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Abstract. NASA and the commercial spacecraft community are working diligently to put the first woman on the moon in the 2024 timeframe. At the same time, NASA researchers are thinking about how to solve the even larger challenges that future deep space missions will bring – primary among them is crew autonomy. Deep space mission crews will face communication delays and blackouts, and in those situations, the crew may not have access to Mission Control Center (MCC) experts. They will be dependent on each other and the available information onboard to stay alive, healthy, and achieve the mission. The only conceivable way to meet the challenges of Earth independence is to enable the crew to monitor their own health and performance. A number of technologies are presently being explored by NASA to enable crew self-monitoring. This paper highlights select projects, and provides broader discussion about the need for advanced monitoring technologies.
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1 Introduction

Astronauts on deep space missions will face obstacles and unknowns never before experienced. In addition to the altered gravity and hostile/closed environment of a spacecraft, deep space crews will face increased radiation, isolation, and distance from Earth. During Extravehicular Activity (EVA, or “spacewalk”) operations, crew will experience increased physical and cognitive workload due to extended types, frequencies, and durations of tasks performed on exploration missions in partial gravity environments. All of these stressors will affect crew physical and mental health and performance in difficult-to-anticipate ways.

A deep space mission is expected to have relatively short periods of high cognitive demand, stress, and fatigue, as well as potentially long periods of cognitive underload during the transit, where boredom, loneliness, and depression can set in. Both ends of this spectrum are dangerous. In addition, deep space missions will have periods of communication delay and even communication blackouts; thus, crew may have limited to no communication with the NASA Mission Control Center (MCC). 
To date, the monitoring of crew health and performance, and application of any needed countermeasures has been performed by the large body of experts at MCC in Houston, TX. On deep space missions, crew may be forced to be dependent on each other and the available information onboard their spacecraft to monitor their own health and performance. They must be made aware when their task performance drops significantly, when their cognitive workload is too high, when they have lost situation awareness, or when they are too stressed or too fatigued to perform well. They must be able to identify these risks, and then mitigate them with countermeasures available onboard.

The only conceivable way to meet the challenges of Earth independence is to enable the crew to monitor their own health and performance (preferably unobtrusively) as they perform their duties. Technologies and techniques must be developed to aid the crew in these self-monitoring tasks, and intelligent systems must be developed to process that data and recommend or apply mitigations.
A number of self-monitoring technologies are presently being explored by NASA to advance crew state determination capabilities. A few examples related to unsuited and suited operations are described below. Some of these are well developed and tested, and others are still in a proof-of-concept stage.
2 Select Human Performance Monitoring Technologies
Real-Time Physiological Workload Measurement. To address the need for monitoring cognitive workload during long-duration spaceflights, researchers in the NASA Johnson Space Center (JSC) Human Factors Engineering Laboratory (HFEL) tested a functional near-infrared spectroscopy (fNIRS) sensor that can be worn by a crewmember under a headband or hat for continuous workload assessment [1]. The fNIRS Pioneer™ sensor, developed by Charles River Analytics, was tested as part of a study focused on comparing different electronic procedures designs. Measures included situation awareness, using the Situation Presence Assessment Method (SPAM) [2], workload, using the Bedford Workload Scale [3], errors, and eye movement using an eye tracker. The fNIRS Pioneer™ device was included in the study as a way of “field testing” the continuous workload monitoring tool. Results were compared with subjective workload ratings from the Bedford Workload Scale, as well as eye tracking results. The fNIRs sensor and eye tracker indicated differences in workload, where the subjective Bedford scale did not. More testing is needed, but the Pioneer™ sensor showed promise in providing continuous workload measures during operational task performance. 
Real-Time Physiological State Integration. A similar project in the JSC Hybrid Reality Laboratory aims to allow for real-time monitoring of a variety of crew physiological states. This is accomplished through the collection of various biometric sensor data. The data are integrated into a machine-learning algorithm that can output informative user status updates. Physiological data includes electroencephalogram (EEG), heart rate, and functional near-infrared spectroscopy (fNIRS), among others. These measures could be important indicators of workload or fatigue. Such an ability becomes increasingly important in the context of NASA’s deep space missions, characterized by a decreased reliance upon MCC during time-critical tasks.
Exploration Medical Monitoring. A number of NASA projects aim to utilize wearables for unobtrusive collection of real-time physiological data as indicators of crew health. In one such project, the reliability and validity of monitoring hardware developed by the Canadian Space Agency was tested [4]. The prototype sensor called “On-Astronaut Wireless Sensor System,” or OAWSS, measures astronaut vital signs, including heart rate, respiration, skin temperature, and galvanic skin response. Another project at the Ames Research Center (ARC) uses sensors to track ocular signals during complex tasks, demonstrating significant performance deficits for those with less sleep. Results highlight the importance of adequate and consistent sleep scheduling for crew [5]. If physiological signals can be accurately read across varying levels of activity over time, it would be an important step towards assessing crew health on longer duration space missions.
Team Interactions. Recent research has developed and expanded upon a team-interaction sensor device (body-worn badge) that monitors team member interactions through physiological and proximity measures as crew complete tasks [6]. Metrics include frequency, duration, and quality of interactions, as well as physiological measures related to workload and performance, such as heart rate and galvanic skin response. Such a device enables data collection that may allow for a greater understanding of team dynamics over time [7]. 
Future Habitat Design. Monitoring of human health and performance can benefit in situ crew, but some forms of monitoring can also lead to valuable insights related to habitat design. The capability to visualize and characterize astronaut movement throughout the environment as they live and work in space can inform the design of future habitats. For example, amount of time spent in various spaces gives clues to the value and necessity of those areas; translation paths between areas can indicate that they may need to be located more closely in future habitats. One research team developed a wearable kinematic tracking system with passive vision and inertial sensors to collect data from participants in the JSC International Space Station (ISS) mockup while they navigated their habitat and performed daily tasks [8]. The researchers were able to demonstrate a high degree of accuracy in determining user position during tasks, which is promising for future development of habitat designs using these types of methods.
EVA Operations. During EVA operations on ISS today, numerous ground support personnel use custom console displays and software, mental calculations, face-to-face communication, and hand-written notes to monitor suit and vehicle systems in real-time, while crew engage in manual tasks. Teams of ground support personnel can address and correct challenges such as errors in procedure execution, incorrect hardware configurations, or life support systems issues, while allowing crew to focus on executing the physically and mentally demanding tasks at hand. Future EVA partial gravity, planetary missions will be even more physically and cognitively demanding, occur more frequently, and, due to decreased communication bandwidths and increased communication latencies between earth ground support and crew, will be more autonomous than ISS EVAs. As a result, system monitoring and decision making responsibilities will reallocate to crew and their inflight systems. 
Joint Augmented Reality Visual Informatics System (JARVIS). A commonly held assumption is that arm-cuff displays or helmet displays should be capable of presenting all available information to crewmembers, enabling them to manage timelines and monitor all systems while completing EVA tasks. JARVIS is currently in development at JSC as a displays and controls solution for the Exploration extravehicular mobility unit (xEMU) suit that will be in use beyond the Artemis III missions. The goal of JARVIS is to augment EVA crew performance while enabling crew autonomy by providing direct access to information necessary for successfully meeting mission goals. The JARVIS project is developing displays with the knowledge that certain tasks, environments, and individual differences between crew may demand different levels of situation awareness and cognitive workload. More information made available to crew is not necessarily better, and only a subset of information, such as consumables, must always be monitored. These considerations, along with hardware and informatics systems limitations, such as small display areas, drive the type and amount of information that can be provided. One of the most difficult but critical design trades is the need/desire for information and display density. 
Physical and Cognitive Exploration Simulations (PACES). The PACES project is developing a complement of tasks, procedures, information systems, and standard measures that simulates realistic physical and cognitive workload under flight-like exploration scenarios. This cataloged set of tasks can be used to understand risks associated with tasks and mission operations during repeated EVAs across multiple days. The software modules provide a standardized methodology to characterize and evaluate physiology, human performance and human factors data, and ability to define risks. Risks can then be categorized to measure and assess functional postures, frequency, and duration of repeated movements, and crew interaction with tools, vehicles, and interfaces. The data collected in PACES may ultimately be used in decision support systems and hardware such as JARVIS that crew use during EVA missions.
Spacesuit Design. Sensor technology currently in development may be incorporated into suits to measure human-suit interaction, such as forces, kinematics, and pressures. These sensors provide objective data to understand suit-to-body fit and contact [9]. The data, collected unobtrusively, may provide information to crew that real-time adjustments in suit fit, task load, or task duration are needed to prevent fatigue or injury. Sensor data can also inform future suit design to improve crew comfort and satisfaction, reduce cognitive and physical fatigue, and mitigate potential trauma or injury. Additionally, data may be used to develop training procedures to assist in improving suited crew performance.
3 Conclusions and Future Work
As astronauts move toward Earth independence, and away from the safety net of MCC monitoring their health and performance, they will have to be supported by sensing technologies to track their state, as well as intelligent systems to provide decision aiding and countermeasures. Detected decreases in performance may allow for adaptive displays that declutter or simplify content. Cognitive aids may also be employed to assist with tasks in place of a knowledgeable flight controller at MCC. Detected decreases in sociability and crew-to-crew interaction may signal mental health issues, the need for rest and restorative activities like recreation, or computer-based counseling. Health and performance data gathered during EVAs may drive crew decisions to modify the task or operation, or to terminate an EVA early. Reviewing this data post EVA can inform future decisions about EVA scheduling and the need for additional/different training among crew. 
To achieve this vision, we will need sensors, displays, interfaces, and software distributed across vehicle, spacesuit, and ground control systems. In some cases, within- and between-individual differences in metabolic profiles, CO2 production, aerobic capacity, muscle strength, task performance, cognitive and physiological state, and other operationally relevant factors may also be incorporated to enable individualized countermeasures. This level of system functionality will not be feasible without significant investment in sensing technologies and intelligent decision support systems. 
The experience, cognitive capacity, and judgement of multiple expert ground controllers who manage crewmember health and performance today cannot simply be replaced by provision of additional crewmember displays on future deep space missions. Research and development in the area of unobtrusive human health and performance monitoring and intelligent decision aiding is needed to meet this challenge. Empowering crewmembers and ground controllers with the information they need, when they need it, is critical to enabling the increasingly autonomous operations required by Exploration-class missions. 
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