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Abstract 

Astronauts live and work in an isolated, confined, and extreme environment. Mission success 

and crew safety relies on their ability to maintain high levels of performance. However, if and 

to what extent the stressors associated with space flight have a detrimental impact on cognitive 

performance is still controversial. Research has been lacking operational measures to evaluate 

performance in realistic and relevant tasks. The manual spacecraft docking simulation 6df 

addresses this gap as a research tool for the evaluation of skill acquisition, maintenance, and 

performance reliability in a safety-critical operational task. Based on the 6df tool, the aims of 

this thesis were the advancement of learning efficiency (study I), the identification of objective 

predictors of performance (study II), and the evaluation of the impact of sleep loss – a common 

stressor in space – on performance (study III). 

 

Manual spacecraft docking is based on the skill to control an object with six degrees of freedom. 

The first study addressed the special challenge of three-dimensional (3D) control on the basis 

of a two-dimensional (2D) screen. To facilitate the mental representation of position and 

orientation in relation to the docking point, a stereoscopic presentation of the 6df docking tasks 

was developed. Participants absolved the 6df learning program during the course of 20 sessions 

in a standardized environment with simulated microgravity, i.e. during a six-degree head-down 

tilt bed rest study. Twelve participants were allocated to the standard 2D program and the other 

twelve to the 3D visualization that supplemented the first part of the acquisition process. 

Participants in the stereoscopic condition initially learned faster, but this advantage was not 

persistent over time. Likewise, there was no consistent effect of 3D presentation on learning 

success as measured by performance in a higher-fidelity docking simulation. Until further 

evidence is available, the more realistic 2D standard visualization can be favored. 

 

In the second study, eye tracking was applied as a measure of visual attention allocation during 

the docking simulation. Manual docking is a visually demanding task that requires high levels 

of situation awareness. In the aviation sector, many examples support the notion that 

considering pilots’ gaze behavior can enhance training and flight safety. In the 2D group from 

study I, number and total duration of dwells to predefined regions of interest on the simulation 

screen and their relationship with docking accuracy were analyzed. Participants concentrated 

most of their visual attention on the vizor that was used to orientate the spacecraft in the 

direction of the docking point. Frequency and duration of instrument checks were significantly 

associated with docking performance. These results pose an interesting starting point for the 



development of tailored performance feedback and training interventions based on gaze 

behavior.  

 

The disturbance of sleep quality and quantity is one stressor that is highly prevalent in space. 

Although sleep deprivation has been shown to have a detrimental impact on various cognitive 

domains, it is still unclear whether this transfers into more complex operational performance. 

Therefore, the third study evaluated the impact of 24 hours of total sleep deprivation on manual 

docking performance in a counterbalanced repeated measures cross-over design. In addition to 

6df performance, the Psychomotor Vigilance Task (PVT) was considered as a measure of 

sustained attention that is highly sensitive to sleep loss and a gold standard in sleep deprivation 

research. Our results showed that docking accuracy in difficult 6df task levels decreased 

significantly after sleep deprivation in comparison with performance after eight hours of sleep. 

These impairments were partly explained by decrements in sustained attention. Participants 

with larger decrements in PVT response speed following sleep deprivation also exhibited larger 

decrements in docking accuracy. As a result, the PVT in combination with operational measures 

like 6df seems promising to assess readiness for duty under sleep loss in demanding work 

environments. 

 

Future long-duration missions, e.g. to Mars, will pose unprecedented challenges for human 

cognitive functioning. As a consequence, autonomous on-board systems are needed that are 

able to support efficient training and maintenance of critical operational skills as well as 

feedback on the operator’s state to facilitate self-monitoring. The results of this dissertation 

highlight the need to protect operational performance against sleep deprivation, a common 

stressor in space. Eye tracking and short cognitive tests like the PVT will represent valuable 

additions to 6df to evaluate operators’ fitness for duty and to timely detect performance risks, 

e.g. due to insufficient instrument scanning and sleep loss. Promising approaches to advance 

learning efficiency arise in the further development of training systems based on virtual reality 

and gaze behavior feedback. In conclusion, the presented results add to the further development 

of 6df as a motivating operator support tool that fosters the crew’s safety and autonomy during 

long-duration missions. 
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1 General Introduction 

“Merely gazing upon the dark sky lights up the imagination, presenting an abundance of 

possible futures and potentialities to the mind” (Rovetto, 2013). 

 

Humanity’s curiosity and urge to explore new worlds is not confined to Earth. After Yuri 

Gagarin’s first space flight in 1961, more than 500 astronauts have followed him to space 

(Smith et al., 2020). Whereas in the beginning, scientists were afraid that prolonged 

microgravity might be fatal, humans turned out to adapt even to this most extreme environment 

(De la Torre, 2014). Human space flight aspires to promote knowledge, global cooperation, and 

technological advancement (Rovetto, 2013). For the astronauts involved, certainly the unique 

change in perspective on our planet might be one of the most remarkable effects of space flight 

(Yaden et al., 2016). But even for those who are confined to the Earth’s surface, space is an 

infinite source of inspiration and creativity. 

 

1.1 Human space flight as a psychological challenge – from low 

Earth orbit to Moon and Mars 

Space is a particularly extreme environment that poses numerous challenges to the humans 

living and working in its hostile and unfamiliar setting. For space missions, Kanas and Manzey 

(2008) established four categories of stressors, i.e. features of the environment that affect the 

individual: physical, habitability, psychological, and interpersonal stressors. Physical stressors 

comprise the characteristics of the space environment, e.g. acceleration and radiation. Of 

course, the most obvious difference to Earth is microgravity, which greatly impacts 

physiological functioning (Demontis et al., 2017). Furthermore, the day-night cycle is reduced 

from 24 hours on Earth to 90 minutes on the International Space Station (ISS), which may 

disrupt the circadian rhythm (Basner & Dinges, 2014). These circumstances deviate from the 

boundary conditions of human evolution on Earth and, therefore, require extensive adaptation 

of the individual (Kanas & Manzey, 2008). Habitability stressors encompass the living 

environment in the station, e.g. noise levels, temperature, lighting schedules, vibration, and air 

quality. Psychological factors include isolation and confinement, as well as the threats and 

dangers astronauts are exposed to during their missions. Depending on crew schedules and 

mission phase, both monotony and high workload can characterize the working environment. 

Lastly, interpersonal stressors evolve around crew composition and size. Conflicts may arise 
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due to leadership issues or differences in personality and cultural background. Space habitats 

provide only limited volume and a lack of privacy (Palinkas, 2007). Contact with family and 

friends is restricted, whereas contact with other crew members is enforced. In addition to these 

four categories of stressors, Morphew (2001) highlights the importance of human factors, such 

as limited equipment, risk of equipment failure, and technology-interface challenges in 

microgravity. All the stressors described and their interactions can result in various stress 

reactions, including disturbances of sleep, mood, and crew cohesion. Although many stressors 

are obligatory conditions during space flight, some can be attenuated by careful crew selection 

and training or in-flight monitoring and support (Kanas & Manzey, 2008).  

 

At the beginning of human space flight, psychological issues were oftentimes disregarded 

(Harrison & Fiedler, 2011). Astronauts with “the right stuff” and military background were 

deemed to be insusceptible to the stressors of space flight. This invulnerability assumption 

proved itself wrong when reports of depressive symptoms, human errors, work overload, and 

interpersonal conflicts started to emerge in space (Palinkas, 2007). Increases in mission 

duration, crew size, and astronaut diversity raised the awareness of psychosocial factors for 

mission success (Harrison & Fiedler, 2011). In previous decades, space flight had developed 

from a competition between political systems to an international collaboration, leading to 

culturally diverse teams. The proportion of female astronauts has increased from 2.1% in the 

1960’s to 20% in the 2010’s (Smith et al., 2020). Recently, women and men are selected in 

equal parts for astronaut classes. Whereas astronauts were mostly military test pilots in the early 

phases of space flight, they now include engineers, scientists, and physicians as well. 

Furthermore, the operation of orbital space stations like Salyut, Skylab, Mir, and ISS has led to 

an increase in mission duration from hours and days to months (Smith et al., 2020). Currently, 

most astronauts visit the ISS for about six months in a crew of six (Dempsey & Barshi, 2020). 

The record for the longest stay in space is 437.75 days, held by Valery Polyakov since 1995 

(Smith et al., 2020). As a result of these developments in human space flight, the “right stuff” 

was redefined to include resilience and coping abilities for living in an isolated, confined, and 

extreme environment. Individuals that are able to regard stressful events as comprehensible, 

manageable, and meaningful, are not only able to cope, but might even gain strength as a buffer 

against future disruptions (Suedfeld, 2005). Today, space psychology is integrating 

countermeasures and prevention with positive psychology that fosters not only the absence of 

problems, but well-being and optimal performance of the individuals sent to space.  
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In the future, the impact of stressors associated with space missions will gain even more 

importance. Whereas today human space flight is focused on the ISS located in low Earth orbit, 

future missions will target Moon and eventually Mars (Hufenbach et al., 2014; National 

Aeronautics and Space Administration, 2018). As an intermediate step to Mars, Gateway is 

planned as a platform orbiting the Moon for long-term missions to the lunar surface and starting 

point for deep space exploration (Creech et al., 2022). Developments and experiences from low 

Earth orbit and Moon as well as robotic missions to Mars are supposed to be the foundation for 

the first human landing on Mars (National Aeronautics and Space Administration, 2018). With 

these ambitions, unprecedented risks and challenges arise that found a growing need for 

psychological countermeasures to preserve crew cohesion, performance, and well-being over 

extended time in even more extreme conditions (Sandal & Leon, 2011). The cruise to Mars 

alone is expected to take about six months, a whole mission about two and a half years (Stuster 

et al., 2018). This is more than twice as long as any human has ever been in space. Mission 

duration will likely influence performance and psychological functioning, as astronauts might 

be able to tolerate stressors and compensate for performance decrements only for limited 

durations (Kanas & Manzey, 2008). We lack knowledge about the influence of time in mission 

for Mars due to the unprecedented duration and time profile, including long transfer phases and 

activities on Martian surface. A Mars mission may include severe fluctuations in task load, from 

overload during critical mission phases (e.g. landing on Mars) to monotony and boredom 

(Whiteley & Bogatyreva, 2018). Therefore, motivation and mood will be harder to maintain – 

especially during the return flight, when all the important work has been done and there is not 

much left to prepare. Whereas astronauts during shorter missions oftentimes experience 

overload and hyperarousal, longer missions will likely also include phases of sensory 

deprivation. The psychological consequences may include irritability as well as impairments in 

sleep, concentration, and performance (Summers et al., 2005). In comparison with current 

missions in low Earth orbit, communication with family and friends as well as other 

psychological support (e.g. care packages, private conferences) will be very limited (Kanas et 

al., 2013; Patel et al., 2020). In case of an emergency, crew rescue or evacuation will not be 

possible, which may lead to chronic feelings of threat and anxiety (Kanas, 2011). In opposition 

to the awe that results from seeing the Earth from above (Yaden et al., 2016), we might evidence 

an Earth-out-of-view phenomenon when Earth disappears out of sight entirely. Feelings of 

isolation and loneliness could aggravate, possibly leading to depressive symptoms (Kanas & 

Manzey, 2008). Few individuals have been in space for more than a year and there is only one 

high-fidelity isolation study that comprised the duration that is expected for a Mars mission 
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(Basner et al., 2014). Only two out of six crew members showed no signs of distress or 

behavioral disturbances throughout the study. Disrupted sleep-wake periodicity, partial sleep 

deprivation associated with vigilance deficits, and impaired sleep quality were problems that 

occurred during the study (Basner et al., 2013). These findings hint at the increased risks for 

psychological functioning and performance that can be expected for extensive mission 

durations.  

 

A crucial feature of Mars exploration will be the unprecedented autonomy of the crew 

(Dempsey & Barshi, 2020; Love & Reagan, 2013). Whereas communication delay to Moon is 

barely disruptive (about 1.3 seconds), communication from Mars to Earth will take up to 22 

minutes one-way (Frank et al., 2013), making real time engagement from ground impossible. 

Today, crew autonomy is strictly limited. Mission control is responsible for the daily schedule 

and most of the decision-making; astronauts are monitored and supported throughout the day 

(Goemaere et al., 2016; Krikalev et al., 2010). Higher autonomy is usually welcomed by crew 

members (Slack et al., 2016) and can even produce a positive impact on performance (Roma et 

al., 2011). However, this comes with substantial risks, especially in the case of unexpected 

events and emergencies.  

 

Another challenge, related to autonomy and long mission duration, is the maintenance of skills 

until the arrival on Mars, e.g. the operation of landers, rovers, or robotic arms. Without in-flight 

training of such critical skills, the duration between acquisition and application would exceed 

any safety limits. On ISS, novice astronauts additionally have the possibility to learn from their 

experienced colleagues during handover. But for distant exploratory missions, there will be no 

exchange of crew and even no experienced personnel (Barshi & Dempsey, 2016). Therefore, 

skill maintenance and likely also part of the acquisition training will have to take place in-flight 

with autonomous training systems, e.g. during the six-month cruise to Mars (Stuster et al., 

2018). These considerations are especially important for sensorimotor skills that are acquired 

in 1g, maintained during 0g, and applied under varying gravitational forces, including 1/3g on 

Mars or 1/6g on Moon. Whereas the ISS crew receives ten days of preflight training for each 

day of their mission, this ratio will be unrealistic for prolonged mission durations to Mars 

(Barshi & Dempsey, 2016). Therefore, some skills will have to be acquired during the flight 

and it remains questionable if learning under such extreme conditions will be as efficient as on 

Earth (Kanas & Manzey, 2008). As threat and remoteness increase, our knowledge derived 

from prior missions will most likely be insufficient and specific research is needed to address 
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the new circumstances of long-term missions (Hockey et al., 2011). In summary, exploratory 

missions to Mars will involve challenges to astronauts that largely exceed those on ISS today 

(Patel et al., 2020). The influence of these challenges on performance requires deeper 

understanding to optimally prepare and support astronauts for future long-duration missions. 

 

1.2 Living and working in an adverse environment – a risk to 

cognitive and operational performance? 

“Perhaps the most dangerous symptom is impairment to cognitive function – we have to be able 

to perform tasks that require a high degree of concentration and attention to detail at a 

moment’s notice, and in an emergency, which can happen anytime, we need to be able to do 

those tasks right at the first time. Losing just a fraction of our ability to focus, make calculations, 

or solve problems could cost our lives” (Kelly, 2017). 

 

This quote from Scott Kelly, who spent a whole year in space, gives a clear impression of the 

worries that are related to cognitive performance during long-term space flight. Space missions 

involve a complex work environment that poses high demands on cognitive and psychomotor 

functioning. Astronauts operate and maintain diverse technical systems and conduct complex 

experiments; errors are easily expensive or perilous. Still, the impact of microgravity on the 

body is better understood than its impact on cognition (Arshad & Ferré, 2022). Some newer 

approaches on this topic used neuroimaging to evaluate the impact of space flight on 

neurocognitive functioning. After astronauts return to Earth, changes in brain structure and 

functional connectivity can be observed (Mhatre et al., 2021). Especially cerebellum, cortical 

motor areas, and pathways related to vestibular functioning were affected, resulting in 

sensorimotor and vestibular deficiencies (Van Ombergen et al., 2017). Koppelmans et al. (2016) 

found decreases in gray matter volume in temporal and frontal areas, but increases in gray 

matter volume regarding the somatosensory and motor cortex – the latter probably associated 

with neuroplasticity during adaptation to microgravity. In general, it is expected that not all 

brain alterations are dysfunctional processes that will negatively impact health and 

performance. Some changes are rather seen as adaptive neural compensation, e.g. to adjust 

motor processes to microgravity conditions (Demertzi et al., 2016; Jillings et al., 2020). 

However, there is first evidence to suggest that brain alterations become more pronounced with 

increasing mission duration (Roy-O’Reilly et al., 2021) and that these also correlate with 

postflight changes in cognitive and motor performance (Roberts et al., 2019). All in all, 
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neuroimaging studies in astronauts are still too scarce for a conclusive evaluation (Hupfeld et 

al., 2021). Also, they mostly focused on the effects of 6-month ISS missions, whereas the 

impact of longer mission durations on the brain is still unclear. Radiation and chronic stress for 

example – risks that will aggravate during missions that exceed low Earth orbit – have the 

potential to negatively affect critical brain structures for memory and learning, e.g. the 

hippocampus and basal ganglia (Steinberg, 2019; Strangman et al., 2014). Such potential brain 

alterations during space flight raise some concerns over cognitive performance, but astronauts 

themselves have also repeatedly uttered anecdotal reports of cognitive deficits, which are 

referred to as “space fog” (Kanas et al., 2001; Welch et al., 2009). Especially during future 

long-term missions, the maintenance of optimal performance is critical for mission safety and 

success, because ground control has only limited options to intervene. To achieve this goal, it 

is necessary to understand how the stressors associated with space flight affect performance 

(Kanas & Manzey, 2008).  

 

The long-term exposure to various stressors such as high workload, sleep deprivation, or the 

isolated, confined, and extreme environment can put optimal cognitive functioning at risk 

(Kanas & Manzey, 2008; Morphew, 2001). A plethora of “Earth-based” studies has shown the 

degradation of mood and performance in response to extreme environmental stressors 

(Lieberman et al., 2002). Stress can impair cognitive flexibility (Shields et al., 2016), working 

memory (Schoofs et al., 2008; Schoofs et al., 2009; Shields et al., 2016), and long-term memory 

retrieval (Meir Drexler & Wolf, 2017; Wolf, 2017). Other undesirable consequences of stress 

include attentional selectivity, decrements in alertness (Hockey & Robert, 1997), and 

disadvantageous and risky decision-making (Starcke & Brand, 2016). Additionally, the tradeoff 

between speed and accuracy can be influenced, which means that stressed individuals tend to 

perform faster but less accurate (Staal, 2004). Also visuomotor performance tends to degrade 

under stress (Staal, 2004), especially if the situation is evaluated as a threat rather than a 

challenge (Vine et al., 2016). As astronauts live and work in an extreme and demanding 

environment, performance decrements due to stress are expected to occur during a mission 

(Patel et al., 2020). Stress levels might increase for future long-term missions, because of the 

unprecedented risk and isolation, as well as fluctuations between monotony and very high 

workload.  

 

Next to the effects of chronic exposure to a variety of stressors, also microgravity itself can 

cause changes in brain functioning and performance. The absence of gravity leads to various 
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physiological changes and adaptations. Cardiovascular (e.g. fluid shifts into the upper part of 

the body) and vestibular or sensory-motor effects evolve fast and will impair astronauts during 

the first days or weeks of a mission. In contrast, musculo-skeletal effects of microgravity will 

show later, but become more severe with increasing mission duration (Kanas & Manzey, 2008). 

In microgravity, the otolith organs of the vestibular system are not able to provide information 

on the vertical orientation of the body. The lack of congruence between visual, vestibular, and 

proprioceptive signals induces sensory conflicts which then may elicit spatial disorientation and 

space motion sickness (Davis et al., 1988; De la Torre, 2014), including symptoms such as 

fatigue, lack of initiative, vomiting, and performance decrements (Bloomberg et al., 2015). 

Usually, gravity is used as a frame of reference to determine one’s own position relative to the 

external space (Glasauer & Mittelstaedt, 1998). Because the gravitational vertical is missing in 

space, the perceived spatial position of oneself and objects in the environment depends more 

on an egocentric reference frame, e.g. “up” is perceived where the head is located (Kanas & 

Manzey, 2008). Even spatial illusions are common, such as the feeling of hanging upside down 

or falling (Kornilova, 1997; Kornilova et al., 1996). There is evidence that distances are 

underestimated in space and also the estimation of height and depth of objects is distorted 

(Clément et al., 2013). Such errors in the perception of distances and sizes might lead to serious 

operational consequences when controlling a spacecraft or robotic arm. In addition to vestibular 

disturbances, another challenge is that motor control is learned and programmed in Earth’s 

gravity conditions (Manzey et al., 1993). This results in a mismatch between the anticipated 

consequences of a movement and the actual sensory experience in space (Carriot et al., 2021). 

Adaptation of motor programs to microgravity requires information-processing resources and 

cognitive effort to deal with this sensorimotor discordance – resources which are scarce 

regarding the usually high workload (Bock, 1998; Kanas & Manzey, 2008). During adaptation, 

the underestimation of masses in microgravity leads to disturbances in psychomotor functioning 

in space, e.g. regarding pointing and tracking movements (Berger et al., 1997; Bock et al., 2001; 

Heuer et al., 2003; Watt, 1997). Fortunately, these perceptual-motor problems usually 

ameliorate after the first days of exposure to the new gravity condition (Carriot et al., 2021; 

Kanas & Manzey, 2008). However, impairments in motor speed and higher reliability can 

continue for more than a month (Strangman et al., 2021). In summary, microgravity alters 

spatial orientation, mental rotation, and other perceptual functions (De la Torre, 2014). Sensory 

conflicts and the lack of familiar vestibular and proprioceptive feedback are expected to impede 

the execution of sensorimotor tasks at least during adaptation after a gravitational change 

(Carriot et al., 2021). 
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Although fine motor and cognitive processes are interdependent and disturbed by similar 

stressors (Beard, 2019), there is no conclusive evidence of other substantial decrements to basic 

cognitive functioning in space (Kanas & Manzey, 2008). In their review, Strangman et al. 

(2014) reported decrements in dual-task and divided attention paradigms (Bock et al., 2010; 

Heuer et al., 2003; Manzey, 2000; Manzey et al., 1998), whereas other facets of attention 

seemed to be unaffected. There were no conclusions possible regarding memory; especially the 

effects on long-term memory have not been sufficiently investigated. Experience shows that 

effective learning is possible during space flight, but it is still unclear if differences to learning 

on Earth are present (Strangman et al., 2014). Some evidence from extreme analog 

environments, e.g. Antarctic stations, indicates that learning of new strategies could be impaired 

in such stressful circumstances (Sauer et al., 1999a, 1999b). There was also no sufficient 

research available regarding executive and higher-order cognitive functioning during space 

flight (Strangman et al., 2014). Interestingly, in parabolic flight studies even positive effects of 

microgravity on performance in mental arithmetic tasks have been reported (Wollseiffen et al., 

2019; Wollseiffen et al., 2016). In general, it is likely that astronauts can stabilize their 

performance on a high level at least after an adaptation period that is characterized by 

disturbances of mood and well-being as well as an increase in perceived effort to complete tasks 

(Kanas & Manzey, 2008). However, some deficits have been reported to persist for several 

months, e.g. in dual-task performance (Strangman et al., 2021). To summarize, in many 

domains the evidence on cognitive functioning in space is still scarce and inconclusive. 

 

The question whether reported cognitive impairments in astronauts are originated in 

microgravity itself or stress effects not specific to space is still a matter of debate (Schneider et 

al., 2008; Schneider et al., 2007). Decrements in perceptual-motor performance during initial 

exposure to microgravity are likely direct effects of microgravity, whereas other cognitive 

decrements, e.g. in dual-task performance, are more probably originated in unspecific stressors 

such as workload, sleep deficiency, or the isolated, confined, and extreme environment (Kanas 

& Manzey, 2008; Kanas et al., 2013). For example, impairments of sleep will most likely affect 

vigilance and the astronauts’ ability to focus (Morphew, 2001). An integrative theoretical 

framework on how microgravity could affect not only perceptual-motor, but even other 

cognitive functions was suggested by Arshad and Ferré (2022). They observed that effect sizes 

in studies involving altered gravity were usually much higher in the sensorimotor domain than 

in the cognitive and socio-affective domains. Based on this observation, they proposed a 
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stepwise cascade framework: vestibular alterations lead to impairments in sensorimotor 

functioning, which in turn lead to alterations in cognitive and socio-affective domains. For 

example, vestibular disturbances in microgravity cause impairments of manual dexterity, which 

can result in slower and less accurate key responses and, therefore, decrements in cognitive test 

performance. Taken together, space missions constitute a complex working environment 

including various stressors – specific and unspecific to space – that both have the potential to 

affect human performance capability in sensorimotor and cognitive domains as well. However, 

severity and origin of cognitive effects are still debated. 

 

1.2.1 Human performance in space – from basic cognitive functioning to 

complex skills 

Many studies on the influence of space flight concentrated on basic cognitive functions by using 

standard laboratory tasks (Kanas et al., 2013). As summarized in the previous paragraph, many 

cognitive domains have not yet been conclusively studied, but oftentimes no or only small 

effects on performance were found. However, this does not necessarily imply that concerns 

about cognitive functioning are unwarranted. It is uncertain to what extent performance in basic 

cognitive tests actually generalizes to performance in operational tasks. The generalizability of 

experimental results relies on the capability of the task to mirror the demands of the actual work 

environment (Hockey et al., 2011). However, many laboratory tasks fail to be representative of 

the complex demands of the mental and psychomotor work that is typical for astronauts in 

space. Steinberg et al. (2015) addressed this issue in a parabolic flight study using a realistic 

power plant instrument-control task that was supposed to resemble astronauts’ work demands 

more closely. They found decreased control efficiency and hand velocity during microgravity 

phases, accompanied by higher ratings of physical strain. Increments in psychological strain or 

task load were not evident, suggesting that stress did not mediate the change in control 

efficiency. It was concluded that in microgravity, more resources have to be allocated to the 

motor system and, therefore, deficits in attention, concentration, or multitasking might be 

responsible for the performance decrement. These results are in line with earlier assumptions 

that perceptual-motor performance is likely the domain most sensitive to microgravity and that 

the additional cognitive resources needed for adaptation may compromise attention on the 

actual task.  
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Due to the scarcity of research, it is not clear if operational performance is more or less 

vulnerable to space flight than more basic cognitive performance. From a theoretical 

perspective, stress does not necessarily lead to overt performance decrements in complex 

operational tasks. To a certain degree, individuals can compensate for stress and stabilize their 

performance, e.g. by applying extra effort (Kanas & Manzey, 2008). According to the 

compensatory control model by Hockey and Robert (1997), the effects of stress on performance 

can be masked if individuals are able to apply compensation strategies. Astronauts are highly 

trained and motivated, so they are usually capable of protecting mission critical task goals even 

under extreme stress or workload (Hockey et al., 2011). Complex tasks offer ample 

opportunities for task modifications, such as working faster under time pressure or 

concentrating only on the core task features. However, this comes at the risk of more subtle 

performance decrements, because increased effort to stabilize performance is a limited 

resource. If a compensatory control process is maintained over long time periods, this will have 

physiological or behavioral costs. Because primary task goals necessary for mission success are 

protected, detrimental effects on complex performance will rather be latent and not easily 

detected by standard laboratory tasks. Examples for such latent decrements are the lack of 

attention to peripheral goals (narrowing of attention), impairments in subsidiary tasks, increased 

strain, anxiety, and fatigue, or the use of short cuts and risky decision-making (Hockey & 

Robert, 1997). In spatially complex tasks, peripheral elements are sometimes disregarded under 

high-stress conditions (Hockey et al., 2011). This can be dangerous for operational tasks like 

the manual docking of a spacecraft, if critical instrument information is not sufficiently 

processed. To summarize, complex human performance in space should be regarded as the 

result of an adaptive response to manage a task under given environmental conditions (Hockey 

et al., 2011). It can be assumed that performance is moderated by constraints due to the current 

individual state and the costs of maintaining task goals over prolonged time periods, possibly 

at the expense of other goals. As a consequence, performance decrements can be present 

although primary mission tasks are completed successfully (Kanas & Manzey, 2008). 

 

1.2.2 Obstacles to the evaluation of performance in space  

The inconclusive evidence on the impact of space flight on cognitive and operational 

performance is not only caused by a scarcity of research, but also by typical methodological 

difficulties. For once, crew time is a scarce resource during space missions, but also in complex 

analog studies. Therefore, studies oftentimes suffer from small sample sizes and short 
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observation periods that restrict generalization to long-duration missions (Strangman et al., 

2014). Due to the limited number of astronauts with longer mission durations, observation 

periods of more than six months in space are usually case studies. For example, a case study on 

one astronaut evidenced impairments in tracking performance in the first three weeks in-flight, 

but no other decrements in basic cognitive functioning over a mission duration of more than 13 

months (Manzey et al., 1998). The National Aeronautics and Space Administration Twins 

Study (Garrett-Bakelman et al., 2019), another case study spanning a 340-day mission duration, 

found only minor in-flight effects on few cognitive domains as well. However, there was a post-

flight decline in speed and accuracy measures that lasted for up to six months after the mission. 

Such decrements could possibly affect post-landing activities in future Mars missions. It should 

be noted that novel environments lead to a high variance of cognitive effects between as well 

as within individuals. Therefore, generalizing from case studies or small sample sizes can be 

deceptive (Bloomberg et al., 2015; Strangman et al., 2014). The high between-subject 

variability also suggests that some individuals are more resilient to the space flight environment 

than others (Strangman et al., 2021).  

 

Additional problems in the literature are the lack of matched control groups and normative 

baseline data for astronaut populations. Replication and validation of measures is rare (Arshad 

& Ferré, 2022). Studies are often difficult to compare, because they tap on a variety of different 

cognitive tasks and domains, measured at different points in time. This makes systematic meta-

analyses difficult (Basner et al., 2015). According to Strangman et al. (2021), 85% of studies 

conducted in space suffer from confounding effects of time (e.g. task fatigue), task repetition 

(e.g. learning effect), or space flight-related stressors. Space is not a controlled laboratory 

environment, which makes it hard to identify the cause of an effect (Shelhamer, 2017). Mission 

characteristics and demands as well as unexpected events will influence the results, and the 

effects of microgravity cannot be separated from other operational stressors (Gushchin et al., 

2019). Additionally, common cognitive tests often suffer from ceiling effects when applied to 

astronauts, continued learning effects during testing, or do not engage work motivation (Hockey 

et al., 2011). Many tests are less sensitive in highly trained astronauts because they were 

designed for clinical or lower aptitude populations. Such tests can identify severe impairments, 

e.g. following brain trauma, but may not detect subclinical deficits that interfere with optimal 

performance (Basner et al., 2015). Additionally, many studies only investigated single cognitive 

tasks, therefore, no comprehensive picture of cognitive functioning is available (Basner et al., 

2015). To standardize research on cognitive performance in space, specialized test batteries 



General Introduction  19 

were designed to assess relevant cognitive domains and timely identify performance 

decrements (Kane et al., 2005). The most recent approach has been the Cognition test battery 

that was developed to increase data comparability across studies and has been validated in a 

high-aptitude population (Basner et al., 2015; Moore et al., 2017).  

 

1.2.3 Cognition in space – a mismatch between anecdotal and empirical 

evidence 

To summarize the literature on performance in space, there seems to be a mismatch between 

anecdotal reports of cognitive decrements in space and the lack of empirical evidence thereof 

(Hockey et al., 2011; Strangman et al., 2014). Although astronauts are concerned about their 

level of cognitive functioning in space, previous studies mostly failed to observe substantial 

impairments in cognitive domains such as memory, logical reasoning, or mental arithmetic 

(Kanas et al., 2013). If performance decrements were observed, they have been mostly linked 

to difficulties in psychomotor adaptation during the first weeks in space and again on Earth 

(Morphew, 2001). During adaptation to a change in gravity, detrimental effects can be expected 

in sensorimotor functioning, dual-task management, and attention (Li & Qu, 2021). A possible 

explanation for the mismatch between anecdotal reports and empirical research could be that 

astronauts possess a high awareness of changes in their cognitive reserve (Strangman et al., 

2014). Although they are able to perform at high levels in space, they might still report increased 

effort and cautiously perceive this as a potential risk. Other reasons for the mismatch are likely 

the scarcity of research in general and the methodological weaknesses discussed in the last 

paragraph. For many cognitive domains, we are not yet able to estimate the impact of space 

flight conclusively. However, the success of many space missions until today is proof of the 

astronauts’ general ability to perform in complex operations in space. For durations of about 

six months like on ISS, there are likely no alarming impairments in cognitive performance 

(Strangman et al., 2014) – but there is still a dearth of evidence on extended time periods in 

extreme isolation and on actual operational performance. 

 

1.3 Investigating operational performance in the context of space 

flight  

The scarcity of knowledge regarding operational performance in space is problematic, because 

we are not able to reliably gauge the impact of space stressors on the safety of mission-critical 
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tasks. Many operational tasks combine cognitive and motor demands, particularly in robotic 

and vehicle control. There is some evidence that this combination might be especially 

vulnerable to performance decrements in space (Seidler & Mulavara, 2021). Sensory deficits, 

as observed during the first days to weeks of space flight, could have detrimental impact on 

operations like extravehicular activities, docking and landing, or robotic control (Jones, 2010). 

Such sensorimotor operational tasks might be impacted strongly during adaptation following 

gravity transitions, which will be even more relevant for missions to Moon and Mars. Gravity 

transitions affect manual coordination and spatial orientation (Carriot et al., 2021; De la Torre, 

2014), and incorrect perceptions of acceleration or orientation could easily lead to errors in 

manual control (Steinberg, 2019). Additionally, gravity transitions often coincide with critical 

mission phases that are based on operational tasks with a sensorimotor component, such as 

landing or docking (Milstead, 2022). Relevant skills are initially learned on Earth, but have to 

be applicable in microgravity or partial gravity of Moon and Mars as well (Hockey et al., 2011). 

Although it is very likely that gravity influences manual control abilities, there is not much 

evidence on the impact on operational performance in vehicle control. Experience with Space 

Shuttle landings on Earth and landings on Moon indicates that deviations from predefined 

performance specifications occurred, presumably due to the change in gravity forces and spatial 

disorientation after being exposed to microgravity (Bloomberg et al., 2015). Spatial 

disorientation, i.e. the failure to estimate the own position and orientation in space, is one of the 

leading causes for aviation accidents and responsible for many fatalities (Gibb et al., 2011; 

Newman & Rupert, 2020). The risk of losing spatial orientation is expected to increase for Mars 

landings due to the long transit in microgravity. But even in astronauts shortly after return from 

ISS, performance decrements in a car driving task have been observed (Moore et al., 2019). In 

the same study, impairments in manual dexterity and dual-task performance were apparent that 

point to post-flight limitations in motor functioning and available central processing resources. 

The authors emphasized that performance impairment was subtle in cognitive and sensorimotor 

test batteries, but more pronounced in the operational driving task. They attributed the effect to 

an accumulation of small physiological changes. Self-assessments to estimate fitness for duty 

prior to critical tasks and in-flight refresher trainings were proposed as countermeasures. 

Although the general cognitive capacity is preserved in space, sensorimotor operational tasks 

are likely more vulnerable to performance decrements – especially following changes in 

gravitational force.  
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A major characteristic of operational tasks is the small margin of error. Even subtle performance 

impairments can potentially lead to catastrophic outcomes and jeopardize mission success and 

safety. Performance failures during space flight are fortunately rare, although there is evidence 

on the detrimental effects of stress on performance from laboratory and field studies (Staal, 

2004). However, critical incidents may be underreported and their underlying cause is not easily 

detected, because environmental conditions cannot be controlled (Hockey et al., 2011). It is 

known that human error plays a critical role in the majority of aviation accidents (Weigmann 

& Shappell, 1997), often due to insufficient training, cockpit design or factors related to stress 

and fatigue (Morphew, 2001). This is most likely also true for vehicle control in space. One 

frequently mentioned and almost fatal incident happened in 1997 during a manual docking 

maneuver. Due to problems with the availability of the automated docking system, a Progress 

cargo spacecraft was supposed to be remotely controlled and docked to the space station Mir 

by using the manual backup system. Because the radar system was turned off to avoid 

interferences, there was no range data available and the operator had to rely on the size and 

position of Mir from the video image provided by Progress. Thus, distance and velocity were 

not adequately estimated and the spacecraft finally collided with the station, damaging its hull 

and solar arrays. The crew was able to lock the ruptured module and thereby barely avoided the 

evacuation of Mir. The cause of this incident has been seen in an unfavorable accumulation of 

stressors and circumstances (Ellis, 2000). Due to the missing range data and poor resolution of 

the video monitor, the operating cosmonaut lost situational awareness and spatial orientation 

(Bloomberg et al., 2015). Additionally, operator training was not sufficient for the attempted 

maneuver and dated back several months without any refresher training, because there were no 

simulation systems on the station (Oberg, 1998). When the accident happened, the crew had 

already been exposed to a variety of system failures on Mir that resulted in long hours, 

considerable stress, and constant tension. Finally, the operator had very little rest time and 

reported low sleep quality during the weeks before the accident (Ellis, 2000). Taken together, 

the accumulation of stressors in the adverse space environment can compromise performance 

drastically in operational tasks with typically small error margins. Portable simulations of 

critical tasks are crucial training tools to reduce this risk.  

 

Many safety-critical operational tasks, such as spacecraft docking, are usually (and will be even 

more so in the future) carried out automated to reduce the associated risks. Paradoxically, this 

approach can bring about its own risks if automation fails or manual control is necessary for 

other reasons. The operator’s ability to manually control such systems is far from obsolete. 
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Failures of automation have occurred in the past and will likely occur in future missions (Moore 

et al., 2019). Moreover, automation cannot be provided for every possible situation, whereas 

manual control offers more flexibility and the ability to react to unexpected incidents (Brody, 

1988; Ellis, 2000; Moore et al., 2019). Therefore, the high reliance on automation comes with 

drawbacks. Manual control skills are applied only infrequently, leading to skill degradation and 

insufficient experience. During the manual takeover, increased workload and lack of situation 

awareness about the system’s status are risk factors (Hainley Jr et al., 2013). Additionally, 

operators have to be highly skilled in automated contexts, because if they take over control, 

oftentimes a system failure or anomaly has taken place. To resolve such situations, operators 

have to be more proficient and need more free cognitive capacity than in standard situations 

(Bainbridge, 1983; Hancke, 2020). In conclusion, tasks that are usually automated require 

rigorous maintenance training to preserve manual control skills on a highly proficient level. 

Otherwise, mission safety is easily compromised if a critical incident occurs. 

 

We have seen that continuous skill maintenance in space is of utmost importance to protect 

performance against environmental stressors and preserve fitness for duty in an operational 

task. Performance in manual docking for example has been shown to deteriorate below a safe 

level after three months in space without training (Salnitski et al., 2001). This critical time 

period was replicated by Bosch Bruguera et al. (2021) in a Soyuz simulator, whereas 

performance could be stabilized when participants received monthly training during winterover 

in Antarctica. The duration of the mission itself can also pose a serious problem, especially 

during future long-duration exploration missions. Whereas the influence of mission duration on 

mood and simple cognitive performance has been studied, there is still a lack of studies on 

performance in operationally relevant tasks. Stankovic et al. (2022) investigated performance 

in a simulated lunar landing task during a 45-day isolation study. They found peak performance 

in the second or third quarter of the experiment, whereas performance decreased again 

afterwards. Isolation seemed to interrupt the learning effect that was present in previous studies 

(Hainley Jr et al., 2013). The decrease in performance was partly similar to the often-cited third-

quarter effect of decreased mood during this time in mission (Bechtel & Berning, 1991; Stuster 

et al., 2000); though there was no recovery towards the end of the mission. In contrast, Bosch 

Bruguera et al. (2021) found no evidence of a comparable third-quarter effect regarding manual 

docking performance during an Antarctic winterover. The reliability of performance though 

was decreased in Antarctica compared with a control group not exposed to isolation and 

hypoxia. In conclusion, we have some reason to believe that long mission duration and isolation 
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can impede normal learning processes in complex operational tasks. Again, simulations of 

operational tasks are key to prevent performance decrements with effective training schedules.  

 

In conclusion, future missions will heavily rely on the interaction of humans with various 

robotic systems such as rovers and robotic arms (Hambuchen et al., 2021). Human performance 

is a limiting factor in man-machine-interactions, especially if sensorimotor skills are needed 

that are vulnerable to gravity transitions (Fong et al., 2013) and have small error margins. 

Manual control skills may be applied only infrequently due to the high level of automation, but 

remain mission critical. Therefore, high levels of manual control skills must be preserved 

throughout a mission – considering the adverse environmental conditions including stress, high 

risk, and isolation. For the success of a space mission, it is important to investigate more deeply 

if the concerns regarding cognitive functioning in space actually translate to performance 

decrements in the real work environment. To achieve this goal, objective, real-time 

performance metrics of operationally relevant performance are important (Duda et al., 2015). 

Operational monitoring allows for the assessment of operator’s state and skill level and enables 

targeted feedback. Thereby, performance decrements can be mitigated timely, e.g. via 

additional tailored training (Kanas et al., 2013). In-flight maintenance of critical skills can also 

serve as a meaningful activity to support astronauts’ motivation and well-being, especially 

during phases of minor workload (Holland, 2000). Questionnaires and psychological tests can 

be perceived as exhausting, particularly if they are applied regularly for long mission durations. 

If participants lack motivation, acquired data will be less reliable (Gabriel et al., 2012). In 

contrast to other test procedures, operational tasks are usually well accepted and perceived as 

highly motivating because of their relevance. 

 

1.3.1 The 6df tool – a manual docking simulation for research purposes 

The 6df tool is a manual docking simulation that was designed at the German Aerospace Center 

DLR for research on operational performance in a space flight-relevant task (Johannes et al., 

2017). Manual control and docking of a spacecraft are based on the control of an object in six 

degrees of freedom (DoF). On Earth, most individuals are used to control vehicles along two 

axes, with only two translational DoF: forwards-backwards and left-right. A spacecraft can 

additionally move up and down along a third axis and also rotate around each of these three 

axes (roll, pitch, and yaw). Two hand controls are used to navigate the simulated spacecraft: 

the left one controls translation and the right one rotation (Figure 1). The control of robotic 
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manipulators on ISS, used for maintenance and payload handling, follows similar principles 

(Currie & Peacock, 2002). 

 

Figure 1 

Six degrees of freedom in spacecraft control and 6df hand controls  

 

Note. The left hand control is used to navigate along all three axes (translation, red), the right hand control to rotate 

around these axes (orientation, blue). 

 

6df has been developed as a self-sufficient learning program that helps to investigate the 

individual learning process, improve training efficiency, and diagnose decrements in manual 

control performance (Johannes et al., 2017). Flight mechanics and hand controls were designed 

to resemble the Soyuz spacecraft. However, the abstract design and variety of featured tasks is 

supposed to facilitate the generalizability of the acquired skill to control six DoF, e.g. to other 

space vehicles or robotic arms. The operator is looking out of the simulated spacecraft they are 

moving, resembling the video footage usually available for docking. The simulation is desktop-

based and easily portable, suitable for the application with a single commercial laptop in 

settings with very limited space. 6df as a learning program was designed following training 

principles for high performance skills (Johannes et al., 2011; Schneider, 1985). To avoid 

overload, it starts with part-task training of single manual control components and ends with a 

standard docking maneuver, as it is usually demanded in space. Such a standard maneuver 
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includes a curved flight around the station, stabilization at safety distance in front of the docking 

point, linear approach on the center line that leads straight to the docking point, and finally 

docking contact with the black target cross (Figure 2).  

 

Figure 2 

Standard manual docking maneuver in 6df 

 

Note. Screenshots of a level 50 6df task, depicting start position (a), curved flight in safety distance (b), stabilization 

on the center line (c), and docking contact (d). If docking is precise, the red cross disappears behind the black 

target cross. 

 

The adaptive program provides the necessary amount of repetitions in twelve difficulty levels 

depending on the operator’s current skill level. Guiding rings indicate the flight path when a 

new maneuver is introduced. Video instructions are provided to introduce six DoF, hand control 

functions, important new maneuvers, and performance parameters. Additionally, illustrated 

written instructions are provided ahead of every single docking task. Detailed performance 

feedback is given after every task to make the source of errors evident (Figure 3). A description 

of all difficulty levels (Table 2) and performance parameters (Table 3) used in the 6df tool is 

provided in the appendix. Performance assessment has been derived from the manual control 

system called Telerobotically Operated Rendezvous Unit (TORU) used for Soyuz and Progress 
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spacecrafts and the Russian simulation of the same name that is used for cosmonaut training 

(Johannes et al., 2016). The overall performance score (docking accuracy) ranges from 0 to 1 

and is categorized as follows: failed docking attempt (red, accuracy score < .85), sufficient 

performance (yellow, accuracy .85-.95), and desirably good performance (green, accuracy 

≥ .95). When green accuracy scores are achieved, a more difficult task is presented. Yellow 

scores lead to the repetition of the task and red scores to the presentation of an easier task. The 

non-aggregated performance scores are displayed as absolute values and as standardized color-

coded scores ranging from 0 to 1. 

 

Figure 3 

Screenshot of performance feedback after a 6df docking task  

 

Note. Reported are single performance scores (accuracy of stabilization, continuous orientation to the station, speed 

and angle errors during docking contact) as well as an overall docking accuracy score (quality) ranging from 0 to 

1. Scores are color-coded to indicate insufficient (red), sufficient (yellow), and good (green) performance. 
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The 6df software was developed by Spacebit GmbH (Eberswalde, Germany). Hardware is 

produced by KORA Industrie-Elektronik GmbH (Hambühren, Germany), including hand 

controls and portable devices for the synchronous collection of various physiological data (e.g. 

electrocardiogram and skin conductance response). The simulation can also be supplemented 

with secondary tasks, eye tracking, and questionnaires. Up to now, the tool has been used to 

characterize the learning process during 6 DoF skill acquisition (Johannes et al., 2019) and to 

determine free cognitive capacity during docking via electroencephalography (Johannes, 

Bubeev, et al., 2021). In space, research with the 6df tool comprised two decades on Mir and 

ISS, revealing increases in cosmonauts’ docking reliability as a result of advanced training 

schedules (Johannes, Bronnikov, et al., 2021). 

 

Manual docking is a prime example of a complex task that relies on cognitive as well as motor 

skills and has high implications for the success and safety of a mission. The control of six DoF 

is a high-performance skill, which means that more than 100 hours of training are necessary, 

yet some individuals will fail to reach proficiency. Additionally, expert performance differs 

qualitatively from novice performance (Johannes et al., 2011). The task cannot be trained in the 

real environment; therefore, astronauts are lacking experience outside of the simulator. 

Microgravity, additional stressors, and the pressure to succeed during the real maneuver might 

facilitate human error. Tasks incorporating the control of six DoF tap on various cognitive 

domains, such as spatial orientation, mental rotation, working memory, executive functions, 

and decision-making, as well as fine motor control (Ivkovic et al., 2019; Marshburn et al., 

2003). Spatial orientation was found to be especially important for manual docking 

performance (Menchaca-Brandan et al., 2007; Wang et al., 2014). This includes perspective 

taking and mental rotation: Perspective taking is defined as the ability to imagine the look of an 

object or scene from another perspective than the observer’s and requires a change of the 

egocentric reference frame. Mental rotation means the ability to mentally manipulate an array 

of objects within a fixed egocentric reference frame (Menchaca-Brandan et al., 2007). Basner 

et al. (2020) investigated the relationship between 6df docking performance and subtests of 

Cognition, a test battery specifically developed to monitor cognitive performance in the high-

aptitude astronaut population (Basner et al., 2015). The strongest predictor of docking 

performance was response time in the Digit Symbol Substitution Test, a measure of processing 

speed that includes working memory and visual scanning. High spatial orientation efficiency 

and sustained attention as well as low impulsivity were also found to be relevant for 6df 

performance. 
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Realistic operational task designs that are also suitable for research purposes are still scarce. 

For manual control tasks in space, Ivkovic et al. (2019) developed a research version of the 

Robotics On-Board Trainer that is currently used to train the control of a robotic arm on ISS 

(Canadarm2) to track and capture spacecrafts. Many other simulators have either lower fidelity 

and operational relevance (Petit et al., 2019) or rely on a large setup that is not suitable for the 

use in space or confined analog environments. 6df requires only a set of hand controls and a 

custom laptop, but provides realistic flight behavior. In comparison to other six DoF simulators 

(Bosch Bruguera et al., 2022; Duda et al., 2015), 6df was designed with abstract graphics instead 

of platform specific high-resolution images. Such a medium fidelity simulation is suitable for 

research as well as application in space, because it mirrors the essential demands of the 

operational task, but is still portable and easy to apply in isolation and confinement (Hockey et 

al., 2011). 6df also features autonomous and adaptive training as well as a variety of task designs 

that can be tailored to specific experimental conditions or objectives. 

 

1.4 Aims of the empirical studies 

Microgravity itself and other stressors related to the work environment in space are risk factors 

for human performance and mission success. The goals of this thesis were to further the 

understanding of how stressors inherent to space flight relate not only to basic cognitive, but 

operational performance and how the skill to control six DoF can be acquired and maintained 

more efficiently. Along these objectives, three empirical studies were conducted. The 6df tool 

was chosen as the central methodology because it represents a safety-critical task and is 

associated with cognitive performance measures that are relevant for space flight. The 

sensorimotor and spatial orientation components of manual control are vulnerable to 

performance decrements in space, particularly if the relevance of gravity transitions increases 

during future long-term missions. 

 

1.4.1 Study I: Stereoscopic learning aid for manual docking 

As we have seen, sensorimotor performance and spatial orientation are the cognitive aspects 

most threatened during space missions, at least during adaptation to microgravity (Kanas & 

Manzey, 2008). Manual docking and other tasks involving the control of six DoF highly depend 

on intact spatial orientation (Menchaca-Brandan et al., 2007; Wang et al., 2014). The own 

orientation and position in relation to the target has to be monitored continuously. Additionally, 
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free movement in three dimensions (3D) is unfamiliar and challenging, particularly because 

there is a lack of reference points in the space environment. Therefore, the acquisition process 

is lengthy and often accompanied by difficulties with spatial orientation. Extended training is 

needed to achieve sufficient proficiency (Dempsey & Barshi, 2020) and the absence of frequent 

refresher training may lead to disastrous outcomes, as seen in the discussion of the Progress 

crash with Mir (Ellis, 2000). In contrast, skills that are highly practiced require less cognitive 

resources and are more resistant against the influence of stressors (Dismukes et al., 2015; 

Raaijmakers, 1990). Training and maintenance of complex operational skills during long-

duration missions will be an enormous challenge in the future (Kanas et al., 2013; Rector et al., 

2021), as the required information density will be exceptionally high (Gabriel et al., 2012). 

Consequently, there is a need to develop effective training tools that are suitable for the 

autonomous application by astronauts to ensure fitness for duty throughout a mission (Barshi 

& Dempsey, 2016).  

 

A special challenge of teleoperation is that 3D movement has to be realized via a two-

dimensional (2D) screen. Additionally, the provided video image is oftentimes of low quality. 

This deprives the operator from relevant cues for the estimation of distances and speed. Virtual 

reality (VR) has been one approach to render remote control more intuitive and natural, while 

also being efficient regarding time and costs (Pirker, 2022). In comparison with a 2D interface, 

VR adds an immersive view to robotic control that can increase situation awareness, safety, and 

time efficiency (Goecks et al., 2017; Wonsick & Padır, 2021). VR is a collective term that 

comprises a plethora of technological implementations and use cases. Broadly speaking, it can 

be defined as “the use of computer technology to create the effect of an interactive three-

dimensional world in which the objects have a sense of spatial presence” (Bryson, 2013). 

Varying levels of immersion are incorporated, from desktop-based applications to the complete 

perception of being physically present in the virtual world (Freina & Canessa, 2015). VR has 

been applied to support psychomotor performance, spatial abilities, and navigation skills (Abich 

et al., 2021) in various training contexts, e.g. laparoscopic surgery and transportation (Seymour, 

2008; Xie et al., 2021). In the aviation domain, VR and augmented reality have been used to 

provide pilots with additional information to facilitate their situation awareness and spatial 

orientation, for example when the visual flight environment is degraded (Brown et al., 2021). 

Human-machine interaction and teleoperating performance in robotics has been improved in a 

similar manner, for example by overlaid cues that facilitate orientation when display and 

controls are misaligned (Chintamani et al., 2010; Chintamani et al., 2011; Maida et al., 2007). 
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VR approaches also have been used frequently to support astronaut training (Gabriel et al., 

2012; Lonchakov et al., 2017; Olbrich et al., 2018). They are suitable for ground-based as well 

as on-board training, particularly when other training forms would be hazardous or demand 

large and costly facilities (Ennis et al., 2021; Olbrich et al., 2018). VR has been applied to 

familiarize astronauts on ground with the layout of the space station (Liu et al., 2016), simulate 

emergency procedures (Aoki et al., 2007; Finseth et al., 2020), or facilitate remote control of a 

lunar rover while considering communication delay between Earth and Moon (Cheng et al., 

2015).  

 

The 6df tool was developed with the objective to reduce the number of costly instructor-

supported training hours in a high-fidelity simulator (Johannes et al., 2017). The addition of a 

VR training aid that facilitates spatial orientation could further accelerate training, which is 

important for long-term missions with very limited time for pre-mission training. Moreover, 

VR could facilitate the acquisition of six DoF skills in-flight, when spatial orientation is 

additionally impaired by microgravity. Especially at the beginning of skill acquisition, 

interindividual differences in complex tasks are pronounced (Schneider, 1985), which has also 

been observed for the 6df learning program (Johannes et al., 2019). Accordingly, there is still 

potential to support especially the slower learners in the early stages of skill acquisition. To 

circumvent the difficulty of 3D navigation using a 2D screen, a stereoscopic version of the 6df 

learning program was developed that features the 3D view of the controlled spacecraft’s vizor 

and the target space station during the first training levels. Simulation is of course an essential 

part of manual spacecraft docking training and there are other VR solutions available. Bosch 

Bruguera et al. (2019) for example supplemented their manual docking simulation using a VR 

headset and hand tracking. Whereas these authors focused on high graphical realism and 

immersion into the virtual world, our objective was to preserve the simplicity of the 6df tool by 

exclusively adding the stereoscopic view. Thereby, we can support the training with additional 

spatial cues during initial skill acquisition. After that, the operator can easily switch to the 

standard 2D visualization that is more representative of the actual operational conditions. Only 

3D goggles (Nvidia 3D Vision 2 wireless glasses) had to be added to the usual 6df setup.  

 

This new stereoscopic version of 6df was tested during the six-degree head-down tilt (HDT) 

bed rest study AGBRESA (“Artificial Gravity Bed Rest Study with European Space Agency”). 

In space, operational needs have priority and there is no opportunity to control sleep, nutrition, 

or medication (Shelhamer, 2017). In contrast, bed rest studies provide a standardized 
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environment that allows for strict experimental control (e.g. scheduled sleep, standardized 

nutrition, no caffeine) and larger sample sizes. Because the design simulates a fluid shift similar 

to that occurring in microgravity (Hargens & Vico, 2016), we were able to test training 

efficiency in a context that at least partly resembles the working environment of astronauts. The 

89-day bed rest study also provided the possibility for the participants to absolve the complete 

training program at a constant and comparable training interval.  

 

In summary, the goal of this first study was to introduce a desktop-based VR addition to the 6df 

tool and test its effects on training efficiency in comparison with the standard 2D simulation 

display. The stereoscopic view was supposed to facilitate the mental representation of one’s 

own position, orientation, and motion in a 3D environment. We hypothesized that the additional 

spatial information provided by the stereoscopic view would thereby lead to faster learning 

progress in comparison with the 2D visualization. Additionally, we investigated whether the 

3D group would profit from the VR training even after completion of the 6df training program. 

At the end of the study, participants completed five manual docking tasks with the high-fidelity 

simulation TORU, that is used for the actual docking training of cosmonauts, to evaluate 

learning success and transferability of the skill learned with 6df. 

 

1.4.2 Study II: Eye tracking as a performance indicator for manual docking 

The second study of this thesis took place in the context of the same bed rest study as study I, 

but involved only the participants that were allocated to the standard 2D visualization of 6df. 

The objective of this study was to obtain additional information on the operator’s attentional 

processing that could support the maintenance of high docking reliability and the assessment 

of readiness for duty. Eye movements are tightly linked to cognitive processes and can be used 

as objective indicators of visual attention (Duchowski, 2007; Holmqvist et al., 2011; Just & 

Carpenter, 1980). Importantly, eye tracking is applicable in operational contexts, because it is 

unobtrusive and does not interfere with the task investigated. As a first step, we wanted to 

establish if and how eye tracking measures were related to docking performance at all. 

Knowledge on successful gaze behavior then might be implemented into future training 

routines; thereby representing a second opportunity to increase training efficiency – next to the 

stereoscopic visualization in study I. Objective measures of operator proficiency and training 

effectiveness are still scarce (Barshi & Dempsey, 2016). They are particularly important for 

future long-duration missions, because astronauts will have to reach a higher level of 
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proficiency when ground support is no longer available. However, the ratio of preflight training 

duration to mission duration will be shorter than today to be feasible (Dempsey & Barshi, 2020). 

As a result, self-monitoring of astronauts regarding their performance and functional state will 

be essential (Manzey et al., 1995). Eye tracking could be a valuable supplement to an 

operational task if it provides additional information on performance, workload, or fatigue. 

Greater variety of information on one’s own performance provides possibilities for precise 

improvement and facilitates skill development (Hockey et al., 2011).  

 

In aviation, eye tracking has been used frequently to increase the safety and reliability of 

piloting (Peißl et al., 2018; Ziv, 2016). Efficient instrument monitoring constitutes a critical 

factor of piloting performance. Lefrancois et al. (2016) for example identified suboptimal 

scanning patterns in pilots that failed to stabilize their manual approach. Information on visual 

attention allocation is also valuable to quantify situation awareness (van de Merwe et al., 2012). 

The ability to timely detect relevant changes in the cockpit is fundamental to avoid piloting 

errors (Wickens et al., 2008). Once gaze behavior is linked to piloting performance, actual 

scanning behavior can be compared to the recommendations (Colvin et al., 2005; Haslbeck et 

al., 2012) and specific training can take place to individually improve performance (Chuang et 

al., 2013).  

 

Although state-of-the-art eye tracking devices are lightweight, unobtrusive, and easy to apply, 

they have rarely been used in space. First studies have investigated eye tracking in simulations 

of spacecraft control, for example to assess operator fatigue and workload during the maneuver 

(Tian et al., 2018). In aircraft cockpits, experts use shorter dwells, but check relevant 

instruments more frequently (Bellenkes et al., 1997; Glaholt, 2014; Kasarskis et al., 2001). In 

spacecraft control as well, gaze behavior differs between experts and novices (Huemer et al., 

2005; Matessa & Remington, 2005). The association between eye tracking metrics and 

performance has also been studied in a simulation of the Canadarm2 robotic arm (Guo et al., 

2021). Increased visual attention, measured as mean fixation duration, was associated with 

better control performance. These results illustrate the potential eye tracking has to assess 

fitness for duty in a space flight context.  

 

In summary, this second study aimed at complementing the scarce knowledge on gaze behavior 

in spacecraft cockpits and their association with performance. Prediction of performance based 

on eye tracking could support efficient training and mission safety, as already employed in the 
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aviation domain. Manual docking poses high demands on visual attention, because controller 

input must be updated continuously according to the current speed and position of the 

spacecraft. We expected visual attention allocation to be associated with docking performance 

throughout the 6df learning program. To identify eye tracking-based indicators of performance, 

we focused on relevant regions of the display and assessed the amount of attention as the total 

dwell time devoted to the target station, the spacecraft’s vizor, and the instruments. We 

additionally investigated how often information was retrieved by counting the number of dwells 

on each relevant region. 

 

1.4.3 Study III: Manual docking performance after sleep deprivation  

As delineated earlier, there is no clear-cut evidence on serious detrimental effects of space flight 

on human cognitive performance. Nevertheless, some stressors prevalent in space are tightly 

associated to cognitive performance on Earth. One prime example for such a stressor is sleep 

loss. Insufficient sleep is a common problem faced by many individuals on Earth, especially 

concerning night and shift workers (Åkerstedt, 2003). The working environment in space 

involves many risk factors regarding sleep as well. During space missions, astronauts frequently 

reported difficulties sleeping and expressed related concerns about their performance (Stuster, 

2010). Subjective sleep quality is often lower in space than on Earth (Dijk et al., 2001) and the 

use of sleep-promoting drugs highly prevalent (Barger et al., 2014). Objective measurements 

detect a shorter, more fragmented, and less efficient sleep as well (Dijk et al., 2001; Hockey et 

al., 2011). Generally, at least seven hours of sleep per night are recommended to preserve health 

and cognitive functioning in adults (Hirshkowitz et al., 2015; Watson et al., 2015). However, 

astronauts in orbit sleep on average only six hours per night, which accumulates to a significant 

sleep debt (Milstead, 2022). Comparable sleep restriction has been shown to significantly 

impair cognitive performance in laboratory studies (Belenky et al., 2003; Van Dongen et al., 

2003) and increase accident risk in aviation (Bendak & Rashid, 2020).  

 

Reasons for the pronounced impairments of astronaut sleep can be found in the stressors of the 

space environment. Microgravity itself, background noise, lighting conditions in the station, 

and the unusual sleeping position appear as disruptive factors (Basner & Dinges, 2014). Next 

to the discomfort of the living environment, high workload and stress due to tight schedules can 

disturb sleep (Flynn, 2005). Depending on mission demands, the work schedule sometimes 

requires working or sleeping at an inappropriate circadian phase (Hockey et al., 2011). Due to 
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operational requirements, e.g. launch windows, sleep shifts of several hours (‘slam shifts’) can 

be necessary for the astronauts to be awake at time. For this reason, circadian misalignment is 

a frequent condition in space, associated with decreased sleep duration and increased use of 

sleep medication (Flynn-Evans, Barger, et al., 2016). Missions to Mars will likely exacerbate 

sleep problems, because the circadian system must be entrained to the 24.65 h Martian day 

(Scheer et al., 2007).  

 

The extent of sleep loss, circadian misalignment, and work overload that is experienced by 

astronauts has been associated with performance decrements in ground-based studies (Flynn-

Evans, Gregory, et al., 2016). Sleep deprivation has detrimental effects on various cognitive 

domains (Goel et al., 2009), such as sustained attention, working memory, and decision-

making. Other consequences of sleep deprivation include instability in attention-intensive 

performance, impairment of learning, and loss of situational awareness. The speed-accuracy 

tradeoff is affected: cognitive slowing will occur during self-paced tasks to preserve accurate 

performance, whereas error frequency will increase under time pressure. Compensatory effort 

is needed to stabilize performance and attention may be reduced to only the most essential task 

features (Durmer & Dinges, 2005). Additionally, decrements in visuomotor performance have 

been reported after sleep deprivation, possibly due to impaired spatial attention in connection 

with impaired oculomotor functioning (Alhola & Polo-Kantola, 2007). The effects of sleep 

deprivation on cognition are far from negligible – decrements in psychomotor performance 

after 24 hours of wakefulness can even be equivalent to the effects of 0.10% blood alcohol 

concentration (Dawson & Reid, 1997). Although sleep deprivation clearly impairs cognitive 

performance, studies linking sleep and performance of astronauts in space are still scarce. As 

early as during Space Shuttle missions, Dijk et al. (2001) observed circadian rhythm 

abnormalities, lower subjective sleep quality, and sleep loss in space – as well as performance 

deterioration in sustained attention and a probed recall memory task. In a more recent study, a 

sleep duration of less than six hours in astronauts on ISS was associated with impairments in 

sustained attention and mood on the following day (Jones et al., 2022). However, both studies 

were not suitable to establish a causal link between sleep disturbances and performance. 

 

Regarding the effects of both sleep and space flight on human performance, there is a similar 

scarcity of studies on operational performance. Although the influence of sleep deprivation on 

a variety of cognitive tasks is established, it remains challenging to predict its impact on tasks 

in the real work environment (Flynn-Evans, Gregory, et al., 2016; Jackson et al., 2013). Indeed, 



General Introduction  35 

accident analyses are concerning: sleepiness is a risk factor involved in many motor vehicle 

(Czeisler et al., 2016; Gottlieb et al., 2018) and aviation accidents (Caldwell et al., 2004). Sleep-

deprived pilots display involuntary lapses into sleep as well as difficulties in psychomotor 

performance and attention to flight instruments (Caldwell, 2012). Total sleep deprivation has 

been shown to deteriorate flight simulator performance even in experienced pilots, 

accompanied by decrements in situation awareness and sustained attention (Caldwell et al., 

2004). Previc et al. (2009) quantified a performance decrease of 15% due to sleep deprivation 

compared with baseline performance in a flight simulation.  

 

Only very few studies have investigated the impact of sleep deprivation on simulator 

performance in tasks relevant for space flight. Wong et al. (2020) observed continued learning 

in a grappling and docking task during the course of 28 hours of sleep deprivation. In another 

docking task performed during magnetic resonance imaging, Strangman et al. (2005) found no 

performance decrements after sleep deprivation, but compensatory cerebral responses that 

might be related to the stabilization of performance. Oftentimes increased motivation to 

compensate sleepiness is suspected to be the cause of missing or small effects on complex tasks 

(Harrison & Horne, 2000). Although both manual docking studies were not able to identify 

performance decrements after total sleep deprivation, methodological problems persist, most 

notably small sample sizes or the lack of an appropriate control group. In an 

electroencephalography study conducted on ISS, slower reaction times in a docking simulation 

were associated with more global local sleep-like events, a marker of sleep pressure (Petit et 

al., 2019). These results provided first evidence on increased sleep pressure during space flight 

and potential negative consequences for visuomotor performance. Again, firm conclusions are 

not possible – the sample included only five astronauts and the docking task was too simplified 

to mirror the demands of a complex operational task. Another hint at the deleterious effect of 

sleep loss in space is found in the crash of Progress and Mir in 1997. Sleep deprivation due to 

long hours and stress as well as impaired sleep quality were made out as contributors to the 

manual docking accident (Ellis, 2000). In conclusion, sleepiness increases error rate and 

accident risk (Dinges, 1995), which is critical in high-risk operational contexts that require 

reliable performance to prevent catastrophic outcomes (Porcu et al., 1998). More experimental 

evidence is needed to gauge the consequences of sleep loss in space, particularly with respect 

to performance in operationally relevant tasks (Flynn-Evans, Gregory, et al., 2016). Therefore, 

the objective of this third study was to investigate the effect of 24 h total sleep deprivation on 

manual docking performance in the 6df task. Knowledge about the influence of stressors like 
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sleep loss on operational performance can be a valuable starting point to identify training needs 

and improve the prediction of performance.  

 

6df performance has been associated with performance in the Digit-Symbol Substitution Task, 

a measure of processing speed, visual tracking, and working memory, and the Psychomotor 

Vigilance Task (PVT), a measure of sustained attention (Basner et al., 2020). These cognitive 

domains are not only relevant for docking performance, but also sensitive to sleep loss (Goel et 

al., 2009; Lim & Dinges, 2010). Decreased sustained attention is even the most reliable effect 

of sleep deprivation and a likely explanation for accidents and errors attributed to fatigue (Goel 

et al., 2013; Lim & Dinges, 2010). Because the PVT is a gold standard for investigating the 

cognitive effects of sleep deprivation and the ability to sustain attention is a basic process 

essential for cognitive functioning in general, we additionally aimed at assessing the importance 

of sustained attention for 6df performance during sleep loss. Sustained attention is defined as 

the ability to maintain a high level of attention directed at a specific focus over a length of time 

(van Schie et al., 2021). We used this term instead of vigilance, which has been defined as the 

ability to be aware of relevant, unpredictable changes in the environment (but without a specific 

direction or focus) and is a prerequisite of attention in general (van Schie et al., 2021). However, 

both terms are often used interchangeably in the literature. The PVT as a measure of sustained 

attention is characterized by a minimal learning curve, briefness, and easy administration 

(Dorrian et al., 2005). A schematic sequence of the simple task is provided in Figure 4. 

Participants respond to a millisecond counter appearing at pseudo-random intervals by pressing 

a button. The complete test continues for 10 minutes. Sleep deprivation consistently leads to 

longer reaction times as well as errors of omission and commission in response to the randomly 

occurring stimuli (Basner & Dinges, 2011).  
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Figure 4 

Schematic procedure for the PVT 

 

 

To investigate the influence of sleep deprivation on docking performance, the 6df tool had to 

be adapted. Because the participants were only available for two sessions during their stay in 

the laboratory, extensive training was not feasible. Instead of the full training program used in 

studies I and II, participants absolved a short version of 6df that could be repeated in both 

sessions and did not require previous training. Five difficulty levels from the original program 

were chosen; spanning the easiest task and a full standard docking maneuver (Table 2). Every 

session started with the same task on level 4. Thereafter, the program adapted the difficulty 

level according to the participant’s docking accuracy (Figure 5). This task design allowed for 

the application of an operational task that usually requires lengthy training in a study of shorter 

duration and with novice participants. Thereby, a control condition and a larger sample size 

than in previous studies on sleep deprivation and the control of six DoF could be realized. 
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Figure 5 

Sequence of difficulty levels in the short version of 6df used in study III  

 

Note. The session always started with the same task on level 4; the difficulty of subsequent tasks was adapted with 

respect to the docking accuracy achieved. A docking accuracy below 85% led to the selection of an easier task and 

scores of 95% or higher to a more difficult task. For performance scores between 85% and 95%, the same task 

was repeated. Every level included two or three related tasks that had to be successfully completed to ascend to 

the next level. The 6df session ended after successful completion of level 5, insufficient accuracy in level 1, or 

after 35 minutes.  

 

We hypothesized that sleep deprivation would not only impair sustained attention in the PVT, 

as is established in the literature (Lim & Dinges, 2008), but also operational performance in the 

6df task. High levels of sustained attention are expected to be important for safety during 

manual docking, because relevant changes of instruments or the environment demand fast 

detection and reaction. Therefore, we wanted to assess if sustained attention could explain 

docking performance under sleep deprivation. If this was the case, administration of the PVT 

prior to safety-critical operational tasks might be valuable as an early warning for performance 

decrements due to sleepiness.  

 

1.4.4 Summary of study objectives 

In this introduction, space was illustrated as an adverse environment that involves numerous 

risks and challenges for human performance. At the same time, mission success heavily 

depends on reliable levels of performance. Performance in complex tasks that are relevant in 
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the actual work environment has been rarely investigated systematically, partly due to the 

methodological difficulties of research in space. Simulations of operational tasks like the 6df 

tool enable both Earth-based research as well as the subsequent application in space. The goal 

of this dissertation was to add to the understanding of successful operational performance in 

space, using the example of manual spacecraft docking as a complex psychomotor skill. The 

following empirical studies (Table 1) investigated how docking training can be facilitated by 

3D visualization (study I), how performance can be predicted via specific gaze features (study 

II), and how performance is affected by sleep deprivation as a typical stressor of space flight 

(study III). 

 

Table 1 

Overview of studies 

Study N Design 6df version Performance measures 

I 24 30-day 6° HDT bed rest; 

between-subjects: 2D vs. 3D task 

visualization 

learning program  

(12 levels) 

learning speed 

II 10 30-day 6° HDT bed rest; 

2D group of study I: eye tracking 

learning program  

(12 levels) 

docking accuracy 

III 62 24 h sleep deprivation; 

within-subjects: sleep deprived vs. 

control condition performance 

shortened adaptive 

paradigm  

(5 levels) 

docking accuracy; highest 

difficulty level achieved 
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2 Study I: Stereoscopic learning aid for manual docking 
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A B S T R A C T   

The ability to manually dock a spacecraft to a space station can be crucial for astronauts during space missions. 
The computer-based self-learning program 6df is an abstract docking simulation for acquisition and maintenance 
of the underlying skill to control six degrees of freedom. One of the difficulties of this complex task is to construct 
a mental representation of the own position and orientation in space, based only on two-dimensional informa
tion. To facilitate this and possibly further improve the learning process, a new three-dimensional (3D) stereo
scopic presentation of the program is tested. This study investigates whether there is faster learning progress with 
3D presentation compared to standard 2D presentation. 24 participants of the Artificial Gravity Bed Rest Study 
with ESA (AGBRESA) participated in the 6df docking experiment. Each of them completed 20 training sessions 
which lasted approximately 45 min and were conducted twice a week. The learning program is self-sufficient and 
adapts itself to individual learning speed. Half of the participants were presented with an UNITY-based stereo
scopic visualization of docking, whereas the other half used the standard 2D version of the learning program 6df. 
Learning progress was measured as the number of tasks needed to reach a target task. Results overall indicate a 
slightly faster learning progress when using 3D technology, but no long-term performance advantages. The small 
benefit might not justify the usage of costlier and operationally limiting 3D systems.   

1. Introduction 

Manually controlled docking of a spacecraft to a space station can be 
crucial for space mission safety, as automatic docking may fail or more 
flexibility may be needed [1,2]. The complex task requires the ability to 
proficiently control objects in six degrees of freedom (DoF), which is 
almost unique to space. In space, objects can be moved along three axes 
(translation) and rotated around each axis (orientation). During dock
ing, the left hand control operates three DoF of translation (movement 
along x-, y- and z-axis) and the right hand control three DoF of rotation 
(controlling yaw, pitch and bank). In contrast, when driving a car, only 
two DoF have to be controlled. The ability to control six DoF has to be 
trained intensely on simulators and with experienced instructors. The 
task is challenging, as internal frames of reference have to be con
structed, i.e. a representation of one’s own position, orientation, and 
motion within the physical environment. New cognitive, perceptual, 
and motor skills have to be acquired. The two hand controls have 

distinct functionalities: the translation control resembles a set of on-off 
switches and each impulse must be compensated with an equally 
strong impulse in the exact opposite direction to stop the movement. 
Thus, stabilizing the spacecraft in all axes is demanding. By contrast, the 
orientation hand control is an analogous one. The difficulty here is that 
handling is counterintuitive for most people, as the hand control must be 
moved to the right if one wants to turn left. All these challenges occur in 
addition to the adverse conditions of space flight, which may impair 
performance in astronauts and cosmonauts with potentially fatal con
sequences. Indeed, according to Ellis [2], workplace stress, sleep 
deprivation, and insufficient training for skill maintenance predisposed 
to an accident during manual docking in 1997. 

We developed the 6df training tool to facilitate acquisition and 
maintenance of the complex manual ability of controlling six DoF [3]. 
The learning program acquaints participants without prior knowledge to 
the handling of six DoF and features individually paced self-learning 
without an instructor. Moreover, the tool is designed for continuous 
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training to maintain docking skills on a safe level, for example during 
long term space flights. Furthermore, the learning process and opera
tor’s skill can be investigated simultaneously, as in a previous study by 
Johannes et al. [4]. In this study, all participants were able to perform a 
standard docking maneuver task following the 6df course. However, 
some needed considerably more training time and repetitions. There
fore, we were interested in methodologies to further enhance learning 
and training efficiency. Constructing an appropriate frame of reference 
is critical for learning success and has to be newly learned in space, as 
there is no fixed plane for orientation. Additionally there is another 
difficulty: manual docking is based on a two-dimensional screen that 
impedes perception of one’s own position and spatial relations. We 
reasoned that perception of relations in space and training efficiency 
could be improved using a three-dimensional (3D) stereoscopic version 
of the 6df learning program as a desktop-based virtual reality (VR) 
approach. 

A plethora of 3D and virtual reality applications have been designed 
in the past years, not only for entertainment purposes. Fuchs, Moreau, 
and Guitton [5] provide a definition of VR as a computer-based simu
lation of the behavior of 3D entities in a virtual world, which interact 
with the user in real time via sensorimotor channels. According to Freina 
and Canessa [6], different levels of immersion are possible, which can 
create a feeling of actual presence in the virtual world. As Freina and Ott 
[7] review, VR methodology has been discovered for educational pur
poses in many different fields. In medical training for example, Seymour 
summarizes VR to provide effective skill transfer into the operating 
room [8]. In space flight contexts, “real-life training” is often expensive, 
demanding for large facilities or even impossible, therefore VR is used to 
efficiently extend astronaut training possibilities [9–13]. For example, 
Aoki and colleagues tested a VR navigation training for facilitating 
orientation within International Space Station in the case of an emer
gency egress [14,15]. Olbrich et al. [16] followed a similar idea with the 
development of a VR environment that allows astronauts to train for a 
possible case of fire emergency in a simulated lunar base. Another VR 
training application, examined by Stroud, Harm and Klaus [17], has 
been the prevention of motion sickness and spatial disorientation in 
space. Bosch Bruguera, Ilk, Ruber and Ewald [18] lately developed their 
Soyuz spaceflight simulator by adapting it for future missions with the 
Russian Spacecraft “Federatsiya” to Lunar Orbital Platform – Gateway 
and by adding immersion using a VR headset and hand tracking. Their 
approach is focused on achieving high graphical and physical realism. 

We tested the hypothesis that stereoscopic presentation of the 
learning program will enhance participants’ ability to understand 
spatial relations, and thereby the construction of an appropriate frame of 
reference. More precisely, we anticipated that additional spatial infor
mation should facilitate mental representation of spatial relations, and 
eventually lead to faster learning progress compared to the standard 2D 
view. We had the unique opportunity to test our approach in the setting 
of a head-down tilt bed rest study, which is an established terrestrial 
model for microgravity [19,20]. Our primary goal is the development of 
a tool that is applicable in space. After 6df has been tested for general 
suitability as a learning tool [4], we wanted to show that it would be 
likewise applicable under space analog conditions. 

2. Material and methods 

2.1. Participants 

24 healthy individuals (8 women and 16 men, 24–55 years old) 
participated in our experiment, which was part of the “Artificial Gravity 
Bed Rest study with European Space Agency” (AGBRESA) at the :envi
hab facility of the Institute of Aerospace Medicine at the German 
Aerospace Center (DLR) in Cologne, Germany. AGBRESA was a large 
joint project of ESA, NASA, and DLR, designed to accumulate knowledge 
about the effects of microgravity in an experimental ground-based 
analog environment for long-term human spaceflight. The study was 

prospectively registered with the German register for clinical studies 
(www.drks.de) with the identifier DRKS00015677 and comprised two 
campaigns (March–June and September–December) in 2019 with 
twelve participants each. After 15 days of familiarization and baseline 
measurements, participants spent 60 days in 6◦ head-down tilt bed rest 
to simulate the effects of microgravity and to explore the effectiveness of 
short-arm centrifuge training as a countermeasure against degradation 
processes in weightlessness. After re-ambulation, participants stayed in 
the facility for another 14 days of regeneration and post measurements. 
Our sub-study consisted of a training course on how to maneuver an 
object with six DoF using the 6df tool. One of the participants first used 
the Russian version of the learning program, but switched to the default 
German version later during the course. Another participant chose the 
English version of the instructions. Participants were granted monetary 
compensation for the whole bed rest study. The study has been approved 
by the ethics committee of the medical association North-Rhine in 
Dusseldorf, Germany and participants provided written informed 
consent. 

2.2. Docking task 

The training tool named 6df used in this experiment has already been 
described in detail and tested for applicability before by Johannes et al. 
[3,4]. In short, 6df is a computer-based and self-sufficient learning 
program that simulates the control of an object with six DoF, in this case 
the manual docking of a spacecraft to an abstract space station. Flight 
dynamics and controller responsiveness are based on the Russian 
docking training system TORU (Teleoperatiya Ruchnogo Upravleniya – 
teleoperated manual control) and the actual Soyuz spacecraft. However, 
the tool is not designed to be a realistic Soyuz simulation, but to teach 
the principles of the control of any object in space abstractly. Partici
pants are first familiarized with the controller handling and are then 
gradually instructed to control up to six DoF. Each task starts with an 
illustrated instruction text, sometimes including example videos. After 
each task, feedback about various specific parameters such as forward 
speed, pitch, bank, and yaw is given, as well as an aggregated general 
performance measure, with zero being the worst and 1.0 the best 
possible accuracy, following TORU methodology [21]. The program 
adapts to individual learning speed, so that tasks are repeated when 
errors occur. If a task is mastered with a general performance score of at 
least 0.95, the next (and more difficult) task is presented. The program is 
structured in twelve ascending levels labeled between 1 and 60, most of 
them containing a small number of different tasks that are similar in 
difficulty. At the end of the learning program participants should be able 
to dock a virtual object to the docking point in a standard docking 
maneuver including flight-around, stabilization on the center line and 
final approach. The 6df software was developed by SpaceBit GmbH 
(Eberswalde, Germany) and hand controls were produced by Koralewski 
Industrie-Elektronik oHG (Hambühren, Germany). 

2.3. Setup and procedure 

During experimental sessions, participants remained in a 6◦ head- 
down tilt position without a pillow. A computer screen was attached 
on a rack above the participants’ heads at a distance of approximately 
60 cm to present the 6df training program. Hand controls for docking 
were also mounted to the rack so that they could be used conveniently in 
a lying position. Complete laboratory setup and equipment is illustrated 
in Fig. 1. Each participant completed at least twenty 6df training ses
sions, each of which took approximately 45 min. In an earlier study 
using 6df, an average of 20 sessions sufficed to pass the course and reach 
the standard docking level [4]. Sessions were scheduled on average 
twice a week during the study course, three sessions before bed rest and 
the remaining sessions during the 60-day bed rest period. Sessions were 
minimally one day and maximally seven days apart, but the usual in
terval was every three to four days. Each single docking task comprised 
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up to 12 min without instructions and feedback, depending on level and 
participant’s speed. The number of tasks in each session also varied 
depending on these factors. Participants in each campaign were 
randomly assigned to two groups: one group was presented with the 
conventional two-dimensional learning program, and the other group 
used a newly designed stereoscopic 6df version. Therefore, in each 
campaign six participants were assigned to the stereoscopic version and 
six participants to the standard program. The 3D program was equiva
lent to the standard version, but displayed a three-dimensional view of 
visor and station based on Unity (Unity Technologies, San Francisco, CA, 
USA). The visor resembles a cross to target the docking point and adjust 
the orientation of the spacecraft to the station. Participants wore Nvidia 
3D Vison 2 wireless glasses (Nvidia Corporation, Santa Clara, CA, USA). 
Because a docking maneuver in space has to be performed based on a 
two-dimensional screen, the stereoscopic view only supported the first 
learning steps. Three-dimensional viewing was only used until a 
participant reached the task in the middle of level 15. After achieving 
this landmark, the program automatically switched to the standard 
two-dimensional view, so conditions were similar for both groups 
thereafter and the 3D group would be able to adjust to 2D view during 
the rest of level 15. Level 15 was chosen because the stabilization and 
correct orientation of the spacecraft previous to the final docking 
approach are trained. To stand still in open space is of high difficulty, an 
important milestone in the learning process and necessary to solve all 
following tasks. We assumed that the new technology might be most 
helpful up to that point, but should then be omitted to familiarize par
ticipants with the standard two-dimensional presentation, as in reality 
docking is also based on a 2D screen. 

On the day after being released from bed rest (five days after the last 
6df training), we verified learning success in an additional session. This 
session contained a fixed series of five docking tasks of the Russian 
training system TORU that was provided by S.P. Korolev Rocket and 
Space Corporation Energia, Korolyov, Russia. TORU tasks applied the 
same hand controls and require identical skills to control six DoF based 
on the Soyuz spacecraft. Nevertheless, these tasks are more demanding, 
as they additionally take into account orbital mechanics and spacecraft 
inertia. The same procedure was applied for regular cosmonaut training 
onboard the International Space Station 2008–2011 [21]. 

2.4. Data analysis 

For data processing and statistical analysis, we applied SPSS Statistics 
21 (IBM, Armonk, NY, USA). Some levels include a predefined flight 
path, marked with rings the participants had to move through without 
touching – otherwise the task is terminated. Excluded from the analysis 
were 256 attempted tasks that ended in such a ring collision. We oper
ationalized learning speed using the number of tasks “flown” by the 
subjects. As 6df is adaptive, fewer tasks up to a criterion task or level 
mean fewer errors, faster progress through the program and therefore 
faster learning. The dependent variable of interest was, therefore, how 
fast, which means after how many tasks, participants reached the critical 
task on level 15. Since the number of tasks was significantly non- 
normally distributed according to Kolmogorov-Smirnov test (D = 3.32, 
p < .001), we compared learning speed between 2D and 3D group using 
the nonparametric Mann-Whitney test. In the same way we also tested if 
there was a difference in the number of tasks needed from the beginning 
of the program up to level 60, which resembles a standard docking 
maneuver in space and is therefore the end of the learning program. This 
was done in order to test whether the initial 3D-training had any longer 
lasting effects on the learning process. Cohen’s d is reported as measure 
of effect size. Additionally we also applied a multilevel linear mixed 
effect model (LME) to the data to test the effects on the number of tasks 
(learning speed) throughout all training sessions. For this purpose raw 
data were approximated to normal distribution as far as possible using 
Box-Cox transformation (D = 2.84, p < .001). Another eight tasks were 
excluded as extreme outliers (task number values more than three 
standard deviations above mean). Thereby, we achieved normal distri
bution of residuals for LME modelling. The model included level, group 
(2D or 3D), campaign (spring or autumn) gender and age (median split: 
≤ 33 and >33 years old) as fixed effects, as well as the interactions of 
level with group and level with gender. Participants were included as a 
random effect using variance components as covariance structure. The 
model was applied to the whole learning data as well as separately to 
both training halves before and after the switch from 3D to 2D. Finally 
TORU data were analyzed to test whether 3D visualization would in
fluence not only learning speed, but final docking performance after the 
course. The TORU docking performance score (ranging from 0 to 1.0) 
was the dependent variable of this LME. Group and the interaction of 
group with TORU task (1–5) were included as fixed effects, participants 

Fig. 1. Laboratory setup for the stereoscopic 6df version in 6◦ head-down tilt.  
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as random effect. 

3. Results 

Overall, participants completed 3395 valid training tasks. On 
average, participants of the 2D group “flew” M = 89.67 tasks (Median =
81.50, SD = 32.33) before reaching the shift task from 3D to 2D on level 
15, whereas participants of the 3D group required on average M = 76.17 
tasks (Median = 78.50, SD = 11.65) (see Fig. 2). Although 3D partici
pants did learn faster descriptively, the difference between the two 
groups was not statistically significant (U = 59.00, z = − 0.75, p = .45, d 
= 0.55). Regarding learning speed up to the final standard docking 
maneuver, 2D participants completed on average M = 147.75 (Median 
= 151, SD = 18.40) tasks and 3D participants M = 140.58 tasks (Median 
= 136.50, SD = 25.65) (see Fig. 3). Likewise, the Mann-Whitney test did 
not result in significant group differences (U = 56.50, z = − 0.90, p = .37, 
d = 0.32). 

A descriptive view on the learning process based on all single levels 
(Fig. 4) reveals that 3D participants on average needed fewer tasks to 

reach every level in comparison with the 2D group; especially during the 
3D phase up to level 15. Yet, after switching to 2D, differences between 
groups were only marginal. Therefore, we assessed the whole learning 
process using LME to further clarify the results. Not surprisingly, level 
predicted the number of tasks significantly for the whole learning pro
gram (F(11, 3338.57) = 4215.41, p < .001) as well as for the first 2D vs 
3D half (F(4, 1867.69) = 2910.58, p < .001) and the second all 2D 
portion of the training program (F(7, 1447.39) = 1202.34, p < .001); as 
participants did ascend to higher levels with increasing task number. 
There was no significant main effect of campaign in any model (whole 
course: F(1, 18.98) = 0.10, p = .75; first half: F(1, 19.14) = 0.07, p = .79; 
second half: F(1, 18.89) = 0.20, p = .66), and, therefore, no differences 
in learning speed between study cohorts. 2D/3D group did not predict 
learning speed, neither for the whole program (F(1, 19.09) = 0.17, p =
.68), nor for the first 3D half (F(1, 19.14) = 0.52, p = .48) or the second 
section after switching to 2D (F(1, 18.91) = 0.04, p = .85). Although 
there was no main effect of the 3D presentation, the interaction of level 
with group did predict the number of tasks for the whole program (F(11, 
3338.54) = 3.55, p < .001) as well as for the first portion of the program 
(F(4, 1867.91) = 9.51, p < .001). However, there was no significant 
interaction for the second half of the training alone (F(7, 1447.28) =
1.03, p = .41). The efficacy of 3D presentation in augmenting learning 
speed is, therefore, dependent on task difficulty level – and is not carried 
over into the all 2D training phase. 

The model also included age and gender as possible predictors. Age 
had a significant main effect in all models (whole course: F(1, 18.98) =
7.80, p = .01; first half: F(1, 19.12) = 5.34, p = .03; second half: F(1, 
18.88) = 8.67, p = .01). As shown in Fig. 5, younger participants did 
learn faster in comparison to older participants. Gender predicted the 
number of tasks significantly for the whole program (F(1, 19.11) = 5.39, 
p = .03) as well as for the second portion (F(1, 18.97) = 5.80, p = .03); 
but not for the first portion of the learning program (F(1, 19.08) = 2.83, 
p = .11). The interaction of level with gender, however, significantly 
predicted number of tasks in all models (whole course: F(11, 3338.62) =
34.00, p < .001; first half: F(4, 1867.82) = 65.42, p < .001; second half: F 
(7, 1447.43) = 5.75, p < .001). Whereas there was barely a gender 
difference during the very first levels, men did learn faster than women 
in the middle and higher difficulty ranges (see Fig. 6). 

Fig. 7 illustrates performance in the five Russian TORU docking 
tasks. For the first three tasks, the stereoscopic group’s average 

Group
2D 3D

N
um

be
r o

f t
as

ks

40

60

80

100

120

140

160

180

200

Fig. 2. Learning speed until the criterion task on level 15 by presentation 
group. Depicted are the median number of tasks, the interquartile range (box) 
as well as minima and maxima (whiskers). 
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Fig. 3. Learning speed until the end of the learning program by presentation 
group. Depicted are the median number of tasks, the interquartile range (box) 
as well as minima and maxima (whiskers). 
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performance scores were higher than those of the 2D group; for the last 
two tasks there was no difference. Averaged over all TORU tasks 3D 
participants achieved a performance score of M = .86 and 2D partici
pants of M = .81. The LME resulted in no significant main effect of 2D/ 
3D group (F(1, 21.78) = 0.58, p = .46). However, there was a significant 
interaction of TORU task and group, which predicted the performance 

outcome (F(8, 85.18) = 8.96, p < .001). Stereoscopic presentation, 
therefore, did not only have an influence on learning speed in the 6df 
program, but also on learning success regarding performance during the 
first Russian docking tasks. Nevertheless, at the end of the TORU tasks, 
2D participants performed as good as the 3D group – so once again there 
was no persisting effect of stereoscopic presentation. 

4. Discussion 

We did not observe a consistent benefit of 3D presentation compared 
with 2D. Although 3D participants descriptively required fewer tasks on 
average than the 2D participants to reach each individual training 
program level, statistical analysis of these differences yielded equivocal 
results. Whereas group comparisons by Mann-Whitney tests at 
measuring points level 15 and 60 failed to reach significance, having a 
closer look at the whole learning process via LME modelling could 
significantly confirm a positive effect of the 3D presentation that was 
dependent on the difficulty level. While we observed no general 
advantage for participants in the 3D group, they did learn faster at least 
during the first portion of the course according to the mixed model. The 
hypothesis that stereoscopic presentation of the 6df learning tool does 
facilitate the learning process compared to standard 2D can be 
confirmed only partly and with restrictions: 3D seems to facilitate 
learning; however, the effect was attenuated after switching to the 
standard 2D course. Gender and age both affected learning speed, with 
steeper learning curves in younger individuals and in men. In a previous 
study of Johannes et al., a similar effect of age was also present, whereas 
there was no significant influence of gender [4]. Experience with com
puter games or simulations might be a possible explanation for this (in 
this study, all participants who reported being passionate video game 
players were male and in the younger age group). Video gaming could 
have an impact as it has been associated with improvements in spatial 
abilities, as reported in a review by Spence and Feng [22]. Gaming 
experience occasionally also relates to performance in operational tasks, 
for example in a robot navigation study of Gomer and Pagano [23]. 

In addition to learning speed, learning success was measured as 
performance in a series of docking training tasks that have been used by 
cosmonauts in space. Although there was no general effect of the ste
reoscopic presentation, 3D participants outperformed 2D participants 
during the first three tasks. Participants in the 3D group seem to have 
adapted faster to the new circumstances, as TORU tasks follow different 
mechanics (e.g. high inertia of the spacecraft) and, therefore, require 
generalization of the acquired skill. We speculate that the stereoscopic 
group may have built up a more robust sense for their position and 
orientation in space. Taken together, stereoscopic presentation seems to 
have a positive, but rather small impact on learning to control six DoF. 

Our ambiguous findings may be explained in part by the large 
interindividual variance in learning speed. Indeed, the number of 
completed tasks until the level 15 breakpoint ranged from 56 to 160. 
While the sample size was relatively large for a complex bed rest study, it 
was not sufficiently large to reduce the impact of exceptionally slow or 
fast learners or for detailed subgroup analysis. The latter could serve to 
detect predictors for individuals who are more likely to benefit from 3D 
presentation as training aid. Former experience or familiarization with 
3D glasses or virtual reality environments for example might have an 
impact, as well as general computer affinity. Future studies might also 
account for spatial orientation ability, which could conceivably 
contribute to variability in performance. Wang et al. [24] discovered 
that perspective taking and mental rotation ability are associated with 
manual docking performance, which might be particularly relevant for 
novices, according to Du et al. [25]. 3D presentation could be more 
beneficial for those with limited spatial orientation beforehand, whereas 
skilled persons might benefit less. Despite the small sample size, bed rest 
provided an exceptional opportunity to investigate performance under 
extreme conditions that at least partly resemble the adverse conditions 
astronauts are facing. 
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Fig. 6. Average number of tasks for each 6df level by gender. Whiskers indicate 
95% confidence interval. 
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Stereoscopic viewing has been associated with symptoms ranging 
from discomfort to motion sickness due to visual conflicts [26]. None of 
the participants reported adverse events when wearing 3D glasses. Still, 
some experienced the stereoscopic presentation as more strenuous and 
tiring for the eyes compared to 2D. A few participants reported diffi
culties integrating stereoscopic double images into one consistent 
three-dimensional view. These issues might have reduced the benefit of 
the 3D view or even hindered some participants in the learning process. 
Often full immersion is mentioned as an important component of VR, 
which can be achieved for example through head-mounted displays and 
creates the perception of being physically present in the virtual envi
ronment [6]. Nevertheless, there have been non-immersive approaches 
like in our study, using virtual 3D environments that are presented on a 
conventional monitor. This “desktop VR” is capable of creating at least 
mental or emotional immersion, as suggested by Robertson, Card and 
Mackinlay [27]. We decided for 3D glasses instead of a head-mounted 
display to reduce the risk of cybersickness, but also because partici
pants should be able to look freely at the hand controls – especially 
during familiarization with their functioning. The potential advantage 
of immersive VR is the opportunity to blind out reality and get fully 
absorbed in the simulation. Whether immersive VR further improves the 
learning process compared to 3D deserves to be studied. Nevertheless, 
Aoki, Oman, Buckland and Natapoff observed that non-immersive VR is 
not necessarily inferior to immersive VR in navigation training contexts 
[14]. In reality, docking is also done in front of a 2D screen while seeing 
the hand controls. Therefore, immersion would require virtual imaging 
of hands and controls, e.g. by using wired gloves. Our main interest was 
to visually clarify spatial relations, which the simpler 3D glasses are 
sufficient for. 

In conclusion, stereoscopic presentation during the acquisition of the 
ability to control objects with six DoF had only small effects on learning 
speed and success. Whilst facilitating learning during the first few ses
sions, this benefit did not persist throughout the course and seemed to 
fade away as soon as there was a switch to standard 2D. 3D training may 
have slightly improved the ability to accustom to varying mechanics like 
during TORU. In the end, however, performance in this task did not 
differ between groups. Nevertheless, there are some interesting starting 
points for further research on possible learning aids as well as on factors 
influencing the learning process. As manual docking in space relies on 
2D screens and not all participants seem to benefit from 3D, we favor the 
simpler, less costly, but more realistic 2D learning program. 
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R e s e a r c h  Ar  t i c l e 	

Visual Attention Relates to Operator Performance in 
Spacecraft Docking Training
Sarah Piechowski; Bernd Johannes; Willi Pustowalow; Michael Arz; Edwin Mulder; Jens Jordan;  
Oliver T. Wolf; Jörn Rittweger

	 BACKGROUND:	 Manually controlled docking of a spacecraft to a space station is an operational task that poses high demands on 
cognitive and perceptual functioning. Effective processing of visual information is crucial for success. Eye tracking can 
reveal the operator’s attentional focus unobtrusively and objectively. Therefore, our aim was to test the feasibility of 
eye tracking during a simulation of manual docking and to identify links between visual information processing and 
performance.

	 METHODS:	 We hypothesized that duration and number of gazes to specific regions of interest of the simulation (total dwell time 
and number of dwells) would be associated with docking accuracy. Eye movements were recorded in 10 subjects  
(30% women, M 5 33.4 yr old) during the 6° head-down tilt bed rest study AGBRESA during 20 training sessions with 
the 6df learning program for spacecraft docking.

	 RESULTS:	S ubjects’ gaze was directed most frequently and longest to the vizor (185 dwells and 22,355 ms per task) followed by 
the two instrument displays (together 75 dwells and 4048 ms per task). We observed a significant positive relationship 
between number and duration of visual checks of speed and distance to the docking point and the accuracy of the 
docking maneuver.

	 DISCUSSION:	I n conclusion, eye tracking provides valuable information related to docking accuracy that might prospectively offer the 
opportunity to improve docking training effectiveness.

	 KEYWORDS:	 manually controlled docking, eye tracking, operator performance.

Piechowski S, Johannes B, Pustowalow W, Arz M, Mulder E, Jordan J, Wolf OT, Rittweger J. Visual attention relates to operator performance in 
spacecraft docking training. Aerosp Med Hum Perform. 2022; 93(6):480–486.

Manually controlled spacecraft docking to a space station  
is a highly safety-relevant maneuver.3,9 Docking suc-
cess depends on the ability to control objects with 

6 degrees of freedom (DoF). A spacecraft can be navigated along 
three translational axes and rotated around each axis, which 
poses substantial challenges to cognitive functioning, motor con-
trol, and visual attention. The 6df training tool has been intro-
duced to help the operator acquire and maintain the skill to 
control 6 DoF autonomously.16,17 Software was developed by 
SpaceBit GmbH (Eberswalde, Germany) and hand controls by 
Koralewski Industrie-Elektronik oHG (Hambuehren, Germany) 
as a research tool for the German Aerospace Center (DLR) to 
investigate operational performance based on the Russian TORU 
manual docking platform. To further improve learning effective-
ness and docking reliability, additional information about the 
underlying information processing would be beneficial.

Given its unobtrusive nature and tight link to cognitive pro-
cesses, eye tracking is particularly promising in this regard. The 
observer usually focuses attention at the central direction of 
gaze, which can be followed through eye tracking.8,19 Metrics 
like the number and duration of fixations or dwells are, there-
fore, used as objective indicators of visual attention.14 In avia-
tion, eye tracking is an established method to investigate visual 
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information acquisition in the cockpit and train pilots to adhere 
to optimal scanning patterns.35 It has been used to detect states 
of high workload and fatigue26 or to differentiate between nov-
ices and experts.2 For example, expert pilots show shorter 
dwells, but more frequent instrument checks than novices,2,10 
suggesting differences in the efficiency of information process-
ing. Also, eye tracking metrics are indicators of situation aware-
ness and useful to determine whether situational changes in the 
cockpit are actually identified.31,34 Attention allocation plays an 
important role for situation awareness, which is predictive of 
piloting errors.33 Piloting performance has been associated 
with more systematic and selective instrument scanning behav-
ior and such successful strategies can be used to improve 
instructions during training.4,12,20

While some eye tracking devices had been developed espe-
cially for spaceflight,5,6 none of them are currently being used in 
space. Current, state-of-the-art eye trackers are easier to apply 
and not as bulky as former devices, which makes them attrac-
tive for utilization in space. The identification of effective visual 
scanning behavior during docking might enhance man- 
machine interaction. However, there are only a few studies of 
eye tracking during simulated spacecraft docking, aiming at the 
differentiation between novices and experts15 and the predic-
tion of performance based on scanning paths.25 Another 
research question has been the assessment of an operator’s men-
tal workload, fatigue, and attention allocation via eye tracking.30 
As Huemer et al.15 stated, little is known about information 
acquisition strategies in spacecraft cockpits and extrapolation 
from studies of aircraft environments can be problematic, as 
task requirements differ substantially. Just as in aviation, accu-
racy and safety of a docking maneuver might be further 
improved through more efficient training based on optimizing 
visual scanning profiles. Eye tracking might also facilitate the 
prediction of operator performance and reliability.

The purpose of this study was to examine whether the 
analysis of eye movements during 6df docking training pro-
vides additional information regarding key factors that con-
tribute to operator performance. Head-down bed rest studies 
provide a consistent and controlled space analog environ-
ment,11 which allowed collecting feasibility data of eye move-
ments during docking training. As one may infer visual 
attention allocation from fixations, we expected that certain 
measurable characteristics of visual fixation are linked to 
docking performance. This study was performed to identify 
such indicator characteristics in the context of the 6df tool. 
Specifically, we explored the relationship between the dura-
tion (total dwell time) and frequency (number of dwells) of 
visual attention to predefined regions of interest (ROI) with 
the accuracy score of the docking maneuver.

METHODS

Subjects
Subjects were part of the Artificial Gravity Bed Rest Study with 
the European Space Agency (AGBRESA), which took place in 

the :envihab facility of the Institute of Aerospace Medicine at the 
German Aerospace Center (DLR) in Cologne, Germany. After 
15 d of familiarization and baseline measurements, subjects 
spent 60 d in 6° head-down tilt bed rest to simulate the effects of 
microgravity. After the bed rest phase, subjects stayed in the 
facility for a 14-d in-house follow-up in order to monitor and 
facilitate rehabilitation. Our substudy consisted of a training 
course on how to maneuver an object with 6 DoF using the 6df 
tool. Because half of the subjects were allocated to a stereoscopic 
version of the 6df tool that was tested as a learning aid,27 we were 
able to collect eye tracking data from 12 of the 24 subjects in two 
study campaigns. Two subjects had to be excluded due to an 
insufficient amount of eye tracking data, leading to a final sample 
of 10 healthy subjects with normal or corrected-to-normal vision. 
Only glasses were allowed for vision correction. Exclusion crite-
ria involved increased intraocular pressure, acuity correction via 
laser eye surgery, astigmatism (.3 dpt), myopia (.26 dpt), 
hyperopia (.15 dpt), color vision deficiency, or any other 
condition with substantial influence on vision. The three women 
and seven men were 23 to 54 yr old (M 5 33.40, SD 5 9.01). 
Subjects provided written informed consent and were granted 
monetary compensation for taking part in AGBRESA. The study 
was prospectively registered with the German register for clinical 
studies (www.drks.de) with the identifier DRKS00015677 and 
approved by the ethics committee of the medical association of 
North-Rhine in Duesseldorf, Germany.

Equipment
The 6df training tool has been described in detail in previous 
publications.16,17 In short, 6df is a computer-based and self- 
sufficient learning program that simulates manual control of 
an object with 6 DoF or, more specifically, manual spacecraft 
docking to an abstract space object. Subjects are gradually 
instructed to control up to 6 DoF. Each task starts with an illus-
trated instruction text, sometimes including explanatory vid-
eos. After each task, performance feedback is given. This 
includes docking speed as well as yaw, pitch, and bank angles 
between spacecraft and space station. Based on safety ranges, 
these parameters are each transformed into a score ranging 
between zero and one. This performance rating resembles the 
Russian TORU docking system and is explained in detail by 
Johannes et al.18 As an overall docking accuracy score we used 
the lowest parameter score, because the largest deviation from 
perfect alignment determines docking success, even if all other 
parameters should be satisfactory. In this study, all analyses are 
based on this overall docking accuracy score. A docking accuracy 
of 0.85 or higher resembles a sufficient performance (docking 
possible) and a score of 0.95 good (desirable) performance. 
A docking accuracy lower than 0.85 indicates that the docking 
maneuver failed. The 6df program adapts to the individual 
learning speed: if the operator achieves a docking accuracy of at 
least 0.95, the next (more difficult) task of the training program 
is presented. An accuracy between 0.85 and 0.95 leads to the 
repetition of the same task. If the score is below 0.85, not only 
the actual task has to be repeated, but also the one before. 
Twelve levels of ascending difficulty are included, which are 

http://www.drks.de
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labeled 1, 2, 5, 10, 15, 20, 21, 22, 23, 25, 50, and 60. Levels 1 
(1 DoF) and 2 (2 DoF) familiarize the trainee with each hand 
control individually. Levels 5 and 10 introduce a predefined 
flight path (guiding rings) and trainees control 2 DoF, at first 
consecutively, then simultaneously. Finding the center line 
(direct line to approach the docking point from safety distance) 
and stabilization before starting the approach is trained in level 
15. In level 20, the spacecraft is already perfectly oriented 
toward the station, but the trainee has to control the approach 
speed and first docking contact. Levels 21, 22, and 23 include a 
linear flight to the center line (flight path is indicated via guid-
ing rings), stabilization, approach, and docking. The number of 
necessary maneuvers to achieve perfect orientation is increased 
stepwise. Level 25 is similar, but guiding rings are omitted and 
subjects have to maintain the proper flight path on their own. 
For levels 50 and 60 a full standard docking maneuver is 
required, which is composed of a curved flight around the sta-
tion to the center line, stabilization, approach, and docking. The 
flight path is predefined in level 50, but not in the final level 60. 
Each level comprises several docking tasks of similar difficulty.

Because of the bed rest design, subjects remained supine 
in 6° head-down tilt without a pillow during all experimental 
sessions. A 1366 3 768-pixel screen was fixed above the sub-
jects’ heads (parallel to the bed) at approximately 60 cm dis-
tance to display the 6df docking program. The hand controls 
for docking (left one for translational movements, right one 
for rotation) were mounted on a vertically adjustable rack 
above the subjects’ hips so that they could be used conve-
niently in a lying position with elbows resting on the bed. 
The remote eye tracking device was attached to the lower 
edge of the screen. We used Tobii 4C (Tobii Technology, 
Danderyd, Sweden), a lightweight commercially available 
eye tracking gear with a binocular sampling rate of 90 Hz. 
The device uses near-infrared light to create a corneal reflec-
tion whose relative position to the pupil’s center is mea-
sured.8 This technique allows unobtrusive data collection 
without head restriction. Light conditions in the laboratory 
were held constant.

Procedure
Each subject completed at least 20 6df training sessions of 
approximately 45 min. Sessions were scheduled on average 
twice a week during the study course, three sessions before bed 
rest and the remaining sessions during the 60-d bed rest 
period. Sessions were minimally 1 d and maximally 7 d apart, 
but the usual interval was every 3 to 4 d. Each single docking 
task comprised up to 12 min without instructions and feed-
back, depending on the level (some tasks can be solved faster 
than others) and the spacecraft’s speed (subjects have to follow 
a speed limit, but they are free to move slower). Therefore, the 
number of tasks in each session also varied. At the beginning 
of every session, Tobii’s standard 5-point calibration was 
conducted. In the middle and in each corner of the black 
screen a red dot appeared and had to be fixated until it  
vanished. Subsequently, the 6df training started and subjects 
completed the tasks at their own pace.

Statistical Analysis
Although there are exceptions to this rule, it is generally 
assumed that the point of attention can be inferred from the 
position of a fixation.14 During a fixation, the gaze rests rela-
tively still at a certain point of attention for a short period of 
time8 and visual information is obtained.28,29 A temporal 
threshold of 100 ms is oftentimes recommended to define a  
single fixation.22,23 The Tobii 4C stores 90 gaze coordinates 
(samples) on the screen per second. Accordingly, we defined 
fixations to consist of a minimum of nine subsequent gaze sam-
ples within an ROI to meet the fixation duration threshold of 
100 ms. Four nonoverlapping ROI were specified on the 6df 
screen as shown in Fig. 1: task overview (depicts the task from 
above), vizor (pentagon that should always be aimed toward the 
docking cross of the station), standard instruments (speed and 
distance in relation to the station), and auxiliary instruments. 
The auxiliary instruments display gives the same information 
about current speed and remaining distance to the docking 
point, but is more salient and color-coded: if a subject is too fast 
or too slow, it will turn from green to yellow and eventually to 
red. Each ROI is a fixed zone on the screen and has been defined 
along the outlines of the respective 6df element (vizor, instru-
ments, task overview). As a measure of the amount of attention 
that each ROI attracted, we computed total dwell times 
(reported in milliseconds) as the sum of the durations of all fix-
ations recorded within each ROI per task.14 To track how often 
information was retrieved from an ROI, we additionally looked 
at the number of dwells by counting visits to each ROI.

Data processing and statistical analyses were carried out 
using SPSS Statistics 21 (IBM, Armonk, NY, USA) and R 3.5.3 
(The R Foundation, Vienna, Austria)/RStudio (RStudio Inc., 
Boston, MA, USA). All tests were two-tailed and the level of 
significance was set to α 5 0.05. We excluded the first five levels 
(1, 2, 5, 10, 15) from analysis because these tasks are for famil-
iarization with 6 DoF and did not involve final approach and 
docking contact. Additionally, tasks that ended early due to col-
lision with guiding rings that mark the ideal flight path were 
excluded. Hence, visual task structure and the docking accu-
racy score of all remaining tasks were comparable. Outlier tasks 
with a docking performance more than two standard devia-
tions below the mean docking accuracy score of all subjects 
(,0.95) were dropped. Because subjects already received some 
training in earlier levels and the task difficulty increases 
throughout the learning program, completely insufficient per-
formance was rare and mostly associated with ring collisions. 
For a safety relevant operational task like docking, even small 
differences within the upper bandwidth of performance are 
crucial. Possible relationships were sought between dwell times 
and numbers of dwells within the defined ROIs and the 6df 
docking accuracy score. We computed linear mixed-effects 
models (LME) with docking accuracy as a dependent variable, 
a random intercept for subjects, and as fixed factor dwell times 
on each ROI and number of dwells to each ROI, respectively. 
Variance components was chosen as covariance structure. 
Residuals could be accepted as sufficiently normally distributed 
by inspection of Q-Q plots and histograms.
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RESULTS

Taken together, subjects completed 493 docking tasks with 
eye tracking, with 412 meeting our inclusion criteria. As 
depicted in Fig. 2A, comparing the four ROI, most of the 
total dwell time per task was dedicated to the vizor  
(M 5 22,355.09 ms, SD 5 9018.27). There was one exception 
for level 20, which is the first introduction to actual docking 
contact. In level 20, the spacecraft was already centered in 
front of the station and, therefore, only docking speed had to 
be controlled. Task overview (M 5 128.09 ms, SD 5 160.87) 
and standard instruments (M 5 724.59 ms, SD 5 1293.99) 

were rarely attended. The auxiliary instruments display 
instead attracted substantial total dwell time (M 5 3323.24 ms,  
SD 5 1902.50). The number of dwells during each task fol-
lowed a similar pattern (Fig. 2B): subjects most often visited the 
vizor ROI (M 5 185.20, SD 5 115.85), but barely the task over-
view picture (M 5 6.53, SD 5 7.61). Also, they looked more 
often to the auxiliary instruments (M 5 50.53, SD 5 26.01) 
than to the standard instruments (M 5 23.54, SD 5 25.57).

Looking at docking performance, we observed a signifi-
cant effect of dwell time on standard instruments [F(1, 317.82) 
5 4.66, P 5 0.03] as well as on auxiliary instruments [F(1, 
395.17) 5 14.05, P , 0.001] on the accuracy score. The more 

Fig. 1.  Docking task with four ROI outlined: task overview (bottom left, sized 3.5% of the screen), vizor (central pentagon, 6.6%), standard instruments (bottom 
center right, 3.2%), and auxiliary instruments (bottom right, 4.8%).

Fig. 2.  A) Mean total dwell time and B) mean number of dwells per task on defined ROIs by levels of the training program. Error bars indicate the standard 
deviation.
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dwell time subjects directed to information about actual speed 
and distance, the higher was their docking accuracy in the 
learning program. Dwell time on task overview had no signif-
icant impact on docking performance [F(1, 226.04) 5 0.42,  
P 5 0.52]. Dwell time on the vizor was significantly negatively 
related to docking accuracy [F(1, 407.21) 5 5.61, P 5 0.02]. 
We suspected this effect to be caused mainly by level 20, where 
subjects only had to control approach speed and barely 
observed the vizor. Indeed, when level 20 was omitted and the 
analysis repeated, the effect of vizor dwell time on accuracy 
had a positive direction, but was not significant any more 
[F(1, 283.89) 5 3.59, P 5 0.06]. Considering the number of 
dwells rather than the amount of time each ROI was observed, 
docking accuracy was significantly higher the more frequently 
subjects looked at the auxiliary instruments [F(1, 372.45) 5 
8.26, P , 0.01]. We did not observe significant effects of num-
ber of dwells on standard instruments [F(1, 271.68) 5 1.98,  
P 5 0.16], vizor [F(1, 406.85) 5 0.29, P 5 0.59], or task over-
view [F(1, 226.52) 5 2.28, P 5 0.13].

DISCUSSION

We collected eye tracking data during 6df docking training in a 
space mission analog environment to explore if visual attention 
provides additional information about operator performance. 
Eye tracking technology, which is already appreciated in the 
aviation domain,26,35 proved to be feasible and unobtrusive in 
the spacecraft docking context of our study. In airplane cock-
pits, areas that are critically important for a given task, or areas 
that frequently change, attract the most total dwell time.10 Sim-
ilarly, during 6df docking, as the vizor’s cross should always be 
directed at the docking point, subjects focused their visual 
attention mostly on the vizor, and therefore on the space sta-
tion. This observation is consistent with findings of Tian and 
colleagues,30 who reported that about 80% of their subjects’ fix-
ation times were directed toward the space station and about 
20% to numerical displays. Subjects substantially favored auxil-
iary instruments over the standard ones, which indicates that 
learners were making use of the additional information given 
about actual and required speed. The task overview was gener-
ally rarely attended and probably deemed to be expendable.

Subjects who devoted more total dwell time to both instru-
ment displays achieved higher docking accuracy scores. Also, a 
higher number of dwells to the auxiliary instruments was 
related to better performance. Frequently and thoroughly 
checking the concordance of speed and remaining distance 
seems to be essential for successful docking. In this context, the 
capability of swiftly detecting deviations from optimal speed 
might point to differences in situation awareness. This relates to 
previous literature that emphasizes high situation awareness 
based on visual attention as an important safety factor in avia-
tion.31,33,34 Docking accuracy was not related to total dwell time 
or number of dwells regarding the task overview. This ROI was 
in general rarely observed by the subjects. The number of dwells 
to the vizor had no effect on performance; however, total dwell 

time on the vizor was negatively associated with docking accu-
racy. The association was explained by level 20, which only 
demands controlling approach speed. While most of the dwell 
time and frequency was devoted to the vizor, this was not sig-
nificantly related to docking accuracy.

Although successful task completion obviously required 
much dwell time and many dwells on the vizor, gazes to the 
instruments were the best indicator of performance. Our anal-
yses regarding level 20 even indicate that spending too much 
time on the station (presumably at the expense of retrieving 
instrument information) could even hamper performance in 
some instances. This might be in line with previous observa-
tions that experts had better defined scan patterns and concen-
trated more on the most important instruments.4,20 Importantly, 
duration and frequency of visual attention to the instruments 
were positively related to docking performance. Studies in the 
aviation domain have frequently linked gaze behavior to pilot-
ing performance4,20,35 and our results confirm the potential of 
eye movement analysis for spacecraft docking.

Further studies are needed to investigate if—and to what 
extent—eye tracking data as total dwell time and number of 
dwells can actually explain performance and predict operator 
reliability. As a next step, these results could also be useful to 
improve the 6df learning program, for example, by providing 
tailored eye tracking-based feedback to remind the trainee to 
regularly check the instruments during training. This could 
be implemented with a replay of the docking task that incor-
porates the operator’s scan path over time. In the Soyuz envi-
ronment as well, instrument information is placed at the 
margins of the screen. Therefore, if one focuses the vizor at 
the station, attention must be redirected actively to the instru-
ments. To establish an instrument-checking routine, the dis-
play could flash if it is not regarded by the trainee. 
Understanding how scanning behavior differs between nov-
ices and experts would be interesting, as learners could be 
alerted when their strategy deviates from an optimal expert 
scan pattern.15,25 Our study did not include experts, but stud-
ies in aircraft cockpits suggest systematic differences from 
novices in duration and frequency of dwells.2,10,20 Optimal 
gaze behavior in a spacecraft could include allocating much 
attention to the instruments by checking them frequently. 
However, experts might be able to process information more 
effectively and therefore have shorter dwells.

Which among the growing number of eye tracking-derived 
measures are most appropriate for a certain research question 
is still controversial.21 In an aviation context, total dwell time 
and number of dwells have been frequently used to assess 
visual attention allocation.10 We aimed at collecting feasibility 
data to explore the benefit of eye tracking during docking 
training; therefore, we chose these standard measures. Next, 
the features of optimal gaze behavior could be analyzed in 
more detail, e.g., by assessing transition patterns or single fix-
ation durations. Analysis of scanning entropy would allow for 
the evaluation of performance effectiveness. Unfortunately, 
the low sampling rate of the Tobii 4C did not allow for the 
computation of saccadic metrics. Eye tracking has also been 
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used as an indicator for workload,1,24,26 which is interesting 
especially for operational tasks, because high workload can 
facilitate performance decrements and human error.7,32 But 
unlike Tian et al.,30 we were not able to identify pupil dilation as 
useful to monitor mental workload in the context of docking. 
Pupil dilation is very sensitive to even small differences in 
lighting conditions, but in the operational context of docking, 
sufficient control of the screen as well as environmental 
brightness and contrasts seemed unrealistic. Because our 
results were strongly biased by screen luminosity, we did not 
report pupillometry results for this study and suppose that a 
more robust eye tracking-based measure might be more 
promising for the future. A limitation of the eye tracking 
device used in this study is the lack of verified information on 
its accuracy and precision. However, Hild et al.13 evaluated the 
accuracy of the device in 12 subjects, resulting in a satisfactory 
accuracy of 0.96° of visual angle. Apart from these method-
ological considerations, there are significant advantages of 
using eye tracking to examine the operator’s information pro-
cessing. Eye tracking devices are relatively inexpensive, light-
weight, and easy to use. Attention can be assessed objectively 
and continuously. Importantly, data acquisition is unobtrusive 
and does not interrupt the operator, which is crucial for the 
implementation in operational tasks. A limitation of this 
study, however, is the small sample size. Despite this limita-
tion, eye tracking proved suitable in examining information 
processing during docking training and deserves to be tested 
in larger samples.

We conclude that sampling with a small commercial eye 
tracking device provided valuable insight into information 
processing during docking with the 6df learning program.16,17 
Visual attention was related to performance in a simulated 
manual docking maneuver. Specifically, frequency and dura-
tion of processing speed and distance information were both 
associated with higher docking accuracy. Our results are a 
first step to identify eye-based indicators that can possibly be 
employed to assess interindividual differences in skill, but also 
intraindividual fluctuations in manual docking performance. 
Additionally, performance-associated scanning behavior 
could contribute to the improvement of docking training, for 
example, by giving trainees tailored feedback. This might be 
especially promising for future long duration missions, which 
require autonomous performance monitoring and training of 
operational skills.
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Abstract 

Sleep deprivation and circadian rhythm disruptions are highly prevalent in shift workers, and 

also among astronauts. Resulting sleepiness can reduce cognitive performance, lead to 

catastrophic occupational events, and jeopardize space missions. We investigated whether 24 

hours of total sleep deprivation would affect performance not only in the Psychomotor 

Vigilance Task (PVT), but also in a complex operational task, i.e. simulated manual spacecraft 

docking. Sixty-two healthy participants completed the manual docking simulation 6df and the 

PVT once after a night of total sleep deprivation and once after eight hours of scheduled sleep 

in counterbalanced order. We assessed the impact of sleep deprivation on docking as well as 

PVT performance and investigated if sustained attention is an essential component of 

operational performance after sleep loss. The results showed that docking accuracy decreased 

significantly after sleep deprivation in comparison to the control condition, but only at difficult 

task levels. PVT performance deteriorated under sleep deprivation. Participants with larger 

impairments in PVT response speed after sleep deprivation also showed larger impairments in 

docking accuracy. As a conclusion, sleep deprivation led to impaired 6df performance, which 

was partly explained by impairments in sustained attention. Elevated motivation levels due to 

the novelty and attractiveness of the task may have helped participants to compensate for the 

effects of sleepiness at easier task levels. Continued testing of manual docking skills could be 

a useful tool both to detect sleep loss related impairments and assess astronauts’ readiness for 

duty during long duration missions.  
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Introduction 

Insufficient sleep duration and quality are common in many occupational contexts, especially 

when extended duties or shift work are required (Åkerstedt, 2003; Caruso, 2014; Philibert, 

2005). Sleep deprivation affects the performance of people working in health care (Barger et 

al., 2006), transportation (Åkerstedt, 2000; Dorrian et al., 2007; Sallinen et al., 2020; Vejvoda 

et al., 2014), or military, but also human space flight. Although the use of sleep-promoting 

drugs is common, astronauts sleep only about six hours per night, resulting in chronic sleep 

deprivation over time (Barger et al., 2014; Dijk et al., 2001; Jones et al., 2022). There are 

numerous reasons why sleep is particularly “lost in space”, including environmental (e.g. noise, 

altered light-dark cycle, hypoxia, and hypercapnia) and psychological (e.g. isolation, 

confinement, and stress) factors alike (Basner & Dinges, 2014). Moreover, mission demands 

can require irregular sleep-wake-cycles of astronauts, such as slam-shifts, resulting in a high 

prevalence of circadian misalignment (Flynn-Evans, Barger, et al., 2016). Sleepiness – in the 

occupational field often referred to as fatigue – is an important risk factor in work environments 

that require a continuously high level of performance to avoid potentially catastrophic outcomes 

(Porcu et al., 1998). In many operational contexts, sleepiness has been shown to impair 

performance and facilitate human error, increasing the risk of accidents (Balkin et al., 2004; 

Bendak & Rashid, 2020; Dinges, 1995). Sleep-deprived pilots display degradations in 

psychomotor control, problem solving, and attention to flight instruments. Moreover, short 

involuntary lapses into sleep have been the cause of aviation accidents (Caldwell, 2012).  

 

In astronauts, a sleep duration of less than six hours was correlated with impairments in 

sustained attention and mood on the following day (Jones et al., 2022). One example of the 

sleep-related risks in space is the crash of the Progress space shuttle with Mir space station in 

1997. The life-threatening accident occurred during a manual docking maneuver and fatigue 

was made out as one of the contributing factors (Ellis, 2000). Manual docking of a spacecraft 

is a mission-critical operational task in space and requires highly trained cognitive skills as well 

as motor skills in the control of an object with six degrees of freedom (DoF, Fig. 2). Because 

docking performance deteriorates fast without continuous training (Salnitski et al., 2001), the 

6df tool has been developed as an autonomous training and maintenance program for 

controlling six DoF (Johannes et al., 2019; Johannes et al., 2017). Basner and colleagues have 

recently studied the relationship between cognitive performance in the Cognition test battery 

and operational performance in the 6df docking task (Basner et al., 2020). The strongest 

association was observed with performance in the Digit-Symbol Substitution Task (DSST), a 
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measure of processing speed, visual tracking, and working memory. These domains are not 

only crucial to process instrument information during manual docking, but are also known to 

be sensitive to sleep loss (Goel et al., 2009; Lim & Dinges, 2010). Furthermore, there was a 

positive correlation between manual docking performance and sustained attention as measured 

by accuracy in the Psychomotor Vigilance Task (PVT). In sleep deprivation research, a decrease 

in sustained attention has been one of the most reliable effects (Basner & Dinges, 2011). Sleep-

deprived individuals are consistently slower in responding to stimuli and more prone to errors 

of omission and commission (Lim & Dinges, 2008), therefore, the PVT is considered to be one 

of the most sensitive measures regarding sleep restriction (Balkin et al., 2004). Alertness is a 

critical factor for space mission safety (Mallis & DeRoshia, 2005), as even small decrements in 

the ability to timely react to relevant stimuli can compromise task success. 

  

Currently, it is still unclear whether or to what extent sleepiness-related decrements in 

experimental tests of cognitive and psychomotor performance relate to impairments in more 

complex operational tasks (Flynn-Evans, Gregory, et al., 2016). The higher demand of complex 

tasks might as well motivate individuals to apply additional effort to compensate for their 

sleepiness (Harrison & Horne, 2000). Strangman et al. (2005) for example detected 

compensatory cerebral responses to sleep deprivation, but no performance impairment in a 

simulated orbital docking task. Wong et al. (2020) attributed the lack of performance 

decrements during the course of 28 h of sleep deprivation to the novelty and motivational 

character of their grappling and docking task. However, there are few studies and only with a 

small number of participants that looked at the effects of sleep deprivation on space flight-

relevant operational performance. Therefore, our study aimed at characterizing the influence of 

one night of total sleep deprivation (~24 h awake) on manual docking performance. 

Specifically, we hypothesized that docking accuracy as well as the progression through 

different levels of task difficulty will deteriorate after sleep deprivation in comparison to 

performance after normal sleep. Additionally, we assessed if impairment in sustained attention 

(as measured by the PVT) is a relevant factor to explain docking performance under sleep 

deprivation. 
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Methods 

Participants 

Sixty-six healthy individuals participated in our experiment. Two participants were excluded 

because they attended only one of the test sessions and two because of technical problems. The 

final sample consisted of 62 participants, 28 women and 34 men, aged between 18 and 39 

(M = 24.84, SD = 4.69) years. Most participants were students recruited via university job web 

portals. Ahead of the study, participants completed a medical examination as well as 

questionnaires to rule out presence of sleep problems (STOP-Bang questionnaire, Epworth 

Sleepiness Scale, ESS), extreme personality traits (Freiburger Persönlichkeitsinventar, FPI) 

and depression (Beck Depression Inventory, BDI). Other exclusion criteria were pregnancy, 

smoking, drug use, relevant medication, and body mass index above 30 kg/m2.  

 

Study design 

The docking experiment was part of a larger laboratory study that was conducted in the Institute 

of Aerospace Medicine of the German Aerospace Center (DLR) in Cologne, Germany, from 

2019 to 2020. The study followed a randomized counter-balanced cross-over design with a 

control condition and a sleep deprivation condition. At least one week before arrival at the 

Simulation Facility for Occupational Medicine Research (AMSAN), participants were required 

to follow a regular sleep protocol (23:00 – 07:00) in order to avoid sleep debt and circadian 

misalignment. Compliance was ensured via wrist actimetry (Philips Actiwatch Spectrum) and 

sleep diaries. Caffeine consumption was not allowed in the week before and during the study. 

Participants were randomly assigned to one of two groups with counterbalanced order of 

experimental conditions (control, sleep deprivation). Participants spent five days and four 

nights in the laboratory in three-person teams. An illustration of the study protocol is provided 

in Fig. 1. Test sessions took place on day three and five. In the control condition, the test session 

was scheduled from 13:00 to 15:00 and was preceded by an 8-h sleep episode (23:00-07:00). 

In the sleep deprivation condition the test session took place between 07:00 and 09:00 following 

approximately 24 h of continuous, monitored wakefulness. Apart from the manual docking 

simulation task reported here, test sessions consisted of a synthetic operational group task as 

well as a cognitive test battery including sustained attention, working memory, and decision-

making tasks. During the scheduled wake episodes illuminance was maintained at ~100 lux at 

the horizontal angle of gaze. The study was approved by the ethics committee of the medical 
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association North-Rhine in Dusseldorf, Germany, and participants provided written informed 

consent prior to their participation. 

 

 

 

Fig. 1. Study protocol with randomized counterbalanced order of a control and a sleep deprivation condition. 

 

 

Docking Simulation 

The 6df tool is a computer-based self-learning program that simulates the control of an object 

with six degrees of freedom (Fig. 2), in this case the manual docking of a spacecraft to a space 

station (Johannes et al., 2017). Flight dynamics and controller responsiveness are based on the 

Russian docking training system TORU (Teleoperatiya Ruchnogo Upravleniya – teleoperated 

manual control) and the actual Soyuz spacecraft. However, the tool is not designed to be a 

realistic Soyuz simulation, but to teach the principles of the control of any object in space in 

generic fashion (Fig. 2). The 6df software was developed by SpaceBit GmbH (Eberswalde, 

Germany) and hand controls were produced by Koralewski Industrie-Elektronik oHG 

(Hambühren, Germany). The left hand control operates the translational degrees of freedom, 

the right hand control all rotational degrees of freedom. In this experiment, we used a newly 

developed adaptive version of 6df. It consisted of eleven docking task designs from five 

difficulty levels ranging from simple control of one degree of freedom up to a standard docking 

maneuver including a curved flight-around, stabilization, approach, and finally docking.  

Group 1: study protocol with sleep deprivation followed by control condition
Hour 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

| | | | | | | | | | | | | | | | | | | | | | | |
Day 1 Arrival

Day 2

Day 3

Day 4

Day 5 Debriefing

Group 2: study protocol with control condition followed by sleep deprivation
Hour 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

| | | | | | | | | | | | | | | | | | | | | | | |
Day 1 Arrival

Day 2

Day 3

Day 4

Day 5 Debriefing

Test session (sleep deprivation) Test session (control condition) Sleep
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Participants had no previous experience or training with the docking simulation. Before the first 

test session, they received a written instruction with general information regarding the 6df tool, 

task design, and performance feedback. Each session started with a short instructional film on 

the use of the hand controls. Additionally, before each docking trial, an illustrated text with 

specific instructions was presented. After completion of a trial, performance feedback following 

TORU methodology was given (Johannes et al., 2016). This included single parameters such 

as forward speed, pitch, bank, and yaw, as well as an aggregated general performance measure 

(accuracy), with zero being the worst and one the best possible accuracy. Every session started 

with the same trial on level 4 out of 5; a docking maneuver excluding the curved flight-around 

to reach the stabilization point. The procedure was adaptive to the performance of the 

participant and allowed for the application of 6df without previous training. A docking 

maneuver was deemed successful if the accuracy was at least .85, and of a good quality if at 

least .95. Therefore, if the accuracy score was below .85, an easier trial was presented next. For 

accuracy scores between .85 and .95, the trial was repeated and for scores ≥ .95, a more difficult 

trial was presented. Each single docking trial lasted up to ten minutes without instructions and 

feedback, depending on level and participant’s speed. After 35 minutes, the session was 

terminated following completion of the current trial. Therefore, number and level of completed 

docking trials varied between participants. 

 

 

 

Fig. 2. Six degrees of freedom in spacecraft control (a). Translation is controlled with the left hand control (b), 

orientation with the right one (c). Screenshot of a level 4 6df docking trial showing the view from the spacecraft 

on the white space station (d). The black cross represents the target/docking port.  
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Psychomotor Vigilance Task (PVT) 

Participants performed a 10-min version of the PVT (Dinges & Powell, 1985; Elmenhorst et 

al., 2018). The task was to react to the appearance of a millisecond counter as fast as possible 

by pressing a button with the thumb of the dominant hand (handedness, percent of participants: 

6.45% left, 93.55% right). Upon response, the counter stopped and presented the reaction time 

as feedback for 1 s. Without a response, the counter timed out after 10 s. The inter-stimulus-

interval varied pseudo-randomly between 2-10 s. Only responses greater than 130 ms were 

considered valid and lapses were defined as a response time exceeding 500 ms. Due to its high 

sensitivity to sleep loss (Basner & Dinges, 2011), the averaged response speed per session, i.e. 

reciprocal response time (1/RT), and the number of lapses were chosen as outcome. 

 

Statistical Analysis 

R 4.0.2/R Studio and IBM SPSS Statistics 26 were used for data processing and analysis. All 

tests were carried out two-sided and with a significance level of α = .05. When applicable, 

normal distribution of variables or residuals was verified via visual inspection of Q-Q plots and 

histograms. A total number of 856 docking trials were absolved. We excluded 56 trials that 

were discontinued because the participant maneuvered out of the station’s reach (distance 

> 200m), resulting in a final sample of 800 valid docking trials.  

 

For mixed models, conditional and marginal pseudo-R2 were computed with the MuMIn 

package for R (Barton, 2020) as an effect size estimate proposed by Nakagawa et al. (2017). 

Conditional R2 (R2
c) is interpreted as the variance explained by the entire model including 

random effects, whereas marginal R2 (R2
m) represents the variance explained by fixed effects 

only. For nonparametric analyses, 𝑟 = 𝑍 ÷ √𝑁 was computed as effect size (Rosenthal, 1991). 

 

To check if the sleep deprivation manipulation actually induced sleepiness, we compared self-

reported subjective sleepiness between conditions using a linear mixed model. For this purpose, 

participants completed the Karolinska Sleepiness Scale (KSS) (Åkerstedt & Gillberg, 1990; 

Shahid et al., 2011) at the beginning of each test session. The KSS is a single-item questionnaire 

that indicates situational sleepiness on a 9-point Likert scale, ranging from 1 (extremely alert) 

to 9 (extremely sleepy). The effect of sleep deprivation on PVT response speed and number of 

lapses (following log transformation) was also analyzed using linear mixed models.  
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To test the effect of sleep deprivation on docking accuracy, we computed a linear mixed model 

with accuracy as dependent variable and participants as random intercept. As fixed effects we 

included 6df level of difficulty, session (first or second) and condition (control or sleep 

deprivation). For docking accuracy scores an inverse log transformation was used to achieve 

normal distribution of residuals. Levels 1 and 2 as well as 4 and 5 were merged for this analysis 

because of similar task demands and the small number of observations in level 1 and 5. In a 

second step, we added the interaction between condition and the susceptibility to sleep 

deprivation as measured by PVT response speed and number of lapses to the model. 

Susceptibility scores were obtained by subtracting control condition (CC) PVT performance 

from sleep deprivation (SDC) PVT performance. Worse performance after sleep deprivation 

relative to the control condition is indicated by negative SDC-CC difference values in the case 

of response speed, and positive SDC-CC difference values in the case of lapses. 

 

Next to the accuracy of the docking maneuvers, we also considered participants’ progress 

through the levels of the adaptive 6df program during each session. For this purpose, we looked 

at the level of the highest successfully completed trial (accuracy ≥ .85) in each session. The 

highest achieved level could vary between 1 (if the only trial a participant was able to solve 

with sufficient accuracy was on level 1) and 5 (if a participant advanced from level 4 and 

achieved sufficient accuracy also in a level 5 trial). Because data was not normally distributed, 

we chose Wilcoxon signed-rank test to compare highest levels between control and sleep 

deprivation condition as well as between first and second session.  

 

Results  

After sleep deprivation, participants reported to feel significantly sleepier (KSS: M = 7.52, 

SD = 1.54) than in the control condition (M = 3.53, SD = 1.61; F(1, 61) = 223.15, p < .001, 

R2
m = .62, R2

c = .66). Additionally, sleep deprivation compromised PVT performance: 

Response speed deteriorated significantly (F(1, 61) = 103.985, p < .001, R2
m = .19, R2

c = .78) 

after sleep deprivation (M = 3.36 s-1, SD = 0.65 s-1) in comparison to control condition 

performance (M = 3.89, SD = 0.45). Also, the number of lapses was significantly larger 

(F(1, 61) = 95.93, p < .001, R2
m = .30, R2

c = .61) after sleep deprivation (M = 9.40, SD = 9.76) 

than after normal sleep (M = 1.76, SD = 4.02). 
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Participants completed on average 6.32 docking trials in the baseline session and 6.58 in the 

sleep-deprived session and achieved an average overall accuracy score of M = .76 (SD = .33). 

The linear mixed model revealed significant main effects of level (F(2, 774.80) = 347.28, 

p < .001) and session (F(1, 742.26) = 82.12, p < .001), as well as an interaction between level 

and session (F(2, 732.92) = 5.13, p = .006). Participants improved their docking accuracy from 

the first (M = .73, SD = .35) to the second session (M = .79, SD = .32), and this learning effect 

was evident regardless of condition order. Docking accuracy decreased with increasing 

difficulty level. Importantly, there was a significant main effect of condition 

(F(1, 742.26) = 8.82, p = .003). This result is consistent with our hypothesis that accuracy 

decreases after sleep deprivation (M = .74, SD = .35) in comparison to control condition 

performance (M = .78, SD = .32). There was no significant interaction of condition with session 

(F(1, 53.86) = 1.73, p = .19) or a trifold interaction (F(2, 774.80) = 0.86, p = .42), but a 

significant interaction of condition and level (F(2, 732.92) = 4.35, p = .01). The proportion of 

explained variance can be described by R2
c = .67 for the whole model and R2

m = .44 for fixed 

effects only.  

 

 

 

Fig. 3. Average docking accuracy scores under control and sleep deprivation conditions for each level of difficulty 

(each session started on level 4). Error bars represent the standard error, the number of participants in each category 

is indicated above the bars. Trials that were discontinued because the participant maneuvered out of the station’s 

reach (distance > 200m) were excluded. 
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When adding the interaction between condition and the SDC-CC difference in PVT response 

speed to the model, the significant main effect of condition vanished (F(1, 726.13) = 0.06, 

p = .81). However, the effect of condition on docking accuracy remained dependent on the 

difficulty level (F(2, 732.17) = 3.92, p = .02). Additionally, there was a significant interaction 

of condition and the SDC-CC difference in PVT response speed (F(1, 723.77) = 6.05, p = .01). 

Participants with higher susceptibility to sleep deprivation (large decrease in PVT response time 

in the sleep deprivation condition compared with the control condition) also showed a larger 

difference of docking accuracy between conditions. The proportion of explained variance for 

this extended model was R2
c = .68 and R2

m = .44 for fixed effects only. When including 

susceptibility in terms of the number of lapses in the PVT, the main effect of condition on 

docking accuracy disappeared likewise (F(1, 728.86) = 1.46, p = .23). The interaction of 

condition and level persisted (F(2, 731.75) = 4.01, p = .02), but there was no significant 

interaction between condition and the SDC-CC difference in the number of PVT lapses 

(F(1, 724.11) = 3.22, p = .07). The proportion of explained variance for this second extended 

model was R2
c = .68 and R2

m = .43 for fixed effects only. 

 

Single linear mixed models were computed separately per category of difficulty level (levels 1 

and 2; level 3; levels 4 and 5) to delineate the origin of the interaction between condition and 

level (Fig. 3). There was no main effect of condition on docking accuracy when only levels 1 

and 2 (F(1, 137.53) = 2.68, p = .10) or level 3 (F(1, 339.5) = 0.01, p = .98) were considered. 

Instead, accuracy in level 4 and 5 decreased after sleep deprivation (F(1, 287.02) = 7.04, p = .01, 

R2
m = .02, R2

c = .33). 

 

Looking at the progress through the 6df program instead of accuracy (Fig. 4), participants’ 

performance also improved significantly from the first to the second session (V = 13.50, 

p < .001, r = .76). The average highest successfully completed level increased from M = 2.95 

(SD = 1.06, Mdn = 3) to M = 3.84 (SD = 1.19, Mdn = 4). Participants on average reached a 

slightly lower level after sleep deprivation (M = 3.29, SD = 1.19, Mdn = 3) than in the control 

condition (M = 3.50, SD = 1.22, Mdn = 3). However, this difference was not statistically 

significant (V = 531.50, p = .18).  
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Fig. 4. Average highest successfully completed 6df level per condition. Error bars indicate the standard error. 

 

 

Discussion 

Astronauts in space usually sleep less (Barger et al., 2014; Dijk et al., 2001) than the seven 

hours that – according to consensus reports – are needed to maintain health and cognitive 

performance in adults (Watson et al., 2015). Whereas sleep loss is known to impair performance 

in a multitude of cognitive tests, the goal of the present study was to investigate the potential 

effect of sleep deprivation on simulated manual spacecraft docking – a complex and mission-

critical operational task – as well as to identify the relationship with performance in the PVT as 

a standard measure sensitive to sleep loss. 

 

Our results revealed a detrimental effect of sleep deprivation on accuracy in the complex 

manual docking simulation. Although participants were able to compensate their sleepiness in 

easier docking trials (levels 1-3), they were significantly impaired during the more difficult 

trials at levels 4 and 5. Whereas levels 1-3 include only single components of manual control, 

the difficult trials represent a full docking maneuver as it is required in an operational context. 

This observation stands in contrast to previous studies that were not able to detect impairments 

in similarly complex tasks after sleep deprivation, possibly due to small sample sizes 

(Strangman et al., 2005; Wong et al., 2020) or the lack of a control condition without sleep 

deprivation (Wong et al., 2020). In contrast to docking accuracy, we found no significant 

difference between conditions regarding the highest level participants reached. The smaller 
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effect on task progression might be explained by the small variance of the variable due to the 

limited number of levels in the task.  

 

As expected, participants showed a substantial decline in PVT response speed and an increase 

in the number of lapses when sleep-deprived. Measures of sustained attention are generally 

considered to be most sensitive to sleep loss (Lim & Dinges, 2008; Lim & Dinges, 2010). 

Novelty and attractiveness of the docking simulation are a likely reason for the absence of larger 

performance decrements across difficulty levels (Wong et al., 2020). Heightened motivation 

might have helped participants to compensate their sleepiness at least partly. High-level 

complex skills are generally assumed to be less affected by sleep deprivation compared to 

monotonous, less demanding tasks, because they enhance motivation and effort (Harrison & 

Horne, 2000). The PVT however is a very monotonous task (Schleicher et al., 2008). 

Additionally, speed measures seem to be more susceptible to total sleep deprivation than 

accuracy measures (Koslowsky & Babkoff, 1992; Lim & Dinges, 2010). If individuals are given 

sufficient time to complete a motivating task, the slowing of cognitive functioning due to sleep 

loss can be compensated to a large degree (Harrison & Horne, 2000). Participants in the 3D 

sensorimotor navigation study by Strangman et al. (2005) displayed no performance 

decrements, but reported the docking to be more effortful under sleep deprivation. Accordingly, 

functional magnetic resonance imaging revealed compensatory cerebral responses to sleep 

deprivation in cortical regions associated with visuospatial processing, memory and attention. 

 

The degree of performance impairment in response to sleep loss is subject to substantial inter-

individual differences that are stable and trait-like (Elmenhorst et al., 2017; Elmenhorst et al., 

2018; Rupp et al., 2012; Van Dongen et al., 2004; Yamazaki & Goel, 2020). Therefore, the 

PVT has been used to classify individuals regarding their vulnerability or susceptibility to sleep 

loss (St Hilaire et al., 2019; St Hilaire et al., 2013). Performance deficits after sleep deprivation 

are oftentimes attributed to impairments in sustained attention. The latter is seen as prerequisite 

of more complex cognitive processes (Harrison & Horne, 2000; Lim & Dinges, 2008). In our 

study, the inclusion of the impairment in sustained attention due to sleep deprivation (measured 

as the SDC-CC difference in response speed and number of lapses) dissolved the main effect 

of sleep deprivation on docking accuracy. However, a significant interaction of level and sleep 

deprivation persisted. For response speed (but not number of lapses), the interaction with 

condition indicated that participants who reacted to sleep deprivation with a larger decline in 

PVT response speed also displayed larger performance decrements in docking accuracy. 
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Whereas sustained attention is indeed an important component of complex operational 

performance under sleep loss, it can only partly account for impairments in the more complex 

docking task. The PVT has already been proposed as a short test to evaluate fitness for duty 

prior to an operational task. For example, the PVT predicted performance decline in a luggage 

screening task that is based heavily on sustained attention (Basner & Rubinstein, 2011), but 

was not indicative of performance impairment in a driving simulation (Baulk et al., 2008). On 

the ISS, the PVT is part of the standard measures used to monitor astronauts’ cognitive 

functioning during their missions. Although the PVT is not sufficient to predict operational 

performance, it may be useful as a first indicator to timely detect possible performance 

decrements due to fatigue. However, our results also underline the need for operational task 

designs to assess performance or readiness for duty in safety-critical contexts.  

  

This study has several limitations. One of them is the lack of previous training with the docking 

simulation. This resulted in considerable performance variance between participants, which 

might have partially masked the effects of sleep deprivation. Sleep deprivation itself leads to 

increased variability within individuals due to state instability as well as between individuals 

due to differences in vulnerability to sleep loss, which poses the risk of missing performance 

decrements if sample size is limited (Goel et al., 2009). Although novice students differ from 

an astronaut population (e.g. professionalized training), they allowed for a larger sample size 

and a controlled experimental design. In our study, we observed an order effect which likely 

resulted from the benefits of continued training across the two test sessions. The use of a 

counterbalanced cross-over design protected against some of these influences masking the sleep 

deprivation effect. Moreover, our analysis did not reveal a significant interaction between test 

session and condition. Nonetheless, it will be interesting to investigate the role of training and 

its potential interaction with the effects of sleep loss in future studies of docking performance. 

Whereas training diminishes the novelty of the task, exhaustive training is expected to be 

protective against performance errors (Flynn-Evans, Gregory, et al., 2016). Furthermore, the 

operational importance of a manual docking maneuver in professionals should have a high 

impact on motivation, counteracting the decrease in arousal due to sleepiness. Nevertheless, for 

a highly safety-relevant task like manual docking, even small performance decrements can have 

serious consequences. In the aviation domain, less than six hours of sleep already pose a 

substantial risk factor (Bendak & Rashid, 2020). Therefore, further investigation of 

performance in complex operational tasks is necessary to achieve a comprehensive risk 

assessment. Our results might not generalize to chronic sleep restriction, which is a highly 
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prevalent state in space (Barger et al., 2014; Jones et al., 2022) and many other occupational 

contexts (Banks & Dinges, 2007). The effects of partial sleep deprivation on cognitive 

performance might be even more pronounced compared to total sleep deprivation (Pilcher & 

Huffcutt, 1996) and it is unclear to what extent motivational factors may be protective under 

these circumstances. Performance on long-term missions to moon and Mars will likely be more 

vulnerable, because fewer resources are available to buffer the effects of sleepiness and 

circadian misalignment (Flynn-Evans, Gregory, et al., 2016).  

 

The aim of this counterbalanced cross-over study was to assess the influence of ~24 h total 

sleep deprivation on performance in a mission-relevant operational task and a sustained 

attention task. Our results demonstrate performance decrements in a complex manual docking 

simulation that were explained partly by decrements in sustained attention. Docking 

performance was impaired in difficult trials, but not in in easier trials – possibly because the 

task’s novelty and engaging character was enough to overcome impairments during lower task 

demand. However, even small decrements in accuracy could have catastrophic consequences 

in safety-critical tasks, especially when various stressors accumulate. Future studies should 

assess the influence of exhaustive training on the susceptibility to sleep loss. Operational 

performance measures like those gathered from the 6df task could be helpful tools to assess 

readiness for duty under sleep deprivation during long duration missions. The susceptibility to 

sleep deprivation as measured by the PVT is useful for the early detection of prediction of 

performance decrements in more complex tasks. 
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5 General Discussion 

Space is a challenging working environment that demands high levels of cognitive and 

sensorimotor performance under adverse conditions. Although mission success heavily 

depends on the reliability of human performance, the influence of space flight-related stressors 

on operational tasks has rarely been studied systematically. Especially in the context of future 

long-duration missions, more efficient training methods and objective measures to predict 

performance will be necessary. To face these gaps, three studies were conducted using a 

desktop-based simulation of manual spacecraft docking, which is a complex mission-relevant 

task that involves cognitive domains vulnerable to the stressors of space flight. The first study 

aimed at the validation of a stereoscopic visualization to facilitate spatial orientation during the 

learning process. The second study applied eye tracking to identify measures of gaze behavior 

related to docking performance. Finally, the third study assessed the influence of sleep 

deprivation, a stressor highly prevalent in space, on docking performance.  

 

5.1 Summary of main results 

5.1.1 Study I: Stereoscopic learning aid for manual docking 

Due to increased information density, future long-duration missions will require optimized 

training efficiency. For manual docking, one key challenge is to control an object in 3D on the 

basis of a 2D monitor. During training, a mental representation of position and orientation in 

relation to the docking point must be established. To facilitate this process, a stereoscopic 

version of 6df was developed. Participants absolved the full 6df learning program in the course 

of 20 sessions during an HDT bed rest study. Twelve participants were allocated to the standard 

2D program and the other twelve to the 3D visualization that supplemented the first part of the 

acquisition process. Positive effects of the 3D visualization on learning speed and learning 

success (performance in the higher-fidelity docking simulation TORU) were hypothesized.  

 

The results indicated no persistent advantages of the stereoscopic visualization compared to the 

standard 2D learning program. In earlier difficulty levels (5-15), 3D participants required less 

task repetitions to ascend to the next level. However, there was no main effect of the 3D 

presentation on learning speed – neither until the end of the stereoscopic support (level 15) nor 

until the end of the whole learning program. The small positive effect of the stereoscopic view 

on learning speed did not carry over into the second phase of the training, when all participants 
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continued with the standard 2D presentation. For learning success, results were similar. 3D 

participants had no general advantage in the more complex TORU simulation. They performed 

slightly better during the first trials of the new task, but there was no difference left between 

2D and 3D group at the end of the TORU session. Possibly, the 3D participants accustomed 

slightly faster to the new task demands. In conclusion, stereoscopic visualization only led to 

partial, but non-persistent, increments in learning speed and learning success.  

 

5.1.2 Study II: Eye tracking as performance indicator for manual docking 

In the 2D group from study I, eye tracking could be implemented into the 6df learning program. 

Manual docking is a visually demanding task that requires high levels of situation awareness. 

The aim of study II was to identify gaze behavior associated with docking performance. We 

hypothesized that attention allocation to relevant regions of the simulation display would be 

related to the accuracy of the docking maneuver. 

 

Eye tracking proved to be a feasible and unobtrusive method to gain insight into information 

processing during spacecraft docking. Participants concentrated most of their visual attention 

on the vizor that was used to orientate the spacecraft in the direction of the docking point. The 

task overview picture was rarely attended. Participants preferred the auxiliary instruments 

(providing color-coded information on the actual and allowed speed) over the standard ones. 

Importantly, gaze behavior was significantly related to docking performance. Longer total 

dwell time on both instrument displays and a higher number of dwells on the auxiliary 

instruments were associated with higher docking accuracy. In summary, the number and 

duration of visual instrument checks are suitable candidates to predict performance in manual 

docking.  

 

5.1.3 Study III: Manual docking performance after sleep deprivation  

The aim of the third study was to assess the impact of sleep deprivation on manual docking 

performance. Disturbances of sleep duration and quality are highly prevalent in space. Whereas 

laboratory studies have shown diverse decrements in cognitive performance due to sleep 

deprivation, the picture is less clear when it comes to operational performance. Therefore, we 

tested the effect of 24 h sleep deprivation on manual docking performance. Additionally, 

performance in the PVT was considered as a measure of cognitive performance, specifically of 

sustained attention, that is highly sensitive to sleep loss and has gold standard status in sleep 
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research. We expected decreases in sustained attention and operational performance following 

sleep deprivation. The second aim of this study was to assess if decrements in sustained 

attention as measured by the PVT were associated with sleep-deprived docking performance. 

 

Compared to the control condition, total sleep deprivation led to an increase in subjective 

sleepiness and to performance decrements in the PVT. The latter was evident in a decrease in 

response speed as well as an increase in the number of lapses. Sleep deprivation had no 

significant impact on the highest difficulty level participants were able to successfully complete 

in the adaptive manual docking task. However, docking accuracy significantly decreased after 

sleep deprivation. This effect was dependent on the difficulty level: the impairment in docking 

accuracy occurred only in the more difficult levels that resembled a standard docking maneuver, 

but not in the easier tasks that comprised only single aspects of manual control in six DoF. The 

susceptibility to sleep loss as measured by the difference in PVT performance between 

conditions explained part of the sleep deprivation effect on docking accuracy. Participants with 

larger decrements in PVT response speed following sleep deprivation also exhibited worse 

docking accuracy when sleep-deprived. 

 

5.2 Integrative discussion and future directions 

More basic knowledge on complex operational performance is needed to tackle the challenges 

that will arise during future long-term missions. The three studies of this dissertation 

investigated aspects of operational performance, aiming at the enhancement of training 

efficiency and the prediction of performance under the influence of space flight-related 

stressors.  

 

5.2.1 Virtual reality in manual docking training 

Training of manual control in six DoF is complex and time-consuming. Technical innovations 

might help to support and shorten skill acquisition, especially in the context of heightened 

autonomy during future long-term missions. VR has been proposed as a tool to facilitate a more 

intuitive understanding for control tasks that rely on 2D screens (Pirker, 2022). The 3D glasses 

and stereoscopic presentation investigated in study I proved to be feasible additions to the 6df 

tool. Although stereoscopic viewing may provoke motion sickness (Hwang & Peli, 2014), none 

of our participants reported major discomfort. However, stereoscopic presentation shortened 
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the training time only temporarily. The positive effect of the 3D visualization did not persist 

after switching to the standard 6df version. The real maneuver is done via a 2D screen; therefore, 

an effective training aid should facilitate spatial orientation also in 2D conditions. Conclusions 

regarding learning success were similarly inconsistent. 3D participants seemed to accustom 

faster to the TORU tasks that are used in cosmonaut training and incorporate more complex 

flight characteristics than 6df. Possibly, they acquired a more robust spatial orientation that 

helped to generalize the skill to control six DoF. However, 2D and 3D participants performed 

equally in the second half of the TORU test session. For the present, the advantages of this VR 

technology were not substantial enough to replace the standard learning program that requires 

less hardware. We decided to use a non-immersive desktop-based approach to reduce the 

likelihood of motion sickness and to allow for an unhindered view on the hand controls. Our 

focus was the clarification of spatial relations in space, but there are also fully immersive and 

graphically realistic simulations of spacecraft control (Bosch Bruguera et al., 2019). Although 

immersive VR is not necessarily superior in training contexts (Aoki et al., 2008), it remains to 

be tested if immersive VR might have more advantages for the development of spatial 

orientation in manual control than our non-immersive approach. 

 

Moreover, larger studies are needed to further evaluate the effects of stereoscopic viewing as a 

training aid. Interindividual differences in learning speed were exceptionally high, some 

participants required almost twice as much task repetitions than the fastest individuals. These 

large differences might have masked some effects of the 3D presentation in our small sample. 

We were also not able to make subgroup analyses to identify which participants benefitted most 

from the training intervention. More knowledge on the predictors of learning speed could help 

to adjust the learning program to the individual’s needs. For example, stereoscopic presentation 

might help especially individuals that have difficulties with spatial orientation to start with, 

whereas the additional value of 3D might be restricted when these abilities are already 

pronounced. In future studies, spatial abilities should be assessed because they are an integral 

part of controlling six DoF (Menchaca-Brandan et al., 2007; Wang et al., 2014), especially in 

novices (Du et al., 2015). In space, spatial disorientation (De la Torre, 2014; Glasauer & 

Mittelstaedt, 1998) and spatial illusions (Kornilova, 1997; Kornilova et al., 1996) due to 

microgravity pose additional challenges that can lead to errors in the estimation of distances 

and acceleration (Clément et al., 2013; Steinberg, 2019). Under these extreme conditions, the 

effect of VR on spatial orientation might be more pronounced. This would be relevant for on-

board training and skill maintenance that is needed during long-term missions (Rector et al., 
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2021). Because some participants initially reported having some visual difficulties with the 

stereoscopic image, prior familiarization with 3D glasses might also play a role. Although 

stereoscopic presentation has not proven to be a sustainable training aid yet, the identification 

of additional predictors of learning success could help to locate individuals that benefit most 

from VR support. In a more extreme environment, e.g. around gravitational transitions and very 

high workload, the small positive effect of stereoscopic presentation might be more clearly 

pronounced. 

 

5.2.2 Eye tracking in manual docking training 

Eye tracking devices allow for an objective and continuous assessment of visual attention that 

is unobtrusive and does not interfere with the operational task. Whereas eye tracking has been 

frequently used to investigate pilots’ state and instrument monitoring strategies (Peißl et al., 

2018; Ziv, 2016), data from spacecraft cockpits are scarce (Huemer et al., 2005). Study II 

offered the opportunity to collect first data on gaze behavior during skill acquisition with the 

6df tool. Participants focused most of their visual attention on the vizor and thereby on the target 

space station. This observation is in line with previous data from Tian et al. (2018), who 

reported that 80% of operators’ fixation times were directed at the space station and only 20% 

on the simulated spacecraft’s instruments. In general, most dwell time is directed to areas that 

are especially important for the task or that change frequently (Glaholt, 2014). According to the 

SEEV model, visual attention in complex operational environments, such as instrument 

scanning in the cockpit, is driven by four components: salience (e.g. luminance, color), effort 

(e.g. distance that the eye has to be moved), expectancy (regarding the frequency of events in 

an area), and the value of an area for task completion (Wickens et al., 2008). The descriptive 

eye tracking data also indicated that participants indeed used the additional color-coded 

information on the actual and prescribed speed that was provided by the auxiliary display. In 

turn, the standard instruments and the task overview were rarely attended. This descriptive view 

on gaze behavior was already valuable to gain insight into how operators used the 6df tool. Such 

information can be used to further adapt the simulation’s design to the learners’ needs. 

 

But more importantly, we were able to identify associations between gaze behavior and docking 

performance. Although most attention was devoted to the vizor and this focus on the target was 

necessary for task completion, the amount of attention to the vizor was not predictive of docking 

accuracy. Instead, frequently and thoroughly monitoring the instruments turned out to be crucial 
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for performance. More total dwell time on both instruments and a higher number of dwells to 

the auxiliary instruments were related to higher docking accuracy. Instrument monitoring is 

important, because this information is needed during approach to continuously update the speed 

to the remaining distance. Our results are in line with accident analyses in aviation, showing 

that piloting errors can often be attributed to inadequate instrument monitoring (Lounis et al., 

2019). Individuals who devote more attention to the instruments might gain higher situation 

awareness and thereby timely detect deviations from optimal speed. Situation awareness can be 

defined as the “perception of elements in the environment within a volume of time and space, 

the comprehension of their meaning, and the projection of their status in the near future” 

(Endsley, 1988). Attention is usually focused at the central direction of gaze (Just & Carpenter, 

1980) and it can be assumed that the situation awareness of an operator is high as long as they 

visually attend to the system (Johnson et al., 2017). Accordingly, the percentage of time a 

relevant region is fixated, dwell times, and fixation rates have been shown to be highly 

predictive of situation awareness (Moore & Gugerty, 2010; van de Merwe et al., 2012). The 

lack of situation awareness and resulting misjudgments have often been involved in flight 

accidents (Wickens et al., 2008). 

 

Previous studies have linked gaze behavior to performance in a variety of manual control tasks, 

mainly in aircraft control. In a flight simulator, selective and focused gaze behavior on key 

instruments was associated with control performance (Chuang et al., 2013). Simulated 

Canadarm2 control performance (also relying on six DoF) was correlated with fixation 

duration, saccade duration, and pupil diameter (Guo et al., 2021). Lefrancois et al. (2016) 

associated ineffective gaze patterns (i.e. failure to sufficiently monitor critical instruments) with 

errors in performing a stabilized manual aircraft approach. The high percentage of errors in 

instrument monitoring was also attributed to the high reliance on automation. This is a critical 

issue also in spacecraft control, where automated docking is the normal situation. Many studies 

investigating the relationship between visual scanning and performance also compared novices 

and experts (Huemer et al., 2005; Matessa & Remington, 2005; Peißl et al., 2018). One 

observation was that experts check relevant instruments more frequently (Bellenkes et al., 1997; 

Glaholt, 2014; Kasarskis et al., 2001), which matches the gaze behavior that was favorable in 

our study. Experts also check the instruments even if no change is expected and might need 

shorter individual dwells to retrieve the information (Ziv, 2016). Similar findings also stem 

from entirely different occupational fields, such as surgical expertise: In contrast to junior 

surgeons, experts devoted more attention to task-relevant areas in terms of fixation rates and 
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dwell times (Tien et al., 2015). Knowledge on expert gaze behavior can be used to deduce 

successful gaze behavior and facilitate the understanding of novices regarding important task 

features. Studies with manual docking experts in realistic settings are a next step to validate 

successful scanning behavior and the predictive value of gaze behavior for operator reliability. 

 

Certainly, the results from study II already provide various starting points for future 6df 

developments. We have shown that eye tracking can provide additional information on operator 

performance. More available information facilitates the individual and specific improvement of 

performance (Hockey et al., 2011). Additionally, operators are often unaware of their scanning 

strategies (Robinski & Stein, 2013), although these are safety-critical. Peysakhovich et al. 

(2018) defined four stages of eye tracking integration in the field of aviation. In the first stage, 

eye tracking is used during training to estimate the pilot’s monitoring skills, give feedback on 

current gaze behavior, and teach optimal gaze behavior based on expert scan patterns. But the 

authors also see future potential for the implementation of eye tracking in the actual operational 

setting. In the second stage, the pilots’ gaze during flight would be recorded to have additional 

information to aid the investigation of incidents. In the third stage, eye tracking could serve as 

an operational support system, e.g. the pilots could be alerted if their gaze behavior deviates 

from a defined safety range or specific information in the cockpit could be highlighted to aid 

information processing. Eventually, in stage four, automation might be allowed to take over 

control based on the information on operator status obtained via eye tracking. Although some 

of these considerations look far into the future, at least stage one integration of eye tracking is 

within reach for manual spacecraft control. For example, operators might receive tailored 

feedback on their scanning behavior. This could be implemented by a replay of the task with 

overlaid scan paths or a numeric feedback that includes the number of dwells and the percentage 

of dwell time allocated to the different regions of interest (ROI). With more information on 

optimal scanning behavior, the system could give individual recommendations to improve gaze 

behavior and performance, as well as track strategy changes throughout the training progress. 

Such eye tracking based learning software has been shown to improve the performance of 

novices by teaching successful gaze strategies, e.g. in training for laparoscopic surgery 

(Chetwood et al., 2012; Vine et al., 2012; Wilson et al., 2011). Muehlethaler and Knecht (2016) 

introduced an eye tracking-supported situation awareness training for pilots in a flight 

simulator. The training included the discussion of scanning methods after the first flight, the 

joint development of new gaze strategies with a trainer, and an application phase during the 

second flight. This approach was supposed to engage the trainee in self-exploration and 
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facilitate skill transfer, while giving the instructor objective data for individual feedback. 

Another approach established a database of standard visual scanning patterns and alerts the pilot 

if their gaze behavior deviates from this norm (Lounis et al., 2019). In aviation, certain visual 

scanning rules that foster safety are already part of the training routine (Colvin et al., 2005). In 

the case of manual docking, successful scanning behavior will likely include frequently 

checking the instruments as a key factor. Instead of feedback after the task, this could also be 

fostered during the task. Because attention is usually focused at the vizor and attention must be 

redirected actively towards the periphery to retrieve instrument information, a monitoring 

routine must be established during training. To facilitate such a routine, the instruments could 

flash if they are not regarded or an acoustic signal could catch the trainee’s attention. Thereby, 

eye tracking is a promising method for the support of an efficient autonomous docking training 

that is needed for long-term missions, when no experienced instructor will be available. 

 

To predict performance or an operator’s status in the working environment, the robustness of a 

measure regarding confounding factors is crucial. There is a plethora of eye tracking metrics 

that have been used in research (Rahal & Fiedler, 2019) and more specifically in the aviation 

domain (Peißl et al., 2018). Because there is no consensus on the most appropriate measures 

for specific research questions or applications (Lai et al., 2013), comparisons between studies 

and the selection of suitable metrics are difficult. We focused on the number of dwells and total 

dwell time, because these metrics have been frequently used in aviation studies and were related 

to performance (Glaholt, 2014). Due to the low sampling rate of the eye tracking device used, 

we were not able to consider saccadic metrics. A next step would be to include a more in-depth 

analysis of scan patterns (Lounis et al., 2021). Another promising application of eye tracking 

that should be considered is the monitoring of the operator’s state during a maneuver (Scannella 

et al., 2018), e.g. the assessment of workload (Marquart et al., 2015; Peißl et al., 2018). Mental 

overload facilitates human error (Wickens, 2017) and, therefore, should be detected timely in 

safety-critical operational tasks. Tian et al. (2018) for example used pupil dilation to assess 

operator workload during different phases of a simulated manual docking maneuver. Pupillary 

responses have long been linked to arousal and mental workload (Beatty, 1982; Beatty & 

Lucero-Wagoner, 2000). We conducted pupil dilation analyses on the data from study II as 

well, but found the results to be highly confounded by the varying screen luminosity during 

approach. In an operational context, the control of screen luminosity and environmental lighting 

would be highly problematic. Because methods must be applicable not only in the laboratory, 

but also under the harsh conditions in space, more robust workload metrics will have to be 
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tested in the future. For example, the spatial distribution or randomness of fixations has been 

proposed as an alternative indicator of workload (Di Nocera et al., 2006, 2007; Diaz-Piedra et 

al., 2019), as well as the frequency of pupil oscillations (Duchowski et al., 2018; Guo et al., 

2021). Future studies are needed to identify the measures that are most suitable to predict 

performance and detect critical operator states in a manual docking context. In conclusion, eye 

tracking is a promising addition to manual docking that can provide additional information on 

operator performance. In comparison with many other objective measures, eye tracking is 

unobtrusive and easy to apply. These advantages could contribute to training and monitoring 

and thereby to the safety and reliability of manual docking.  

 

5.2.3 Sleep deprivation as a risk factor for operational performance  

Stress levels in space are expected to impair performance in astronauts (Morphew, 2001; Patel 

et al., 2020), although the associations between stressors and cognitive performance are not yet 

established (Strangman et al., 2014). Sleep loss is a prevalent stressor in space (Barger et al., 

2014; Dijk et al., 2003) and has been associated with performance decrements in laboratory 

tasks (Belenky et al., 2003; Van Dongen et al., 2003). However, the impact of sleep deprivation 

on performance in the more complex operational tasks astronauts have to master is still a matter 

of debate. We could demonstrate that sleep loss significantly impaired docking accuracy in the 

6df simulation, a safety-relevant operational task in space. This stands in contrast to previous 

studies that investigated manual docking tasks, but found no significant effect of sleep 

deprivation (Strangman et al., 2005; Wong et al., 2020). The reason for the absence of effects 

in previous studies might have methodological reasons, specifically small sample sizes and, in 

the study by Wong et al. (2020), learning confounds due to the lack of a control group. Task 

complexity might be a relevant factor determining the vulnerability of a task to the effects of 

sleepiness. Whereas the participants were able to compensate for their sleepiness in easy levels 

that incorporated only single components of manual control in six DoF, their performance was 

significantly impaired in more difficult levels that resembled a standard docking maneuver. The 

latter is usually demanded in an operational context; therefore, sleep loss might have serious 

consequences for the success and safety of a space mission.  

 

Sustained attention is the cognitive domain deemed to be most sensitive to sleep loss (Lim & 

Dinges, 2008; Lim & Dinges, 2010). In our study as well, sleep deprivation led to decrements 

in sustained attention as measured by the PVT and a significant increase in subjective sleepiness 
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as measured by the Karolinska Sleepiness Scale. Whereas we were able to identify an effect of 

sleep deprivation on docking accuracy, this was not the case for our second dependent variable, 

the progression through the difficulty levels in the adaptive task. This variable had a rather 

small variance due to the limited number of levels included in the paradigm and the short 

session duration. For the testing of more experienced operators, this methodological issue might 

have no serious consequences, because docking accuracy in difficult tasks would be the 

outcome of relevance (instead of level progression). A possible reason for the absence of a 

larger effect of sleep deprivation on 6df across difficulty levels and also on task progression has 

already been discussed by Wong et al. (2020) and is founded in the novelty and attractiveness 

of the docking task. Whereas the PVT is very monotonous and itself may induce fatigue 

(Schleicher et al., 2008), complex tasks facilitate motivation and offer various opportunities for 

compensational strategies (Harrison & Horne, 2000). In contrast to the PVT, 6df was novel, 

challenging, and motivating due to its relevance for space flight. This might have led to the 

partial compensation of sleepiness in 6df performance. However, additional effort is a limited 

resource and may entail physiological or behavioral costs, such as strain, impairments in 

secondary tasks, narrowing of attention, or risky decisions (Hockey et al., 2011). According to 

the compensatory control model, more subtle performance decrements can occur, even if 

primary performance is protected (Hockey & Robert, 1997). The inclusion of secondary tasks 

during 6df might help to investigate if such hidden performance decrements appear. Eye 

tracking data has been obtained also for study III and could help to assess whether sleep 

deprivation leads to sloppy information processing, a potential latent risk for performance. 

Moreover, sleep deprivation leads to a slowing in cognitive functioning that can be 

compensated if time is not strictly limited (Harrison & Horne, 2000). 6df is a self-paced task 

and focuses on accuracy instead of speed. On the contrary, speed measures such as PVT 

response time are expected to be more sensitive to sleep loss (Koslowsky & Babkoff, 1992; 

Lim & Dinges, 2010). Compensational processes under sleep deprivation in a manual docking 

task have been reported by Strangman et al. (2005), in terms of increased effort and 

compensatory cerebral responses in cortical regions related to visuospatial processing and 

attention. In space, even small or rare deviations from optimal manual control performance can 

be meaningful, because error margins are small, consequences can be life-threatening, and 

resources necessary for compensation are typically scarce (Ivkovic et al., 2019). 

 

In our study, sustained attention as measured by the PVT was able to explain at least part of the 

sleep deprivation effect on docking accuracy. Sustained attention can be regarded as a 
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prerequisite of more complex cognitive processes (Harrison & Horne, 2000; Lim & Dinges, 

2008). Sleep loss consistently impairs sustained attention, which will in turn have negative 

consequences also for operational tasks that demand high levels of attention. During docking 

for example, changes in speed and remaining distance require permanent attention. Participants 

with large performance decrements in response speed after sleep loss in comparison with the 

control condition also showed larger performance decrements in docking accuracy. In other 

words, these participants had a higher susceptibility to sleep loss that was also indicative of 

impairments in the more complex operational task. Previous studies have shown that this 

susceptibility to performance decrements due to sleep loss varies strongly between individuals, 

but is stable and trait-like within individuals (Elmenhorst et al., 2018; Rupp et al., 2012; Van 

Dongen et al., 2004; Yamazaki & Goel, 2020). With this in mind, the PVT has been used to 

classify individuals regarding their susceptibility to sleep loss (St Hilaire et al., 2019; St Hilaire 

et al., 2013). Based on this reasoning, the PVT has been proposed as a short fitness for duty test 

prior to an operational task – with mixed results, depending on the actual demands of the 

operational task that was studied (Basner & Rubinstein, 2011; Baulk et al., 2008). The PVT is 

a practical candidate for a fitness of duty test, because it is relatively short (typically ten 

minutes; three minutes for the short version (Basner et al., 2011)), only minor instructions are 

needed, and the learning curve is minimal (Dorrian et al., 2005). Although PVT performance 

cannot be extrapolated to performance in everyday tasks, its ecological validity is considered 

high, because most operational tasks require high levels of sustained attention and a timely 

response to changes in the environment (Dorrian et al., 2005). Moreover, the PVT is already 

part of the Cognition test battery (Basner et al., 2015) that is applied regularly to monitor 

astronauts’ cognitive functioning before, during, and after missions to ISS. Hence, the use of 

the PVT as a fitness for duty test prior to operational tasks in space would be an efficient way 

to identify potential risks due to sleepiness. The PVT is tightly associated with sleep loss and 

reference values are available due to the repeated administration. Our results confirm that 

sustained attention is an important factor in complex operational performance after sleep 

deprivation. However, sustained attention was of course not sufficient to explain performance 

that also involves higher-order spatial and sensorimotor processes. Furthermore, motivational 

effects might be problematic in a monotonous task like the PVT, especially if the test is 

frequently repeated during a long-term mission. This is an obstacle for the validity of results 

that usually does not occur in operational tasks. As a conclusion, this underlines the importance 

of developing realistic operational measures that allow for the assessment of fitness for duty. 
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Future studies should investigate the effects of training and their interaction with sleep loss. 

The study by Wong et al. (2020), and also our results reported here, have shown that learning 

the manual control of six DoF continues despite sleep deprivation. But if and to what extent 

learning is attenuated by sleepiness remains an open question. The answer could be of interest 

for long-duration missions that will likely require skill acquisition to continue inflight. It would 

be also important to assess whether training, especially in professionals, can be a protective 

factor against sleep deprivation. Although novelty will disappear as a motivating factor, the 

high operational relevance of the task should preserve high levels of motivation. Astronauts 

have proven a high capability of protecting mission critical goals against stressors (Hockey et 

al., 2011). In general, exhaustive training is supposed to be protective against human error 

(Flynn-Evans, Gregory, et al., 2016), though even small remaining impairments may lead to 

catastrophic outcomes. Additionally, sleep deprivation has been shown to negatively affect 

flight simulator performance even in experienced pilots (Caldwell et al., 2004). Next to the 

effects of prolonged training, chronic sleep restriction is another interesting domain for future 

research. Partial but chronic sleep deprivation is a reality in space (Barger et al., 2014) and 

similar sleep durations have been identified as a risk factor for safety in aviation (Bendak & 

Rashid, 2020). Chronic sleep restriction might be even more detrimental than 24 h total sleep 

deprivation (Pilcher & Huffcutt, 1996), because compensational resources exhaust over time. 

If there is no recovery from prolonged sleep restriction, performance decrements tend to 

accumulate over time in a dose-dependent manner (Kanas & Manzey, 2008). This could 

potentially increase the risks associated with sleepiness over the course of long-duration 

missions.  

 

In conclusion, the shortened 6df paradigm used in study III proved to be a feasible tool to enable 

research on operational task performance in a relatively large sample of novices and for short-

duration studies. We were able to provide evidence for the detrimental effect of sleep 

deprivation on manual control accuracy in six DoF. These were explained partly by decrements 

in sustained attention. Therefore, the PVT might be a suitable screening tool for the early 

detection of performance risks due to sleepiness in operational tasks. Because sleep-restricted 

individuals tend to subjectively underestimate their cognitive impairment (Van Dongen et al., 

2003; Zhou et al., 2012), objective cognitive and operational tasks are important to gauge 

readiness for duty. 
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5.2.4 Outlook: further development of the 6df tool 

6df was developed as a self-learning program to enable the acquisition and maintenance of 

manual control skills with less dependence on instructor-based training in a high-fidelity 

simulator (Johannes et al., 2017). Studies I and II showed that successful learning with 6df was 

possible, even under conditions of simulated microgravity. Although there were large 

differences in the time needed, all participants were able to complete the program in the scope 

of twenty 45-min sessions. Looking towards future long-duration missions, it is important to 

develop autonomous training tools to acquire and maintain critical skills over long periods of 

time and with limited ground support (Stuster, 2010). With respect to restrictions in crew time 

(Barshi & Dempsey, 2016), the relevance of insufficient training as the cause of accidents (Ellis, 

2000), and potential learning impairments in isolation (Bosch Bruguera et al., 2021; Hainley Jr 

et al., 2013), efforts to enhance training efficiency should continue. Although stereoscopic 

presentation was not convincing as a training aid yet, future research may identify which 

individuals can profit from a specific intervention. In general, training aids should be 

customized to fit an individual’s needs. Eye tracking might be able to provide such tailored 

feedback and training. During more autonomous missions, self-monitoring will be crucial for 

astronauts (Manzey et al., 1995). Incorporating eye tracking-based feedback into 6df could help 

to identify current gaze strategies as well as potentials for improvement. Additionally, 

performance decrements could be detected timely, so that individual countermeasures can be 

applied.  

 

To assess operator reliability, not only performance should be considered, but also the 

psychophysiological state of the operator. For example, eye tracking could be used to obtain an 

unobtrusive real-time assessment of operator workload (Di Nocera et al., 2006, 2007; Marquart 

et al., 2015). The operator should be able to perform a safety-critical task while still having free 

cognitive capacity to react to unforeseen situations. And even if performance is stabilized at a 

high level, effort indicators may reveal more subtle performance impairments (Hockey et al., 

2011; Johannes, Bronnikov, et al., 2021). A prior approach to the inclusion of workload 

indicators into 6df made use of P300 event-related potentials (Johannes, Bubeev, et al., 2021). 

If a robust eye tracking measure could be implemented, this would be easier to apply in an 

operational context. In comparison with electroencephalography, eye tracking is not dependent 

on secondary tasks, less obtrusive, and less time-consuming. Future studies are needed to 

identify appropriate measures that are insensitive or allow to control for the differences in 

screen brightness that occur during the docking tasks. Next to the detection of high workload, 
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eye tracking has also been used to detect critical states of fatigue (Di Stasi et al., 2016; Diaz-

Piedra et al., 2016; McKinley et al., 2011). Under sleep deprivation, decrements in complex 

motor performance have been associated with decrements in visual perception (Russo et al., 

2005). After sleep deprivation, increased latency in pupil constriction and decreased saccadic 

velocity have been predictive of accidents in a driving simulator (Rowland et al., 2005). Our 

results from study III confirmed that sleep loss is indeed a risk for manual docking performance. 

Eye tracking could help to estimate this risk prior to the execution of an operational task and 

alert the operator if necessary. Sustained attention as measured by the PVT and eye tracking 

metrics have been used in a complementary manner to investigate flight performance under 

sleep-deprived conditions (Naeeri et al., 2019). If such fitness for duty tests are combined with 

an operational task design like 6df, the timely identification of critical operator states may 

enhance the safety of the maneuver. 

 

Sensorimotor deficits after gravity transitions can have detrimental impact on manual control 

performance (Jones, 2010). The skill to control six DoF deteriorates quickly without appropriate 

maintenance training (Salnitski et al., 2001). To preserve performance even under the extreme 

conditions of long-duration missions, tools are needed that allow for autonomous and 

motivating training as well as self-monitoring of performance (Flynn, 2005). Operational tasks 

like 6df have the advantage of assessing relevant performance while engaging work motivation. 

Taken together, the three studies presented in this dissertation helped to identify possibilities 

for the further development of 6df as a training tool that can support operators during long-

duration missions. Prospectively, 6df operators could be provided with additional information 

on their information processing strategies and physiological state (e.g. fatigue and workload) to 

gauge their fitness for duty and improve training efficiency. 

 

5.3 Limitations 

When interpreting the results, some limitations have to be considered. First, the study 

populations investigated differed from an astronaut population. Whereas astronauts receive 

hundreds of hours of training, e.g. before controlling a robotic arm (Bloomberg et al., 2015), 

our participants were non-professionals with only very limited training in the docking task. For 

such complex skills, it may be expected that expert performance is qualitatively different from 

that of a novice (Johannes et al., 2011). Demographical differences, e.g. in educational level 

and age, might also influence performance. Age and gender effects on 6df learning progress 
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have already been demonstrated (Johannes et al., 2019; Piechowski et al., 2020). Although 

participants in analog studies are usually selected to be as comparable as possible, the 

generalizability of results to the strictly selected astronaut population remains problematic. 

Related to the use of surrogate samples, also analog studies come with limitations. Due to 

astronaut availability and mission constraints, space flight-related research relies on analog or 

simulation studies, for example isolation and bed rest. However, analog environments can only 

mimic some specific factors relevant to space flight, but they do not represent the space 

environment as a whole (Hockey et al., 2011; Kanas & Manzey, 2008). An HDT bed rest study 

can reproduce the fluid shifts associated with microgravity, but other stressors are omitted, for 

example high risk and isolation. On the one hand, this allows to investigate individual space 

flight stressors while controlling for others, but on the other hand, effects may be different when 

astronauts are exposed to the interaction of various stressors in space. Due to the lack of a 

control group without HDT bed rest in studies I and II, no conclusion on the effects of simulated 

microgravity on manual docking were possible. Additionally, sample sizes are usually small in 

analog studies (although oftentimes large compared to studies conducted in space), because of 

the complex and expensive design.  

 

Moreover, high inter-individual variability is often observed during the learning phase of 

complex tasks (Schneider, 1985) and also in research on cognitive performance in space 

(Strangman et al., 2014). In the case of the 6df tool, this has been documented before by 

Johannes et al. (2019). In the studies of this thesis, large differences in learning progress and 

performance were evident in the short version as well as in the complete 6df program. Small 

effects might have been masked by extreme values, especially in connection with small sample 

size. Sleep deprivation additionally increases the variability between individuals due to trait-

like differences in susceptibility to sleep loss as well as within individuals due to increased state 

instability (Goel et al., 2009), which exacerbates the risk of missing a significant effect in a 

sleep deprivation study. Next to the high variability in training progress, learning effects in 

complex manual control tasks usually continue for a prolonged time until a plateau can be 

reached (Ivkovic et al., 2019). Learning progress was the outcome of interest in the first study, 

therefore, differential learning effects are mostly a problem of increasing variance between 

participants during the course of the study. Regarding the second study, gaze behavior might 

have changed with increasing proficiency. We excluded the early acquisition phases (levels 1-

15) and observed a similar distribution of total dwell time and number of dwells to the different 

ROI in all higher levels (except for level 20, which had slightly different task demands). 
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Nonetheless, future studies should investigate changes in gaze behavior and their link to 

performance throughout the learning process as well as differences between novices and 

experts. Previous studies in aviation (Bellenkes et al., 1997; Kasarskis et al., 2001) as well as 

manual docking (Matessa & Remington, 2005) showed that experts’ scan patterns differ 

systematically from less experienced operators. In the third study, continued learning might 

have been most problematic, because participants were exposed to quite difficult tasks without 

any previous training. Although condition order was balanced to control for learning effects, 

this particular 6df paradigm likely exacerbated the high inter-individual variability that might 

have partly masked the effect of sleep deprivation. Learning effects are generally hard to 

eliminate in tasks of such high complexity and during reasonable observation periods, even in 

professional samples.  

 

5.4 Implications beyond space flight 

Although living and working in space is quite unique, it is by far not the only highly demanding 

working environment. Some of the stressors introduced by Kanas and Manzey (2008) are 

specific to space flight, for example microgravity. But most other stressors occur in various 

operational settings and are as relevant on Earth as in space. Fluctuations between monotony 

and high workload as well as team and leadership conflicts are almost universal issues. Many 

occupations involve working under high risk and danger, while errors easily result in fatal 

consequences (e.g. rescue workers). Because stressors and problem areas overlap, the results of 

human factors research in space are often also applicable on Earth. 

 

The generalizability of the skills acquired with the 6df tool is still to be tested, but similarities 

with other manual control tasks exist. For example, the control of robotic arms usually also 

involves six DoF. The significance of robotic systems will likely continue to grow in the future, 

also in medicine. Telemedicine is an emerging field that involves robotic systems that can be 

controlled remotely for diagnostics (Huang & Lan, 2019) or surgery. These systems could not 

only support astronauts in the case of a medical emergency during remote missions (Haidegger 

& Benyo, 2008; Haidegger et al., 2011), but are also valuable on Earth (Bogue, 2021; Diana & 

Marescaux, 2015), for example in areas that lack specialized personnel. In minimally invasive 

surgery, operators are confronted with a similar problem than in the manual control of a 

spacecraft: depth perception is complicated by the use of a 2D screen (Diana & Marescaux, 

2015). VR trainings have been developed as a countermeasure, and some systems are already 
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equipped with a 3D camera that supports the surgeon (Diana & Marescaux, 2015). In 

conclusion, complex manual control skills play an important role in emerging occupational 

fields that involve human-machine interaction – not only in space, but also in “ground-based” 

operational contexts. Abstract simulations that teach a general skill relevant for diverse 

applications, such as 6df, are a valuable testbed for new developments that can aid the efficient 

acquisition and maintenance of complex skills.  

 

The implementation of eye tracking technology in training contexts is another topic of growing 

interest in many occupational domains (Rosch & Vogel-Walcutt, 2013). Human error is 

involved in most accidents in high-risk industries, such as aviation, transportation, and 

construction (Martinez-Marquez et al., 2021). Eye tracking has been discovered as one method 

to support operational safety, e.g. by detecting critical operator states or assessing fitness for 

duty. Especially indicators of fatigue and workload have been investigated in different 

occupational groups, such as pilots (Di Nocera et al., 2007; Diaz-Piedra et al., 2016; Scannella 

et al., 2018), air traffic controllers (Martin et al., 2011), truck drivers (Morad et al., 2009), 

surgeons (Bednarik et al., 2018; Wu et al., 2020), and control room operators in process plants 

(Bhavsar, 2022) or nuclear power plants (Choi & Seong, 2020). Eye tracking is also used to 

guide an operator’s attention during learning and individualize training protocols (Rosch & 

Vogel-Walcutt, 2013). For example, flight instructors can be supported with additional insight 

into information processing and situation awareness of the trainee (Muehlethaler & Knecht, 

2016; Robinski & Stein, 2013). This helps to identify if occurring errors are rooted in 

insufficient instrument monitoring (Li et al., 2020; Niehorster et al., 2020). Examples from the 

medical domain include the assessment of surgical skills during training (Ahmidi et al., 2012; 

Dilley et al., 2020) and the projection of the supervisor’s eye gaze onto the trainee’s screen 

during laparoscopic tasks to aid target identification (Chetwood et al., 2012). Eye tracking can 

provide real-time, objective, and continuous data while not interfering with the task – 

advantages that are compelling in many operational contexts. Research on suitable eye tracking 

metrics and efficient training strategies is not confined to single use cases.  

 

Regarding the stressors that are typical for space flight, this dissertation focused on sleep loss 

as one important influencing factor for human performance. The absence of sufficient sleep is 

obviously not a problem restricted to space flight. Survey data obtained in the US indicates that 

about 30% of adults sleep six hours or less per night (Luckhaupt et al., 2010) – a duration 

comparable to the current situation in space. For some occupations, this percentage is even 
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higher, e.g. in military personnel (Troxel et al., 2015). More than 20% of individuals engage in 

some sort of shift work and especially night shifts have been associated with shorter and more 

disturbed sleep (Åkerstedt & Wright, 2009; Harrington, 2001). Many night workers even report 

nodding off during their shifts (Åhsberg et al., 2000; Åkerstedt & Wright, 2009). Long working 

hours can also lead to sleep deprivation, which in turn negatively impacts health and 

performance (Caruso, 2006). If working hours counteract the circadian rhythm, performance 

efficiency is at risk (Harrington, 2001). Accordingly, long working hours (Dembe et al., 2005; 

Dong, 2005; Folkard & Lombardi, 2006) and shift work (Fransen et al., 2006; Loudoun & 

Allan, 2008) have been associated with an increased likelihood of human error and accidents. 

Fatigue due to shift work or long working hours can jeopardize occupational safety in various 

domains (Papadopoulos et al., 2010), e.g. transport (McCartt et al., 2000), medical care 

(Winwood et al., 2006), and aviation (Gregory et al., 2010). As already mentioned, even in the 

occupational domain many studies investigated the impact of sleep deprivation on simple tasks 

of sustained attention (Anderson et al., 2012; Harrison & Horne, 2000), whereas studies on 

complex operational performance are scarce. However, accident analyses indicate the high 

operational risk that comes along with sleep loss. For example, sleep deprivation is one of the 

leading causes of motor vehicle accidents (Czeisler et al., 2016) and a sleep duration of six 

hours per night can already pose a significant risk factor (Gottlieb et al., 2018). Residents in 

emergency medicine had a higher risk of being involved in motor vehicle crashes while driving 

home after a night shift compared to other shifts (Steele et al., 1999). Also in residents, long 

working hours have been shown to result in performance decrements in sustained attention and 

simulated driving tasks – these were even comparable to the influence of 0.04 to 0.05 g% blood 

alcohol concentration (Arnedt et al., 2005). These results highlight the large impact of sleep 

deprivation and shift work on vehicle control performance. Another high-risk group are pilots. 

In a survey study, more than 84% of pilots reported incidents of impaired flight performance 

due to fatigue and almost 28% reported falling asleep during flight (Gregory et al., 2010). Pilots 

are especially at risk for sleepiness in the context of night flights, jetlag, or prolonged duty hours 

(Bourgeois-Bougrine et al., 2003). Sleep deprivation and circadian misalignment due to 

inappropriate work schedules have been associated with aviation accidents (Price & Holley, 

1990) and decreases in flight simulator performance (Caldwell et al., 2004). Our results from 

study III emphasize the detrimental effect of sleep deprivation not only on sustained attention, 

but also on more complex sensorimotor tasks. Whereas it is not sufficient to measure 

performance impairments only by tasks of simple attention, the PVT might be useful as a short 

screening tool to detect risks for performance prior to an operational task (Benderoth et al., 
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2021). In conjunction with an increased use of appropriate operational performance measures, 

this could increase safety not only in manual docking, but also in other occupational domains 

that require high levels of performance under stressful circumstances.  

 

5.5 Conclusion 

Working in an extreme environment poses multiple challenges to optimal cognitive and 

operational performance. In human space flight, highly autonomous long-duration missions 

will likely aggravate the risk of performance decrements. The presented studies contributed to 

the understanding of operational performance in a complex manual control skill that is relevant 

in space flight, but also in other contexts of human-machine interaction. Firstly, we aimed at 

the improvement of autonomous training efficiency. Introducing a stereoscopic presentation of 

the 6df tasks led to initial increments in training progress, however, these were not persistent 

over time. Secondly, we explored eye tracking to gain additional insight into visual information 

processing during docking training. Frequency and duration of instrument monitoring were 

significantly associated with docking performance. These results are a first step to predict 

operator performance and develop eye tracking-based training interventions for 6df. Thirdly, 

we investigated the influence of sleep loss – a frequent stressor in space – on operational 

performance. In contrast to previous studies, we demonstrated performance decrements due to 

sleep deprivation in a six DoF manual control task. Impairments in sustained attention were 

able to explain the impairments in docking accuracy at least partly. Hence, possibilities arise to 

comprehensively assess an operator’s fitness for duty following sleep loss. Taken together, 

these findings show several promising roads for a continued development of the 6df tool as an 

autonomous training program that is able to support the safety and reliability of manual control 

operations.  
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Appendix 

Table 2 

Difficulty levels included in the 6df docking tool  

Level Start position Final position 

1 (1) Hand control familiarization, only one DoF per task. 

 

 

  

2 (2) Hand control familiarization, two DoF per task. 

 

  

5 Linear flight to center line (one DoF), stabilization, and approach (guiding rings). 
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10 Linear flight to center line (two DoF), stabilization, and approach (guiding rings). 

 

  

15 (3) Only stabilization on the center line, no approach and docking.  

 

  

20 Approach and docking contact, only speed is controlled (with and without guiding rings). 

 

  

21 Linear flight to center line, stabilization, and docking (guiding rings). 
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22 Linear flight to center line, stabilization, bank correction, and docking (guiding rings). 

 

  

23 Linear flight to center line, stabilization, and docking (fewer guiding rings). 

 

  

25 (4) Linear flight to center line, stabilization, and docking (no guiding rings). 

 

  

50 Standard docking maneuver including curved flight-around (guiding rings). 
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60 (5) Standard docking maneuver including curved flight-around (omission of guiding rings).  

  

Note. In studies I and II, participants absolved all listed levels. Levels used for the shortened paradigm of study 

III are indicated in brackets. Each level included 2-12 single docking tasks of similar difficulty.  

 

Table 3 

Performance parameters computed by the 6df docking tool 

Performance measure Unit Description 

Accuracy /Quality % Aggregate measure indicating overall success of the docking maneuver 

based on safety ranges; the lowest of the individual performance 

parameters beneath transformed into a value ranging from 0 to 1 

Phi 1 ° Accuracy of yaw angle at docking contact (orientation) 

Teta 1 ° Accuracy of pitch angle at docking contact (orientation) 

Phi 2 ° Accuracy of horizontal position at docking contact (translation) 

Teta 2 ° Accuracy of vertical position at docking contact (translation) 

Gamma ° Accuracy of bank/roll angle at docking contact (orientation) 

Distance m Distance to docking point (translation) 

Forward Speed m/s Spacecraft speed during docking (in relation to the docking point - 

negative scores indicate approach, positive scores distancing) 

Stabilization ° Accuracy of spacecraft stabilization on the center line in safety distance 

from the station 

Approach Trajectory ° Accuracy of final approach trajectory on the center line 

Shear Rate °/s Undesired forces on the docking point due to late angle corrections 

shortly before docking contact 

Flight Orientation ° Accuracy of constantly orienting the spacecraft’s vizor to the docking 

point 
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