serious injuries or even casualties among the crew. Space agencies have to prepare for such scenarios, and ICAres-1 provided opportunities to attempt to answer some relevant questions, like: Would disability of an astronaut stop them from participation in daily activities? Would it become a burden for the group? How would a sudden death of an astronaut impact the performance of the crew? What impact a food shortage may have on the astronauts?

Investigation of these and related issues made the mission unique. First, one of the astronauts, referred to as astronaut A, was visually impaired and had no left hand nor three fingers in the other palm. Nevertheless, no allowances were made for them: A attended all team activities and followed the schedule of tasks that was demanding even for someone with no disabilities. Another astronaut, astronaut C, left the habitat on the fourth day of the mission as virtually dead. Despite this emulated tragic event, the crew had to continue and take over the responsibilities of astronaut C. Finally, on the eleventh day of the experiment, an extreme shortage of resources was announced, in particular resulting in meagre rations of food: under 500 kcal per day for each person.

E. Summarizing Remarks

In summary, analog missions are costly and intricate to organize. Habitats have specific arrangements and equipment, matching as closely as possible the settings they emulate. Astronauts are carefully selected and trained to maximize their performance and dedication, not only individually but also as a team. The activities they engage into are of a specific nature, which requires meticulous planning and often strict safety measures. In this light, deploying extra technologies and adopting further procedures is typically considered as a huge risk. In the case of ICAres-1, the risk was further aggravated by those aspects of the mission that had been unprecedented also from the astronautical perspective, and hence aroused great expectations. Therefore, we believe that our sociometric experiences from the mission are indeed of value.

Fig. 1: A crew of analog astronauts wearing our badges during an earlier mission in Lunares, Lunar Expedition 1 (photo by Mariusz Słonina).

IV. SOCIOMETRIC METHODS AND TECHNOLOGIES Since video and audio recording in the habitat was prohibited for legal, privacy, and other reasons, at the heart of our sociometric methods lay multi-modal sensing badges [18], which we had designed, built, and earlier deployed in a range of different settings. A prominent example of those deployments was a couple of commercial companies, where the badges had allowed us to distinguish formal and informal meetings and describe their dynamics, detect communities formed among employees, quantify significant differences between working styles on different positions, and identify the impact of environmental conditions and workplace arrangement on employee performance, to name just a few findings. Among others, it was such compelling results—and the new possibilities they offered for the company managers—that made the organizers of the mission decide to adopt our solutions for ICAres-1.

Our badge is designed as an unobtrusive wearable device (cf. Fig. 1). Its dimensions are 140 mm × 84 mm × 10 mm and its weight, including all electronics, a battery, a 3D-printed casing, and a cord, is just 111 g, which makes it suitable to be worn on a neck of an astronaut without severely constraining the activities the bearer is expected to perform. This welldefined on-body position also facilitates interpreting the readings of the badge sensors, and hence monitoring the bearer and their environment. A detailed technical specification of a badge and more information on its sociometric capabilities can be found in the aforementioned paper [18]. Here, in turn, we just give a brief overview.

In a nutshell, the basic sensors of a badge include an accelerometer, magnetometer, gyroscope, thermometer, barometer, light sensor, and microphone. Because of the aforementioned constraints, especially the microphone is worth elaborating on: we used it to detect the presence of human speech, its loudness, and frequency, notably for identifying the speaker during a multi-person conversation and distinguishing between male and female speakers; we did not, however, record raw data from conversations.

Apart from these local sensors, a badge incorporates three wireless communication interfaces, which also act as sensors of interactions with other badges: an 868 MHz radio, a 2.4 GHz Bluetooth Low Energy (BLE) radio, and an infrared transceiver. The two radios, with omnidirectional antennas and different signal attenuation properties, serve as proximity sensors, used for detecting nearby badges and for indoor localization. The infrared transceiver, with a well-defined directional communication cone, enables in turn assessing whether two badges are truly close and face each other, so that it is likely that their bearers may be having a conversation.

A badge also has a few input-output interfaces, which, however, we barely used during the deployment. Similarly, although it is operated by a relatively powerful ARM-based microcontroller, its computational power was hardly utilized. Instead, because of the novelty and unpredictability of the deployment, we decided to collect frequently sampled raw data and store them on an on-board SD card for offline analyses. Since this decision inherently led to increased energy consumption, we required each badge to be charged overnight.

We assigned one badge to each astronaut and asked them to wear the device for the whole time they were on duty, that is, for about 13 hours. For the remaining time, the badges were expected to be connected to a charging station. At the station, we also deployed an additional reference badge, which was permanently being charged, sampled environmental sensors, and served for the other badges as a time source, with which they communicated opportunistically. In effect, we were able to compute clock shifts between distinct devices and compare their sensor readings to the reference ones. Since after the start of the mission nobody was able to access the astronauts, we also provided them with 6 redundant backup badges, in case their assigned ones failed. We did not replicate the reference badge because the risk of its failure did not warrant the effort necessary for implementing failover software and procedures.

Apart from the badges, we were also allowed to deploy in the habitat 27 BLE beacons (cf. Fig. 3), each of which broadcast a message announcing its presence approximately three times per second. Every badge recorded these messages together with the received signal strength indicators, which later was fed into a positioning algorithm based on triangulation. As we learned in preliminary experiments, because of the construction of the habitat and the carefully selected placement of the beacons, the accuracy was high even without employing the inertial sensors of a badge. In particular, the room the badge located in was detected perfectly.

What is more, we considered deploying several additional types of wearable sensors. They would have integrated well with the system through the BLE interfaces of the badges. However, ultimately they did not find their way into the habitat, mainly because they matched poorly the specific nature of the mission. For example, galvanic skin response and optical heart rate sensors we had access to would have impaired many activities the astronauts were expected to perform, particularly in the laboratories. Other medical sensors were even more inconvenient or violated the privacy regulations of the mission. Apart from that, any extra devices would have necessitated additional procedures governing their usage and charging, thereby putting yet more load on the astronauts. In any case, however, in line with our prior experiences in other settings, the results from the missions confirmed that, even on their own, the badges are a powerful sociometric technology.

Finally, to complement our technical solutions, we also made use of classic surveys. They were prepared so as to minimize the overhead necessary to complete them while delivering information that was important from our perspective. More specifically, they were filled in by each astronaut every evening and questioned their levels of satisfaction, wellbeing, comfort, productivity, and distraction. Among others, the answers allowed us to interpret and verify the findings obtained through multi-modal sensing. Our conclusions were also cross-checked with the reports from astronauts on unusual events and the detailed schedule of the mission. In other words, we strove to verify every single result we obtained with our sociometric technologies, which was a laborious process.

V. SAMPLE RESULTS

The astronauts started wearing their badges on the second day of the mission since on the first day they needed time to get accustomed to the habitat and its equipment. For the remaining 13 days, we secured 150 GiB of data. An average badge was worn for 63% of daytime and for 84% of daytime it was active but not necessarily worn on the neck. The reasons for this were mostly of a technical nature: the crew was not allowed to wear our badges during EVAs—when dressed in an outdoor suit; neither were the devices worn in restrooms and during physical exercises. Nevertheless, the amount of the collected data was more than sufficient to make statistically meaningful observations on the participants and the habitat.

Overall, the application of our technology was a success, yielding many novel results. Detailed analyses of the results relevant from the sociopsychological and astronautical perspective have been and will be subject to separate publications. Here in turn we present only a few samples of them, to exemplify the kinds of observed phenomena and substantiate our claims about the potential of the technology.

Let us start with the ergonomics of the habitat. To this end, we derived room occupancy based on localization information from the badges, which was accurate because the metal walls of any room perfectly shielded the signal from the beacons in other rooms. To find out whether the habitat was arranged in an optimal manner, for each pair of rooms (X, Y ), we measured how many times an astronaut moved from X to Y and spent in Y at least 10 s.^1 It turned out that the kitchen should have been situated close to the office and the workshop: from these two rooms, especially the office, most astronauts went directly to the kitchen and the other way round (cf. Fig. 2).

Initially, we presumed the kind of activities performed in the office was more conducive to distractions in contrast to working in the biolab. However, the astronauts tended to stay at the biolab mostly about 2.5 h while the majority of stays at the office and the workshop lasted twice as much. Hence, another

1This minimal interval was necessary to filter out situations when occasional beacon signals from another room slipped through open doors.

airlock bedroom biolab kitchen office restroom storage workshop workshop storage restroom office kitchen biolab bedroom airlock destination room original room

100 200

Fig. 2: Total number of passages from one room to another (the main room adjacent to all other rooms is not considered).

Fig. 3: The more vivid the color is the more time was spent by astronaut A at a certain location (with a granularity of 28 cmx28 cm squares) during the whole mission. Circles with IDs denote beacons.

explanation, confirmed by the astronauts’ experiences, is that people used to be absorbed in their office/workshop work, forgot about breaks, and in the end had to quickly supplement water in the kitchen to avoid dehydration. The kitchen was also favored by the crew as the cosiest room with the highest temperatures and atmosphere supporting socializing.

In-room localization, in turn, allowed us to determine the dominant position of an astronaut within a 1 s-frame. These data can be transformed into heatmaps: histograms with a logarithmic scale that present how much time in total a given astronaut spent in a given area (cf. Fig. 3).

Heatmaps created for all participants allowed us to notice that the physically impaired astronaut, A, in comparison to the others, tended to stay in the middle of a room, usually did not approach corners, nor wandered around places that did not require their specific attention. This could have resulted partially from A’s schedule, hampered access to certain areas, and particular caution in moving around the unknown place. Most probably, over a longer period, the astronaut would have acquainted themselves with the habitat so that this difference in behavior would have become less noticeable.

To further analyze the mobility of the crew, we plotted fractions of recorded time that were spent on walking for all astronauts on consecutive days. Fig. 4 confirms the expectations that A was more passive than others. Moreover, there were two distinct pairs of different levels of mobility: D and F were walking significantly more than B and E. We got similar results regarding the average daily acceleration and sought the explanation in the differences between the astronauts’ tasks and personalities: D and F were described as energetic, E was more reserved while B, as Mission Commander, had to spend more time on paperwork in the office.

Using localization and data from accelerometers we also aimed to verify if the emulated death of C on the fourth day influenced mobility of the whole crew, that is, whether the astronauts were forced to move between different rooms in a more hectic, rapid way to complete tasks of the deceased. Prior to the incident, the third day of the mission was relatively calm (with a low rate of location changes and low acceleration), which seems to support our hypothesis. Yet, since C left at the beginning of the mission and the difference was subtle, the observed irregularity cannot be a conclusive evidence. The incident itself was, however, visible in the collected data, especially after we analyzed group meetings and compared them with the schedule. As shown in Fig. 5, shortly after C passed away, the crew organized an unplanned consolation meeting in the kitchen at about 15:20 PM of local time: everyone was in the same room and the conversation was clearly quieter than, for instance, during lunch at 12:30 PM.

As we learned after the mission, losing C was a serious blow to the rest of the crew: C had already taken part in a two-week mission in Lunares, knew the place perfectly, and shared his knowledge with others. This again can arguably be explained with the collected data, which reveals that C was an energetic conversationalist (cf. Fig. 4 and Table I): C’s voice dominated during meetings while the fraction of time C spent on talking daily was the highest among the crew (cf. Fig. 6).

Fig. 6 illustrates also one more noticeable trend common for all participants: they talked less the closer the mission end was. Their conversations became rarer even in the kitchen, during lunches, and briefings. On the eleventh day, when food rations were extremely limited, and on the following day, when the mission control reprimanded the crew for performing invalid tasks, the astronauts barely talked to each other and, apart from speech, there was much less other noise recorded.

2345678 0.020.04 0.060.08 0.10

day of the mission fraction of walking

A B C D E F

Fig. 4: Fraction of recorded time spent on walking during the initial days.

Fig. 5: Fraction of time with detected speech and location: timeline for all astronauts, for the day when C left the habitat. With these two kinds of information, we detect when the astronauts were in the same room and analyze the dynamics of their meetings based on speech parameters.

234567891011121314 0.20.4 0.60.8

day of the mission fraction of speech

A B C D E F

Fig. 6: Fraction of recorded time intervals when the badges detected speech. A 15 s interval is considered as speech if there are voice frequencies detected of at least 60 dB and for at least 20% of the interval. The boundary values were determined experimentally and correspond to a conversation at a distance of at most 2.5 m.

The number, duration, and intensity of conversations are crucial sociometric parameters. By observing them, we learned about the atmosphere in the habitat and the group structure. For instance, our data shows that there were significant disproportions with regard to person-to-person relations: A and F talked privately with each other for about 5 h more than D and E during the mission. In addition, A and F spent together 10 h more on all meetings, both private and group ones, than the latter pair. Another finding confirms B’s social skills as Mission Commander, who cooperated, supervised, and kept company with the crew: B dominated being the person who was the most central and available to the others (cf. Table I).

In summary, some of the presented results confirmed the subconscious impressions of the astronauts, while others revealed to them surprising correlations. What is important is that the great majority of the results, for instance, regarding the popular locations in the habitat or changes in the time spent on conversations or walking, would not be reliably obtainable using solely the classic methods. Likewise, although the other findings on the behavior of the crew, for example, concerning social centrality or individual reticence, could potentially be recreated with detailed surveys, they would be only qualitative and far less reliable. All in all, delivering such compelling results, the experiment was an undeniable success, which strongly encouraged the ICAres-1 organizers to herald the utility of sociometric technologies for analog missions.

VI. DISTRIBUTED SYSTEMS AND MARTIAN HABITATS A natural consequence of the success of the experiment was our continued collaboration with the astronauts, in particular, to sketch a future research agenda relevant for both communities. As stated previously, our system delivered important data about the course of ICAres-1, notably behavioral aspects of the crew. Some of the data would have been extremely difficult, if not impossible, to obtain with classic methods. The results of the performed post-mortem analyses of the data, such as those exemplified here, can thus be invaluable when designing and conducting subsequent missions. However, what we learned would be even more desirable is real-time feedback to the astronauts on the results of the analyses. In other words, there is a need for what we refer to as a mission support system.

The goal of such a system would be assisting astronauts in as many aspects as possible, informing them about relevant phenomena and allowing for reacting appropriately. One such aspect is broadly understood health: the system could measure fatigue, stress, and mood, help prevent injuries and avoid conflicts, maximize performance and minimize diseases through environmental control (e.g., air, sound, light). Another aspect is optimizing utilization of scarce resources, such as power, water, oxygen, food, especially during critical periods (e.g.,

TABLE I: Average and normalized parameters measured for the crew during the mission. Subtable (a): centrality measured as amount of time spent accompanied and, based on this score, Kleinberg centrality (authority). Subtable (b): fraction of recorded time with detected speech. Subtable (c): fraction of time spent on walking. id A B C D E F company authority 0.79 0.86 1.00 1.00 n/a n/a 0.94 0.96 0.74 0.83 0.89 0.96 (a) talking 0.63 0.60 1.00 0.63 0.57 0.76 (b) walking 0.39 0.45 1.00 0.70 0.49 0.75 (c) sandstorms). Warning about and predicting such events, not only due to external factors but also human error, is itself another important aspect. So is even merely offloading the astronauts from the need for logging their every activity.

Such a mission support system would inherently be a distributed system. A habitat itself consists of many modules and pieces of equipment, which are independent but have to be orchestrated to deliver certain functionality. The distributed nature also comes from the fact that components of the habitat, and hence the system, may fail and thus have to be replicated so that a partial failure or unavailability of some functionality does not hinder the success of the entire mission. Finally, from a purely organizational perspective, a space mission is normally supervised by a mission control on Earth, which is itself an extreme form of distribution considering the distance.

Although some requirements of such a distributed support system overlap with the vision of the Internet of Things (IoT), and notably industrial IoT [48], extraterrestrial habitats pose a number of unique challenges. Because of space constraints, here we highlight only a tiny fraction of these challenges, which we personally find most interesting.

A. Uniqueness of Extraterrestrial Deployment

The main reasons behind the peculiarity of the considered setting can be tracked down to the dramatic reduction in available resources that will occur throughout the extraterrestrial deployment. In the initial phase, to accomplish a grand-scale goal of human settlements beyond Earth we rely (directly or indirectly) on virtually all resources available to our civilization. Preparations consume efforts of most knowledgeable people, hi-tech solutions, and gigantic financial budgets. Nevertheless, in the final stage, crossing the frontiers of space exploration will ultimately be left entirely in hands of a small group of people. These de facto representatives of humankind will have to face two serious limitations: (1) they will need to rely only on supplies provided in, most probably, just a single spaceship and (2) in time-critical situations they will need to make judgments based solely on their own expertise. This is how the immense preparations for the expedition will be juxtaposed with extreme constraints set by the venture itself.

B. Limited Cargo of Spaceships

With regard to equipment in habitats, limited cargo of a spaceship enforces designed distributed systems to integrate elements of high versatility. Since no unnecessarily redundant equipment should be allowed (due to cargo volume limits and launch costs, i.e. thousands of dollars per kg of payload [49]), boundaries between distinct support systems cannot be strict, that is, it should be possible for a system to reuse data and results originally collected by other supporting modules. To exemplify how tight integration of various support systems can be realized we consider a urine processor assembly (already used to recycle water in space [50]) combined with an identification system (e.g., provided by wearable sociometric badges) and smart drinking mugs. These three modules together allow for tracking fluid loss and intake to warn astronauts against dehydration, one of common physiological issues resulting from, among others, low gravity [51]. Many similar ideas induce a vision of a global sensing system, which utilizes wearables, smart devices and servers, for a whole habitat. Such an ubersystem would collect all kinds of information and provide it to specialized system units for separate or cooperative data processing. Consequently, it would be possible to monitor and regulate virtually all aspects of the mission, including resource management, living conditions, and human factors, without duplicating the infrastructure.

Elimination of redundant equipment should be carried out on all fronts. Since sensing infrastructure and support technologies (e.g., sociometric or medical ones) would be useful already during a spaceship flight and since it should be possible to 3D-print replacements for their most fragile elements, software and hardware architectures of designed distributed systems need to be modular and easily configurable. These features, albeit general, imply a number of concrete, practical problems. First, what could be physically challenging for astronauts is transporting necessary devices from the spaceship to the newly built habitat. Secondly, the crew would be responsible for a correct initialization of the systems, which often deviate from the plug-and-play specification, like, for instance, state-of-art solutions for indoor localization, based on initial input with a map of monitored area. Finally, while addressing these requirements can be reduced to specific engineering issues, there is still one problem that can be solved only with significant uncertainty: finding a balance between a spaceship overloaded with devices of same functionalities and a sufficient number of backups.

C. Limited Number of People

Just like we cannot send to Mars at once all useful devices invented up to the day of flight, pioneer expeditions beyond Earth are limited in the number of their crew members (as already discussed in Section III-C). Although space ventures are monitored round-the-clock by a mission control, the latency of communication and physical challenges conduce circumstances where the mission success depends mainly on certain qualifications of astronauts. Therefore, candidates for spaceflights have to meet extremely high expectations: while tens of thousands apply to NASA for the astronaut status, no more than 1% of applicants is accepted for the second phase of the recruitment process [52]. Nevertheless, even such a rigorous selection does not guarantee that first steps on Mars will be made by experts in all fields needed for survival. It is then important to adjust engineering visions of distributed systems in habitats to realistic competencies and abilities of the crew as well as put a greater emphasis on potential emergencies when no help from a mission control may be available.

1) System Deployment: As mentioned before, initialization of a distributed system in habitat could be both physically and technically troublesome. With regard to problems of technical nature, not only should the deploying process be maximally automated (with a manual mode supported as well), but also it should output enough diagnostic information to control whether installed devices function as expected. In case of any system failures, provided details, possibly along with instructions of a supervising system unit, could allow the crew to repair broken components on their own.

While physical efforts to settle large computing machines in a habitat might be challenging, it is even more necessary to consider issues arising around wearables, deployed everyday and by every astronaut. We learned how important it is to design comfortable personal sensing devices the hard way. The participants of ICAres-1 complained about the badge hanging on their neck in the laboratory or workshop, where our devices turned out to be a burden. This inconvenience was probably one of the reasons for which the fraction of daytime when the analog astronauts wore our badges dropped from about 80% to about 50% throughout the mission. Hence, for future deployments, we propose to integrate personal sensors with astronautic outfits, including spacesuits. With similar solutions [53], [54] already paving the way for industrial applications, we expect that such smart clothing for astronauts is within the reach of today’s technology, despite many more requirements set by extreme conditions in space.

2) System Autonomy: The deployment and operational issues are further exacerbated by the fact that communication between a Martian habitat and Earth involves a high latency and is occasionally impossible. Even if there were an immediate and flawless interplanetary connection, the estimated amount of information collected by a sensor network similar to the one deployed in ICAres-1 might be prohibitively large to transfer in time. Thus, support technology cannot be designed merely as a local monitoring system steered by a mission control. It should rather function autonomously and, in addition, mitigate disruptions resulting from imperfect contact with a terrestrial station.

That communication problems can indeed put a space venture at risk was confirmed by events on the twelth day of ICAres-1, when delayed instructions from the mission control contradicted the course of action already taken by the crew. Although negative consequences of the incident were mostly limited to surging stress levels of the participants, a similar situation could produce a far more perilous outcome in case of a real expedition. Accordingly, a habitat cannot be considered reasonably safe nor reliable without a distributed system that monitors the surroundings, immediately alerts of any anomalies and instructs the crew if needed. Further assured by remarks from the ICAres-1 team, we envision that the autonomous technology, apart from its critical functions of protecting human life, should also help the astronauts with their everyday duties. What exemplifies this idea is a mechanism detecting fatigue or distraction among the crew and suggesting how to reschedule the tasks. A more universal solution could be designed solely as a source of real-time feedback, claimed to be one of most desirable features of a habitat support system. Indeed, rising awareness (e.g. of risks, the quality of performance or chances for progress) in time is a significant aid to develop self-consciousness and to make more informed decisions as well. For instance, familiarity with current sociometric indicators could have motivated the ICAres-1 crew to give extra attention during group meetings to the most passive astronaut, D.

Being indispensable, the autonomy of a distributed system comes with serious difficulties that need to be faced by engineers. Naturally it involves instant data processing performed entirely on-site: with local resources only and without any contributions from a mission control. Hence ample supply of computational power needs to go in pair with efficient algorithms for data analysis. These, in turn, would likely be based on machine learning: the programming paradigm able to match dynamic, unpredictable environment of space habitats with its flexibility and almost unlimited potential for selfimprovement. Provided that the artificial intelligence is fed with enough information beforehand.

To collect such amounts of data, including astronauts’ personalized profiles, that could result in acceptable accuracy of the envisioned software, analog missions need to become an even more important part of preparations for future space colonization. Due to global limits of resources (number of volunteers, habitats, and funds), there are, however, open questions that should be soon addressed in the context of creating training datasets: Are many short-term analog missions more useful than fewer but longer experiments? Should we deploy the system in similarly extreme and confined places, like mines or submarines, to enhance the collected data? How much time is needed to train software of sufficient maturity to serve as powerful support for first people on Mars?

3) System Resilience: Advantages of the system’s autonomy seem unquestionable. However, extremity of space expeditions calls for equally extreme cautiousness that requires granting control over any technology deployed in space to a human supervisor. Just like overseeing the condition of astronauts and administering their actions belongs to responsibilities of a mission control, the support system could be governed remotely from Earth as well. However, while expertise and technical resources would allow space agencies to successfully manage the habitat in typical circumstances, for aforementioned communication-related reasons, terrestrial assistance is not sufficient in time-critical cases.

For the sake of safety, the support technology needs to be supervised also by the astronauts. Such design offers an opportunity to extend the crew’s competencies further and allow for adjusting the system to their own needs. For example, the astronauts may intensify sensor measurements when they are alarmed by anything unusual or temporarily disable some functionalities in privacy-sensitive situations. The habitat system, which is inherently ubiquitous and intruding, could be then perceived as more acceptable by the crew themselves.

On the negative side, taking care of the deployed devices could strain already tight schedules of astronauts. Hence, available customization and the need of emergency interventions should not invalidate a vital property of the technology: being an out-of-the-box solution. It is also important to acknowledge that the additional responsibility of the crew necessitates thorough training of the astronauts, both in using the system and being an expert on its inner workings. ICAres-1 serves as a tangible proof that incomplete information on how data is collected and processed can lead to serious misunderstandings. For example, astronaut F reused a badge that had belonged to deceased astronaut C whereas the algorithms assumed that each device can be assigned to one owner only.

However, not all mistakes are unintended. The astronauts may be tempted to abuse their power and disrupt proper functioning of the deployed devices, especially if their actions are impacted by sociopsychological problems. Hence, to protect the system from harmful changes introduced by disobedient individuals, it might be worthwhile to require approvals from all the teammates and the mission control before any significant change to the system is applied. While reaching a consensus may be sometimes impossible for objective reasons, other cases of escalated personal disagreements can and should be avoided. The system needs to carefully monitor social relations between the crew members, react to incidents of miscommunication, arbitrate conflicts, and coordinate teamwork to prevent long-lasting, disruptive phenomena such as alienation or forming of coalitions.

The common denominator of the presented risks is the problem of trust. Unprecedented conditions of a Martian habitat call everyone and everything into doubt: Is the system truly reliable? Are the astronauts competent and stress-resistant? Are decisions of the mission control informed and wellcommunicated? Do space agencies intend to protect lives of the crew unconditionally? This train of thought leads to a distributed support system based on multilevel firewalls and authorization methods. Its challenging design should create perfectly balanced entanglement, in which all three actors, a mission control, astronauts and the support system, can get in two-way partnership interactions with each other as well as gain domination if needed.

4) System Flexibility: The possibility of spectacular dangers should not overshadow apparently less problematic nuisances that could just as effectively hamper space colonization. One of those important though relatively neglected aspects is adjusting the deployed technology to abilities of the the crew, in general known as ability-based design [55]. Even if all astronauts are required to pass demanding physical tests and be classified as strong and healthy, their fitness might get limited during the mission. It may be either permanent due to an unfortunate accident or temporal, for example during EVAs, when the ability to see or speak is sometimes impeded by difficult conditions (e.g., no light source) or unforeseen problems like spacesuit water leak [56].

Acknowledging diverse capabilities of users, is one of the main lessons learned during ICAres-1: unanticipated needs of the impaired astronaut A resulted in various inconveniences and errors. For instance, since the badges were identified with numbers displayed on their e-ink screens, astronaut A accidentally swapped their badge for one day with B. It was also difficult for A to make sure their microphone on the front side was properly exposed. This, in turn, resulted in occasionally muffled recordings. A further examination of collected data was not straightforward either: we had to modify the algorithm for conversation analysis to not be misled by a computer program reading out texts for A.

Enriched with these experiences, we recommend that the whole habitat technology provides accessibility support aimed at diverse human senses, with informative light signals complemented by sounds, buttons corresponding to voice commands and other solutions of this kind. To take care of increasing power consumption, already troublesome in wireless solutions, these additional interfaces should be embedded into wearable elements of the system as detachable modules, optimizing energy use and weight of devices, similarly to some recent approaches [57].

VII. CONCLUSIONS

To sum up, this paper contributes twofold. First, the deployment of our distributed sociometric system during an analog habitat-based mission illustrates that today’s technologies can yield quantitative results of unprecedented granularity, thereby leading to a far deeper understanding of the mission dynamics compared to what has been possible to date. The volume of positive reactions from the astronauts makes us believe that similar systems will likely become a standard during future missions. Second, our experiences from the deployment let us highlight some of the challenges that will likely drive the design of future distributed systems for supporting habitats. These problems, as well as the preliminary ideas and suggestions are only a tiny fraction of the insights that we gained through the participation in ICAres-1 and subsequent collaboration. In general, we believe that space colonization involves exciting research opportunities also for the distributed systems community, with potential outcomes impacting multiple sciences.

ACKNOWLEDGMENT

This work was partially supported by the (Polish) National Science Center within the SONATA program under grant no. DEC-2012/05/D/ST6/03582. K. Iwanicki was additionally supported by the (Polish) Ministry of Science and Higher Education with a scholarship for outstanding young scientists. The authors would also like to thank the participants and organizers of the ICAres-1 mission, without whom the presented research would not have been possible.

REFERENCES

[1] J. Verne, From the earth to the moon. Pierre-Jules Hetzel, pp. 93, 1887. [2] M. T. M. T. Savage, The millennial project : colonizing the galaxy– in 8 easy steps. Empyrean Pub, 1992.

[3] Colonies in space may be only hope, says Hawking - Telegraph. [Online]. Available: https://www.telegraph.co.uk/news/science/science-news/4766800/ Colonies-in-space-may-be-only-hope-says-Hawking.html [4] 2020 Mission Plans. Mars Exploration Program - NASA Mars.

[Online]. Available: https://mars.nasa.gov/programmissions/missions/ future/mars2020/ [5] Businessman Dennis Tito Financing Manned Mission to Mars.

[Online]. Available: https://news.nationalgeographic.com/news/2013/ 02/130222-manned-mission-mars-tito-space-science/ [6] Mars — SpaceX. [Online]. Available: http://www.spacex.com/mars

[7] “NASA’s efforts to manage health and human performance risks for space explorations,” NASA Office of Inspector General Office of Audits, Tech. Rep., 2015. [Online]. Available: https://oig.nasa.gov/ audits/reports/FY16/IG-16-003.pdf [8] L. B. Landon, K. J. Slack, and J. D. Barrett, “Teamwork and collaboration in long-duration space missions: Going to extremes.” American Psychologist, vol. 73, no. 4, pp. 563–575, May 2018.

[9] N. Kanas, V. Salnitskiy, J. Ritsher, V. Gushin, D. Weiss, S. Saylor, O. Kozerenko, and C. Marmar, “Human interactions in space: ISS vs. Shuttle/Mir,” Acta Astronautica, vol. 59, no. 1-5, pp. 413–419, Jul 2006.

[10] N. Kanas, V. Salnitskiy, E. M. Grund, V. Gushin, D. S. Weiss, O. Kozerenko, A. Sled, and C. R. Marmar, “Social and cultural issues during Shuttle/Mir space missions,” Acta Astronautica, vol. 47, no. 2-9, pp. 647–655, Jul 2000.

[11] D. Shayler, Disasters and accidents in manned spaceflight. Springer, 2000.

[12] L. A. Palinkas and P. Suedfeld, “Psychological effects of polar expeditions,” The Lancet, vol. 371, no. 9607, pp. 153–163, Jan 2008.

[13] K. S. Brasher, A. B. Dew, S. G. Kilminster, and R. S. Bridger, “Occupational stress in submariners: The impact of isolated and confined work on psychological well-being,” Ergonomics, vol. 53, no. 3, pp. 305– 313, Mar 2010.

[14] N. O. Kraft, T. J. Lyons, and H. Binder, “Intercultural crew issues in long-duration spaceflight.” Aviation, space, and environmental medicine, vol. 74, no. 5, pp. 575–8, May 2003.

[15] S. Hettrich, L. Napier, C. V. Felix, A. Kolodziejczyk, N. Perakis, I. M.

Elorza, A. Alizade, L. Ghasemzadeh, M. S. Khan, I. Pfeil, and t. A.-G. Team, “The Importance of Analog Planetary Research for Success and Safety of Human and Robotic Space Missions,” in Space Safety is No Accident. Cham: Springer International Publishing, 2015, pp. 285–293.

[16] J. Olson, D. Craig, N. Aeronautics, and S. A. L. research center, NASA’s Analog Missions: Paving the Way for Space Exploration. National Aeronautics and Space Administration, 2011.

[17] B. Rai and J. Kaur, “Human Factor Studies on a Mars Analogue During Crew 100b International Lunar Exploration Working Group EuroMoonMars Crew: Proposed New Approaches for Future Human Space and Interplanetary Missions.” North American journal of medical sciences, vol. 4, no. 11, pp. 548–57, Nov 2012.

[18] M. Grabowski, M. Marschall, W. Sirko, M. Debski, M. Ziombski, P. Horban, S. Acedanski, M. Peczarski, D. Batorski, and K. Iwanicki, “An Experimental Platform for Quantified Crowd,” in 2015 24th International Conference on Computer Communication and Networks (ICCCN). IEEE, Aug 2015, pp. 1–6.

[19] D. L. Paulhus, “Measurement and control of response bias,” in Measures of social psychological attitudes, Vol. 1. Measures of personality and social psychological attitudes, J. P. Robinson, P. R. Shaver, and L. S. Wrightsman, Eds. San Diego, USA: Academic Press, 1991, pp. 17–59.

[20] A. C. Scherpenzeel and W. E. Saris, “The Validity and Reliability of Survey Questions,” Sociological Methods & Research, vol. 25, no. 3, pp. 341–383, Feb 1997.

[21] D. Lazer, A. Pentland, L. Adamic, S. Aral, A.-L. Barabasi, D. Brewer, N. Christakis, N. Contractor, J. Fowler, M. Gutmann, T. Jebara, G. King, M. Macy, D. Roy, and M. Van Alstyne, “Computational social science.” Science (New York, N.Y.), vol. 323, no. 5915, pp. 721–723, Feb 2009.

[22] N. Eagle and A. Pentland, “Reality mining: Sensing complex social systems,” Personal and Ubiquitous Computing, vol. 10, no. 4, pp. 255– 268, May 2006.

[23] E. Miluzzo, N. D. Lane, K. Fodor, R. Peterson, H. Lu, M. Musolesi, S. B.

Eisenman, X. Zheng, and A. T. Campbell, “Sensing meets mobile social networks: the design, implementation and evaluation of the cenceme application,” Proceedings of the 6th ACM conference on Embedded network sensor systems, pp. 337–350, 2008.

[24] B. Lepri, J. Staiano, G. Rigato, K. Kalimeri, A. Finnerty, F. Pianesi, N. Sebe, and A. Pentland, “The sociometric badges corpus: A multilevel behavioral dataset for social behavior in complex organizations,” Proceedings - 2012 ASE/IEEE International Conference on Privacy, Security, Risk and Trust and 2012 ASE/IEEE International Conference on Social Computing, SocialCom/PASSAT 2012, pp. 623–628, 2012.

[25] C. Brown, C. Efstratiou, I. Leontiadis, D. Quercia, and C. Mascolo, “Tracking Serendipitous Interactions: How Individual Cultures Shape the Office,” Proceedings of the 17th ACM conference on Computer supported cooperative work & social computing, pp. 1072–1081, 2014.

[26] K. B. Ara, T. Akitomi, N. Sato, K. Takahashi, H. Maeda, K. Yano, and M. Yanagisawa, “Integrating wearable sensor technology into projectmanagement process,” Journal of Information Processing, vol. 20, no. 2, pp. 406–418, 2012.

[27] G. Mark, S. Iqbal, M. Czerwinski, and P. Johns, “Focused, Aroused, but so Distractible: A Temporal Perspective on Multitasking and Communications,” CSCW ’15 Proceedings of the 18th ACM Conference on Computer Supported Cooperative Work & Social Computing, pp. 903– 916, 2015.

[28] ——, “Capturing the mood: facebook and face-to-face encounters in the workplace,” Proceedings of the 17th ACM conference on Computer supported cooperative work & social computing, pp. 1082–1094, 2014.

[29] P. Vanhems, A. Barrat, C. Cattuto, J.-F. Pinton, N. Khanafer, C. Régis, B.-A. Kim, B. Comte, and N. Voirin, “Estimating Potential Infection Transmission Routes in Hospital Wards Using Wearable Proximity Sensors,” PLoS ONE, vol. 8, no. 9, p. e73970, 2013.

[30] E. Shmueli, V. K. Singh, B. Lepri, and A. Pentland, “Sensing, Understanding, and Shaping Social Behavior,” IEEE Transactions on Computational Social Systems, vol. 1, no. 1, pp. 22–34, Mar 2014.

[31] C. Brown, C. Efstratiou, I. Leontiadis, D. Quercia, C. Mascolo, J. Scott, and P. Key, “The architecture of innovation: Tracking face-to-face interactions with ubicomp technologies,” Proceedings of the 2014 ACM

International Joint Conference on Pervasive and Ubiquitous Computing, pp. 811–822, 2014.

[32] J.-I. Watanabe, N. Ishibashi, and K. Yano, “Exploring Relationship between Face-to-Face Interaction and Team Performance Using Wearable Sensor Badges.” PLoS ONE, vol. 9, no. 12, pp. 1–15, 2014.

[33] B. N. Waber, D. O. Olguin, T. Kim, and A. S. Pentland, “Productivity Through Coffee Breaks : Changing Social Networks By Changing Break Structure,” pp. 1–22, 2010.

[34] C. Mak and Y. Lui, “The effect of sound on office productivity,” Building Services Engineering Research and Technology, vol. 33, no. 3, pp. 339– 345, Aug 2012.

[35] J. A. Paradiso, J. Gips, M. Laibowitz, S. Sadi, D. Merrill, R. Aylward, P. Maes, and A. Pentland, “Identifying and facilitating social interaction with a wearable wireless sensor network,” Personal and Ubiquitous Computing, vol. 14, no. 2, pp. 137–152, 2010.

[36] J. Stehlé, N. Voirin, A. Barrat, C. Cattuto, L. Isella, J. F. Pinton, M. Quaggiotto, W. van den Broeck, C. Régis, B. Lina, and P. Vanhems, “High-resolution measurements of face-to-face contact patterns in a primary school,” PLoS ONE, vol. 6, no. 8, 2011.

[37] L. Isella, M. Romano, A. Barrat, C. Cattuto, V. Colizza, W. Van den Broeck, F. Gesualdo, E. Pandolfi, L. Ravà, C. Rizzo, and A. E. Tozzi, “Close Encounters in a Pediatric Ward: Measuring Face-to-Face Proximity and Mixing Patterns with Wearable Sensors,” PLoS ONE, vol. 6, no. 2, p. e17144, Feb 2011.

[38] C. Martella, A. Miraglia, M. Cattani, and M. van Steen, “Leveraging proximity sensing to mine the behavior of museum visitors,” in 2016 IEEE International Conference on Pervasive Computing and Communications (PerCom), March 2016, pp. 1–9.

[39] C. Strewe, B. Crucian, C. Sams, B. Feuerecker, R. Stowe, A. Choukèr, and M. Feuerecker, “Hyperbaric hyperoxia alters innate immune functional properties during NASA Extreme Environment Mission Operation (NEEMO),” Brain, Behavior, and Immunity, vol. 50, pp. 52–57, Nov 2015.

[40] M. Basner, D. F. Dinges, D. J. Mollicone, I. Savelev, A. J. Ecker, A. Di Antonio, C. W. Jones, E. C. Hyder, K. Kan, B. V. Morukov, and J. P. Sutton, “Psychological and Behavioral Changes during Confinement in a 520-Day Simulated Interplanetary Mission to Mars,” PLoS ONE, vol. 9, no. 3, p. e93298, Mar 2014.

[41] Y. Wang, X. Jing, K. Lv, B. Wu, Y. Bai, Y. Luo, S. Chen, and Y. Li, “During the Long Way to Mars: Effects of 520 Days of Confinement (Mars500) on the Assessment of Affective Stimuli and Stage Alteration in Mood and Plasma Hormone Levels,” PLoS ONE, vol. 9, no. 4, p. e87087, Apr 2014.

[42] D. F. Dinges. Optical Computer Recognition of Stress, Affect and Fatigue in Space Flight - NSBRI. [Online]. Available: http://nsbri.org/researches/optical-computer-recognition-of-stress-affect-and-fatigue-in-space-flight/ [43] “HI-SEAS – Team Processes and Team Effectiveness.” [Online].

Available: https://hi-seas.org/?p=6090 [44] K. Binsted, M. Basner, W. Bedwell, B. Caldwell, D. Chang, J. Hunter, S. Kozlowski, J. Nasrini, P. Roma, J. Santoro, M. Seibert, B. Shiro, and P. Wu, “Investigations At Hi-SEAS into Team Function and Performance on Long Duration Exploration Missions,” Feb 2016.

[45] “LUNARES – Simulated space base.” [Online]. Available: http:

//lunares.space/ [46] J. S. Mueller, “Why individuals in larger teams perform worse,” Organizational Behavior and Human Decision Processes, vol. 117, no. 1, pp. 111–124, Jan 2012.

[47] D. Coutu. (2009, May) Why Teams Don’t Work. [Online]. Available:

https://hbr.org/2009/05/why-teams-dont-work [48] K. Iwanicki, “A distributed systems perspective on industrial IoT,” in ICDCS 2018: Proceedings of the 38th IEEE International Conference on Distributed Computing Systems. Vienna, Austria: IEEE, July 2018, pp. 1164–1170.

[49] F. A. Administration, “The Annual Compendium of Commercial Space Transportation: 2018.” [Online]. Available: https://www.faa.gov/about/ office org/headquarters offices/ast/media/2018 AST Compendium.pdf [50] “Sample records for urine processor assembly.” [Online]. Available:

https://www.science.gov/topicpages/u/urine+processor+assembly [51] E. S. Nelson, L. Mulugeta, and J. G. Myers, “Microgravityinduced fluid shift and ophthalmic changes.” Life (Basel, Switzerland), vol. 4, no. 4, pp. 621–65, nov 2014. [Online]. Available: http://www.ncbi.nlm.nih.gov/pubmed/25387162http: //www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC4284461 [52] D. Collins:MSFC, “Astronaut Requirements,” 2015. [Online].

Available: https://www.nasa.gov/audience/forstudents/postsecondary/ features/F{\ }Astronaut{\ }Requirements.html [53] M. Haghi, K. Thurow, and R. Stoll, “Wearable Devices in Medical Internet of Things: Scientific Research and Commercially Available Devices.” Healthcare informatics research, vol. 23, no. 1, pp. 4–15, Jan 2017.

[54] Y. Fujimori, Y. Ohmura, T. Harada, and Y. Kuniyoshi, “Wearable motion capture suit with full-body tactile sensors,” in 2009 IEEE International Conference on Robotics and Automation. IEEE, May 2009, pp. 3186– 3193.

[55] J. O. Wobbrock, K. Z. Gajos, S. K. Kane, and G. C. Vanderheiden, “Ability-based design,” Communications of the ACM, vol. 61, no. 6, pp. 62–71, May 2018.

[56] “Spacesuit Leak That Nearly Drowned Astronaut Could Have Been Avoided.” [Online]. Available: https://www.space.com/24835-spacesuitwater-leak-nasa-investigation.html [57] M. Odamaki and S. K. Nayar, “Cambits,” Communications of the ACM, vol. 60, no. 11, pp. 54–61, Oct 2017.