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Abstract

Operations in space are anything but restful for astronauts, as there are both physical and
psychological stressors. One known stressor is the lack of sufficient sleep in space which can drastically
impact astronauts’ performance. Successful docking is highly important during space missions since
small mistakes can lead to disastrous consequences. The docking process can be trained with the 6df
task, a simulation in which six degrees of freedom must be controlled. This experimental study aimed
to investigate the effect of susceptibility to sleep deprivation (SSD) on 6df docking performance
impairment due to sleep deprivation (SD). A total of 62 participants (28 female; 18-39 years, Mage =
24.84; SDage = 4.69) completed a balanced-repeated-measures-cross-over-total-SD design. Test
variables were calculated by subjects’ performance differences between “well-rested-“ and “SD
measurements”. The dependent variable docking performance impairment due to SD was
operationalised by 6df outcomes (“top-level achieved” and “mean docking accuracy”). SSD was defined
as 1/reaction time (RT) from the Psychomotor Vigilance Test. A background analysis showed that
participants’ RT slows significantly when SD (p <.001). Multinomial regressions (“top-level achieved”)
showed no significant relations between SSD and docking performance impairment, whereas multiple
regressions (“mean docking accuracy”) showed significant relations (p < .001). Post-hoc analysis
showed that testing order is noteworthy because participants assessed in the order “well-rested-*
followed by “SD measurements” have lower docking performance impairment due to SD than the group
with reversed order. Further, a posthoc analysis showed when participants split in “least SSD” and “most
SSD”, the effect of SSD on 6df docking performance impairment due to SD was affected by testing
order. The importance of testing order suggests the presence of a learning effect, meaning that docking
performance impairment due to SD could be reduced by exhaustive training in well-rested conditions.
In conclusion, this study can help construct guidelines for determining whether an individual can still
perform the operationally relevant task safely under SD. This could also be interesting for other
professions such as submarines, pilots, and surgeons, in which six degrees of freedom have to be

controlled under SD.
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Layman’s Abstract

Space flights are anything but restful for astronauts, as there are both physical and psychological
stressors. One known stressor is the lack of sufficient sleep in space, and it can have a drastic impact on
astronauts' performance. A task in which astronauts are not allowed to make mistakes is when docking
with a space capsule to a space station (like the International Space Station). Already small mistakes can
lead to disastrous consequences, such as high economic losses or the failure of an entire mission. The
docking process can be trained with a simulation named the “6df task”. An essential part of the task is
to become familiar with the six degrees of freedom that are present in space. Unlike here on earth,
objects can move along three axes (forward-backwards, left-right, up-down) and rotate around them in
space.

This study aimed to assess the effects of sleepiness on docking performance. It is assumed that people
who are more impaired by sleep deprivation will also show more docking performance impairment due
to sleep deprivation than people who are not as impaired by sleep deprivation.

The results of this study indicate that this is the case. Furthermore, the results of this study suggest
that docking impairment due to sleep deprivation may improve with repeated training in the task under
well-rested conditions. Finally, the subjects were divided into two groups regarding their susceptibility
to sleep deprivation, “high-* and “low susceptibility to sleep deprivation”. Only when considering
participants’ testing order a group difference was found. Reasons for no direct group differences could
be that the grouping- and determining processes for a person's susceptibility to sleep deprivation are not
optimal yet.

In conclusion, this study can help construct guidelines for determining whether an individual can still
perform the operationally relevant task safely under the effect of sleep deprivation. This could also be
interesting for other professions such as submarines, pilots, and surgeons, in which six degrees of

freedom have to be controlled under SD.
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Introduction

Nearly 120 years ago, on December 17, 1903, the first aeroplane-controlled flight was demonstrated
by the Wright brothers. In the three years following the moon landing, 11 other humans have been on
the Moon, and 12 others have flown around it. Interplanetary landings have not been possible since then.
Nevertheless, space traffic has not stood still for a moment; on the contrary, it has increased rapidly. For
instance, the International Space Station (ISS) has been permanently inhabited since November 2, 2000,
and simultaneously provides docking ports for eight spaceships (Garcia, 2021). This space frontier has
provided unique opportunities for zero gravity research, noiseless exploration of cosmos, etc., and
experiments that would otherwise be impossible to carry out on earth. Once in space, there are many
tasks that astronauts have to perform under the most difficult conditions. These include restorations on
the ISS and satellites or space telescopes such as the Hubble (Communication, 2018; Foust, 2015;
Garner, 2020; Jones, 2010). In addition, objects in space are manoeuvred, such as robotic arms on the
ISS or the control of drones for observations outside the ISS or planetary exploration (Hassanalian et
al., 2018; Hu et al., 2021).

Space missions are anything but restful for the human body, as there are both physical and
psychological stress factors. The article by Morphew (2020) gives an overview of the stressing factors
and mentions, among others, microgravity, high work pressure, isolation, confinement, and an altered
circadian rhythm. All these stressors, in turn, influence the health and well-being of the astronauts and
thus also their performance (Morphew, 2020). A critical safety issue during spaceflight is how to adapt
to the space environment while maintaining operational performance. In studies, the strained
environment is often called isolated, confined, and extreme environment (ICE).

This study will investigate one of the ICE factors, namely, the effect of sleep deprivation (SD) (SD
also used for sleep-deprived in this thesis) on one’s docking performance, which is an operationally
relevant ability. Based on the current literature, the impact of SD on humans on the ground and in space
will be discussed; then, a test on how to measure docking performance will be introduced. Finally, the
introduction is concluded with a background analysis and two hypotheses built on the discussed

literature.

Impact of Sleep Deprivation on Humans

Prolonged SD causes people to become increasingly sleepy. As a result, people tend to make more
mistakes and have more accidents (Harrison & Horne, 2000; Lee & Kim, 2018). However, before
discussing the consequences of sleepiness, the term sleepiness needs to be defined more precisely. For
this purpose, it is worthwhile to refer to the paper by Shen et al. (2006). A clear definition of sleepiness
is hard to formulate, so the researchers explain and mention its essential differences from fatigue.
Accordingly, sleepiness is "[...] one’s tendency to fall asleep, also referred to as sleep propensity™ (Shen
etal., 2006, p. 64). Furthermore, the term is multidimensional, can have many underlying causes, and is
best explained with an operational definition. Sleepiness concerns an impairment in the normal arousal

mechanism and the inability to stay awake, even in situations where alertness is required (i.e., during a



docking operation). On the other hand, fatigue is a state of exhaustion and diminished capacity for
physical and mental work (i.e., not having the energy to accomplish a task). Fatigue cannot directly be
compensated by rest (Peters, 2020). Summarised, people with sleepiness will fall asleep if given the
opportunity, whereas fatigued people might stay awake.

Many studies have revealed the dangers of sleepiness here on earth. A meta-analysis by Uehli et al.
(2014) found that workers with sleep problems are 1.62 times more likely to be injured at work than
those without sleep problems, and 13% of work accidents are due to sleep problems. The prospective
cohort study by Gottlieb et al. (2018) showed that after a night of six or fewer hours of sleep, the chance
of a crash risk increases by 33%, compared to sleeping seven or eight hours per night. A study by
Czeisler et al. (2016) found that drivers who had slept less than two hours in the last 24 hours cannot
drive safely. Also worth mentioning is the research by Tefft (2018) in which more than 7000 motor
vehicle drivers were intensively monitored over two years. Accordingly, for people who slept 6-7 hours
in the last 24 hours, the chance of a traffic accident increases by a factor of 1.3, if they slept 5-6 hours
by 1.9, if they slept 4-5 hours by 4.3, and if they slept less than four hours by 11.5. It should be noted
that the increase is not linear but exponential, meaning, that with every hour of sleep lost, the chance of
an accident increases strongly. These accident rates were compared with drivers who slept at least seven
hours in the last 24 hours.

In addition to road traffic, similar statistics are reported for accidents involving sleepiness in maritime
(Jepsen et al., 2015) and aviation (Jackson & Earl, 2006). A variety of disasters in human history are
also associated with a lack of sleep. These include several nuclear power plant disasters, such as the
Chernobyl disaster in 1986 (Harrison & Horne, 2000), the crash of Air India Express Flight 812 in 2010
(Walker, 2010), and the grounding of the oil tanker Exxon Valdez. The latter is considered the worst
environmental oil spill in US history (Palinkas, 2009). Besides the accidents here on earth, there have
been noteworthy accidents in the short history of space travel. In 1997, a cargo shuttle collided with the
Russian Mir space station during a manual docking process (Ellis, 2000; Sawyer, 1997). Another
accident known as the Space Shuttle Challenger disaster occurred in 1986, whereby seven astronauts
lost their lives (Rogers et al., 1986). These accidents are likely caused by human errors related to
sleepiness, including making wrong decisions and avoidable mistakes (Ellis, 2000; Hickman, 2011).
The examples above show that SD profoundly impacts human safety and performance. To better
understand the effect of SD on humans, a closer look will be made between SD and cognitive
mechanisms.

Several studies have seen cognitive performance deficits due to SD, including reduced sustained
attention, working memory deficit, reduced physiological latency to sleep, slower and more inaccurate
decision making, and psychomotor and cognitive slowing (Banks & Dinges, 2007; Goel et al., 2009;
Kaliyaperumal et al., 2017; Watson et al., 2015). Impairments in these brain areas, in turn, can have a
profound impact on human performance. Among these, sustained attention is an ability strongly disabled
by SD and can be assessed with the Psychomotor Vigilance Test (PVT) (Dinges & Powell, 1985;



Hudson et al., 2020). The PVT is seen as the gold standard to detect the effects of SD (Ferris et al.,
2021). Subjects must react as quickly and accurately to a visual stimulus displayed at random inter-
stimulus intervals on a computer screen that provides response time (RT) feedback in milliseconds (ms).
According to Watson et al. (2015), vigilant attention, (incorrectly) is used interchangeably with
sustained attention?, is sensitive to less than seven hours of sleep. Also, the study notes that sustained
attention deficits increase sharply with prolonged SD, which was also found earlier by Pilcher et al.
(2007). Interestingly, performance deficits to SD vary greatly between individuals but are stable within
the individual (Hudson et al., 2020; Rupp et al., 2012). So, while some people suffer greatly from the
effects of SD, others show considerable neurobehavioral resistance to SD (Van Dongen et al., 2004). St.
Hilaire et al. (2013) found that vulnerable and resilient people to SD are distinguishable based on PVT
performance from well-rested conditions, later confirmed by Patanaik et al. (2015). Subsequently,
sensitivity to total SD could be determined using PVT performance with a 77-82% accuracy. Another
study found that individuals susceptible to SD tend to have slower PVT RT in the well-rested state
(Chua, Yeo, Lee, Tan, Lau, Cai, et al., 2014). It should be noted that there are meaningful differences in
performance between subjects in the well-rested state (Gunzelmann et al., 2009). The study by Chua,
Yeo, Lee, Tan, Lau, Tan, et al. (2014) demonstrates that while SD, the between-subject differences on
PVT performance are stable. This was measured in two sessions of 26 hours of total SD. Much of the
variance in SD effects are due to differences in baseline performance between subjects. Thus, a way to
determine subjects’ sensitivity to SD with PVT performance would be to choose the difference score
(delta) between the well-rested condition and the SD condition; therefore, between-subject variation can

be considered.

How Being in Space Impacts Sleep

Sleep deprivation is frequent among astronauts on space missions (Barger, Flynn-Evans, et al., 2014),
which results in higher sleepiness among astronauts (Lo et al., 2016). For an adult to be well-rested, the
National Sleep Foundation (NSF) recommends seven to nine hours of sleep based on a study by Eugene
and Masiak (2015) (Pacheco, 2021). A similar time of eight hours is suggested in the NASA regulations
(Lueder, 2015). However, several studies (Barger, Wright, et al., 2014; Dijk et al., 2003; Flynn-Evans
et al., 2016; Pandi-Perumal & Gonfalone, 2016) reveal that the average sleep time of astronauts in space
is around six hours per night, one hour less than here on earth (Pandi-Perumal & Gonfalone, 2016; Wu

etal., 2018), which is no longer in line with the NSF standards. On some nights, astronauts sleep as little

1 According to Van Schie and colleagues vigilance is “the capability to be aware of potential relevant,
unpredictable changes in one’s environment, including a quantitative dimension, a sufficient level of alertness,
and a temporal dimension.” (p. 180). Further, they state that vigilance is difficult to measure and often confused
with sustained attention. Sustained attention adds to this capability a direction, cognitive control, and that the
attention is consciously controlled for a specific time. Sustained attention might thus relay more on top-down
control, while vigilance is more based on the bottom-up mechanism in the brain. Also, one could cautiously argue
that vigilant attention is a capability whereas sustained attention is more like an ability. A detailed differentiation
of the two terms would go beyond the scope of this Master's thesis and can be found in the paper by Van Schie
and colleagues (2021). Finally, from these findings, it can be deducted that the PVT might more correctly be called
a psychomotor sustained attention test.
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as 3.8 hours (Dijk et al., 2003), and in extreme cases, they only sleep 1.88 + 0.40 hours (Barger, Flynn-
Evans, et al., 2014). There are two reasons for this lack of sleep, the first being that astronauts are under
high work stress, and their presence may be required around the clock, i.e. when a docking operation
has to be carried out. This can lead to a misalignment of the circadian rhythm, which in turn causes sleep
disturbances (Williams, 2016). The second reason is that the sleep conditions in space are in no way
comparable to those here on earth. Disturbing factors that can reduce sleep quality, such as
weightlessness, non-24hr light-dark cycles, loud engine noises, and more, are summarised in the paper
by Basner and Dinges (2014). NASA has been using countermeasures to mitigate these problems, yet
sleep problems persist (Allen, 2018; Mallis & DeRoshia, 2005). Another attempt to ameliorate sleep
problems in space and consequential sleepiness is by taking medication. A study shows that three out of
four astronauts take sleep-promoting drugs during space missions (Barger, Flynn-Evans, et al., 2014).

In summary, it can be said that sleep quality in space cannot be easily improved; sleepiness remains
a problem on missions to this day. Therefore, it is even more important to find out what exactly the
influence of SD has on the individual tasks of the astronauts. And how the deficits due to SD can possibly
be compensated.

Docking in Space

An essential task for astronauts during a space mission is to dock manually with a space capsule (SC)
to a space station (SS). Small mistakes during such operations can lead to disastrous consequences. For
example, an error during the docking process can cause components to bend or even explode. This
damage not only results in enormous economic losses but can even lead to the death of the crew.
Johannes et al. (2017) developed a simulation to train the spacecraft docking manoeuvre, whereby a
pilot has to dock with an SC to an SS. This operationally relevant task is named “6df”, the acronym for
six degrees of freedom. Wu et al. (2018) suggest that SD could significantly impair docking operations,
but a distinction should be made between high complexity tasks and tasks of lower complexity.
Interestingly, their previous study showed that high complexity tasks and manual operations are less
affected by SD than low complexity tasks and two-way judgment (Zhang et al., 2015). The study
concluded that SD might have a complex impact on the docking success rate and that the attention
network might have a meaningful role. Basner et al. (2020) found correlations between the 6df and 10
cognitive tests. Of all the 10 cognitive tests, RT on the Digit-Symbol-Substitution Task (DSST)
correlated most strongly with 6df performance. The DSST is a speed test that demands complex
scanning, visual tracking, and working memory and might rely on the same brain areas as the 6df. The
importance of RT for docking success was also emphasised by Wu et al. (2018) and Strangman et al.
(2005). The latter based their results on fMRI imaging while performing the SpaceDock task, similar to
the 6df. During the SpaceDock task, activation was found in brain areas representing the following
cognitive functions: cognitive planning, simulation of complex motion, working and episodic memory
processing, cognitive control, and spatial attention (Strangman et al., 2005). These brain areas are also

areas impaired by SD (Watson et al., 2015). Based on these studies, there is a high probability that
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people’s cognitive impairment by SD, has a profound impact on docking success. In turn, one’s
impairment due to SD, results, among others, from someone’s susceptibility to SD. Interestingly, one
study finds contradictory results, namely that SD subjects showed no decrease in task performance; in
fact, their performance even improved (Wong et al., 2020). This was examined by measuring subjects’
performance on a Robotics On-Board Trainer-r during SD. Like the 6df, controlling the six degrees of
freedom is also critical for the Robotics On-Board Trainer-r. Based on this study, it can be said that SD
enables a person to maintain performance. It remains unclear how SD exactly affects 6df performance.
To get a deeper understanding, a background analysis (0) and two hypotheses (1 & 2) were made. For
the background analysis, PVT performance was assessed, as it is seen as the gold standard for detecting
effects of SD. From the literature above, it can be argued that susceptibility to SD is relevant for docking
success. Subsequently, it can be assumed that susceptibility to SD correlates positively with 6df docking
performance impairment due to SD. A susceptibility to SD score was calculated for each subject
obtained from its PVT performance. Participants were then divided into two groups most and least
susceptible to SD. Following hypothesis were posed:
0) Participants have higher PVT performance scores? when well-rested than when SD.
1) Subjects higher in susceptibility to SD* have higher docking performance impairment* due to
SD.
2) The group most susceptible to SD° shows worse docking performance impairment® due to SD
than the group least susceptible to SD.

2 The background analysis was performed on the absolute PVT performance values (reaction time).

3 The susceptibility to SD score was derived from PVT performance (reaction time). To assess susceptibility
to SD, a delta score was calculated from the difference between the sleep-deprived measure minus the well-rested
measure. The analysis was done with the delta scores.

4 The docking performance score was derived from the 6df performance (once by mean docking accuracy, and
once by top-level). Delta scores were again calculated and used for the analysis.

5 The susceptibility to SD delta scores from hypothesis 1 were used for this. With the median split method,
participants were divided into two groups: “most susceptible to SD” and “least susceptible to SD”".

8 Docking performance was defined in the same way as in hypothesis 1.
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Methods

Participants

A total of 66 healthy adults were recruited. After removing participants with incomplete data, N =
62 participants (28 female, aged 18-39 years, Mage = 24.84, SDage = 4.69) had valid data including 856
6df trials and 124 PVT trials. Four subjects were excluded from the analyses due to technical issues
during data collection (e.g. broken controller).

Participants were recruited for the study via the DLR institute’s database, university job boards, and
corresponding internet portals. A written explanation of the study was given. A general questionnaire
followed an initial selection. The selection criteria were that participants had to be aged between 18 and
40 years; their gender was irrelevant. They had to be German-speaking, have a good sleep-wake rhythm
and health suitability, and have a BMI < 30. Further, they should not be smokers or drug consumers,
should not have any visual or hearing problems, should not be pregnant, and should not be taking any
medication that has a proven influence on the experiment. Suitable subjects were invited to the DLR for
further information about the study and had to sign the informed consent. During the visit, different
guestionnaires were taken for further exclusion criteria regarding mental health. These assessment
questionnaires consisted of STOP-Bang and ESS (for sleep problems), FPI (personality traits), and BDI
(tendency to depression). An extra visit was planned for a medical examination conducted by a doctor,
who performed eye tests, and a blood and urine analysis to check for the exclusion criteria mentioned
above. During that visit, participants were also introduced to the PVT. The subjects received an expense

allowance for the study.

Design

This study was part of the Inter-Team-Collaboration project, which explored the impact of sleepiness
(induced by SD) on cognitive abilities (e.g. sustained attention, vigilance, problem-solving,
communication) used in team collaborations. The experiment was based on participants assessed in
teams in a controlled laboratory setting at the DLR in Cologne. Each team consisted of three participants.
These teams were randomly assigned into two different experimental groups, group 1 and group 2.
Group 1 first had a sleep-deprived measurement (SDM) followed by the well-rested measurement
(WRM), whereas group 2 had their measurements reversed (WRM -> SDM). A balanced repeated
measures cross-over SD design (SDM -> WRM or WRM -> SDM) was used for this study. The study
received approval from the ethical commission North Rhine Medical Association (Arztekammer

Nordrhein) and followed the guidelines of the Declaration of Helsinki as amended in October 2013.

Procedure

The experiment lasted for five consecutive days and four nights. Day 1 proceeded the same for both
groups. The participants arrived in the morning. After a safety briefing, they had a training session (1200
— 1900 h) to become familiar with all experimental tasks. Both groups then got a full eight-hour sleep

opportunity (2300 — 0700 h) to ensure they were well-rested. On Day 2, both groups spent the day with
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relaxing activities such as watching TV and reading. Then came the first group difference. Group 2 slept
another night of eight hours (Day 2 to Day 3). Group 1 was kept awake for a minimum of 27-hours
straight, going without sleep for a whole night. On Day 3, between 0600 and 1000 h, SDM for group 1
on the PVT and 6df were examined. After that, they were allowed to rest for several hours (1000 — 1400
h). On day 3, group 2 had their WRM between 1100 and 1500 h. In the afternoon, both groups engaged
in relaxing activities. Then both groups slept again for eight hours. On Day 4, both groups spent the day
with relaxing activities. Group 1 slept another night of eight hours (Day 4 to Day 5). Group 2, this time,
was kept awake for a minimum of 27-hours straight, going without sleep for a whole night. On Day 5,
between 0600 and 1000 h, SDM on the PVT and 6df were examined. After that, they were allowed to
rest for several hours (1000 — 1400 h). On Day 5, group 1 had their WRM from 1000 to 1400 h. There
was a debriefing for both groups in the afternoon, whereafter the experiment was concluded, and they
were allowed to leave the institute. All participants completed both conditions, and an investigator was
always present to supervise the subjects.

Measures

One week before the study, participants were required to adhere to a sleep-wake schedule that
indicated an 8-hour nocturnal sleep (2300 — 0700 h). It was not allowed to consume caffeine during this
week and the study. Verification was done by comparing wrist-worn actimetry output with the subjects’
diary entries. This was intended for circadian concordance and minimising variation in cognitive
performance due to individual differences in a daily rhythm.

During the study, participants stayed in the “Simulation Facility for Occupational Medicine
Research” and the sound laboratory at the DLR during the entire experiment. The two locations were
connected through a tunnel, so they did not have to leave the building, and light conditions could be
controlled. The participants were exposed to standardised light conditions below 100 lux during the
experiment. The Simulation Facility for Occupational Medicine Research is a research facility that
contains a kitchen, bedrooms, a living room, a research room, and other useful spaces. The sound
laboratory is soundproof and provided with artificial light. Here, the participants were examined on the
PVT and 6df. The tests were administered on a 23,8 inch full HD monitor (‘VN248H’,
AsusTek Computer Inc., Taipei, Republic of China (Taiwan)). All subjects were seated at a 70 cm
distance from the monitor. Data were collected between October 28 2019, and March 13 2020.

6df Docking Task

The 6df is a docking simulation performed on a computer screen developed by Johannes et al. (2017).
With this task, the basic principles of abstractly controlling any object with six degrees of freedom can
be trained. During the task, the subject is presented with a screen (see Figure 1). The screen shows the
perspective of an astronaut sitting in the cockpit of an SC. In the distance, there is an SS to which the
subject must either dock or align, depending on the flight level. Fixed in the centre of the screen is a
yellow cross called the “visor”—which helps to navigate better in space. In addition, there is a red and a

black cross on the SS. When the red cross disappears behind the black one, the orientation towards the
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station is perfect. Furthermore, the screen displays the current speed (m/s), distance (m) to the SS, and
remaining flight time. An additional window on the screen shows the current approach speed—
comparable to a speedometer. Speed violations are signalled by a change in colour from green to red on
the speedometer and the current speed (red means that the SC moves too fast). The subject moves the
SC by manipulating two hand-controlled joysticks, the left one for translation (forward-backwards, left-
right, up-down) movements and the right one for orientation (pitch, roll, and yaw) movements (see
Figure 2). Unlike most vehicles on earth which have two degrees of freedom, in space, the SC has six
degrees of freedom. The SC can be moved along three orthogonal axes and spin around each of them.
Especially, roll, pitch, and up-down are uncommon movements for humans and are only found in
particular situations on earth, such as controlling a robot arm, flying objects or navigating a submarine.
Consequently, these uncommon movements can cause dizziness and motion sickness (Johannes et al.,
2019). The 6df software was developed by SpaceBit GmbH (Eberswalde, Germany). The hand
controllers are based on the technology of the Russian Soyuz capsule controllers and were produced by
Koralewski Industrie-Elektronik oHG (Hambdihren Germany).

A diagnostic variant of the 6df was chosen for this study to measure the subjects’ performance using
the six degrees of freedom training. Moreover, this shortened version has fewer flight levels and a total
task time. There are five levels for this 6df. Level one is the easiest, and level five is the most difficult.
For levels 1-3, the subject must align to the SS in the distance. At levels 4 and 5, the subject must dock
with the SS. Each subject starts at level three and depending on the docking performance, the subject
then has to repeat the level, advances to a higher level or drops to a lower level. The docking performance
is determined by the docking- and alignment accuracy and is reflected by a score between 0-1.00 (1.00
is the highest accuracy achieved during a flight). If the docking accuracy is < 0.85, the subject will be
assigned to an easier level for the next flight. The subject must repeat the flight level with a docking
accuracy between 0.85 and 0.95. If the docking accuracy is > 0.95, a task is considered complete, and
the subject will be assigned to a higher level on the next flight. After each task, the results (i.e. task
performance parameters) are shown (see Figure 3). It should be noted that flight levels cannot be
skipped. Not even through particularly bad or good performance. If a subject does not complete a level
within 10 minutes, the flight performance will be assessed to assign the next level. The entire 6df flight
simulation ends after 35 minutes or if the participant completes the fifth level with a docking accuracy
of > 0.95 before the time is up.

Subjects’ performance on the 6df was assessed in two ways: the highest task level completed (level
1-5) and the mean docking accuracy (0-1.00) of the entire 6df flight simulation. A delta value per
subject was calculated for both performance variables by subtracting the subjects’ 6df performance
during WRM from the SDM. In this regard, lower delta scores mean more impairment in docking
performance due to SD. Finally, all possible values for the ordinal variable delta highest task level were

-1, 0, and 1. The variable was named “delta top-level”. The “delta mean docking accuracy” ranged from
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-41.51 to 46.16. The variable was named “delta mean accuracy”. Delta variables were chosen because

they correct for between-subject variation.

Figure 1

Screenshot of the 6df docking simulation during a task flight

Note. The view from the space capsule to the space station. Perfect docking is achieved when the
red cross disappears behind the black one and the permitted approach speed is respected. (a) This is
the flight map. (b) Speed, distance, and remaining flight time are displayed here. (c) Speed and

distance towards the space station are depicted again.

Figure 2
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Figure 3
Screenshot of the result page of a performed 6df docking flight
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Note. This figure displays the feedback after a finished level. In (a) parameters for the docking flight
are listed with their degree of accuracy (0 to 1.00). In (b) the docking accuracy (Quality) is shown. If
the needle is in the red area, then an easier level will be assigned. If it is in yellow, the level will be
repeated and if it is green, a higher level will be assigned. Below (b) the current level is depicted. In (¢)

a screenshot of the docking moment is shown.

Psychomotor Vigilance Test

A test commonly used to measure sleepiness is the Psychomotor Vigilance Test (PVT) (Basner &
Dinges, 2011; Basner et al., 2011; Basner et al., 2020; Dorrian et al., 2004; Lim & Dinges, 2008). It was
developed in 1985 by Dinges and Powell (1985) and is now considered the gold standard for measuring
the effects of SD; it is easy to use and requires little training (Evans et al., 2019; Lopez et al., 2012)".

Since its creation, the test has reliably shown that performance declines with reduced sleep (Basner &

7 Since its invention, several versions of the PVT have appeared. Today, there are versions like the 3- (PVT-B), 5-, and 10-
min PVT (Ferris et al., 2021) but also other versions such as the PC-PVT (Reifman et al., 2018), and m-PVT (Evans et al.,
2019). All have in common that they aim to assess sustained attention.
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Dinges, 2011; Pilcher et al., 2007; Russo et al., 2015). In comparison to other cognitive tests, the PVT
prevents compensatory stimulation and is hardly influenced by aptitude- and learning effects (inter-
individual- and intra-subject-variability), i.e. PVT performance does not improve as a function of
repeated use, and it has a high sensitivity for both acute and chronic SD (Basner & Dinges, 2011).
Furthermore, the paper explains that mean 1/RT (used as an outcome variable for sleepiness in this
study) has the second-largest effect size (1.93, 95% CI 1.55 - 2.65) for total SD. The test shows an
overall slowing of PVT RT due to SD and is reliable for intra-class correlations for mean RT above 0.8,
which can be seen as an almost perfect correlation (Dorrian et al., 2004). Lastly, it should be noted that
the PVT has high ecological validity (Dinges, 1995). Thus, sustained attention, as measured with the
PVT, is required for learning, safe driving, etcetera. When transferring this idea to the docking task, it
could be that signals are missed due to slow RT, which can then cause a docking accident.

The 10-min PVT was chosen for this study (see Figure 4). The test was performed on a computer
and measures a person’s RT to visual stimuli. The subject sits in front of a black screen and a keyboard
during the task. On the screen, visual cues are presented at pseudo-random intervals (between two and
10 seconds), in the form of a millisecond counter (Lim & Dinges, 2008). After each cue presentation,
the subject must press the response button as quickly as possible to elicit feedback. This deletes the cue
and starts the next trial. Responses without a millisecond counter displayed on the screen should be
avoided by the subjects and are counted as false starts or commission errors. Only responses greater than
100 ms were considered valid RT. Outcome variables of the 10-min PVT that provide information about
the subject’s performance include reaction time (RT), lapses (RTs > 500 ms), commission errors, and
false start data (Evans et al., 2019).

This study took the subject’s average RT (in ms) per session (WRM and SDM) to operationalise
PVT performance. Reaction times were transformed into response speed (1/RT) (i.e. reciprocal reaction
time) by mean log(1/RT)*1000, as was done in several studies before to normalise the distribution of
raw data (Basner & Dinges, 2011; Evans et al., 2019; Wong et al., 2020). The variable was multiplied
by 1000 to get the response speed based on seconds (range 1.64; 5.08). A higher response speed score
aligned with better PVT performance. Raw response speed scores were used for the background
analysis, whereas delta response speed scores were calculated for testing the two hypotheses. Delta
response speed scores were obtained as follows. For hypothesis 1, participants’ response speed scores
from WRM were subtracted from the associated SDM response speed scores. This new variable, “delta
speed”, ranged between -2.06 and 0.18. Lower delta speed values represented a more pronounced
slowing after SDM relative to WRM and, therefore, stand for a greater impairment due to SD. Finally,
the variable delta speed was named “susceptibility to SD”. The same susceptibility to SD scores (i.e.
delta speed scores) scores were used for hypothesis 2. The scores were median-split into two groups,
i.e. the continuous variable was transformed into two categorical outcomes. The two groups were named
“least susceptible to SD” and “most susceptible to SD”. Before splitting the data, the susceptibility to

SD scores were grouped by the variable testing order. Grouping subjects by testing order beforehand
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resulted in the group least susceptible to SD containing both upper halves from rested-sleepy and sleepy-
rested regarding subjects’ susceptibility to SD scores, Whereas the group most susceptible contained
both lower halves of rested-sleepy and sleepy-rested regarding susceptibility to SD scores. A similar
procedure was done in another study on PVT lapses (Patanaik et al., 2015). The new dichotomous

variable was named “group susceptibility to SD”.

Figure 4
Timeline of the 10-min Psychomotor Vigilance Test (PVT)
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Statistical Analysis

The background analysis was performed using IBM SPSS Statistics, Version 26, whereas all other
statistical analyses were performed using R-studio, Version 1.4.1717, for Windows. Q-q plots and other
graphs were used to inspect the variables and check the assumptions visually. Hence, other correlations
except for the linear correlation could be excluded. The variable testing order was added as a
counterbalance to the two hypotheses and the background analysis. Thus order effects could be taken
into account to increase the study’s internal validity. Testing order had two categories: rested-sleepy for
participants who had first WRM followed by SDM, and sleepy-rested for participants who had first
SDM followed by WRM. An overview of all variables for this study is given in Table 1. For the
background analysis, the variables reaction speed (as dependent variable), sleep deprivation (as
independent within variable) and testing order (as independent between variable) were assessed with a
two-way mixed ANOVA. Multiple regressions were used for hypotheses 1 and 2 whenever “delta mean
accuracy” was the dependent variable. Multinomial regressions were used whenever “delta top-level”
was the dependent variable. Furthermore, susceptibility to SD and testing order were the independent
variables for hypothesis 1. Group susceptibility to SD and testing order were the independent variables
for hypothesis 2. Since each model contained two independent variables (fixed effects), adjusted R? was

reported to measure the effect size (goodness-of-fit). Values of p < .05 were set as the significance level.



Table 1

Overview of the Seven Variables for this Thesis

19

. Level of . .
Variable Computation of the variable Outcome?
measurement
Response speed? Continuous ~ Derived from PVT RT 1.64 10 5.08
= delta speed (derived from
Susceptibility to : response speed)
Sp? Continuous ~ _ SDM (response speed) — -2.06 10 0.18
PVT WRM (response speed)
Derived from susceptibility to SD:
G 1. Susceptibility to SD least susceptible to
roup .
s . values grouped by testing SD;
susceptibility to Ordinal ,
D order most susceptible to
S 2. Median split on rested- SD
sleepy and sleepy-rested
Delta meaAn Continuous = SDM (mean docklpg accuracy) 4151 t0 46.16
6df accuracy —WRM (mean docking accuracy)
. = SDM (highest level achieved) —
- 4 -
Delta top-level Ordinal WRM (highest level achieved) 1,0,and 1
Rested-sleepy = well-rested
followed by sleep-deprived i )
Testing order Ordinal measures; F;elzzed _Srf:t?é’
Other Sleepy-rested = Sleep-deprived Py
followed by well-rested measures
Sleep deprivation Ordinal SDM; WRM

Note. PVT = psychomotor vigilance test, 6df = docking simulation task, RT = Reaction time, WRM

= well-rested measurement, SDM = sleep-deprived measurement, SD = Sleep-deprivation

! For continuous variables the range was given; whereas for ordinal variables all possible outcomes.

2Higher scores mean better PVT performance.

% Lower values result in higher PVT performance impairment by SD.

4 Lower values result in higher 6df performance impairment by SD.
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Results

Background analysis

A two-way mixed ANOVA was performed to evaluate the effect of SD and testing order on PVT
reaction speed. There was a statistically significant main effect of SD (F(1,50) = 102.79, p < .001, n,* =
.63) meaning that reaction speed on the PVT was significantly faster during WRM (M = 3.90, SE = .06,
95% CI [3.49, 3.71]) than during SDM (M = 3.36, SE = .08, 95% CI [3.20, 3.52]) (see Figure 5). There
was also a significant main effect for testing order (F(1,60) = 6.29, p = .015, n,*> = .98), meaning that
participants with the testing order rested-sleepy (M = 3.79, SE = .06, 95% CI [3.64, 3.94]) responded
significantly faster than participants with sleepy-rested (M = 3.48, SE = .08, 95% CI [3.33, 3.63]). The
interaction effect between SD and testing order was non-significant, so the effect of SD was not different

between the testing order conditions.

Figure 5
Testing Order and Day as Predictors of PVT Reaction Speed
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Testing Order
Note. Boxplots represent the distribution of the variable reaction speed. They consist of the median,

two hinges, two whiskers (1.5 * IQR from the hinge), and all fours outliers (star-shaped) of the data.
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Hypothesis la

Multinomial logistic regression was performed to create a model of the relationship between the two
predictors, “susceptibility to SD”” and “testing order”, and the predicted variable “delta top-level” (-1, 0,
and 1). Susceptibility to SD and testing order were no significant predictors for delta top-levels -1 vs 0

and -1vs 1.

Hypothesis 1b

Multiple regression was used to predict “delta mean accuracy” based on “susceptibility to SD” and
“testing order”. A significant regression equation was found (F(3,58) = 14.61, p <.001), with an adjusted
R?= .40 (see Figure 6). Both predictors “susceptibility to SD” (p = 18.81, t (58) = 2.56, p = .013) and
“testing order” (B = 13.77, t(58) = 2.15, p = .036) showed significant main effects. For susceptibility to
SD, more negative susceptibility to SD values correlate positively with more negative 6df performance
values. For testing order, the group “rested-sleepy” had significantly less docking performance
impairment due to SD than the group “sleepy-rested” (p < .05). No significant interaction effect was
found. Participants’ predicted “delta mean accuracy” was equal to -4.18 + 18.81 (susceptibility to SD)
+ 13.77 (testing order). Participants’ “delta mean accuracy” increased by 18.81 accuracy units for each
“susceptibility to SD” unit, and the testing order group “rested-sleepy” was 13.77 “delta mean accuracy”
units higher than the “sleepy-rested” group.

Figure 6
Susceptibility to SD and Testing Order as Predictors of 6df Task Performance Impairment Due to
Sleep Deprivation

Testing Order

. -+ Sleepy—Rested
Rested—Sleepy

Delta Mean Accuracy (%)

Susceptibility to Sleep Deprivation (1/s)

Note. Each point represents an individual’s score. The two lines represent the linear fit of the two
“testing order” groups. Higher “delta mean accuracy” scores represent participants with lower
docking performance impairment due to SD. Higher “susceptibility to SD” scores represent

participants with lower susecptiblity to SD
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Hypothesis 2a

Multinomial logistic regression was performed to create a model of the relationship between the
predictor variables “group susceptibility to SD” (dichotomous), “testing order” and the predicted
variable “delta top-level” (-1, 0, and 1). The “group susceptibility to SD” and “testing order” were no

significant predictors for delta top-level -1 vs 0 and -1 vs 1.

Hypothesis 2b

Multiple regression was used to test if “group susceptibility to SD” (dichotomous) and “testing order”
(dichotomous) significantly predicted participants’ “delta mean accuracy” (see Figure 7). A significant
regression equation was found (F(3,58) = 14.89, p < .001), with an adjusted R? = .41. “Group
susceptibility to SD” (B = -14.11, t (58) =-2.69, p = .0092) and “testing order” (p = 14.79, t (58) = 2.78,
p = .00742) showed both significant main effects. In addition, a significant interaction effect
(susceptibility*order) was found (B = 16.43, t (58) = 2.18, p = .0334). Participants’ predicted “delta
mean accuracy” was equal to -8.01 + 14.11 (group susceptibility to SD) + 14.79 (testing order) + 16.43
(group susceptibility to SD*testing order). A Tukey post hoc test gave the following results with a 95%
CI. The groups “least-* and “most susceptible to SD” did not differ significantly (p = 0.107). The testing
order “sleepy-rested” had significantly more docking performance impairment due to SD than the group
“rested-sleepy” (p < .05). The significant interaction between “group susceptibility to SD*testing order”
indicated that the relationship between group susceptibility to SD and delta mean accuracy depended on
testing order (see Figure 7). The group most susceptible to SD with testing order “sleepy-rested” had
more docking performance impairment due to SD compared to all other groups (p < .05). The group
“least susceptible to SD” with testing order “sleepy-rested” had higher “docking performance

impairment due to SD” than both subgroups with testing order “rested-sleepy” (p < .05).



Figure 7
Group Susceptibility to Sleep Deprivation and Testing Order as Predictors of 6df Task

Performance Impairment Due to Sleep Deprivation
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Group Susceptibility to Sleep Deprivation
Note. The figure depicts 6df performance impairment (delta mean accuracy) by “group
susceptibility to SD” accounted for “testing order”. Each dot represents an individual’s

performance change. More positive “delta mean accuracy scores” mean a lower docking

performance impairment due to SD. Error bars represent a 95% confidence interval.
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Discussion

This study assessed the impact of the subject’s susceptibility to SD on 6df docking performance
impairment due to SD. The susceptibility to SD scores were defined as the subject’s change in PVT
performance due to SD. The PVT is considered the gold standard for measuring the effects of SD.
Docking performance impairment due to SD was obtained from the subjects’ change in 6df performance
after SD; performance was operationalised once by “delta mean accuracy” and by “delta top-level”. The
6df is a simulation analogue to the docking procedure which Russian Mir astronauts perform. With a
background analysis, it was assessed if participants’ PVT performance drops when SD. Further,
subjects’ susceptibility to SD and their docking performance impairment due to SD was assessed. It was
hypothesised that subjects higher in susceptibility to SD have higher docking performance impairment
due to SD. Participants were divided into two groups “most-*“ and “least susceptible to SD”. The groups
were obtained by applying the median split method on the susceptibility to SD scores from hypothesis
1. It was hypothesised that the group “most susceptible to SD” shows worse 6df docking performance
impairment due to SD than the group “least susceptible to SD”. Additionally, posthoc analyses were
done for further inspections of the results.

Regarding the background analysis, results show that SD has a meaningful effect on PVT
performance, i.e. subjects’ performance dops significantly after SD. Additionally, the predictor testing
order plays a significant role, which shows that subjects in the testing order “rested-sleepy” have
significantly better PVT performance than subjects with the order “sleepy-rested”, when grouping wake
and sleep conditions. Since there was no interaction effect, “testing order” did not influence the link
between PVT performance and the effects of SD. With repeated use of the task, there might have been
improvement with each trial, as the participant learns how to perform the task more successfully, and a
learning effect may be present (Mosheiov, 2001). However, the results do not suggest a learning effect
and are in line with the literature (Basner et al., 2018; Dinges et al., 1997). Accordingly, repetition of
the PVT (a relatively simple task) should have no meaningful effect on one's respective performance

because the test is robust for aptitude and learning effects.

The two hypotheses were first tested with “delta top-level” as an indicator for 6df docking
performance impairment due to SD. For both hypotheses, however, no significant effects were found.
An explanation for these results could be that the 3-level variable “delta top-level” (-1 if worse after SD,
0 if the same, and 1 if better after SD) does not contain enough information to display noticeable
differences compared to the continuous variable “delta mean accuracy”. Hence, further studies could
test whether “delta top-level” with more than 3 levels is sensitive enough to show significant differences,

and if so, how many levels have to be included?

The first hypothesis was confirmed using multiple regression to show that people with a higher

susceptibility to SD have higher docking performance impairment due to SD. In the regression, both
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predictors, “susceptibility to SD” and “testing order” had significant main effects on docking
performance. For susceptibility to SD, being more susceptible to SD correlated positively with docking
performance impairment due to SD. This is in line with the previously discussed study from Wu et al.
(2018), who reasserts that total SD worsens operational performance in space. However, the study also
mentions that more complex tasks are less affected by SD because subjects are less likely to fall asleep
than when performing a simple task. This raises the question of how complex the 6df task is and whether
an even more complex version would result in lower or higher performance impairment due to SD.

Since susceptibility to SD was a significant predictor for docking performance impairment due to
SD, the idea of creating a susceptibility to SD index, which could become part of an assessment of
astronauts, is raised. This would follow up on St. Hilaire et al. (2013), who used a pattern recognition
algorithm to determine the most reliable factors for susceptibility to SD in a single session and found
promising results. Other than what was done in this thesis, the study suggests basing the index on single
sessions where the subjects are well-rested. They also found that adding more factors can make
performance impairment predictions based on susceptibility to SD even better. An index would be useful
for astronauts (and other professions where six degrees of freedom are controlled under SD) to assess
whether they show significant performance drops due to SD, which can have life-threatening outcomes
in space. It should be noted that this study only focuses on performance changes and not how well
subjects actually perform. Further studies should therefore also investigate the latter. A first attempt to
classify subjects is discussed further in hypothesis 2.

Several studies have found that total SD causes deficits in cognitive functions such as attention,
working memory, long-term memory, and decision-making (Gattoni et al., 2021; Goel et al., 2009;
Kaliyaperumal et al., 2017). The importance of these cognitive functions for the 6df docking operation
can be inferred from the studies by Basner et al. (2020) and Strangman et al. (2005). The former study
found correlations between a cognitive test battery and the 6df. From the cognitive test battery, RT on
the DSST correlates most strongly with 6df performance. This again emphasises RT as an important
factor for docking performance. Interestingly, the study found no meaningful correlation between the
PVT (simple RT test) and the 6df. Two conclusions can be drawn from this. First, docking performance
cannot be determined solely by someone's PVT RT; other underlying cognitive factors might play a role.
Second, PVT RT may only correlate with 6df performance under the influence of SD because simple
PVT RT then shows more variance (Chua, Yeo, Lee, Tan, Lau, Tan, et al., 2014). As the results of this
thesis show a relation between the two tasks, including SD.

Unfortunately, the literature regarding operational tasks in spaceflight is still scarce and more precise
correlations between 6df and cognitive domains such as long-term memory can hardly be made.
However, testing order was significant for hypothesis 1, and thus a relationship might exist between
docking performance and long-term memory. Long-term memory is divided into explicit memory and
implicit memory. The focus is on implicit memory, which includes procedural memory. Procedural

memory involves bodily movement and learning how to use objects in the environment, such as the
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6df’s joysticks (Cherry, 2021). Regarding the predictor testing order, the group “rested-sleepy” had
lower docking performance impairment than “sleepy-rested”. As mentioned above, people learn better
when well-rested compared to when SD (Chee & Chuah, 2008; Curcio et al., 2006; Kurinec et al., 2021).
Thus, the group that performed the task first in the WRM “learned” more, i.e. bound information better
to the contexts (Kurinec et al., 2021), and could apply this in the following SDM condition. In other
words, the learning effect was higher in the “rested-sleepy” group. Thus the learning effect could explain
the significant testing order effect. An earlier paper also found indications of a (still unresolved) learning
curve regarding a decrease in docking performance after a night of SD (Strangman et al., 2005). This
leads to the compelling question of whether “sufficient” 6df training can compensate SD deficits to the
extent that a safe docking manoeuvre is possible? With sufficient training, the task could be internalised
so that brain areas responsible for controlling the joystick require little cognitive capacity. Further
research could be done on how many training sessions are needed to reduce impairment due to SD on
the task to meaning level. Once again, it should be noted that this study only focuses on performance
changes and not on subjects’ actual performance. Further studies should therefore also investigate the
latter. Interestingly, Wong et al. (2020) found no decrease but rather an increase in operational
performance under SD. However, the study did not have a control group, and the sample size was only
nine people; therefore, training effects could not be accounted for, which may have modulated effects
of SD impairment. Nonetheless, the study’s results elicit the idea that participants’ docking performance
could be improved while training the task under SD. In line with this idea is a single case study that has
found that ultra-endurance athletes improved their endurance while SD (Gattoni et al., 2021). Further
research could investigate whether docking performance can be improved while astronauts are SD. This
would directly address today’s problem of SD in space research in such a way astronauts in space can

still improve docking performance while SD.

The second hypothesis was confirmed using multiple regression to show that subjects “most
susceptible to SD” show worse docking performance impairment due to SD than subjects “least
susceptible to SD”. The regression's variables “group susceptibility to SD” and “testing order” were
significant predictors for docking performance impairment due to SD, as was the interaction effect. In
the presence of an interaction effect, main effects are usually negligible. However, interactions do not
make the main effects meaningless in some cases. A posthoc analysis was done for further inspection
of the data.

Regarding the predictor “group susceptibility to SD”, the group “least susceptible to SD* did not
differ from the group “most susceptible to SD” in docking performance impairment due to SD, when
the variable “testing order” was not considered. Thus, predicting docking performance impairment due
to SD based on the two groups is not directly possible. Referring to the paper by St. Hilaire et al. (2013),
the following explanations can be found. It could be that just two groups are not sensitive enough to
detect differences in docking performance impairment due to SD. For example, the aforementioned

study created three groups for susceptibility to SD, low impairment, moderate impairment, and severe
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impairment. Another reason would be that the variable susceptibility to SD might not be sensitive
enough due to how it was operationalised in this thesis. To better determine “susceptibility to SD” using
PVT outcomes, additional information (such as sex, time of day, length of time awake) would play an
important role (St. Hilaire et al., 2013). Further studies could find a method to make the variable
“susceptibility to SD” more sensitive. Additionally, research could assess the number of groups
“susceptibility to SD” should consist of for better differentiation in performance. As in hypothesis 1,
testing order again correlated significantly, and the interpretation of its meaning remains the same.
Namely, subjects in the order “rested-sleepy” had significantly lower 6df performance impairment due
to SD than the group with the order “sleepy-rested”. Again, this indicates the presence of a learning
effect.

Regarding the interaction of the two predictors, the group “most susceptible to SD” with testing order
“sleepy-rested” showed significantly higher docking performance impairments due to SD compared to
all other groups (see Figure 7). The group “least susceptible to SD” with testing order “sleepy-rested”
showed more impairment in docking performance due to SD than the two groups “least susceptible to
SD” and “most susceptible to SD” with testing order “rested-sleepy”. It can be concluded that testing
order significantly affects the relation between docking performance impairment due to SD and group
susceptibility to SD. Furthermore, it should be noted that the ordinal data (group susceptibility to SD
and test order) are difficult to interpret because multiple explanations for the interaction are possible.
Simplifying the data into two groups (“least-* and “most susceptible to SD’) may also have a smaller
or larger effect than the sum of the individual effects. The interaction could simply be an unintended

result of ordinal scale measurement (Mitchell & Jolley, 2016).

The following study’s limitations should be considered when applying the findings. This is a ground-
based study by which participants are not exposed to any other spaceflight stressors such as confinement,
isolation, microgravity, and high workload, listed by Morphew (2020). Also, one should ask whether
the results of 6df on a 2D screen can simply be transferred to a 3D environment because the perception
of one’s position could be hindered. However, a study by Piechowski et al. (2020) found that just a
slightly faster learning performance was found when comparing 3D technology with 2D screens, and
no advantages for performance over a longer period were found. Further, it should be noted that the
participants were all students, and the results are not easily transferable to other populations due to the
selection criteria. The students were completely unfamiliar with the 6df task before the experiment and
familiarised themselves with the task for the first time under SD. This excludes the role of expertise or
automaticity in task performance, which may impact behaviour in the context of SD. In other words, the
students went into the experiment completely naive, while on the other hand, astronauts would have
already performed many docking training sessions under difficult circumstances. It remains unclear
whether and how ICE factors multiply in this task. It is open to question how far astronauts’ performance
differs from students’. More precise conclusions can be drawn with further studies in ICE environments

and more experienced docking subjects.
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Besides the limitations, also some particular strengths of this study can be pointed out. This study
gives the first answers to the relation between the operationally relevant 6df docking task and the ICE
factor SD. As space travel increases and the effects of SD on the human body are still difficult to tackle,
it is even more important to know which tasks are strongly affected. Individuals who can not safely
perform this specific task due to SD impairment can then be identified. Because of the experimental
setup, a direct relation between the effects of SD and the 6df task in which six degrees of freedom must
be controlled is possible. This increases the external validity of this study. With some caution, the results
of this study can be translated to other tasks such as navigating submarine boats and aircrafts, and
controlling surgical equipment, in which six degrees of freedom have to be controlled (quite often under
SD). Because of the high standards and specific selection criteria, the results can be more easily applied
to high-performance groups such as astronauts, submarines, pilots, and surgeons. Another strength is
the cross-over design. Since performance was assessed twice in the same subjects, inter-subject
variability is eliminated, i.e., study participants serve as their own control. This also means that fewer
subjects were needed for the study, which is consistent with the principle in medical research to use

resources wisely.

In conclusion, this was a novel study to demonstrate the effect of subjects’ susceptibility to SD on
their 6df docking performance impairment due to SD. A background analysis shows that subjects have
a noticeable slowing of RT after a night of SD, compared to when they were well-rested. These findings
are in line with the literature. The hypotheses show that subjects’ susceptibility to SD has a meaningful
impact on their 6df docking performance impairment due to SD, as does the testing order. This means
that higher susceptibility to SD results in higher performance impairment. The significance of the testing
order indicates the presence of a learning effect. It remains unresolved to what extent the impairment
effects diminish with exhaustive training of the task. Furthermore, 6df performance impairment due to
SD only differs significantly between the groups “least-” and “most susceptible” when taking “testing
order” into account. Docking performance impairment due to SD was most severe for the group “most
susceptible to SD” with the testing order “sleepy-rested”. Finally, this study gives a better understanding
of the impact of SD on an operational task in which six degrees of freedom have to be controlled. The
results can help to construct scientifically based guidelines for determining whether an individual can

still perform tasks safely under SD.



Abbreviations

ICE = isolated, confined, extreme environment

NSF = National Sleep Foundation

PVT = Psychomotor Vigilance Test, to measure susceptibility to sleep deprivation
RT = reaction time

SC = space capsule
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6df = 6df docking simulation task, to measure docking performance due to sleep deprivation
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Inspirational Quotes

“It’s easy to sleep floating around — it’s very comfortable.
But you have to be careful that you don 't float into somebody or

something!”

James Irwin, American Astronaut

“In any field, it’s a plus if you view criticism as potentially

helpful advice rather than as a personal attack.”*

Chris Hadfield, Canadian Astronaut

*An inspiring thought that I internalised during my time at university and which will guide me on my further path in life.


https://www.goodreads.com/work/quotes/25488999

