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Abstract  
 

Aviation authorities suggest that commuting to the airport can impair pilots’ flying performance 

by inducing fatigue. That risk might be particularly high after long drives of high task load 

because they deplete individuals’ attentional resources. Flying may then increase commuting 

pilots’ levels of fatigue further leading to performance decrements while driving after duty. This 

thesis explored the extent of this issue among professional pilots worldwide and investigated if 

the type of fatigue induced by driving (i.e. active or passive) subsequently affects the levels of 

fatigue experienced in flying and driving. The effectiveness of a self-initiated intervention 

strategy for fatigue experienced in the commuting cycle after a long and demanding drive was 

explored too.  

The extent of the issue was investigated with an online survey of 419 professional pilots flying 

from 52 countries. The pilots were asked about the usual duration and levels of mental demand 

of their drives to the airport and their usual levels of fatigue during the commuting cycle. 

Moreover, they answered questions about their difficulty in staying awake and performance in 

flight and while driving after duty. The survey suggested that many professional pilots worldwide 

are at an increased risk of fatigue-related aeroplane accidents and car crashes after duty when 

driving to the airport is long and mentally demanding. Therefore, the role of active fatigue was 

indicated. 

Exploring the role of the type of fatigue induced by driving in fatigue experienced in subsequent 

flying and driving is essential in order to develop effective intervention strategies. This 

considered, an experiment with 60 non-pilots was conducted. Three groups (i.e. control, manual, 

and automated) completed for 32 minutes simulated flying tasks that did not require having pilot 

training. These tasks were followed by a 14-minute, simulated drive (level 0 of automation). The 

manual and the automated group also completed a 60-minute simulated drive (level 0 of 

automation for the manual and level 2 for the automated group) before the flying tasks. This 

study suggested that completing a long drive can increase individuals’ levels of fatigue in flying 

and driving tasks that follow, especially when that long drive induces active fatigue.  

Active fatigue can reduce with short bursts of physical activity. Hence, the second experiment 

investigated if such breaks can help individuals to counteract fatigue in flying and driving tasks 

that are completed after a long and demanding drive. Fifteen individuals with a Private Pilot’s 

Licence completed a 60-minute simulated drive (level 0 of automation) followed by a 52-minute 

simulated flight of higher fidelity compared to the first experiment and a 20-minute, simulated 

drive (level 0 of automation). In one of their two sessions, the participants took two 6-minute 

breaks; one before and one after the flying tasks. It was found that the participants were less 
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fatigued and performed better in flight and during the short drive when they took the breaks. 

Hence, short bursts of physical activity could be one of the intervention strategies that pilots 

could use to reduce their levels of fatigue after long and demanding drives to the airport.  

The outcomes of this thesis could be used by regulators, airlines, pilots, and researchers to work 

towards understanding in more depth fatigue in pilots who commute to the airport by completing 

long and demanding drives. Then, appropriate self-initiated intervention strategies, training, 

policies, work schedules, and fatigue regulations could be developed. 
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Glossary 
 

1. Active fatigue - the state change resulting from continuous and long, task-related 

psychomotor adjustment. 

2. Alertness - a state or degree of readiness to detect stimuli and maintain attention. 

3. Arousal – the state (psychological or physiological) of being awaken. 

4. Attentional resources – individuals’ attentional capacity. This is limited so after some 

time of paying attention these resources are depleted. 

5. Baseline measurements – measurements taken either when the participants arrived for the 

trials or just before/at the start of the driving/flying task sections. 

6. Boredom – a state of decreased interest for the task at hand and low cognitive activation. 

In this thesis, it is considered part of the mechanism that causes passive fatigue by 

contributing to disengagement from tasks. 

7. Commuting - the time and activity required for pilots to travel from their homes to the 

airport (domicile), where their duty assignment begins and again back home. 

8. Drowsiness - the transitional state between wakefulness and sleep associated with some 

subjective feelings and symptoms. In this thesis, it is considered an expression of fatigue. 

9. Fatigue – the definition used in this thesis is: ‘the state of reduced performance capability 

(mental and/or physical) resulting from the interaction of fatigue induced by driving to the 

airport and flying due to time on task and task load, sleep-related factors, inter-individual 

differences, and environmental factors that can impair a commuting pilot’s performance in 

flight and while driving after duty’. 

10. Fatigue-related data – the data collected when measuring the subjective, physiological, 

and performance expressions of fatigue.  

11. Home base – the airport, where a pilot’s duties normally begin. 

12. Lapse – In the Psychomotor Vigilance Task, the reaction times that are longer than 500 

milliseconds (Matthews et al., 2017). 

13. Level 0 of automation – only the human drives. No car features that steer, brake, or 

accelerate. 

14. Level 2 of automation – these features provide steering and brake/acceleration support to 

the driver. The human drives whenever these driver support features are engaged and must 

constantly supervise them (SAE, 2019).  
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15. Mental disengagement – in this thesis, the sense of being away from the driving or flying 

tasks. 

16. Mental fatigue - a state that arises from situations requiring long-term, continuous, 

repetitive performance on some mental task. 

17. Passive fatigue - a mental state that develops in tasks that require system monitoring with 

either rare or even no overt perceptual-motor requirements. 

18. Physical fatigue - a state caused by physical activity and is experienced as reduced 

muscular power and movement. 

19. Professional pilots - for the purposes of this thesis, this refers to airline pilots and pilots 

of charter, cargo, and business aviation flights. 

20. Sleepiness - the tendency to fall sleep. In this thesis, it is considered an expression of 

fatigue. 

21. Task load – the perceived difficulty of completing a task. 

22. Tiredness - an expression of fatigue identified by the feeling of having low levels of 

energy. 

23. Vigilance – the ability of organisms to maintain their focus of attention and to remain alert 

to stimuli over long periods. In this thesis, it is considered an expression of fatigue. 
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Chapter 1. Introduction 
 

Fatigue is a worrying issue in today’s fast-paced society. The absence of a balance between 

excessive work demands and rest opportunities contributes to an increased risk of fatigue-related 

work accidents, which cost the United Kingdom between 115 and 240 million pounds per year 

(Health and Safety Executive, 2019). Accidents are more likely to occur when individuals are 

fatigued because of slower reaction times (Dinges et al., 1997; Lorist et al., 2000; Sanders, 1998), 

difficulties in storing information in working memory (Hockey, 1997), and planning errors (Lorist 

et al., 2000; Van der Linden et al., 2003). Fatigue has also been associated with deterioration of 

attention (Sanders, 1998), mental confusion (Dinges et al., 1997), distress (Saxby et al., 2008), 

and impairment of the ability to detect deviations in system parameters and retain new information 

(Falleti et al., 2003). Furthermore, fatigue may affect adversely the ability to focus on stimuli of 

interest and avoid the salient but irrelevant ones (Boksem et al., 2005).  

The reduction of the fatigue-related risk of accidents in driving and flying is on the list of the most 

wanted safety improvements of the National Transportation Safety Board-NTSB (2019a). The 

number of fatalities in car crashes has reduced in the last twenty years (Figure 1.1) (Eurostat, 

2017). However, fatigue remains a risk for drivers’ safety since it has been identified as a 

contributory factor in 10-20% of the road accidents in the European Union (European 

Commission, 2020) and 2.5% of the fatal crashes in the US (National Highway Traffic Safety 

Administration - NHTSA, 2015). The higher percentage of fatal accidents in which fatigue was 

identified as a contributory factor in the study conducted by the European Commission compared 

to that by NHTSA might be attributed to a difference in the data collection approach followed. 

That is, the percentage was calculated based on drivers’ self-reports and naturalistic driving data 

in the former and police records in the latter. Irrespective of how high these percentages are, they 

indicate an existent risk that needs managing. 

 

 

 

 

 

 

Figure 1.1 Fatalities in car crashes in the European Union from 2007 to 2017 (Eurostat, 2017).  
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Although air travel is safe, fatal aeroplane accidents occur too. According to the International 

Civil Aviation Organization (ICAO) (2019), more than 500 fatalities occurred in commercial 

aviation (i.e. aircraft operation for passenger and cargo transportation) accidents in 2018 without 

any apparent reduction noticed over the last decade (Figure 1.2). Therefore, air safety still needs 

improvement.  In a review of the contributory factors to the air accidents investigated from 2001 

to 2012 by the National Transportation Safety Board (NTSB), Marcus and Rosekind (2017) 

identified fatigue as one of them in almost 20% of the cases. This percentage could be even higher 

because accident investigations may not capture pilots’ high levels of fatigue unless they are 

clearly stated and flying fatigued does not necessarily contribute to accidents. Regardless of the 

exact percentage, these results suggest the importance of managing the risk of being fatigued in 

flight. 

 

 

 

 

 

 

Figure 1.2 Fatalities in commercial flight accidents from 2008 to 2018 worldwide (aeroplanes 

above 5.7 tones) (International Civil Aviation Organization, 2019). 

 

Several interventions have been developed to mitigate the risk of fatigue-related aeroplane 

accidents. That is, airlines provide fatigue training to educate pilots about that risk and fatigue 

regulations require that pilots report fit-for-duty (Commission Regulation, 2014; Federal Aviation 

Administration-FAA, 2012a, 2011; International Civil Aviation Organization, 2016). Moreover, 

airlines use biomathematical models to predict pilot fatigue depending on factors, such as work 

schedules, sleep duration, and duration of travelling (i.e. commuting) to the airport. There are also 

some airline policies that state the maximum distance between pilots’ homes and their home base 

(i.e. the airport that a pilot usually starts the duties from) to make sure that they can quickly arrive 

at the airport when on stand-by duty. These policies may also result in avoiding fatigue caused by 

long travels to the airport.   

The risk of flying fatigued due to travelling to the airport has been recently identified by aviation 
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organisations (Federal Aviation Administration, 2012a; National Transportation Safety Board, 

2010). However, this has not been clearly stated in the fatigue regulations and pilots do not receive 

detailed information about avoiding and managing it through training and policies. Additionally, 

the biomathematical models of fatigue do not consider the characteristics of that travel (e.g. the 

amount of activity required by the pilot); thus, they may miss information about how fatiguing 

journeys to the airport are. These gaps are reasonable since the effects of travelling to the airport 

on pilots’ fatigue in flight have not been adequately explored. 

Drawing from studies solely on drivers (see section 2.1.3), pilots who commute by driving may 

arrive fatigued at the airport, especially after long drives of high task load (i.e. the perceived 

difficulty of a task). Unless they reduce their levels of fatigue while at the airport or report being 

fatigued and do not fly, fatigue-related performance decrements may occur in flight. Although 

the link between driving and flying can be inferred from the literature on fatigue in drivers and 

pilots, that would be a logical leap because it has not been directly researched in commuting pilots. 

As a result, the extent of this issue among pilots remains unknown, the mechanisms behind any 

effects of driving on fatigue in flight are not understood, and appropriate intervention strategies 

cannot be developed.  

Besides commuting to the airport, it is expected that many pilots drive after duty, for example, to 

return home. Studies suggest that flights can increase pilots’ levels of fatigue (Petrilli et al., 2006) 

and car crashes are more likely when drivers are fatigued (Ting et al., 2008). Drawing from that, 

pilots may crash when driving after a fatiguing flight. This risk may be even higher when they 

have completed a long and demanding (thus fatiguing) drive to the airport. The risk of fatigue-

related car accidents after duty has neither been mentioned in any documents published by 

aviation authorities nor is included in the fatigue regulations for pilots. Probably due to the lack 

of relevant literature, fatigue training and the biomathematical models of fatigue lack details about 

this risk. Moreover, most airlines do not have policies that aim to reduce the risk of car crashes 

after duty. Covering these gaps would, first, require exploring the extent of this issue among 

professional pilots. Second, it would be helpful to understand the human factors mechanisms 

behind any effects of driving and flying on fatigue in subsequent driving tasks in order to use 

effective intervention strategies. To this end, experiments that would include both driving and 

flying would be needed. 

To sum up, pilots may be at an increased risk of aeroplane accidents and car crashes after duty 

due to fatigue induced by long and demanding drives to the airport and flying. This thesis will 

explore the extent of this issue among professional pilots worldwide. For the purposes of this 

thesis, the term ‘professional pilots’ will refer to airline pilots and pilots who fly charter, cargo, 

and business aviation flights. Although the findings of this thesis might apply to military pilots 

and ground instructors too, fatigue in their commuting cycles will not be explored. The reason is 
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that their commutes to the airport are often not followed directly by pre-flight tasks and they may 

also spend several hours at work after their flights. Therefore, factors not related to a specific 

flight may often mediate commuting-related fatigue. Besides the extent of the issue, this thesis 

will investigate if the type of fatigue induced by driving (i.e. active or passive, see section 1.1.1) 

subsequently affects the levels of fatigue experienced in flying and driving. Finally, it will be 

explored if short bursts of physical activity can reduce the levels of fatigue experienced in the 

commuting cycle after a long and demanding drive. The findings of this thesis could improve 

flight safety and help pilots to avoid car accidents after duty.  

This chapter defines the main concepts of the thesis, describes the gaps in the existing knowledge, 

and outlines the aims and the objectives of the thesis. Then, it continues with the practical 

implications of any findings of the research described in the thesis, a description of its novelty 

and original contribution, and an outline of the content of the next chapters. 

1.1 Main concepts of the thesis 

1.1.1 Fatigue 

Fatigue is a multidimensional construct difficult to define (Desmond and Hancock, 2001) with 

some researchers using broad definitions. For example, Williamson et al. (2011, p.499) referred 

to fatigue as ‘a biological drive for recuperative rest’, which is a definition that does not provide 

any information about the causes and effects of fatigue. This information is essential in this thesis 

because the focus is on exploring the contributors to fatigue and the effectiveness of an 

intervention strategy. Other definitions of fatigue are field-related. For example, Thiffault and 

Bergeron (2003, p.381) defined driver fatigue as ‘a general psychophysiological state, which 

diminishes the ability of the individual to perform the driving task by altering alertness and 

vigilance’. Despite mentioning the adverse impact of fatigue on driving performance, definitions 

like this do not refer to any causal factors.  

A definition of fatigue in pilots that matches better the criteria set in this thesis was proposed by 

the International Civil Aviation Organization (ICAO) (2016, p.8). According to that, ‘fatigue is a 

physiological state of reduced mental or physical performance capability resulting from sleep 

loss or extended wakefulness, circadian stage, or workload (mental and/or physical activity) that 

can impair a crewmember’s alertness and ability to safely operate an aircraft or perform safety-

related duties’. Although some of the contributory factors of fatigue are included in this 

definition, the role of the time on task, inter-individual differences, and environmental factors is 

missing. Moreover, this definition mentions only the physiological aspects of fatigue missing the 

subjective state associated with that and does not highlight the potential interaction of causal 

factors. Drawing from the ICAO definition, a definition of fatigue in commuting pilots was 

developed for this thesis to describe ‘the state of reduced performance capability (mental and/or 
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physical) resulting from the interaction of fatigue induced by driving to the airport and flying due 

to time on task and task load, sleep-related factors, inter-individual differences, and 

environmental factors that can impair a commuting pilot’s performance in flight and while 

driving after duty’. 

Due to difficulties in its definition, fatigue is often used interchangeably with other terms, such 

as sleepiness, drowsiness, and vigilance (Johns, 1998). In this thesis, these constructs are not 

considered synonymous to fatigue. However, they are closely related to it since fatigue can be 

often expressed through them (Netherlands Aerospace Centre and Netherlands Institute of 

Neurosciences, 2019). One of the terms that have been widely confused in the literature with 

fatigue is sleepiness, which Sagberg et al. (2004) defined as the tendency to fall asleep. Most 

studies have not distinguished between the two constructs and the literature remains inconclusive 

regarding their relationship. Even when a distinction was attempted, this was usually not based 

on research evidence (e.g. Watling, 2016). Balkin and Wensesten (2011) identified the difficulty 

in distinguishing between fatigue and sleepiness because they usually coexist in operational 

settings, they are difficult to isolate even in controlled environmental conditions, and both 

increase the objective and subjective difficulty in performing a task. However, they believed that 

differentiating between them is essential to identify the contributors to performance decrements 

and recommend effective intervention strategies.  

Sleepiness is usually considered a symptom of sleep-related fatigue, but, in this thesis, it is 

perceived as an expression of both sleep- and task-related fatigue. This notion is based on studies 

that showed that the levels of sleepiness increased differently in non-sleep-deprived drivers 

depending on the levels of task load of the drives completed (Schömig et al., 2015; Vogelpohl et 

al., 2019). For example, Vogelpohl et al. (2019) manipulated the levels of task load during driving 

by changing the level of automation of the car (see Figure 2.2 for a description of the levels of 

automation). They found that the levels of sleepiness inferred from yawning and nodding (see 

section 3.2.2.5) increased more quickly in the group that drove the highly automated driving 

condition. If sleepiness was not an expression of task-related fatigue but only the effect of sleep-

related factors like sleep deprivation, then task load should not have made a difference in 

sleepiness in that case.  

As mentioned, sleepiness is accepted in this thesis as an expression of fatigue caused by either 

sleep- or task-related factors. Therefore, the methods used to measure sleepiness may not reveal 

which of the two types of contributors resulted in fatigue. Similar, in the case of commuting pilots, 

as a drive to the airport progresses (the time on task is a task-related factor – see section 2.1.3), 

the time awake since last sleep (i.e. sleep-related factor – see section 2.1.2) increases too. 

Therefore, finding increased levels of sleepiness at the end of a drive may indicate task-related 

fatigue, sleep-related, or a combination of the two. Although task- and sleep-related fatigue often 
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co-exist, the experiments described in chapters 5 and 6 will be designed so that the effect of the 

latter can be controlled.  

Fatigue differs from vigilance, which is ‘the ability of organisms to maintain their focus of 

attention and to remain alert to stimuli over long periods’ (Warm et al., 2008, p.433). However, 

identifying lower levels of vigilance can be used to deduce increased levels of fatigue because 

fatigued individuals are expected to experience difficulties in detecting small environmental 

changes and responding to them (Thiffault and Bergeron, 2003). Fatigue induced by completing 

a task of high or low task load can reduce vigilance due to affecting the way individuals invest 

their attentional resources (see section 2.2.1). That is, vigilance decrements can occur when 

people become fatigued by completing a demanding task because the task depletes their 

attentional resources and, thus, investing more of them is difficult (Grier et al., 2003; Helton et 

al., 2005). In contrast, fatigue induced by performing a low task load activity relates to withdrawal 

from that task. In that case, vigilance reduces because of the disengagement of the attentional 

system. Due to the link between fatigue and vigilance decrements, fatigue will be inferred in the 

experiments of this thesis by measuring vigilance with the PVT. 

Fatigue should be distinguished from arousal, which is the state (psychological or physiological) 

of being awake. Moreover, fatigue is not synonymous to tiredness, which is the feeling of having 

low levels of energy that usually accompanies fatigue induced by completing a task. However, 

task-related fatigue is a broader construct than tiredness and can also manifest itself in other ways, 

such as sleepiness. Similar, fatigue caused by a task may be expressed as drowsiness. Drowsiness 

is ‘the transitional state between wakefulness and sleep associated with some subjective feelings 

and symptoms’ (Shen et al., 2006, p.64). In other words, drowsiness is the stage just before sleep, 

so it entails high levels of sleepiness. However, as explained, fatigue induced by completing a 

task can be expressed as sleepiness, and, therefore, drowsiness too. Similar to sleepiness, although 

fatigued individuals may experience drowsiness, drowsiness disappears with sleep but not with 

rest.  

Due to the multidimensional nature of fatigue, several types of fatigue have been suggested in the 

literature. People often experience more than one types of fatigue at the same time, so it can be 

difficult to clearly distinguish between them. Figure 1.3 depicts a model of fatigue in drivers with 

the factors that contribute to task-related (active and passive) and sleep-related fatigue. Although 

different tasks are completed in flight, the same categorisation can be also used for pilots. Task-

related fatigue is caused by completing a task, whereas the sleep-related one by factors, such as 

sleep deprivation and the time of the day. Commuting pilots may experience a combination of the 

two types of fatigue; for example, a long drive to the airport can cause task-related fatigue because 

of investing effort for a long period but sleep-related fatigue may be experienced too in that case 

due to sleep deprivation before the commute. The focus of this thesis is on task-related fatigue 



 
 

7 

 

 

caused by driving to the airport because sleep-related fatigue is much better researched in pilots 

and relevant intervention strategies are in place (e.g. training).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 A model of fatigue (May and Baldwin, 2009). 

 

Task-induced fatigue can be further broken down into active and passive. This distinction has 

been mainly made in the literature on driving. Nonetheless, it could apply to flying too since the 

mechanism of fatigue causation is not expected to differ between drivers and pilots. Active fatigue 

is ‘the state change resulting from continuous and long, task-related psychomotor adjustment’ 

(Desmond and Hancock, 2001, p.601). Desmond and Hancock considered active fatigue as the 

type of fatigue typically experienced in manual driving because that imposes high motor-

perceptual demands by requiring regular speed and steering adjustments. Similar, active fatigue 

may be induced in high task load phases of flights, such as the climb and descent. Since motor-

perceptual demands require both physical and mental activity, active fatigue is experienced as a 

combination of mental and physical fatigue (more information about these types of fatigue later 

in this section).  

In contrast to active fatigue, passive fatigue is a mental state that develops in tasks that require 

‘system monitoring with either rare or even no overt perceptual-motor requirements’ (Desmond 

and Hancock, 2001, p.601). Examples of such tasks are the highly automated driving and 

monitoring of systems when the autopilot of an aeroplane is engaged. In those cases, fatigue is 

expected to be mainly mental because of the limited motor requirements to complete tasks. 

Fatigue caused by low task load is often used interchangeably with boredom (Lal and Craig, 
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2001). Both passive fatigue and boredom are associated with a decreased interest for the task at 

hand, low cognitive activation and negative feelings, and are expected to reduce when engaging 

with interesting tasks. Nevertheless, in this thesis, the two constructs are perceived as distinct with 

boredom being considered part of the mechanism that causes passive fatigue by contributing to 

task disengagement. Passive fatigue is also distinct from habituation, which is caused by the 

repeated exposure to stimuli and persists after rest (in contrast to passive fatigue).  

Another difference between active and passive fatigue is in how quickly they develop with 

research suggesting that individuals’ levels of fatigue can increase sooner when driving is highly 

automated (i.e. passive fatigue) than manual (i.e. active fatigue) (see section 2.1.3). Active and 

passive fatigue also differ in the subjective experience and behavioural response to task load. That 

is, although both types of fatigue can be experienced as tiredness (i.e. the feeling of being tired), 

studies suggest that active fatigue induced by manual driving relates to increased distress (e.g. 

negative mood) and high levels of effort and mental workload (Saxby et al., 2013). Mental 

workload is the effect of task load on a person and depends on their available cognitive capacity 

(Zijlstra, 1993). In contrast, passive fatigue relates to low levels of effort and mental workload, a 

quick reduction in task engagement (Saxby et al., 2008), and mind wandering (Korber et al., 

2015). The disengagement from the task in low task load driving can be explained by the 

‘effort/reward imbalance’ theory (Tops et al., 2004). Drawing from that theory, drivers stop 

investing effort when they feel that this will not result in sufficient rewards. In the case of highly 

automated driving, drivers might believe that they could stop monitoring the driving scene since 

the car drives itself and their performance does not make a difference in safety.  

Fatigue is not only distinguished based on its causes but also on its nature; that is, fatigue can be 

mental or physical. Physical fatigue is a state caused by physical activity, static muscle load, 

and/or spinal loading. This is experienced as reduced muscular power (Lal and Craig, 2001) and 

discomfort (Van Veen, 2016). In driving and flying, physical fatigue is caused, for example, by 

moving the steering wheel and the joystick, respectively. In contrast, mental fatigue is a state that 

arises from situations requiring ‘long-term, continuous, repetitive performance on some mental 

task’ (Zhao et al., 2012, p.83) (e.g. system monitoring in flying) and is experienced as a general 

feeling of weariness and impaired mental performance (Lal and Craig, 2001). In real life, physical 

and mental fatigue often coexist.  

To sum up, this thesis focuses on task-related, active fatigue, which includes both mental and 

physical fatigue. Passive fatigue will also be explored in the study described in chapter 5 to 

explore the fundamental aspects of the effects of active fatigue induced by driving on fatigue in 

flying and subsequent driving tasks by focusing on the role of task load. Some low task load 

sections of the flights used in the experiments of this thesis may also induce passive fatigue. In 

real life, fatigue is usually a combination of task- and sleep-induced fatigue, so data about sleep-



 
 

9 

 

 

related fatigue will be collected in the studies of this thesis too and the experiments will be 

designed so that their effect on fatigue is controlled. Finally, despite the differences of fatigue 

with sleepiness and vigilance, these are considered expressions of fatigue in this thesis and 

relevant data will be collected to infer it. 

1.1.2 Commuting 

Commuting was defined by the National Research Council (2011) as the time and activity 

required for pilots to travel from their homes to the airport (domicile), where their duty assignment 

begins and again back home. According to the National Research Council, all pilots commute 

irrespective of the duration of their journeys. In contrast, the Federal Aviation Administration 

(2010) defined commuting as the travels to the airport of more than two hours. Setting a time 

threshold like this is simplistic because the literature is inconclusive regarding how long a journey 

should be to induce fatigue. Moreover, travels of the same duration may not induce the same 

amount of fatigue due to differences in their task load (see section 2.1.3), the means of transport 

used (e.g. driving or being a passenger on a train), and the additional effect on fatigue of sleep-

related factors (section 2.1.2). This considered, the definition of commuting provided by the 

National Research Council will be used in this thesis.  

Commuting habits may vary amongst pilots because of differences in factors, such as the means 

of transport used and the duration of commutes. Commutes may also differ between days because, 

for example, a pilot who usually drives to the airport may on some days decide to travel by train 

instead. Moreover, some pilots may choose to commute from their home to a rest facility (e.g. 

hotel) near the airport the night prior an early-starting duty to avoid getting up too early rather 

than travelling just before duty. Pilots may also sleep at a rest facility near the airport after duty 

to avoid driving fatigued back home (or to any other rest facility), whereas others may commute 

straight after duty. Furthermore, commutes to and from the airport may be interrupted by short 

breaks (e.g. while driving) and pilots may increase their alertness with certain substances (e.g. 

caffeine).  

Indirect commutes, commutes interrupted by breaks, and commutes under the effect of substances 

are not investigated in this thesis because these strategies might reduce the levels of fatigue 

induced by commuting. Thus, the safety risk potentially associated with commuting might be 

masked, resulting in a difficulty in identifying the role of commuting on pilots’ fatigue. In turn, 

not understanding if and how commuting to the airport relates to fatigue in flight and while driving 

after duty hinders the development of appropriate intervention strategies. The commutes of 

interest in this thesis are shown in green in Figure 1.4. Pilots who drive directly to the airport are 

expected to park their cars and walk to the location of the airport, where their duty assignment 

begins. If a duty does not finish at the airport it started at or commuting by driving after flight is 
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too long, pilots may choose to commute to a rest facility (e.g. hotel) before driving home. In 

contrast, if a duty finishes at the airport it started at, pilots may decide to drive directly after duty 

back home.  

 

 

 

 

 

 

 

 

 

Figure 1.4 Parts of the commuting cycle of interest in this thesis (shown in green). 

 

Pilots may commute by any means (or any combination thereof) of transport, but only commuting 

by driving is investigated in this thesis. The first reason for that decision is that the thesis focuses 

on active fatigue induced by commuting to the airport. In contrast, commuting as a passenger on 

public transport or by car can induce passive fatigue since passengers do not control the vehicle. 

As will be explained, it is expected that the risk for accidents in flight and while driving after duty 

is higher when driving to the airport induces active than passive fatigue. The second reason is that 

many pilots may drive to work, as is the case with other professionals (Department for Transport, 

2015; Rapino and Fields, 2013; Statistics Canada, 2011). If that was the case, the risk of being 

fatigued in flight and while driving after duty could be widespread in the population of pilots and 

any findings of this thesis could be greatly applied. 

1.2 Commuting-related fatigue in pilots  

The potentially adverse effects of commuting-induced fatigue on fatigue and performance in 

flight have only recently drawn the attention of aviation authorities and researchers. This link was 

first mentioned in the investigation report of the Shuttle America flight 6448 accident at Cleveland 

in 2007, and, then, in the report of the Colgan Air Flight 3407 crash in New York in 2009 (Federal 

Aviation Administration, 2012a; Federal Aviation Administration, 2012b; National Transportation 
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Safety Board, 2010). The NTSB (2010) concluded that commuting to the airport by aeroplane 

had likely increased pilots’ levels of fatigue in both accidents by contributing to sleep loss. 

However, these reports did not refer to commuting specifically by driving, task-related fatigue 

was not mentioned, and fatigue was not measured.  

The necessity to research the link between commuting to the airport and fatigue in flight also 

emerges from three documents that followed the reports published by the NTSB. In the first, the 

FAA (2012a) recommended the inclusion of an analysis of the risks related to commuting to the 

airport in the Fatigue Education and Awareness Training Programmes. These programmes refer 

to the training provided by airlines to inform pilots about the factors that contribute to fatigue and 

its adverse effects on health and performance. They also provide information about the strategies 

that pilots can use to mitigate these negative effects of fatigue and the legal requirements to avoid 

flying fatigued. In the second study (2012b), the FAA stated that commuting to the airport is a 

concerning issue because it can contribute to higher levels of fatigue in flight by increasing the 

length of a pilot’s day. They also recommended more research on commuting to the airport and 

suggested that pilots evaluate their commuting habits. Similar, the ICAO (2016) mentioned that 

longer commutes to the airport can contribute to increased levels of fatigue in flight.  

The documents published by the FAA and the ICAO highlighted the necessity of knowing more 

about the role of commuting to the airport on pilots’ fatigue and performance in flight. 

Nevertheless, they lacked details about the role of certain characteristics of commutes (i.e. their 

duration and task load and the means of transport used) on fatigue experienced in flight. 

Moreover, the potential adverse effects of fatigue induced by commuting to the airport and flying 

on fatigue while commuting after duty were not mentioned and no information was provided 

regarding relevant intervention strategies. 

Despite aviation organisations highlighting the increased safety risk associated with commuting 

to the airport, only two studies have explored the link between fatigue induced by commuting to 

the airport and fatigue in flight. In the first, the National Research Council (2011) used databases 

with information about where 17,519 mainline pilots (i.e. flying aircrafts with more than 90 seats, 

often intercontinentally) and 7,553 regional pilots (i.e. flying aircrafts with 90 or fewer seats) in 

the US lived. They speculated that those who commuted longer distances to the airport might 

report more fatigued for duty. In the second relevant study, Zakariassen et al. (2019) sent 

questionnaires to 38 air ambulance pilots in Norway and Austria. They found that 18.4% of them 

believed that the time spent commuting to work can cause higher levels of fatigue in flight. 

Although both studies suggested that the duration of commuting to the airport can relate to in-

flight fatigue, fatigue was not measured. Moreover, data about the means of transport used and 

the duration and task load of the commutes were not collected. Finally, the potential link between 

fatigue induced by driving to the airport and fatigue while driving after duty was not investigated 
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and no intervention strategies for fatigue in the commuting cycle were tested. 

The link between commuting to the airport and flying performance has not been adequately 

researched either. Brown and Whitehurst (2011) asked pilots whether the time spent on 

commuting related to a deterioration of their performance in flight, but a preliminary analysis 

showed that none of the participants reported this link. It should be noted that no details were 

located regarding the sample and the methods of that study. In contrast, the link between 

commuting to the airport and flying performance was supported in a survey, where Friesacher 

and Greaves (2016) explored stress induced by commuting to the airport.  They found that more 

than half of their participants (i.e. 528 airline pilots with domiciles in Europe) were aware of the 

safety issues related to their commutes. Moreover, more than 40 per cent agreed that commuting 

affected the quality of their colleagues’ work, whereas longer commutes to the airport related to 

worse reported performance in flight for themselves. Friesacher and Greaves’ results might 

indicate adverse effects of fatigue induced by commuting to the airport on flying performance. 

Nevertheless, fatigue was not mentioned in the questionnaire used with the authors attributing 

their findings to commuting-induced stress. No studies have explored flying performance after 

commutes to the airport specifically by driving. 

Some studies in professionals other than pilots have explored the effects of fatigue induced by 

commuting to work on fatigue and performance during the shift. For example, Azwar et al. (2018) 

asked 105 production workers to rate their levels of fatigue at their workplace and found that 

longer commutes to work related to higher levels of fatigue during the shift. The effects of 

commuting to work specifically by driving were not explored in that study, fatigue and 

performance were not measured with objective measures (see sections 3.2.2 and 3.2.3), and the 

impact of other factors that can contribute to fatigue (e.g. sleep deprivation) were not controlled. 

In another study, Roma et al. (2012) investigated whether longer commutes to the airport related 

to slower reaction times of cabin crew measured with the Psychomotor Vigilance Task (PVT) 

(see section 3.2.3.1) before flight. The PVT is a simple reaction time test during which individuals 

push a button as soon as a stimulus appears on a screen (Dorrian et al., 2008). Higher levels of 

fatigue are expected to relate to lower vigilance, which, in turn, relates to slower reaction times 

in the PVT. This study did not support the link between the duration of commutes and 

performance with the authors concluding that commuting duration per se may not predict the 

performance of cabin crew at the beginning of flights. Nevertheless, they stated that their results 

might have been different if all their participants had commuted to the airport by driving because 

then they would not have been able to sleep or rest during commuting.  

In contrast to the risk of flying fatigued due to driving to the airport, no aviation authorities have 

mentioned the risk of car crashes when pilots drive fatigued after duty. Moreover, there are no 

studies about the extent of this issue and the contributors to it. Some links might be drawn from 
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the literature in other professionals. That is, there is some evidence of an increased risk of crashes 

after work from studies with nurses (Dorrian et al., 2008; Scott et al., 2008), medical residents 

(Barger et al., 2005; Marcus and Loughlin, 1996), and air traffic controllers (Nesthus et al., 2006). 

That risk was associated there to extended and night work shifts, sleep deprivation, consecutive 

shifts, and drives after work longer than 20 miles. Nevertheless, the link between fatigue induced 

by driving to work, fatigue during a shift, and fatigue experienced after it has not been explored 

in any profession.  

Before exploring pilots’ fatigue during the commuting cycle and the contributors to it, it is 

essential to collect information about the characteristics of their commutes. That information will 

help to identify the extent of the issue among the population of professional pilots and, thus, the 

likelihood of safety events associated with them. Many pilots are expected to commute to and 

from work by driving a car as is the case with other professionals in several countries (e.g. 

Department for Transport, 2015). Nevertheless, not much is known about the means of transport 

pilots usually use to commute.  

In contrast to the literature in other professionals, two studies have suggested that most pilots do 

not commute by driving. In the first one, the National Research Council (2011) used databases of 

pilots’ addresses in the United States (US) and speculated that more than 50% of them might 

commute by aeroplane because of the long distances between their home addresses and their home 

bases. More specifically, they suggested that approximately half of the pilots commuted more 

than 150 miles one-way per duty. However, the addresses in that database might not have been 

updated and the home addresses might not have been the starting points of the commutes. 

Moreover, drawing straight lines between two points on a map shows shorter distances than the 

ones travelled. If this was the case, then shorter distances could have been covered by other means 

of transport, such as by driving a car.  

In the second relevant study, Kleinfehn (2016) surveyed regional airline pilots in the US and 

found that 62.8% of them commuted by aeroplane and only 26.1% by traditional (not explained 

further) means of transport. They also found long commuted distances with 28% of the pilots 

travelling between 151-750 miles one-way and 32.8% more than 750 miles. Similar to the study 

conducted by the National Research Council, the data in the study by Kleinfehn were collected 

from pilots with a home base in the US, which has a big geographical spread. Therefore, travelling 

by aeroplane may be a more practical way of covering such long distances.  

Although the National Research Council and Kleinfehn provided an indication of the distances 

covered by pilots in the US to commute, they did not collect any data about the actual duration of 

the commutes. That is, a very long distance can be travelled quickly by aeroplane, whereas pilots 

may need a few hours to cover a relatively small distance by driving in high traffic density. As 
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will be explained in section 2.1.3, the time spent on driving plays an important role in fatigue 

induction. Therefore, this information can be useful in studies that explore fatigue in pilots that 

commute by driving. In the only study that collected data about the duration of pilots’ commutes, 

Friesacher (2015) found in a survey of 528 airline pilots with a home base in Europe (data from 

several countries were collected) that 56.8% of them reported commuting for more than 45 

minutes (one-way). No findings from that study were sourced regarding the means of transport 

used to commute.  

The focus of the thesis is on the effects of fatigue induced by long and demanding drives on 

fatigue experienced in subsequent flying and driving tasks. Thus, chapter 2 will also describe the 

literature on the role of high and low task load in fatigue in driving and flying. Despite the 

literature on the link between task load and fatigue in drivers and pilots, no study was sourced on 

how task load in driving relates to fatigue in flying and driving tasks that follow. No relevant 

study has been conducted in other professionals either. In addition, there is no literature on the 

intervention strategies that commuting pilots can use before and after their flights to reduce their 

levels of fatigue. Similar, relevant research has not been conducted in other professions. Testing 

the effectiveness of such strategies would require first exploring the extent of the issue and 

understanding its fundamental aspects; that is, the mechanisms behind fatigue induction and its 

effects on subsequent flying and driving tasks.  

To sum up, the limited literature on commuting pilots and other professionals and the studies 

solely on pilots and drivers suggest that pilots may be at an increased risk of aeroplane accidents 

and car crashes after duty due to long and demanding drives to the airport and flying. However, 

there is no literature on the extent of this issue among professional pilots worldwide. Exploring 

that is essential in order to assess the risk and decide if and what intervention strategies are needed. 

That is, it is impractical to manage all the risks of the everyday life in high hazard industries like 

aviation, so only those that are considered very probable to happen and would have severe 

consequences are usually controlled. This considered, finding evidence that many pilots 

worldwide can be adversely affected by driving to the airport and that fatigue induced by 

commuting can contribute to accidents would indicate that the risk of commuting-related fatigue 

should be better understood and managed. The next sections of this chapter describe what the 

research included in this thesis aims to achieve, the practical implications of any findings, the 

novelty and original contribution of the thesis, and the next chapters. 

1.3 Thesis aim and objectives 

This thesis aims to explore the relationship between fatigue induced by long and demanding 

drives to the airport and pilots’ levels of fatigue in flight and while driving after duty. The 

following three objectives were formed; 
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Objective one: to explore the extent to which fatigue induced by long and demanding drives to 

the airport affects negatively professional pilots’ fatigue in flight and while driving after duty. 

This objective will be achieved by conducting an online survey with professional pilots. The 

survey will be designed based on the relevant literature and the findings of an interview with a 

pilot that aims to identify key aspects of the issue.   

Objective two: to explore if the type of fatigue induced by driving (i.e. active or passive) 

subsequently affects the levels of fatigue experienced in flying and driving. Improving 

understanding of this effect is needed in order to develop effective intervention strategies. This 

objective will be achieved by conducting an experiment, where three groups will complete 

simulated flying followed by simulated driving tasks. Two of the groups will also complete a 

long, simulated drive before the flight but the cars driven will differ in the level of automation in 

order to cause either active or passive fatigue. Subjective and performance data will be collected 

to infer fatigue.  

Objective three: to investigate if short bursts of physical activity can reduce the levels of fatigue 

experienced in the commuting cycle after a long and demanding drive. This objective will be 

achieved by comparing fatigue during simulated flying and driving tasks in individuals with a 

Private Pilot’s License (PPL) between a session with and another without such breaks. Fatigue in 

these tasks will be measured by collecting subjective and performance data.  

1.4 Practical implications 

The findings of the research described in this thesis could be used to: 

• Change the flight time limitation regulations, which specify the maximum flight time 

allowed in a duty period. Currently, the time spent on commuting to the airport is not 

considered when calculating these flight times.  

• Influence future airline policies about commuting. At the moment, only some airlines use 

relevant policies.  

• Help airlines to provide fatigue training through Fatigue Risk Management Systems 

(FRMSs) so that pilots can avoid, detect, and manage commuting-related fatigue. 

• Improve the biomathematical models used to predict pilots’ fatigue in flight by considering 

the task load of their commutes to the airport. These models are used by airline schedulers 

to provide quantitative and qualitative predictions of fatigue and performance in flight using 

mathematical equations.  

• Help other professionals in high-hazard industries to manage the risk associated with 

commuting-related fatigue. 
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1.5 Novelty and original contribution 

This thesis is novel in collecting data about pilots’ commuting habits worldwide and exploring 

the extent to which fatigue induced specifically by long and demanding driving to the airport 

relates to pilots’ fatigue in flight and while driving after duty. Moreover, it is the first to investigate 

the role in this issue of the type of fatigue induced by driving. In contrast to previous studies, the 

use of driving simulation will also allow exploring the effects of fatigue induced by travelling by 

one means of transport on fatigue while travelling by another means of transport. Finally, this 

thesis is the first to test the effectiveness of an intervention strategy for fatigue experienced in 

flying and driving tasks after a long and demanding drive. 

 

Chapter 2 includes a literature review of the sleep- and task-related factors that contribute to 

fatigue in drivers and pilots and provides a description of the theoretical frameworks that explain 

fatigue causation and fatigue-related performance decrements. It also outlines the self-initiated 

intervention strategies for fatigue that might help commuting pilots. 

Chapter 3 provides a literature review of the methods that can be used to collect data about the 

contributors to fatigue and measure its expressions.  

Chapter 4 describes the interview with an airline pilot that aimed to identify key aspects of the 

issue of fatigue in pilots who commute by driving and focuses on the online survey that 

investigated the extent of that issue (objective 1). 

Chapter 5 describes the first experiment of the thesis, which explored objective 2. This study built 

on the findings of the interview and the survey and extended them with experimental work. 

Chapter 6 describes the second experiment of the thesis, which investigated objective 3. The 

methodology used and the intervention strategy tested were selected based on the relevant 

literature and the findings of the study of chapter 5. 

Chapter 7 discusses and summarises the findings of the interview and the studies of the thesis. 

The limitations are outlined, recommendations for further research are made, the contributions to 

existing knowledge are discussed, and the practical implications of the findings are described. 
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Chapter 2. Contributors to fatigue, theoretical frameworks, and self-

initiated intervention strategies 
 

Fatigue is usually the output of the interaction of several contributory factors, so this chapter starts 

with a literature review of their role in fatigue. A description of the theoretical models that explain 

fatigue induction due to the time on task and task load and the theories about how fatigue impairs 

performance follows. Reviewing these theories is important because the focus of this thesis is on 

active fatigue induced by driving and on how that affects fatigue and performance in subsequent 

flying and driving tasks. Finally, this chapter outlines the self-initiated intervention strategies for 

fatigue that pilots and drivers can use. The contributors to fatigue and the self-initiated 

intervention strategies that will be described in this chapter are shown in Figure 2.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 The contributors to fatigue and the self-initiated intervention strategies for it. 

 

2.1 Factors that contribute to fatigue 

Fatigue in pilots who commute by driving is expected to be the outcome of the interaction of 

various factors. For example, pilots may fly fatigued because of both task-related fatigue caused 

by a long drive of high traffic density to the airport and sleep-related fatigue due to inadequate 

sleep the night prior to their flight. At the same time, vibration in flight can increase the levels of 
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fatigue experienced even further. When researching commuting-induced fatigue in pilots, the 

concurrent effects of various factors may inhibit drawing conclusions about which factor or 

combination thereof contributed to fatigue. Reviewing the environmental, sleep-related, and task-

related factors that have been found to contribute to fatigue will help to understand how these can 

affect commuting pilots, manipulate the factors of interest (i.e. time on task and task load), and 

control for the environmental and the sleep-related ones in the experiments of this thesis.  

2.1.1 Environmental factors 

High ambient temperature is one of the environmental factors that can contribute to fatigue. There 

is evidence that the optimal ambient temperature for sedentary work is 22-25°C (Landstrom et 

al., 2000). Pilots have reported that high ambient temperature induces sleepiness (Co et al., 1999), 

whereas drivers often open the window to reduce their levels of sleepiness (Anund et al., 2008). 

The adverse impact of heat on drivers’ alertness was suggested in a naturalistic driving study, 

where McKie and O’Hanlon (1978) found that driving at 32 degrees Celsius reduced participants’ 

self-reported levels of alertness more than driving at 20 degrees Celsius. In another study (Zhu et 

al., 2019), the effects of both high ambient temperatures and high levels of humidity on sleepiness 

were explored in a climate chamber. Zhu et al. found that activity in the delta band measured with 

EEG (see section 3.2.2.4) increased significantly with ambient temperature (37°C compared to 

26°C and 30°C) and relative humidity (70% compared to 50%). Increases in the activity in the 

delta band indicate higher levels of sleepiness (Ferreira et al., 2006). 

As far as vibration is concerned, studies suggest that being exposed to whole-body vibration can 

also contribute to increased levels of fatigue as inferred from its expressions (Azizan et al., 2016; 

Satou et al., 2007; Satou et al., 2009). For example, in a laboratory study of eighteen university 

students that sat on a chair mounted on a vibration plate, Azizan et al. found that 20 minutes of 

exposure to vibration resulted in an increase in the reaction times and lapses in a PVT (see section 

3.2.3.1) and higher ratings on the KSS (see section 3.2.1). These findings indicate a reduction in 

vigilance and an increase in the levels of sleepiness respectively. 

2.1.2 Sleep-related factors 

Commuting pilots are expected to experience a mix of task- and sleep-related fatigue. Although 

the focus of this thesis is on the former, understanding the latter too will help to understand fatigue 

in commuting pilots better and control sleep-related fatigue in the experiments of chapters 5 and 

6. The literature on the following sleep-related factors will be described in this section: driving 

and flying during the circadian low, the disruption of the circadian rhythms due to time-zone 

crossing in long flights, being awake for too long, sleep deprivation, and poor sleep quality. 

Circadian rhythms are the 24-hour rhythm driven by the circadian body clock, which is a circadian 
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pacemaker located at the hypothalamus (Klein et al., 1991). This pacemaker is synchronised to 

the solar day when exposing to daylight to regulate nocturnal sleep and the levels of sleepiness in 

the day. Besides light, the circadian body clock can also be affected by the timing of meals 

(Wehrens et al., 2017). Because of the circadian rhythms, individuals feel the urge to sleep at 

night and experience two distinct time periods in a 24-hour day with maximal levels of sleepiness: 

one between 4 and 5 am and another between 3 and 5 pm (Carskadon, 1989).  

The literature suggests higher levels of sleepiness when driving and flying during the circadian 

low. For example, Lenne et al. (1997) found higher speed deviations and longer reaction times 

(impaired performance has been related to higher levels of sleepiness) between 2 and 6 am. 

Furthermore, higher rates of car accidents have been found when driving between 2 and 5 am 

(Connor et al., 2001) and during the mid-afternoon (i.e. 3 pm) (Pack et al., 1995). As far as pilots 

are concerned, Wright and McGown (2001) explored sleepiness in long-haul flights and found 

that sleep episodes occurred more often around 4 pm and 4 am. In contrast to driving, flying can 

also cause sleepiness by desynchronising the circadian rhythms when multiple time zones are 

crossed (i.e. jet lag) (Rosekind et al., 2000). Changing from day to night shifts and vice versa may 

desynchronise the circadian rhythms as well. 

Besides the time of the day, commuting pilots’ levels of fatigue are also expected to increase with 

the time they have been awake since their last sleep because that increases the pressure to fall 

asleep (Walker, 2017). Caldwell et al. (2004) provided evidence of that effect in a study with 

military pilots who completed five sessions of simulated flights over a period of 37 hours without 

sleep. That study found a lower accuracy in completing turns, straight and level flying, and 

changes of altitude in a full flight simulator and keeping a continuously moving ball at the centre 

of a cross in the Multi-Attribute Task Battery (MATB). The MATB is a software that simulates 

activities completed in flight (see section 5.3.4.1). 

Not sleeping enough may contribute to being fatigued too. Although the optimal duration of sleep 

may differ between individuals, Hirshkowitz et al. (2015) recommended that adults should sleep 

at least seven hours every night. In contrast, the Federal Aviation Administration (2009) defined 

sleep deprivation in pilots as sleeping less than eight hours per night. Besides any personal and 

operational reasons for sleep deprivation (e.g. early-morning starts) (Bourgeois-Bougrine et al., 

2003), the need to commute to the airport by completing long drives may also contribute to sleep 

deprivation in pilots. Sleep deprivation caused by driving to the airport has not been explored. 

However, Walsleben et al. (1999) found that other professionals who commuted by train to work 

by completing journeys of more than 75 minutes one-way reported a lower mean weeknight sleep 

of approximately 40 minutes compared to those with commutes of less than 45 minutes.  

The higher likelihood of driving fatigued due to the lack of sleep has been supported in studies 
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on drivers that found higher road accident rates when individuals were sleep deprived (Connor et 

al., 2001; Cummings et al., 2001; De Valck and Cluydts, 2001; Stutts et al., 2003). Irrespective 

of whether sleep deprivation finally contributes to accidents, there is evidence that driving 

performance is more likely to deteriorate when drivers have not slept enough. For example, Philip 

et al. (2005b) found in a naturalistic driving study that higher levels of sleepiness were reported 

at the end of the drive and the drivers crossed the road lines more often when they had slept two 

compared to eight hours. Sleepiness caused by sleep deprivation has also been supported in 

studies with pilots. For example, Le Duc et al. (1999) found that sleep deprivation in pilots related 

to spatial disorientation in flight, whereas Wilson et al. (2006) found longer response times to 

lights that changed colour in the MATB software (see section 5.3.4.1).  

Besides sleep deprivation, sleep-related fatigue in driving and flying can also be caused by poor 

sleep quality. The role of sleep quality in fatigue in drivers was suggested by Stutts et al. (2003) 

who found that individuals that had been involved in car accidents were more likely to report poor 

quality of sleep before driving. Similar, Reis et al. (2016) found that bad sleep quality measured 

on a scale in a survey with pilots related to higher reported levels of fatigue the week before the 

study. 

One of the challenges in exploring sleep-related fatigue is that inter-individual differences can 

affect it. To begin with, it appears that individuals differ in their response to sleep deprivation. 

For example, Van Dongen et al. (2004) found high inter-individual variability in the self-reported 

sleepiness, performance in cognitive tasks, and PVT reaction times (PVT description in section 

3.2.3.1) in a laboratory study with individuals that were sleep deprived for 36 hours. They 

concluded that the vulnerability to performance decrements due to sleep deprivation is a trait. 

Rupp et al. (2012) also suggested that resilience to sleep loss is a trait characteristic based on a 

laboratory study, where cognitive performance was measured in total and partial sleep restriction 

conditions. That study found that the participants who expressed a higher vulnerability to total 

sleep deprivation were more vulnerable to partial sleep restriction too. People also differ in their 

preference for a time of the day with some being morning types (i.e. they like sleeping and waking 

up early) and others evening types (i.e. they like to stay awake late at night and wake up late) 

(Vink et al., 2001). Depending on morningness and eveningness, the times of the circadian low 

(and with that sleepiness too) differ between individuals.  

Besides the trait-like response to sleep-related factors of fatigue, sleep-related fatigue may also 

be mediated by age. That is, older individuals may find it more difficult to adjust their circadian 

rhythms to changes in the wake/sleep cycle (Harma et al., 1994). Their sleep may also be shorter 

and of lower quality than in younger individuals (Ohayon et al., 2004). In addition, older drivers 

are more likely to fall asleep that younger ones when they receive the same amount of sleep 

(National Highway Traffic Safety Association, 2002). In contrast to drivers, the literature on pilots 
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has been inconclusive regarding the link between age and fatigue. For example, Reis et al. (2016) 

did not find a relationship between age and the reported levels of fatigue, whereas Van Drongelen 

et al. (2017) found in their survey that older pilots reported higher levels of fatigue. Maybe finding 

a link between age and fatigue is more difficult in professional pilots than in drivers because, in 

contrast to drivers, pilots are required to stop flying at the age of sixty-five (European Union 

Aviation Safety Agency, 2017).  

To sum up, operating during the circadian low, the disruption of the circadian rhythms, the 

extended wakefulness, sleep deprivation, and poor quality of sleep can induce sleepiness in 

drivers and pilots. Inter-individual differences may mediate the effect of sleep-related factors on 

fatigue. The focus of this thesis is on task-related fatigue, but data about sleep-related factors will 

be collected in the studies of the thesis to understand fatigue better. Moreover, the experiments of 

chapters 5 and 6 will be designed so that the effect of sleep-related factors is controlled. 

2.1.3 Task-related factors 

The literature on the effects of time on task and task load on fatigue is described in this section. 

To begin with the time on task, the literature is inconclusive regarding how long a drive should 

be to induce fatigue. The main reason for that is the inconsistency in the methodologies used to 

measure fatigue (e.g. no fatigue baselines and different metrics) and the levels of task load of the 

drives. In one of the relevant studies, Kecklund and Akerstedt (1993) measured fatigue in a 

naturalistic driving study, where the participants drove a truck of level 0 automation. SAE 

International (2019) described six levels of car automation (Figure 2.2) with level 0 referring to 

driving without any systems that provide steering or acceleration/brake support. Kecklund and 

Akerstedt found that alpha wave activity measured with Electroencephalography (EEG) 

(described in chapter 3.2.2.4) increased in the last 2-3 hours of the 10-hour drives (i.e. an 

indication of sleepiness) as did the subjective ratings of sleepiness (measured on the Karolinska 

Sleepiness Scale, see section 3.2.1.2). The effects of task load on fatigue were not explored there.  

In contrast to Kecklund and Akerstedt, other researchers investigated fatigue in driving simulator 

studies with motorway driving of low task load. For example, Thiffault and Bergeron (2003) 

found that driving a car of level 0 automation as short as 40 minutes induced fatigue, which was 

inferred from fewer small steering wheel movements (since straight-line driving is a vigilance 

task, Brookhuis et al., 1994). In another study with motorway driving (Ting et al., 2008), fatigue 

was induced after 80 minutes as evidenced by higher ratings on the Stanford Sleepiness Scale (a 

Likert item ranging from ‘very alert’ to ‘very sleepy’), a higher standard deviation of speed and 

lateral position, more edge-line crossings, and higher means of headway from the lead car. 

Subjective fatigue in Ting et al.’s study was measured only at the beginning and end of the drives. 

Therefore, sooner increases of the levels of fatigue could have been missed since driving 
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performance may not deteriorate until drivers are fatigued enough (Ingre et al., 2006a,b; 

Williamson et al., 2014). 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Levels of car automation (SAE International, 2019). 

 

Vogelpohl et al. (2019) found a quicker induction of fatigue in a driving simulator study with a 

car of level 0 automation being driven in a low task load motorway scenario. That is, trained raters 

detected trends for increased levels of sleepiness in non-sleep-deprived individuals after 30 

minutes. In Thiffault and Bergeron’s, Ting et al.’s, and Vogelpohl et al.’s studies, low task load 

should have induced passive fatigue. In contrast, driving should have caused a mix of active and 

passive fatigue in Oron-Gilad and Ronen’s study (2007), where the participants drove a 

combination of simulated drives of low, moderate, and high task load. In that study, the subjective 

ratings of fatigue increased after 45 minutes of driving. The studies above suggest that the time 

needed for driving to induce fatigue can differ depending on the task load of the drives.  

Some researchers focused specifically on the role of task load in fatigue induction in driving. For 

example, Gimeno et al. (2006) suggested that driving causes fatigue when mental effort is applied 

in high task load driving for a long period. Driving conditions that relate to higher levels of mental 

workload are the higher variability of the speed of the lead car in car following (Young and 

Stanton, 2004), the close distances (i.e. headways) to the car in front (Winter et al., 2014), and 

driving in unfamiliar areas (Parkes et al., 1991), into intersections (Jahn et al., 2005) and in high 

traffic density (Teh et al., 2014). Frequent lane changing while driving on motorways (Teasdale 
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et al., 2004), overtaking (Cantin et al., 2009) and high change rate of the road curvature (Richter 

et al., 1998) have also been found to increase mental workload. Completing secondary tasks while 

driving can be fatiguing too as found in a simulated driving study conducted by Matthews and 

Desmond (2002). In that study, two groups of participants were asked to complete the same drive 

(0 level of automation), but one of the groups completed a visually and mentally demanding 

secondary task that required paying attention to signs, letters, and numbers while driving. It was 

found that the latter group reported significantly higher levels of fatigue at the end of the drive 

and performed worse in the driving task (i.e. increased heading error).  

It appears that the levels of task load experienced can make a difference in the mechanisms that 

cause fatigue. In a driving simulator study with conditions of either highly automated driving or 

driving of 0 level of automation in an environment with wind gusts, Saxby et al. (2013) found 

that only the highly automated driving (level 2 since the drivers were required to constantly 

monitor for a critical signal indicating an automation failure) caused disengagement from the 

driving task. Saxby et al.’s finding indicates that measuring the engagement with the driving task 

might be a good way of distinguishing between active and passive fatigue. Feldhutter et al. (2018) 

found that automated driving (level 3) can induce fatigue even after 15 minutes although inter-

individual differences can affect the time needed before drivers’ levels of fatigue increase. Level 

3 of automation means that the vehicle drives itself without the drivers being required to 

constantly pay attention to the driving scene or keep their hands on the steering wheel and feet on 

the pedals. However, the drivers must take control over when requested. Compared to the studies 

with cars of 0 level of automation described above, the 15 minutes are much less, potentially 

because the low task load of highly automated driving causes disengagement from the task.  

Some recent studies compared the speed of fatigue induction between driving of different levels 

of automation. In a driving simulator study of sixteen participants, Schömig et al. (2015) 

compared driver drowsiness between level 0 and level 2 (i.e. hands-free driving but paying 

attention to the driving scene was required) conditions with a drowsiness detection algorithm. The 

data were analysed only descriptively, but there was an indication that the levels of drowsiness 

increased sooner when driving was highly automated. The results of Vogelpohl et al.’s (2019) 

driving simulator study agreed with those by Feldhütter et al. and Schömig et al. since they 

suggested that highly automated driving induced fatigue (measured by trained raters) faster. In 

Vogelpohl et al.’s study, medium levels of fatigue were reached after 35 minutes of driving in the 

level 3 condition and remained moderate until the end of the drive. In contrast, the participants in 

the level 0 condition experienced low levels of fatigue even after 60 minutes of driving. Similar 

to Schömig et al. (2015), the ratings of fatigue in Vogelpohl et al.’s study were analysed only 

descriptively.  

Besides fatigue induced by long driving to the airport, fatigue induced by flying is also of interest 
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in this thesis because this can increase further the risk of aeroplane accidents and car crashes after 

duty. In some of the studies that explored the role of the time spent flying in fatigue in flight, 

longer times on task related to higher ratings of subjective fatigue in pilots that flew simulated 

(Morris and Miller, 1996) and real flights (Petrilli et al., 2006; Wright and McGown, 2001). 

Moreover, the adverse effects of long flights on fatigue have been inferred from deteriorations of 

flying performance at the end of a simulated flight in a study conducted by Morris and Miller 

(1996). More specifically, Morris and Miller found a lower accuracy of keeping the pre-defined 

altitude, heading, vertical velocity, and airspeed of the aeroplane as the flight progressed.    

The role of the in-flight task load in pilots’ fatigue has been mainly inferred from real flights. One 

of the factors that have been related to increased levels of fatigue is flying multiple sectors (Powell 

et al., 2007; Spencer and Robertson, 2002). A flying sector includes the travel between any two 

points, the takeoff and landing included. Moreover, the climb, descent and approach stages of 

flight (shown in Figure 2.3) usually are more demanding due to multi-tasking than the taxi and 

cruise stages. Therefore, these stages may be more likely to induce active fatigue due to high task 

load. Experiencing unanticipated problems in flight is another factor that can contribute to active 

fatigue because of the increased task requirements (Spencer and Robertson, 2002). For example, 

in case of an engine failure, pilots may need to read and follow standard operational procedures, 

communicate with the Air Traffic Control, and manually control the -otherwise flown by the 

autopilot- aeroplane. Moreover, studies have shown increased levels of fatigue when flying in 

adverse weather conditions (Rosekind et al., 2000) because the levels of task load increase. 

 

 

  

 

 

 

 

Figure 2.3 The stages of flight (Archer et al., 2012). 

 

The low task load stages of flight can also induce fatigue. For example, Cabon et al. (1993) and 

Wright and McGown (2001) found that pilots experienced micro-sleeps (i.e. extremely short sleep 

episodes) more often during the cruise stage of flight. Although low task load could have just 
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unmasked the effects of active fatigue caused by previous stages, it is also possible that cruise had 

induced fatigue. During cruise, pilots must mainly monitor the systems of the aeroplane; hence 

passive fatigue is more likely to be experienced due to low task load. However, active fatigue 

may sometimes also be induced during cruise if additional tasks are completed. For example, 

pilots may need to deal with an unexpected system failure.  

Although all people have limited attentional resources, they may differ in how long they can 

handle a certain amount of task load before they get fatigued. Inter-individual differences can 

affect how quickly drivers get fatigued, as suggested by Nilsson et al. (1997) in a driving simulator 

study that explored how long participants would drive before they quit. That study found that the 

time spent on driving before quitting varied significantly amongst the participants (i.e. 90 - 240 

minutes). Clearly identifying the role of specific inter-individual differences in fatigue induction 

is difficult. However, it appears that age may be one of them because the ability to divide attention 

declines with normal ageing (Holtzer et al., 2005). Motivation to continue investing effort in a 

task should also play a role based on Desmond and Hancock’s theory of fatigue because that could 

either deplete the attentional resources more quickly in high task load conditions (i.e. active 

fatigue) or cause a quicker disengagement from the task (i.e. passive fatigue).   

To sum up, the literature on drivers and pilots suggests that long drives and flights of either high 

or low task load can induce fatigue. Drawing from that literature, commuting pilots may 

experience a mix of active and passive fatigue in flight and while driving after duty. There is 

evidence that the mechanisms behind the induction of active and passive fatigue differ and this 

might play a role in fatigue experienced by commuting pilots. This considered, the study in 

chapter 5 will explore the role of the type of fatigue induced by a long drive (i.e. active or passive) 

in the levels of fatigue experienced in subsequent flying and driving tasks.  

2.2 Theoretical frameworks 

Understanding the mechanisms behind the induction of task-related fatigue (i.e. the focus of this 

thesis) and its adverse effects on performance is essential before exploring these links in 

experiments and testing intervention strategies. To this end, the relevant theories were reviewed. 

2.2.1 Induction of task-related fatigue 

Several models have attempted to explain the causation of fatigue based on task load and the time 

on task. For example, Brown (2001) stated that the mismatch between the task load and the 

processing capacity of individuals causes strain because individuals’ attentional capacity is 

limited. Then, strain is experienced as fatigue if it persists. Brown’s model explained fatigue 

causation in high task load conditions but failed to explain why completing long tasks of low task 

load can contribute to fatigue too (i.e. passive fatigue). Another model of fatigue was proposed 
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by Hockey (1997) (i.e. the Compensatory Control Model). According to that, fatigue results from 

the strain caused by the effort to maintain performance high in conditions of high task load and 

lack of control. Hockey later (2011) proposed that individuals may decide to continue investing 

effort to a demanding task based on their goals. The continued investment of effort is expected to 

increase the levels of fatigue and impair performance after some time. Similar to Brown (2001), 

Hockey failed to explain fatigue in long tasks of low task load.  

In contrast to the previous models, Desmond and Hancock (2001) explained why long tasks of 

either high or low task load can induce fatigue. They proposed that individuals attempt to modify 

their behaviour in response to environmental inputs by following attentional strategies that help 

them to maintain optimal performance. Individuals have limited attentional resources, which 

means that after some time of completing demanding driving or flying tasks, their ability to pay 

attention to the environment reduces. According to Desmond and Hancock, it is this reduction of 

attention that causes active fatigue. In turn, the depletion of attention associated with active 

fatigue leads to the reduction of sampling of the environment. This reduction may cause a lower 

frequency of steering and speed adjustments in driving or fewer control inputs to the joystick and 

thrust in flying. In contrast to conditions of increased task load, the proportion of time spent on 

paying attention to the environment decreases in low stimulation conditions or when individuals 

perceive a threat to performance or discomfort. In those cases, attention is mainly directed towards 

the self. This direction of attention causes fatigue (i.e. passive) because it is difficult to sustain 

the direction of attention towards the self for long periods. At the same time, investing fewer 

attentional resources towards the environment is expected to impair driving and flying 

performance in commuting pilots because important information may be missed.  

Desmond and Hancock’s model will be used in this thesis to explain why completing long and 

demanding drives to the airport can induce active fatigue and impair performance in flight and 

while driving after duty. Drawing from that model, long and demanding drives could deplete 

pilots’ attentional resources. In turn, they might fly fatigued unless they reported their inability to 

start their duty or used an effective intervention strategy for fatigue before flight. Flying could, 

then, induce fatigue too, increasing the risk of aeroplane accidents and car crashes after duty. A 

long drive of low task load to the airport could also induce fatigue, but, in that case, pilots might 

reserve some attentional resources to invest in flight. This expected difference between active and 

passive fatigue will be explored in the experiment of chapter 5 in order to improve understanding 

of the role of the type of fatigue induced by driving in the levels of fatigue experienced in 

subsequent flying and driving tasks. 

2.2.2 The link between fatigue and performance decrements 

The need to manage fatigue in driving and flying stems from the fact that being fatigued increases 
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the risk of performance decrements. Two of the theories that explain the link between fatigue and 

performance are described in this section. Human information processing theories treat human 

processing capacity as limited (Kahneman, 1973; Posner, 1980). Kahneman (1973) suggested a 

model of serial processing, where there is a single undifferentiated capacity from which the 

limited resources are dynamically shared between the stimuli that need to be processed during the 

completion of a task. A limitation of Kahneman’s theory is the difficulty in explaining how two 

tasks can be perfectly time-shared when stimuli of different types (e.g. visual and auditory) need 

to be processed at the same time.  

Wickens (1984) overcame the difficulty in explaining multi-tasking by proposing the multiple 

resource theory. Figure 2.4 shows a graphical representation of the human information processing 

model proposed by Wickens. In contrast to Kahneman, Wickens (1984) distinguished between 

the concepts of capacity and resources; capacity was defined as the upper limit of processing 

capability and resources as the mental effort applied to improve processing efficiency. In the 

multiple resource theory, the resources are limited but differentiated based on the modality of the 

stimuli (e.g. auditory or visual). That is, two concurrent tasks can be perfectly completed when 

resources of different modalities are needed. Since driving and flying require multi-tasking, this 

model will be used in this thesis to explain the effects of fatigue on commuting pilots’ 

performance. 

 

 

 

 

 

 

 

 

 

Figure 2.4 Wickens’ model of human information processing (redrawn from Karanikas, 2016). 

 

Drawing from Wickens’s model, information processing starts with the detection of information 

from various sources (e.g. auditory and visual warnings). The impression of the information is 
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stored briefly after it has ceased before it is identified and interpreted (perception). Then, the 

information that comes from the senses is stored in working memory before past experiences are 

drawn from the long-term memory to give it a meaning. This process is not followed in automatic 

processing, where response selection occurs directly after perception. Automatic and non-

automatic perception are followed by the selection of responses among alternative options (i.e. 

decision making). The actions decided are, finally, executed and information processing continues 

based on the feedback received through a continuous feedback stream. As can be seen in Figure 

2.4, attention affects all the components of the information processing system. Depending on the 

situation, attention can be driven by the salience of the stimuli (i.e. in bottom-up processing) or 

knowledge, goals, and expectations (i.e. in top-down processing). In driving and flying, bottom-

up and top-down processing are often used interchangeably, and the one can activate the other.  

Individuals’ attentional resources are limited, so they need to be invested flexibly to achieve 

optimal performance. There are three types of attention used to optimise the investment of the 

attentional resources: selective, divided, and sustained. Selective attention is the ability to focus 

on certain information while filtering other. Selective attention in pilots and drivers can improve 

with training (Chapman et al., 2002; Crundall et al., 2012; Ottati et al., 1999). Divided attention 

is the ability to attend to more than one stimulus or task concurrently. In contrast to selective 

attention, where a part of the attentional resources is used while other information is automatically 

filtered, all the attentional resources are invested in divided attention. Divided attention is 

essential in driving and flying because these tasks require multi-tasking. As the attention needed 

for the task at hand exceeds a certain limit, performance deteriorates. Experience can help drivers 

and pilots to perform concurrent tasks because highly over-learned tasks that are completed 

automatically (e.g. emergency procedures in pilots) are less susceptible to mental fatigue than 

tasks that require the voluntary allocation of attentional resources (Boksem et al., 2005; Lorist et 

al., 2000; 2005).  

Sustained attention (will be called vigilance in this thesis) is ‘the degree of activation of the 

central nervous system’ (Campbell and Bagshaw, 2002 p.103), which affects ‘the subject’s 

readiness to detect rarely and unpredictably occurring signals over long periods of time’ (Sarter 

et al., 2001, p.146). Sustained attention is mentally demanding as supported by Warm et al. 

(2008), who found that brain activity and blood flow in the brain reduced after long periods of 

time. These reductions relate to fatigue (Ko et al., 2017). Research has also linked sleep 

deprivation to decrements in sustained attention (Lim and Dinges, 2008).  

The literature consistently suggests that fatigue can impair divided (Boksem et al., 2005), 

sustained (e.g. Guo et al., 2016; Lorist et al., 2000), and selective attention (Harrison and Horne, 

2000; Van der Linden and Eling, 2006). As can be seen in Wickens’s model, attention plays a 

central role in information processing since it affects all the other components when processing 
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is non-automated. Therefore, attentional issues caused by fatigue can impair performance (i.e. 

response execution in Wickens’s model) not only directly but also indirectly by deteriorating the 

other components of the system.  

Automated processing is less vulnerable to the effects of fatigue because of the reduced 

contribution of attention (Lorist and Faber, 2011). Therefore, training and experience might help 

a lot commuting pilots to avoid the adverse effects of fatigue on performance in highly automated 

flying tasks (e.g. making the pre-flight checks) but less in the non-automated ones (e.g. control of 

the joystick). Similar, driving training and experience could help pilots to prevent fatigue-related 

performance decrements while driving after duty because a great part of driving is completed 

automatically (e.g. changing gears). However, training and experience may not be that helpful 

when the driving tasks require the investment of a significant amount of attentional resources. For 

example, more attentional resources are needed when driving in high traffic density because 

paying attention to the position and speed of the car is needed to avoid crashing. 

In summary, drawing from Wickens’s model of human information processing, active fatigue 

induced by driving to the airport can impair pilots’ performance in flight and while driving after 

duty by affecting all the components of the information processing system. Moreover, attention 

plays an important role in the link between fatigue and performance. Although automaticity could 

help commuting pilots to avoid fatigue-related performance decrements in certain tasks, the less 

automated ones could be affected more. The focus of the experiments described in chapters 5 and 

6 is on the effects of fatigue on the non-automated tasks, such as completing turns while flying 

and maintaining a target speed while driving.  

2.3 Self-initiated intervention strategies  

If the literature described so far in this chapter applied to commuting pilots, they could end up 

being fatigued in flight and while driving after duty due to completing long and demanding drives 

to the airport and flying because these could deplete their attentional resources. One of the 

objectives of this thesis is to investigate if a self-initiated intervention strategy could help pilots 

to reduce their levels of fatigue in that case.  

Several intervention strategies can be used to avoid high levels of fatigue in drivers and pilots. 

Some of them are technical solutions, such as in-car systems that detect high levels of fatigue by 

analysing steering inputs. Others are applied at an organisational level, such as the 

biomathematical models that are used by airlines to predict fatigue in-duty. Self-initiated 

intervention strategies for fatigue can be used too. This thesis focuses only on them and, more 

specifically, on the self-initiated strategies that pilots can use while at the airport. The reason is 

that certain factors can make the application of intervention strategies while flying difficult. For 

example, napping in flight may not be allowed by regulations and taking a break may be 
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impractical in high task load stages of flight. Moreover, pilots may be at an increased risk of 

fatigue-related performance decrements in flight until they decide to use an intervention strategy. 

Intervention strategies during driving will not be tested in the experiment of chapter 6 either 

because drivers could be at an increased risk of fatigue-related car accidents until an intervention 

strategy was used.  

Some studies suggest that driver sleepiness caused by high temperatures can reduce with cool air 

blowing for short periods (Anund et al., 2008; Schmidt and Bullinger-Hoffmann, 2017; Wyon et 

al., 1996) but others have questioned the effectiveness of this strategy (Reyner and Horne, 1995). 

Because of the inconsistent findings, the adjustment of the ambient temperature will not be used 

as an intervention strategy for fatigue in this thesis. Nevertheless, the room temperature will be 

controlled in the studies described in chapters 5 and 6 to control for its potential effect on fatigue. 

Similar, the potential effect of vibration will be controlled by not using a driving and a flight 

simulator with axial movement. No specific intervention will be used to control for the effect of 

humidity, but the studies will be run in a properly heated and ventilated office environment. It 

should be noted that controlling for the effect of vibration and humidity on fatigue are not 

intervention strategies that drivers and pilots could use in real life, so these will not be tested in 

the experiment of chapter 6. 

The literature consistently suggests that naps can reduce individuals’ levels of both task- and 

sleep-related fatigue (Hayashi et al., 2004; Tietzel and Lack, 2002) with the benefits of short naps 

(e.g. 15 minutes) including improved cognitive performance and reduced subjective sleepiness. 

The effectiveness of naps as an intervention strategy for fatigue has been supported in the context 

of driving (Horne and Reyner, 1996; Leger et al., 2009; Watling et al., 2014). For example, Horne 

and Reyner (1996) found in a study with simulated driving that a nap break reduced the subjective 

levels of sleepiness, the impairment of driving performance, and reduced the 

electroencephalographic (EEG) signs of sleepiness (see section 3.2.2.4 for information about the 

EEG). Although napping in flight (either in designated bunk facilities or in the cockpit) can also 

help pilots to reduce their levels of fatigue (Cabon et al., 1993; Petrie et al., 2004; Rosekind et al., 

1994; Wright and McGown, 2001), in-flight intervention strategies are out of the scope of this 

thesis. Napping before and after flights will not be used in the experiment of chapter 6 either 

because that would require using sleep facilities to resemble the airport rest facilities. Such 

facilities were not available. In addition, napping could reduce both task- and sleep-related 

fatigue, so the benefits of this intervention strategy specifically for task-related fatigue induced 

by driving and flying could not be identified. 

The literature on alertness-enhancing medications, such as modafinil, amphetamines, and caffeine 

pills, will not be described in this section because pilots are generally not allowed to use them. 

On the other hand, drinking caffeinated drinks (e.g. coffee and energy drinks) is a common way 
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of keeping alertness high in both driving and flying when fatigue is caused by sleep-related factors 

(May and Baldwin, 2009). Drinking a cup of caffeinated coffee has been found to reduce the 

levels of fatigue in studies with sleep-deprived drivers (Mets et al., 2012; Reyner and Horne, 

2000; 2002). For example, in a driving simulator study, Mets et al. (2012) found lower SDs of the 

lateral position and speed (i.e. indications of reduced levels of fatigue) and lower levels of 

subjective sleepiness compared to a placebo group when the participants had drunk coffee. 

Drinking caffeinated beverages has also been found beneficial for pilots (Caldwell et al., 2009; 

Caska and Molesworth, 2007). For example, Caska and Molesworth (2007) found that caffeine 

in low doses improved sleep-deprived pilots’ performance when they completed simulated 

instrument landing approaches. Drinking coffee was not used as an intervention strategy for 

fatigue in this thesis because it is effective against sleep-related but not necessarily against task-

related fatigue. That is, caffeine reduces sleepiness, but task-related fatigue is not always 

expressed as sleepiness. 

Exposure to bright light at night is an intervention strategy for fatigue that has been mainly tested 

in pilots. There is evidence that exposure to light at night relates to increased vigilance and 

reduced levels of sleepiness (i.e. expressions of fatigue) (Badia et al., 1991; Cajochen et al., 2000). 

Exposure to light in the day can also be effective against sleep-related fatigue (Phipps-Nelson et 

al., 2003). It appears that specifically exposure to blue light reduces sleepiness because it can 

suppress melatonin and the phase changes associated with the circadian rhythms (Caldwell et al., 

2009). Cajohen et al. (2000) found that subjective alertness increased when individuals were 

exposed to room light (90 – 180 lux). Although adjusting ambient light might help with sleep-

induced fatigue, it is often impractical as an intervention strategy, especially during the day due 

to daylight. The adjustment of light will not be used as an intervention strategy in this thesis 

because this is effective only against sleep-related fatigue.  

Taking a short break at the airport before and after flights could be a practical way of reducing 

fatigue induced by driving to the airport and flying. Pilots spend some time at the airport in order 

to get from their car to the location where they report for duty. Similar, they spend some time to 

walk to their car after duty. This time could be used to reduce their levels of fatigue and, thus, 

avoid impaired flying and driving performance. As will be explained in this section, commuting 

pilots might benefit from breaks that combine physical activity with postural change and mental 

disengagement. The relevant literature is described in the following paragraphs. 

Transport organisations have highlighted the importance of rest breaks for the mitigation of the 

effects of fatigue. For example, the National Transportation Safety Board (2019b) recommends 

that drivers should take breaks that include stopping the car, stretching, or staying at a hotel when 

driving long distances. Aviation authorities have regulated the requirement for rest breaks before 

and after duty. For example, EASA (European Union Aviation Safety Agency) (Commission 
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Regulation, 2014, p.28) requires that pilots are given a minimum rest period of at least as long as 

the preceding duty period, or 10 hours, whichever is greater’ between consecutive duties. 

Additionally, in some cases (e.g. on standby duty), airlines must provide suitable accommodation 

at the home base so that pilots get rest. The literature suggests that drivers often use breaks to 

reduce their levels of fatigue. For example, Anund et al. (2008) found in a study with more than 

3000 drivers in Sweden that more than half of them stopped driving and went for a short walk to 

reduce their levels of sleepiness. Pilots can also have in-flight breaks depending on the length of 

flights (Commission Regulation, 2014).  

The effectiveness of rest breaks on reducing fatigue has been suggested in studies with drivers 

and pilots. Although exploring the effectiveness of breaks used during driving and flying is out 

of the scope of this thesis, reviewing the relevant literature can help to also identify the potential 

benefits of breaks after driving and flying tasks. Additionally, if the study of chapter 6 suggested 

that the benefits of breaks before and after flying may not last for long enough, these breaks could 

be combined in the future with breaks during flying and driving.  

To begin with drivers, Phipps-Nelson et al. (2010) examined whether breaks reduce non-sleep-

deprived drivers’ levels of task-induced fatigue in an experiment, where the participants had 1-

hour breaks between four 2-hour simulated driving sessions. During the breaks, they completed 

self-reported scales of sleepiness and fatigue, and a Psychomotor Vigilance Task (PVT) while 

remaining seated. It was found that the SD of the lateral position of the car (i.e. a higher SD can 

indicate higher levels of fatigue) and the ratings of sleepiness and fatigue reduced after the breaks. 

As far as flying is concerned, Neri et al. (2002) explored whether breaks reduced airline pilots’ 

levels of fatigue induced by flying. In that experiment, two groups of pilots flew a six-hour 

simulated flight. The experimental group had five 7-minute breaks during the flight, whereas the 

control group took only one. The pilots were taken to another room during their breaks, where 

they remained standing and discussed with an experimenter. Neri et al. found lower self-reported 

levels of sleepiness and quicker reaction times on a PVT in the group that took more breaks. 

Nonetheless, these positive effects were not evident after 40 minutes.  

In some cases, taking breaks may be ineffective against fatigue. For example, Horne and Reyner 

(1996) conducted an experiment, where the participants had a 30-minute break (sitting on the 

wheel) in the middle of a 2-hour simulated drive. They found no differences in the ratings of self-

reported sleepiness between before and after the break. This finding could be explained by the 

fact that the individuals remained seated, so they did not benefit from the alerting effect that 

changing posture can have.  

Research suggests that maintaining wakefulness is more difficult when lying down compared to 

sitting or standing (Aeschbach et al., 1994; Bonnet, 2000). The effects of postural change on 
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alertness are not fully understood, but it is believed that it affects the hemodynamic mechanisms 

and the body core temperature. Standing up appears to have an alerting effect because it increases 

blood pressure and heart rate, and activates the central nervous system (Caldwell et al., 2003; 

Goldstein et al., 1994). Caldwell and Roberts (2000) supported the link between body posture and 

alertness by finding that standing up reduced the theta and delta waves activity (known to relate 

to sleepiness) measured with EEG (see section 3.2.2.4) in sleep-deprived individuals. Body 

temperature has also been found to increase when standing upright. For example, Krauchi et al. 

(1997) found that higher body temperature when standing upright was accompanied by lower 

levels of subjective sleepiness measured on the Karolinska Sleepiness Scale (KSS) (see section 

3.2.1.2). The literature on body posture considered, the participants in the experiments described 

in this thesis sat at an upright position to maintain wakefulness. Moreover, in the experiment of 

chapter 6, the participants stood up during the breaks between the simulated driving and flying 

tasks to increase their levels of alertness.  

Besides changing posture from seated to standing, people can also benefit from physical exercise. 

This was suggested by Liang et al. (2009), who conducted a study with two groups that drove for 

2 hours. One of the groups had a 15-minute break that included stretching and alternate foot 

stepping after the first hour of driving. The group that took the break reported being less fatigued 

after driving. This finding suggests that the effects of breaks that include exercise of low to 

medium intensity can last for up to 60 minutes. Loy (2013) supported the beneficial effect of 

breaks with exercise of low to moderate intensity and a duration of more than 20 minutes in their 

systematic review. Studies that used cycling as exercise suggested that performance in reaction 

time tasks can improve when the exercise causes a slight increase of heart rate (i.e. to between 90 

and 120 beats per minute) (Hogervorst et al., 1996). However, exercise can impair performance 

if it is too intense (i.e. heart rate of more than 130 beats per minute) (McMorris and Keen, 1994). 

In another review, Abd-Elfattah et al. (2015) suggested that the relationship between cognitive 

performance and physical exercise is an inverted U curve. That is, the effectiveness of exercise 

depends on its duration and intensity with too long/too short durations and too high/too low 

intensiveness being ineffective against cognitive performance.  

Increasing task load can help with task-related fatigue but only when this is caused by low task 

load (i.e. passive fatigue). Based on Desmond and Hancock’s model (section 2.2.1), increased 

task load causes active fatigue because the limited attentional resources are depleted. Therefore, 

increasing task load further would not reduce the levels of fatigue in that case because no 

attentional resources would have been left to invest in the task. On the other hand, low task load 

conditions induce fatigue because individuals disengage from the task at hand. This means that 

some attentional resources are reserved, so increasing task load can make individuals feel alert 

again. The benefits of an increase in task load only in low task load conditions was suggested by 
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Oron-Gilad et al. (2002). According to them, when task load is high, improving drivers’ fitness 

(e.g. with breaks) should be selected instead of an increase of task load.  

The alerting effect of increases of task load in low task load conditions has been mainly supported 

in experiments with driving of 0 level of automation (see Figure 2.2) (Gershon et al., 2009; Oron-

Gilad et al., 2002). For example, Oron-Gilad et al. (2002), conducted an experiment, where the 

participants completed a long drive on a straight rural road twice; while answering trivia questions 

and without any alertness maintaining tasks. They found that participants’ heart rate variability 

increased significantly (i.e. an indication of increased alertness, see section 3.2.2.2) at the last 

stage of the drive only in the session with the trivia questions. Hence, they concluded that fatigue 

was suppressed by mental activation.  

More recently, the role of secondary tasks on passive fatigue was explored in highly automated 

driving. Schömig et al. (2015) measured the number of eye-lid closures of participants who 

completed two simulated driving sessions in a car with automated lateral and longitudinal control 

(level 2). In one of the sessions, the individuals completed a quiz task while driving. The 

researchers found that the levels of drowsiness were lower in the session with the quiz. Similar, 

Jarosch et al. (2019) found in a study of 66 participants with simulated motorway driving that 

PERCLOS (Percentage of Eye Closure) (see section 3.2.2.1) and the ratings on the KSS (section 

3.2.1.2) were lower for those who completed a quiz task while driving. 

Turning on the radio is another common intervention strategy for fatigue in driving (Anund et al., 

2008). Cummings et al. (2001) interviewed drivers and found that the risk of car accidents was 

lower for drivers who played the radio. The effectiveness of this countermeasure has also been 

suggested in studies with driving simulators and naturalistic driving (Reyner and Horne, 1998; 

Schwarz et al., 2012), but not in flight because this is not allowed. The beneficial effects of 

listening to the radio on fatigue in driving can be attributed to the increase of task load in low task 

load driving conditions (thus when fatigue is passive) (Oron-Gilad et al., 2002). This intervention 

strategy was not used in the study of chapter 6 because the focus of the thesis is on strategies that 

can help with active fatigue instead. 

The literature on intervention strategies considered, it appears that taking breaks before and after 

flights might be a practical and effective way of reducing the levels of task-related fatigue 

experienced in the commuting cycle when pilots complete long and demanding drives to the 

airport. Although the effectiveness of short breaks is questionable, it may be boosted by 

combining them with changes in body posture and physical exercise of medium physical intensity. 

Increasing task load during these breaks is not expected to be effective for active fatigue induced 

by driving and flying. These conclusions will be used to design the break that will be tested in the 

experiment of chapter 6. This thesis explores the relationship between fatigue induced by long 
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and demanding driving and pilots’ fatigue in flight and while driving after duty. To achieve that, 

it is important to measure fatigue while controlling for the effect of factors other than the task-

related ones. Chapter 3 provides a description of how this can be achieved. 
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Chapter 3. The comparison and contrast of the research regarding the 

methods that can be used to collect fatigue-related data. 
 

Exploring task-related fatigue requires identifying the role of task load and time on task while 

controlling for the effect of other contributory factors. This will be achieved by following three 

approaches. The first one is to control for the effect of the contributors to fatigue through study 

design, for example, by running half of the trials in the morning and the others in the afternoon to 

counterbalance the effect of the time of the day. This approach will not be described in this 

section, but more details can be found in the methods section of chapters 5 and 6. The second 

approach is the collection of data about the contributors to fatigue. No methods of collecting data 

about the environmental contributors, the time on task, and the time awake since last sleep will 

be described in this section because these are controlled by study design or (about the time awake) 

by asking directly the individuals. The third approach is to measure the expressions of fatigue. 

The types of data that can be collected about the contributors to fatigue and its expressions are 

shown in Figure 3.1. More information about these data and the methods that can be used to 

collect them can be found in sections 3.1.1 to 3.2.3.2. Appendix A summarises the application of 

the three approaches in the thesis.  

  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 The types of data that can be collected about the contributors to and expressions of 

fatigue. The data that were collected and will be described in the thesis are underlined. 
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3.1 Data about the contributors to fatigue  

Sections 3.1.1 and 3.1.2 include information about how researchers can collect data about task 

load and sleep-related factors respectively in order to explore how these contribute to individuals’ 

levels of fatigue.  

3.1.1 Task load 

The driving and flying tasks that participants complete in studies (i.e. actual task load) are selected 

in the study design stage. However, it is essential in fatigue studies to collect data about the 

difficulty of individuals in completing tasks in order to explore the mechanisms behind fatigue 

induction and identify whether active or passive fatigue is caused. Then, appropriate intervention 

strategies for fatigue can be developed. This considered, this difficulty (called ‘task load’ in this 

thesis) will be measured in the studies described in chapters 4 and 5. 

Changes in task load can be inferred by detecting changes in physiology (e.g. gaze dispersion - 

Louw and Merat, 2017) and performance in secondary tasks (e.g. answering questions) (Mehler 

et al., 2011). Although blinking behaviour and heart rate (which are affected by task load, see 

sections 3.2.2.1 and 3.2.2.2 respectively) will be measured in the experiments of this thesis, these 

metrics can also be affected by factors other than task load (e.g. fatigue and stress) and can vary 

significantly between participants. Therefore, using them to conclude about any differences in 

task load between or within groups would be difficult. Gaze dispersion will not be measured either 

because slippage of the eye-tracking device used in the study of chapter 5 could affect the 

accuracy of these data. Finally, using secondary tasks during the trials could potentially cause 

additional fatigue, thus, hindering the exploration of fatigue induction due to driving and flying.  

The difficulty in inferring task load from physiology and performance considered, task load will 

be measured subjectively in this thesis. Subjective scales of task load are commonly used because 

they are quick and simple to administer. Moreover, in contrast to the physiological and 

performance data, they provide information about the difficulty of a task between two extremes. 

A disadvantage of these scales is that the ability to recall information can affect the ratings in long 

tasks. To this end, the subjective scale of task load will be administered often during the driving 

tasks of the study in chapter 5. Another disadvantage of the task load scales is that the perception 

of the difficulty of a task may vary amongst study participants (Da Silva, 2014).  

Some of the task load scales are unidimensional, which means that they measure only one 

dimension of task load (e.g. mental workload or mental effort). A commonly used unidimensional 

task load scale is the Rating Scale Mental Effort (RSME) (Zijlstra, 1993), where individuals rate 

the amount of the mental effort they invested in a task on a line ranging from 0 to 150. The RSME 

is sensitive in measuring mental effort (Verwey and Veltman, 1996) and is increasingly used in 
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traffic research (Da Silva, 2014). Another unidimensional task load scale is the Modified Cooper-

Harper scale (MCH) (Wierwille and Casali, 1983), which measures task load in flight by using a 

decision tree. The MCH has shown good correlation with the NASA-TLX scale (described below) 

(Mansikka et al., 2019). Although there is some evidence that the unidimensional task load scales 

can give a valid measurement of task load, they are too simple to measure the complexity of task 

load (e.g. mental demand, physical demand, and effort). Therefore, a multidimensional scale of 

task load will be used in the experiment of chapter 5.  

The most outstanding multidimensional task load scales are the SWAT (Subjective Assessment 

Technique) (Reid and Nygren, 1988), the Workload Profile (Tsang and Velazquez, 1996), and 

the National Aeronautics and Space Administration Task Load Index (NASA-TLX) (Hart and 

Staveland, 1988). The SWAT evaluates three task load dimensions: time load, mental effort load, 

and psychological stress load. It has good test-retest reliability, validity (as evidenced by 

comparing it to the NASA-TLX ratings), and sensitivity (Rubio et al., 2004). Sensitivity refers to 

‘the power to detect changes in task difficulty’ (Rubio et al., 2004, p.63). The SWAT does not 

measure physical task load, which is of interest too in the study of chapter 5. On the other hand, 

the Workload Profile includes eight sub-scales, on each of which individuals rate the amount of 

attentional resources they invested while completing a task. The Workload Profile has shown 

better sensitivity than the SWAT and the NASA-TLX (Freard et al., 2007; Rubio et al., 2004). 

However, the Workload Profile will not be used in this thesis because it has no dedicated effort 

item (that is needed to differentiate between active and passive fatigue).  

The NASA-TLX evaluates six dimensions; physical demand, mental demand, temporal demand, 

effort, frustration, and performance. Subjects rate these dimensions on 100-point range scales 

with 5-point steps, where descriptions accompany the extremes (e.g. ‘very low’ and ‘very high’ 

mental demand). Then, individuals rate the importance of each dimension on their perceived task 

load and the ratings on each dimension are used to produce an overall workload score. Some 

researchers do not follow the weighting procedure due to complexity and prefer to calculate the 

total score by summing the ratings on the six items (i.e. Raw TLX). The Raw TLX has been found 

equally sensitive to the weighted scoring of the NASA-TLX (e.g. Moroney et al., 1995). It has 

also been suggested that researchers should examine the ratings on each of the items separately 

in order to get a more accurate picture of task load (Galy et al., 2017).  

The NASA-TLX is sensitive in showing small variations of mental workload (Roskam et al., 

2002), it has been validated against heart-related metrics and other subjective scales of task load 

(e.g. the Modified Cooper Harper, Wierwille and Casali, 1983) (Lee and Liu, 2003; Mansikka et 

al., 2019) and has good test-retest reliability (Xiao et al., 2005). It also allows the measurement 

of several aspects of task load, the physical, mental, and effort ones included. These aspects are 

of primary interest in the study described in chapter 5 to explore the fundamental aspects behind 
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fatigue induction. This considered, the NASA-TLX scale and, more specifically, the raw NASA-

TLX version (for increased practicality) will be used in that study. Besides the total scores 

calculated, the ratings on the effort scale will be examined separately to identify the type of fatigue 

induced by driving (i.e. active or passive) because a lower level of engagement with the driving 

task is expected in passive fatigue. 

3.1.2 Sleep-related data 

Collecting data about sleep duration, sleep quality, and circadian disruption is useful in fatigue 

studies because it can help to identify if participants experience sleep-related fatigue. Section 

3.1.2 describes the methods that can be used to collect these data. 

3.1.2.1 Sleep duration 

Sleep duration can be measured by collecting physiological and/or subjective data. 

Polysomnography (PSG) is a test conducted in a sleep laboratory, where participants spend the 

night wired with electrodes and under the supervision of a sleep technician. This method is 

considered the ‘gold standard’ in the measurement of sleep duration. It is advantageous in that 

sleep and wake periods are inferred by collecting various types of data (i.e. EEG, muscle activity, 

heart-related metrics, respiratory function, and eye movements). However, participants must sleep 

in a sleep laboratory for one to two days, which can make recruitment difficult and distort their 

sleep patterns (Tonetti et al., 2008). This considered, PSG will not be used in the experiments of 

this thesis. 

Actigraphs may also be used to identify if individuals are sleep deprived. These are usually wrist-

worn devices (headbands also exist) that record body movements with an accelerometer. 

Participants need to wear actigraphs for one or more days before the experiments in order to 

collect data, which are analysed to infer periods of sleep and wake from activity and inactivity. 

Actigraphy is a validated (McCall and McCall, 2012; Van de Water et al., 2011) and non-intrusive 

method. Nonetheless, it demonstrates a lower specificity (i.e. the ability to detect wake correctly) 

than the PSG (De Souza et al., 2003; Marino et al., 2013) because staying awake and motionless 

can be interpreted as being asleep. At the same time, small body movements that generally occur 

while sleeping may be classified as being awake (Blackwell et al., 2008). Furthermore, using 

actigraphs to measure sleep duration before the experiments described in this thesis would require 

resources not available. Therefore, sleep duration will not be measured in this thesis with such 

devices. 

Sleep diaries are self-completed daily logs that are used over several days or weeks to record 

sleep-wake patterns. They are simple to administer and studies have shown a good correlation 

between sleep duration measured with sleep diaries and physiological measures, such as 



 
 

40 

 

 

actigraphy (Kawada, 2008) and PSG (Kushida et al., 2001). A disadvantage of sleep diaries is 

that the recorded sleep duration may not be accurate due to the retrospective collection of data 

since people often over-estimate sleep duration (Lauderdale at al., 2016). Underestimation of the 

sleep duration is also likely, especially in people with sleep disorders (Fernandez-Mendoza, 

2011). Moreover, sleep diaries require a high level of engagement from the participants. This 

considered and because the main focus of the thesis is not on sleep-related fatigue, sleep diaries 

will not be used in the studies of this thesis. 

As an alternative for the measurement of sleep quantity, the participants in the survey described 

in chapter 4 will be asked about their usual duration of sleep before their commutes to the airport. 

It has been suggested that single questions about the amount of sleep people usually get can be 

imprecise compared to sleep diaries and polysomnography (Miller et al., 2015; Silva et al., 2007). 

For example, Silva et al. found that people overestimated the duration of their night sleep by 

approximately 1 hour compared to polysomnography when they provided their habitual sleep 

duration. In the same study, a single question about sleep duration of a specific sleep period 

answered directly after it gave more accurate sleep durations but still approximately 15 longer 

than PSG. In contrast, Signal et al. (2005) suggested that a single question about sleep duration 

directly after a sleep period can measure sleep duration quite accurately by finding a good 

correlation between subjective estimates of sleep duration and PSG. Nevertheless, there were 

mean differences in sleep duration between the two methods that varied between 36 minutes less 

and 20 minutes more when measured subjectively than with PSG.  

Although measuring sleep duration with a single question after sleep may be less accurate than 

sleep diaries and PSG, using a single question is quick and does not hinder recruitment. In 

addition, the aim of collecting sleep duration data in this thesis was to detect cases of sleep 

deprivation that could result in sleep-related fatigue during the trials rather than explore the 

accuracy of the measurement of sleep duration per se. Therefore, a single question will be used 

to collect data about the usual sleep duration in the survey of chapter 4 and sleep duration the 

night before the trials in the experiments of chapters 5 and 6. 

3.1.2.2 Sleep quality 

Ohayon et al. (2017, p.11) defined good sleep quality as sleep of ‘shorter sleep latencies, fewer 

awakenings, reduced wake after sleep onset, and higher sleep efficiency’. Sleep latency refers to 

the amount of time needed to go from being awake to sleeping, whereas sleep efficiency to the 

percentage of time spent on sleeping between the sleep onset and the final awakening when any 

time spent awake during this period is removed. PSG, actigraphy, and sleep diaries can be used 

to infer sleep quality by collecting data about the time spent in bed before and after sleep and 

awakenings. As mentioned in the previous sections, using these methods to collect sleep-related 
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data will be avoided in the studies of this thesis. As an alternative, data about participants’ sleep 

quality the night prior participation will be collected on the day of the trials in the experiments 

described in chapters 5 and 6. This method could help to identify if fatigue experienced in the 

experiments of this thesis was caused by poor quality of sleep.  

Several sleep quality questionnaires can be used, but the Pittsburgh Sleep Quality Index (Buysse 

et al., 1989) and the Groningen Sleep Quality scale (Mulder‐Hajonides Van Der Meulen et al., 

1980) are probably the most commonly used ones. The Pittsburgh Sleep Quality Index will not 

be used in the studies of this thesis because it refers to sleep in the last month. As a result, it might 

not help to identify a high risk of fatigue specifically on the day of the trials. In contrast to the 

Pittsburgh Sleep Quality Index, the Groningen Sleep Quality scale refers to last night’s sleep. It 

includes 15 items for each of which individuals need to select ‘Yes’ or ‘No’. The Groningen Sleep 

Quality scale has been used in studies of healthy populations and individuals with sleep disorders 

(De Weerd et al., 2004; Jafarian et al., 2008). Nonetheless, it will not be used in the studies of this 

thesis because collecting in-depth sleep-related data is out of the scope of the thesis and the 

‘Yes/No’ responses would provide limited flexibility in expressing perceived sleep quality.  

As an alternative to the scales above, the St Mary’s hospital sleep questionnaire (Ellis et al., 1981) 

was used in the studies described in chapters 5 and 6. The 14 items of this scale refer to last night’s 

sleep and, more specifically, to sleep latency, nighttime waking, restlessness, and alertness in the 

morning. This questionnaire allows individuals to choose between six ratings on each item. The 

St Mary’s hospital sleep questionnaire has been validated in clinical and non-clinical populations 

and has shown good test-retest reliability (Ellis et al., 1981). It has been mostly used to measure 

sleep quality in hospitalised patients but also in healthy populations (Freeman et al., 2015; Pien 

et al., 2008). Only one of the items of this questionnaire (i.e. ‘How well did you sleep last night?’) 

was used in the experiments of this thesis in order to exclude those participants that reported sleep 

of poor quality and for increased practicality. This compromise might affect the psychometric 

properties of the questionnaire. However, a factor analysis suggested that the item selected loaded 

heavily on the factor ‘sleep quality’ (Leigh et al., 1988). Additionally, Clarke et al. (2013) found 

a trend for a significant correlation of this item with sleep quality measured with actigraphy. 

Although more questions may give a better picture of sleep quality, there is evidence that even a 

single item can give a relatively good indication of sleep quality compared to longer 

questionnaires (Snyder et al., 2018).  

3.1.2.3 Circadian rhythms       

The circadian body clock controls alertness (reduced alertness is an expression of fatigue) in the 

day with the lowest levels of alertness typically being experienced early in the morning (i.e. 2 to 

6 am) and in the afternoon (i.e. 2 to 4 pm). Experiments can be run on times outside these windows 



 
 

42 

 

 

of circadian low to avoid these effects, but this approach may not necessarily be effective because 

of inter-individual differences. That is, some people are morning types (i.e. they like sleeping and 

waking up early) and others evening types (i.e. they like to stay awake late at night and wake up 

late) (Vink et al., 2001). Depending on ‘morningness’ and ‘eveningness’, the times of the 

circadian low differ. Therefore, running experiments at a time that is generally considered outside 

the circadian low (e.g. at 9 am) does not work equally well for everyone in terms of alertness. 

Researchers can control this misalignment by administering questionnaires that show 

morningness or eveningness (Horne and Ostberg, 1976), the results of which can be used to assign 

participants to slots. Alternatively, both morning and afternoon slots that participants can select 

from based on their preferences can be provided. The latter option will be offered to the 

participants in the studies described in chapters 5 and 6 because collecting detailed sleep-related 

data was out of the scope of the thesis. 

Researchers also need to consider if participants’ circadian rhythms have been disrupted. The 

reason is that a time of the day with high levels of alertness for many people due to effect of the 

circadian body clock (e.g. 9 am) can for some people be on the circadian trough if they recently 

changed from morning to night shifts or flew from another continent. Collecting data before 

studies about morningness/eveningness, recent long-haul flights, and recent shift changes can 

reveal a disruption of the circadian rhythms that contributes to sleep-related fatigue. Besides 

asking individuals, a disruption of the circadian rhythms can also be detected by collecting 

physiological data. The circadian body clock is synchronised to the daylight and causes changes 

in melatonin (Cajochen et al., 2000) and body core temperature (Waterhouse et al., 2005). 

Therefore, the history of changes in melatonin, body core temperature, and exposure to light can 

show disruptions of the circadian rhythms. Melatonin can be measured by taking saliva or blood 

samples, but these two techniques can be impractical and require certain qualifications and 

equipment. Measuring body core temperature can be made with thermometers, whereas 

information about the exposure to light can be collected with questionnaires or interviews before 

studies. Collecting data with questionnaires and interviews is straightforward, but these methods 

rely on recall from memory.  

To sum up, sleep duration the night before the trials will be measured in the experiments of this 

thesis by rating a single item. Similar, sleep quality will be evaluated with one item taken from St 

Mary’s hospital sleep questionnaire. No data will be collected about the potential disruption of 

the circadian rhythms because the focus of the thesis is on task-related fatigue rather than on 

collecting detailed sleep-related data.  

3.2 The methods that can be used to collect data about the expressions of fatigue 

Due to the absence of a ‘gold standard’ in fatigue measurement, using a combination of methods 
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of collecting fatigue data should be preferred as this approach can be more informative 

(Netherlands Aerospace Centre and Netherlands Institute of Neurosciences, 2019; Sahayadhas et 

al., 2012). As explained in section 1.1.1, sleepiness and vigilance can be expressions of task- and 

sleep-related fatigue; therefore, they can be measured to infer it. Moreover, fatigue can affect 

performance, so the measurement of driving and flying performance can reveal increased levels 

of fatigue too. The following sections describe the methods that can be used to measure the 

expressions of fatigue (i.e. subjective experience, physiology, and performance). 

3.2.1 Subjective experience 

Research suggests that subjective ratings can be used to reliably show early increases in the levels 

of sleepiness and drivers are generally good at detecting sleepiness induction (Horne and Baulk, 

2004; Nordbakke and Sagberg, 2007). There is also evidence that subjective ratings of sleepiness 

in sleep- and non-sleep-deprived individuals show a good correlation with EEG (see section 

3.2.2.4), driving errors, and blink duration (i.e. a metric used to infer fatigue – see section 3.2.2.1) 

(Horne and Baulk, 2004; Ingre et al., 2006a,b; Philip et al., 2005a; Williamson et al., 2014). 

However, subjective ratings appear to be more sensitive in revealing early signs of fatigue in 

drivers than driving performance (e.g. lane deviations in simulator experiments) and blink 

duration (Ingre et al., 2006a,b). Although people can detect increased levels of fatigue before 

experiencing performance decrements, they may fail to predict falling asleep (Kaplan et al., 2007; 

Reyner and Horne, 1998). A disadvantage of the subjective scales is the potential lack of face 

validity (i.e. they may not measure what they were designed to) because the interpretation of the 

items can differ between respondents. Moreover, individuals may underestimate or overestimate 

their levels of fatigue or sleepiness and their ratings may not be accurate when they are asked to 

rate them retrospectively.  

Fatigue and sleepiness scales can be used in fatigue studies depending on whether the focus is on 

the construct of fatigue or sleepiness (which can be an expression of fatigue). In practice, it is 

often difficult to identify which of the two each scale measures because of the use of items that 

refer to more than one construct (e.g. fatigue, tiredness, and sleepiness). The fatigue scales are 

broadly categorised as unidimensional or multidimensional. The former measure only a single, 

generic feeling of fatigue, whereas the latter multiple aspects of it (e.g. task engagement and 

alertness). It has been argued that the estimates of subjective constructs like fatigue can be 

inaccurate when only one item is used (Lee et al., 1991). On the other hand, the multidimensional 

scales provide more information, but they are more intrusive to primary tasks since they take 

longer to complete. Both types of fatigue scales can be useful depending on the research problem 

explored. 

The Visual Analogue Scale (VAS) is a commonly used unidimensional fatigue scale. The VAS 
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is a straight line usually with one word or phrase on each end. The word/phrase on the left end of 

the line represents the lowest levels of fatigue an individual can experience and the right end the 

highest. The line is divided into equal intervals that may be accompanied by words/phrases too 

(e.g. ‘neither rested nor fatigued’). Individuals are asked to put a mark on the line depending on 

how they feel that moment or rate their levels of fatigue over a longer period. A disadvantage of 

the VAS is that between-subject comparisons may be inaccurate because it is unclear what each 

interval represents. Moreover, its ratings are not accompanied by phrases that describe the degree 

to which performance has been impaired. Linking the levels of fatigue to the risk of performance 

decrements is essential in studies that aim to improve safety in driving and flying. 

Another commonly used unidimensional scale of fatigue is the Crew Status Survey (CSS) fatigue 

scale (also called ‘Samn-Perelli’ scale) (Samn and Perelli, 1982). This is a 7-point Likert item 

that ranges from 0 (‘fully alert, wide awake’) to 6 (‘completely exhausted, unable to function 

properly’). Compared to the VAS, the CSS does not allow selecting any point on the rating item, 

but comparisons amongst individuals and studies are easier. Moreover, each of the 7 points on 

the scale is accompanied by phrases describing degrees of impaired performance, which helps to 

identify safety risks.  The CSS has a high test-retest reliability (Miller and Narvaez, 1986) and 

has been widely used and validated in studies with pilots (Gander et al., 2015; Petrilli et al., 2006). 

Fatigue has also been measured with the CSS in studies with drivers (Belenky et al., 2012; Richter 

et al., 2005) and other professionals, such as train drivers (Kazemi et al., 2016), air traffic 

controllers (Kuo et al., 2017), and firefighters (Vincent et al., 2015). 

The VAS has a multidimensional alternative (VAS-F) that includes 18 items about sleepiness, 

tiredness, drowsiness, energy, and concentration. Another multidimensional scale of fatigue is the 

Dundee Stress State Questionnaire (Matthews et al., 1999) with 10 Likert items that are used to 

collect data about three main concepts: task engagement, distress, and worry. Task engagement 

is of interest in this thesis because, according to Desmond and Hancock’s (2001) model of fatigue, 

active fatigue is caused by the long investment of effort. However, similar to the VAS-F, the 

Dundee Stress State Questionnaire will not be used in this thesis because it would be too intrusive 

in the experiments and would reduce the response rates in the survey due to its length. Some 

multidimensional scales are used to measure fatigue during a longer period (e.g. the Profile of 

Mood States - Terry et al., 2003). This means that they are not suitable for studies that investigate 

the variation of the levels of fatigue during the trials (as in this thesis). Furthermore, using a scale 

like this in the survey of chapter 4 would not provide information about pilots’ usual levels of 

fatigue during the commuting cycle because many pilots do not fly every week. 

Both the unidimensional and multidimensional fatigue scales have advantages and disadvantages 

and choosing the right one depends on the aim and design of the study. The CSS is considered 

the most appropriate scale for the studies described in this thesis because it is quick to administer 
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and straightforward, comparisons between individuals can be made more accurately, the variation 

of the levels of fatigue during trials can be investigated, and the ratings link directly to perceived 

deterioration of performance. 

Besides using fatigue scales, researchers can use sleepiness scales to infer fatigue. The Karolinska 

Sleepiness Scale (KSS) (Horne and Reyner, 1995) is probably the most commonly used one in 

studies with drivers (Kecklund and Akerstedt, 1993) and pilots (e.g. Eriksen and Akerstedt, 2006). 

This scale is a 9-point Likert item on which people rate their levels of sleepiness in the 10 minutes 

before the administration. The KSS has shown high validity in measuring sleepiness compared to 

other techniques used to infer sleepiness like the Electroencephalography (EEG) (see section 

3.2.2.4) and the Psychomotor Vigilance Task (PVT) (see section 3.2.3.1) (Kaida et al., 2006). In 

contrast to the KSS, the Epworth Sleepiness Scale (ESS) measures individuals’ levels of 

sleepiness over the last week (Johns, 1992). This scale is widely used in clinical settings and has 

been validated against the EEG (Horne and Baulk, 2004). Additionally, the ESS measures 

individuals’ trait levels of sleepiness (Shen et al., 2006), so it is not appropriate in studies that aim 

to measure participants’ levels of sleepiness many times during trials.  

The KSS may be preferred over the ESS to infer sleepiness in studies with repeated measures 

because it refers to sleepiness at the time of administration. However, the KSS and the SSS will 

not be used in the studies of this thesis. The reason is that, although their items include similar 

descriptions to those of the CSS, their highest ratings are accompanied by phrases that refer to 

falling asleep. In contrast, the CSS mentions performance decrements; thus, it provides more 

direct links between fatigue and the risk of accidents. 

3.2.2 Physiology 

As mentioned, a combination of subjective, physiological, and performance data can be more 

informative when exploring fatigue. For example, a limitation of the subjective scales is that 

fatigue cannot be measured continuously in order to identify small variations during driving and 

flying tasks. In contrast, this can be achieved by collecting physiological data that are known to 

be affected by fatigue or sleepiness (as an expression of fatigue). In addition, evaluating the results 

of the analysis of subjective and physiological data together can help researchers to reach more 

solid conclusions about participants’ levels of fatigue.  

As with the subjective scales, the physiological metrics used to infer fatigue have some 

limitations. That is, the equipment needed may be too intrusive and advanced technical knowledge 

may be required to use it. Moreover, there are trait-like inter-individual differences in the 

physiological metrics that can result in large inter-individual variations. Furthermore, it is often 

unclear what the cut-off scores for high levels of fatigue are when physiological metrics are used. 

Finally, all the physiological metrics that can be used to infer fatigue can also be affected by other 
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factors (e.g. stress), so the data cannot be directly interpreted. The following sections describe the 

methods that can be used to infer fatigue from eye- and heart-related data, electrodermal activity, 

brain-related data, and body posture and facial expressions.  

3.2.2.1 Eye-related metrics 

Blink-related data, pupil diameter, and saccades are often used to measure sleepiness. Shiferaw 

et al. (2018) suggested that collecting eye gaze data to infer sleepiness is a promising method. 

However, there is not enough evidence that visual scanning in driving and flying can be affected 

by sleepiness and research has shown that eye gaze dispersion is affected by the level of 

automation of the vehicle and whether drivers’ access to driving-relevant information is restricted 

(Louw and Merat, 2017). More specifically, Louw and Merat conducted a driving simulator study 

with 60 participants divided into 4 groups, each of which completed driving scenarios with a 

different screen manipulation (i.e. no fog, light fog, heavy fog, or heavy fog with a secondary task 

that included questions). Drivers’ visual attention distribution was assessed during manual and 

level 2 automated driving on approach to a critical event (i.e. decelerating lead car). It was found 

that participants’ horizontal gaze was generally less dispersed a) in manual driving and b) when 

the manipulations stopped and an automation uncertainty Human Machine Interface appeared. 

This appearance meant that the drivers should monitor the driving scene and decide whether to 

intervene or not. In contrast, the vertical gaze dispersion was higher in the heavy fog condition.  

Regarding pupil diameter, studies suggest that it reduces when the levels of sleepiness increase 

(Morad et al., 2000; Wilhelm et al., 1998; Wilson et al., 2006) but increases with task load 

(Ahlstrom and Friedman-Berg, 2006) and is affected by light. The light conditions can be 

controlled in simulator studies, but the effect of task load on pupil diameter hinders the 

identification of the effect of sleepiness in low task load conditions.  

As far as blinks are concerned, it is believed that blinks associated with sleep onset have unique 

characteristics that reflect changes in the Central Nervous System that relate to the sleep-wake 

process (Stern et al., 1984). These unique properties have been attributed to the proximity of the 

brain structures that relate to the sleep/wake process to the neural centres responsible for the facial 

nerves that control the eyes (Morris and Miller, 1996). Research suggests that higher levels of 

sleepiness relate to a higher blink frequency (i.e. more often blinks) (Fukuda et al., 2005; 

Schleicher et al., 2008; Summala et al., 1999). Nevertheless, there is also evidence that blink 

frequency reduces with increased task load (Ledger, 2013; Recarte et al., 2008; Veltman and 

Gaillard, 1998) and the level of engagement with a task (Fairclough and Venables, 2006). 

Additionally, blink data can be collected to calculate the blink duration, which refers to the time 

interval between fully closed and fully open eyes. Studies suggest that longer blink duration 

relates to increased levels of sleepiness (Caffier et al., 2003; Hakkanen et al., 1999; Van Orden et 
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al., 2000; Verwey and Zaidel, 1999).  

PERCLOS (i.e. Percentage of Eye Closure) is a metric often used to infer sleepiness. It refers to 

what percentage of a 1-minute time window the upper eyelid covers pupil by more than 80%, so 

both blink duration and frequency affect it. Since individuals tend to close their eyes less 

frequently in high task load conditions, PERCLOS may be affected not only by sleepiness but by 

task load too. Another disadvantage of using PERCLOS to infer fatigue is that compensation 

effects are possible in short tasks (e.g. drives and flights).  

Researchers should be aware of the likelihood of paradoxical changes in blinking behaviour. 

Karrer et al. (2005) found in a driving simulator study that sleepy drivers may experience a state 

of ‘absence’ that seems like sleeping with the eyes open and is accompanied by lapses of attention. 

They called this phenomenon ‘driving without awareness’. It is also possible that individuals 

experience an increase in their levels of alertness when not expected. For example, drivers’ levels 

of sleepiness may increase for a certain amount of time but then reduce. Schleicher et al. (2008) 

attributed this phenomenon to self-activation when drivers realise that they are making mistakes 

due to sleepiness. Similar, sleepiness may cause only minor increases of blink frequency to 

individuals with an already high blink rate, or individuals may show almost no blinks after an 

initial increase of blink frequency. That could result in an inverted U-shape link between 

sleepiness and blink frequency (Schleicher et al., 2008).  

Saccades (i.e. the movement of the eyes between two fixations) are also used to infer sleepiness. 

It has been suggested that saccades are affected by sleep deprivation due to a dysfunction at the 

brainstem reticular formation when sleep deprived. It is believed that this formation plays an 

essential role in maintaining arousal (Zils et al., 2005). As far as the saccadic speed is concerned, 

research suggests that it reduces as the levels of sleepiness increase (Galley, 1993; Sirevaag and 

Stern, 2000). However, the saccadic speed also relates to task load with some studies showing a 

positive (Bodala et al., 2014) and others a negative relationship between the two (Di Stasi et al., 

2013). These considered, measuring saccadic speed is not adequate to differentiate between the 

effects of sleepiness and task load. These effects might be better distinguished by also measuring 

the number and the duration of saccades as higher levels of task load correlate positively with the 

number and negatively with the duration of saccades (e.g. Rognin et al., 2004). Finally, although 

there is evidence that higher levels of sleepiness relate to longer fixation durations (i.e. the time 

intervals between two saccades) (Wang et al., 2018), this is not definite (Schleicher et al., 2008) 

because fixation duration can also increase with task load (O’Donnell and Eggemeier, 1986).  In 

general, saccades might provide information regarding the levels of sleepiness, but sleepiness 

cannot be safely inferred by looking at saccades alone due to the potential effects of task load.  

Eye-related metrics can be collected with electrooculography (EOG) and eye trackers. EOG is a 
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technique where electrodes are placed above and below or on the left and right of the eyes to 

detect eye movement. This is achieved by measuring changes in the electrical potential. Although 

the EOG can be useful in studies that explore eye movement, it neither collects blink data (e.g. 

blink duration) nor measures pupil diameter. In contrast, these types of data can be measured with 

eye-trackers.  Eye-tracking is a relatively non-intrusive method that has been used in studies with 

drivers and air traffic controllers (e.g. Ahlstrom and Friedman-Berg, 2006; Hwang et al., 2014). 

Eye-trackers are devices that record eye video or use infrared light to collect data about eye 

movement, blinks, and pupil diameter. Gaze data can also be collected via video recording. 

Depending on the study design, table- or head-mounted eye trackers can be used.  

Despite the evidence that eye-related metrics can be used to measure sleepiness and, from that, 

infer task-related fatigue, inter-individual differences should be taken into consideration because 

these can affect blink duration (Hamada et al., 2003). Due to these differences, Schleicher et al. 

(2008) suggested that group means of eye-related metrics may be insufficient to reveal sleepiness. 

To sum up, blink-related data, pupil diameter, and saccades can show sleepiness, but they can 

also be affected by task load. Distinguishing between the two may be achieved by also collecting 

fatigue and task load data with subjective scales, using additional physiological metrics, and 

collecting performance data.  

Since no table-mounted eye tracker was available for the research conducted in this thesis, gaze 

and blink data were collected in the experiments described in chapters 5 and 6 with a portable 

eye-tracker (Pupil Labs, 2019). However, these data will not be described in this thesis because 

the accuracy of the measurements dropped because the device often slipped during the trials. This 

was caused by sweat, the participants touching the device, and the movement between chairs in 

order to complete the driving and flying tasks. Pads were attached to the temples of the eye-tracker 

to stabilise it and the calibration procedure was performed in the two experiments both at the 

beginning and during the trials (i.e. between the driving and flying tasks) to control for the effect 

of that movement. However, it was not possible to stop the movement of the eye tracker during 

the tasks. Due to the slippage of the device, it was often noticed in the trials that participants’ gaze 

was offset (i.e. it appeared constantly away from the screen when the participants were looking 

at the driving scene).  

Pupil diameter was measured with eye cameras as the number of pixels of the image of the eye 

on the video recorded. The closer the eye cameras to the eyes, the more the pixels recorded. 

Therefore, the slippage of the device during the trials reduced the accuracy of the measurement 

of pupil diameter. The portable eye tracker that was used does not measure PERCLOS. Although 

the time spent between the start and end of blinks could be measured by that device, this metric 

has not been sufficiently validated. Furthermore, the movement of the device during the trials 

could have resulted in missing blinks due to the eyes not been detected at all times. Sample blink 
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data were visually inspected during the preliminary study in order to identify whether the eye 

tracker detected the blinks that occurred. Nevertheless, it was not possible to safely conclude 

about the accuracy of measuring the time in blink state. This considered, no eye-related data will 

be described in the thesis. 

3.2.2.2 Heart-related metrics 

Heart Rate (HR) and Heart Rate Variability (HRV) are often used to measure fatigue. HR is the 

number of heart contractions per minute and is controlled by the sympathetic and parasympathetic 

nervous systems. The former prepares the body for physical activity (fight-or-flight response) and 

the latter often has ‘opposite’ actions that slow high energy functions. As far as heart is concerned, 

the sympathetic system increases HR and the parasympathetic decreases it. HR has been often 

used as the operational definition of the level of arousal, for example, in studies that found higher 

HR in people who completed arithmetic tasks (Allen et al., 1987), stood instead of lying down 

(Lechin et al., 1995), and completed flying tasks (Roscoe, 1993). In a truck driver naturalistic 

study, Apparies et al. (1998) found an increase of HR with the progression of the drives that they 

attributed to increased levels of fatigue. However, there is evidence that heart rate also increases 

with task load (Mehler et al., 2011), stress (Schubert et al., 2009), and exercise (Burton et al., 

2004). HRV is the variation of beat-to-beat intervals. Studies have shown that HRV reduces with 

higher levels of fatigue caused by increased time-on-task (Apparies et al., 1998) but reduce with 

task load and stress (Schubert et al., 2009; Wierwille and Eggemeier, 1993). Since both the HR 

and HRV can also be affected by factors other than fatigue, higher levels of fatigue cannot be 

securely concluded based solely on these metrics. 

HR and HRV can be measured with an electrocardiogram (ECG) or a wrist-worn device. The 

ECG is a test used to record parameters of the heart rhythm and electrical activity with sensors 

attached to the skin. The electrical signals produced by the heart are recorded and can, then, be 

analysed to deduce fatigue. Using ECG in experiments with simulated driving and flying may be 

impractical due to the need to attach the electrodes. Moreover, the accuracy of heart-related 

measurements may reduce during driving and flying simulation if the electrodes are detached due 

to head or body movements and sweat. Wrist-worn devices are an alternative to EEG. These 

measure HR and HRV with sensors that touch individuals’ wrists and, thus, are more practical to 

use in simulated driving and flying than the ECG. Such devices infer HRV from the blood volume 

pulse. The blood volume pulse is the blood volume that passes through the tissues in a certain 

area with each heartbeat. 

Inter-individual differences may affect HR and HRV. That is, research suggests that the resting 

HR (i.e. the HR when no activity is completed) differs amongst individuals. For example, Quer 

et al. (2020) measured HR in more than 90,000 people with wrist-worn trackers over more than 
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35 weeks and found that people may have a resting HR that is normal for them, but that can be 

very different in other individuals. That difference was as high as 70 beats per minute. Personality 

traits can also affect HR based on studies that found a relationship between lower resting HR and 

sensation seeking (Hammerton et al., 2018; Portnoy and Farrington, 2015). Inter-individual 

differences in HRV have also been found with studies relating HRV to genetic influences 

(Golosheykin et al., 2017), personality traits, such as depression and anxiety (Bleil et al., 2008), 

gender, and age (Kuo et al., 1999). These findings suggest that inferring differences in fatigue by 

comparing HR or HRV between groups may not be sufficient.  

In summary, HR and HRV can be used to infer fatigue, but they can also be affected by factors 

other than fatigue. Similar to the eye-related metrics, heart-related data may be collected in 

conjunction with other types of data (i.e. eye-related, subjective, and performance) to deduce 

fatigue. EEG could be used to measure HRV data accurately but using it in the trials would be 

impractical because the participants moved between chairs (both experiments) and left the room 

during the breaks (experiment of chapter 6). As a more practical alternative, the Empatica E4 

wrist-worn device (Empatica, 2019) was used in the studies of both chapters 5 and 6. This device 

detects changes in blood volume caused by the pressure pulse with photodiodes at a frequency of 

64 Hz.  

The accuracy of the E4 (64 Hz) in measuring HR and HRV has been compared to a variety of 

ECG devices (the ECG is considered the ‘gold standard’) that collected data at 1,000 (Bent and 

Dunn, 2020; Menghini et al., 2019; Ollander et al., 2016; Schuurmans et al., 2020) and 500 Hz 

(Milstein and Gordon, 2020). This literature suggests that the 64 Hz of the E4 are enough to 

achieve a high accuracy compared to the ECG in measuring HR in both static (e.g. when sitting) 

and dynamic conditions (e.g. during walking). In contrast, these studies suggest that the accuracy 

of the E4 at 64 Hz compared to the ECG is lower when measuring HRV, particularly when 

individuals move. This reduction of accuracy can be explained by the fact that blood volume pulse 

(which is used to deduce HRV) is affected by body movement.  

Although the E4 measures HR accurately, HR is not a good metric when interested in fatigue 

because HR cannot be only affected by fatigue but also by a number of other factors, such as 

stress and physical activity. Similar to HR, HRV is affected by several factors besides fatigue. At 

the same time, the E4 does not measure HRV accurately in active conditions (as the ones in the 

experiments of this thesis). These limitations considered, no reference to heart-related data will 

be made in the remaining chapters of this thesis.  

3.2.2.3 Electrodermal activity 

Electrodermal activity (EDA) can also be measured to infer sleepiness. EDA is the skin 

conductance across two points of conduct on the skin. Skin conductance changes due to the 
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production of sweat as a response to the preparation of the body for action by the sympathetic 

system (Picard, 2009). The research findings are contradictory regarding the relationship between 

sleepiness and skin conductance (Miro et al., 2002) because sweat can also be produced due to 

stress, high ambient temperatures, and physical activity. EDA is measured with two electrodes 

attached to the fingers or with wrist-worn devices. The attachment of electrodes can be intrusive, 

so measuring EDA with wrist-worn devices may be more practical in experiments with simulated 

driving and flying. EDA will not be measured in the experiments described in this thesis because 

of the inadequate scientific evidence supporting its link to fatigue.  

3.2.2.4 Brain-related metrics 

The functional magnetic resonance imaging (fMRI) and the EEG can be used to deduce sleepiness 

from brain-related data. The fMRI is a technique used to measure brain activity by detecting 

changes in blood flow. It can potentially detect changes associated with sleepiness (e.g. Chang et 

al., 2016), but it cannot be used during simulated driving and flying as people need to lie in a 

tube-shaped device during data collection. EEG, on the other hand, measures the cerebral arousal 

as indicated by changes in delta, theta, alpha, and beta wave frequencies. These changes are 

measured by recording voltage differences between parts of the brain with electrodes placed on 

the scalp. The literature suggests that increased activity of the delta waves indicates deep sleep, 

higher theta activity shows some but not deep sleep, alpha waves relate to wakefulness with low 

activation, and beta waves are associated with high alertness (Sahayadhas et al., 2012). EEG has 

been validated against self-report scales of sleepiness (Horne and Baulk, 2004).  

Safely concluding that EEG changes have been caused by sleepiness is difficult because of the 

potential additional effect of task load. That is, there is evidence that task load correlates positively 

to activity in the theta band and negatively with activity in the alpha (Sterman et al., 1987) and 

delta bands (Wilson et al., 2006). Moreover, using EEG can be intrusive during simulated driving 

and flying tasks and large inter-individual differences in sleep variables measured with EEG 

(Tucker et al., 2007) can make the interpretation of the results difficult. To sum up, the fMRI and 

the EEG can be useful in inferring fatigue through sleepiness. However, the former cannot be 

used during simulated driving and flying tasks and the latter may be too intrusive. Therefore, 

neither of them will be used in the studies described in this thesis. 

3.2.2.5 Body posture and facial expressions 

Video recording can be used to capture postural changes and facial expressions (i.e. yawning, 

nodding, and face motion) that accompany increased levels of sleepiness. The recordings are then 

analysed either automatically with algorithms (Craye et al., 2015) or by trained raters (Wierwille 

and Ellsworth, 1994). The analysis by trained raters has good inter-rater and test-retest reliability 

(Wierwille and Ellsworth, 1994), and video recording is non-intrusive. Furthermore, collecting 
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data about posture and recording facial expressions can increase objectivity compared to self-

reports, especially when the analysis is performed automatically by algorithms. Nonetheless, 

small, continuous variations of the levels of fatigue cannot be identified. Moreover, the findings 

on the correlation between the analysis made by trained raters and alpha-wave activity measured 

with EEG (see section 3.2.2.4) are inconsistent (Lal and Craig, 2002). These limitations 

considered, the analysis of body posture and facial expressions will not be used in the studies 

described in this thesis because no algorithm was available to increase the objectivity of the 

analysis and because identifying small, continuous changes of sleepiness would not be possible. 

3.2.3 Performance 

As mentioned, the subjective scales of fatigue and the physiological data can be useful in 

exploring fatigue. However, they do not provide a direct link between fatigue and performance 

decrements, which is very important in studies that investigate safety in driving and flying. There 

is evidence that when individuals are fatigued, their performance can be impaired in both tasks of 

high and low task load (Pilcher and Huffcutt, 1996; Pilcher et al., 2007; Williamson et al., 2001). 

However, the effects of fatigue on performance may be mediated by the effect of inter-individual 

differences, such as experience (see top-down processing in section 2.2.2) and motivation. The 

potentially mediating role of motivation was suggested by Hockey et al. (1998). That is, they 

found in a study of 16 participants that completed an automated process control task that 

performance decrements due to fatigue were more likely in secondary tasks than in the primary 

ones. They attributed that difference in the fact that performance in the primary tasks is protected 

by deciding to allocate more attentional resources there. Because of the role of the inter-individual 

differences in performance, within-group study designs might be more effective in revealing 

fatigue-related performance decrements.  

Researchers can measure two types of performance: the simple and the task-related one. The 

methods used to measure the former (e.g. PVT) do not require knowledge and experience, so 

fatigue is more likely to translate to performance decrements. Nevertheless, performance in those 

tests does not provide a direct link between fatigue and performance in real-world driving and 

flying tasks, as is the case with the measurement of task-related performance (i.e. simulated and 

naturalistic driving and flying). To this end, using a combination of measures of simple and task-

related performance can help to draw more solid conclusions about fatigue.  

3.2.3.1 Simple performance 

In its simplest form, performance is measured with tests of simple reaction time. Completing these 

tests requires vigilance (see section 1.1.1), which is known to be impaired by fatigue (Abad and 

Guilleminault, 2012; Lim and Dinges, 2008). It should be noted that vigilance is not measured 

directly with these tests but deduced from the reaction times to a stimulus that appears on a screen 



 
 

53 

 

 

and always requires the same response (e.g. pressing a button). Simple reaction time differs from 

choice reaction time in that the latter is measured in tasks with more than one stimulus, each of 

which must be responded with a different, unique behaviour. Since reaction time in choice 

reaction time tasks is not only affected by sustained attention but also by memory (Fishman et al., 

2008), simple reaction time tasks are more appropriate to deduce decrements of vigilance. Simple 

reaction time can be measured during simulated driving and flying by presenting objects (e.g. 

rectangles) on a specific position on the screen on random times. In those cases, individuals need 

to respond by pressing a button when they see the object (Wu et al., 2014). This method will not 

be used in the experiments described in this thesis because that could distract the participants and, 

thus, distort their performance in the flying and driving tasks. 

The predominant technique of measuring simple reaction time is the Psychomotor Vigilance Task 

(PVT).  Individuals who complete the PVT need to press a button when they see an object (usually 

a ball or a box) on random times at the centre of a PC monitor. The usual duration of the PVT is 

10 minutes. Loh et al. (2004) suggested that a 5-minute PVT version is affected by fatigue in a 

similar manner, but the 10-minute PVT is more sensitive to the effects of fatigue. The impact of 

sleepiness on performance in the PVT has been supported in studies, where extended time awake 

since last sleep and sleep loss increased simple reaction times (Baulk et al., 2006; Dinges et al., 

1997) and lapses (Basner et al., 2011; Shattuck and Matsangas, 2014). Lapses are the reaction 

times in visual simple reaction times tests that are longer than 500 milliseconds (Matthews et al., 

2017). The simple reaction times of healthy, non-sleep-deprived individuals in the PVT vary 

between 220 and 500 ms (Dreary and Der, 2005) with a mean of around 330ms (Woods et al., 

2015). In a study of 1,930 participants between 16 to 63 years old, Dreary and Der found slower 

reaction times in older participants. 

The PVT is simple to complete with minor practice effects (Basner et al., 2017; Dinges et al., 

1997), it does not require training, and it has good test-retest reliability (Baulk et al., 2006). 

Additionally, it has a high signal-load, which means that a large amount of data is collected in a 

short period. Since using the PVT is intrusive, it is typically administered before or after the 

driving or flying tasks. It should also be noted that there is evidence of trait-like inter-individual 

differences in the PVT reaction times (Van Dongen and Belenky, 2009), so comparing group 

means may not reveal differences in vigilance. 

Although the literature consistently suggests that vigilance decrements can be measured with the 

PVT, the evidence on whether PVT reaction times relate to task-related performance, such as 

driving and flying, is inconclusive. That is, some studies with sleep-deprived individuals showed 

that PVT reaction times were strongly associated with performance in real-world and simulated 

driving (Baulk et al., 2008; Kosmadopoulos et al., 2017), but others did not (e.g. Baulk et al., 

2006). As Baulk et al. (2006) stated, measuring PVT reaction times is useful when exploring 
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driver fatigue, but it cannot truly predict driving performance. To this end, they recommended 

combining PVT with driving simulation. Similar to driving, the link between performance in the 

PVT and flying tasks has been suggested only in some of the relevant studies. For example, Lopez 

et al. (2012) found in a study with simulated flights completed by military pilots that the PVT 

reaction time was a good predictor of simulator performance. In contrast, that link was not 

supported in O’Hagan et al.’s (2019) study. In general, even if performance in the PVT can predict 

task-related performance, it does not provide any information about which and how tasks may be 

impaired in real-world flying and driving.  

To sum up, simple reaction time can be measured to deduce fatigue through decrements in 

vigilance. The literature suggests that PVT reaction times increase with fatigue, so this method 

will be used in the experiments of this thesis to infer fatigue before and after driving and flying 

tasks. However, performance in the PVT may not predict driving and flying performance in real-

world settings and does not reveal how performance in certain real flying and driving can be 

affected by fatigue. Therefore, the PVT will be used in conjunction with task-related performance 

data. The methods that can be used to collect these data are described in the next section. 

3.2.3.2 Task-related performance 

The methods of measuring fatigue described so far (i.e. subjective scales, physiological data, 

posture and facial expressions, and simple reaction time) can help researchers to identify high 

levels of fatigue in participants and an increased risk of impaired performance. Nevertheless, they 

do not link fatigue directly to the deterioration of certain aspects of driving and flying 

performance. The only way to collect this information is by measuring performance during real-

world or simulated tasks.  

Performance should be ideally measured in real-world conditions to increase the ecological 

validity. This refers to the extent to which the methods used in a study resemble the real-world 

situation that is explored. However, there are some limitations associated with such measurements 

of performance in fatigue studies. First of all, real-world testing raises ethical issues because 

fatigue imposes a risk for safety. In addition, researchers may not be able to manipulate and 

control variables of interest (e.g. environmental conditions). Furthermore, it may be difficult to 

collect accurate performance data (e.g. the position of a car on the lane) and reproduce the 

conditions in future studies. Finally, real-world experiments with driving and flying can be costly 

to conduct.   

As an alternative to real-world testing, simulated driving and flying tasks can be used. The 

literature suggests that driving simulator performance can be used to infer increases in 

individuals’ levels of fatigue. That is, there is evidence that higher levels of fatigue in drivers 

relate to higher standard deviations of speed and lateral position of the car. Moreover, fatigued 
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drivers are more likely to maintain shorter headways from the cars ahead and higher mean speeds, 

perform more frequent edge-line crossings, and respond less accurately to speed changes of a lead 

car (Akerstedt et al., 2005; Brookhuis et al., 1994; Du et al., 2015; Thiffault and Bergeron, 2003; 

Ting et al., 2008; Van der Hulst et al., 2001; Zhang et al., 2016). 

Similar to driving simulators, studies suggest that increased levels of fatigue in pilots can be 

deduced from performance in flight simulators (Caldwell and Ramspott, 1998; Lopez et al., 2012; 

Morris and Miller, 1996; O’Hagan et al., 2019; Roach et al., 2006). These studies have found a 

relationship of higher levels of fatigue with a reduced accuracy in tracking tasks, slower reaction 

times to scale deviations and light changes, and more time-out errors in communications tasks. 

They have also linked fatigue in pilots to a lower accuracy of maintaining target airspeed, heading 

(i.e. the direction of movement), altitude, and vertical velocity (i.e. rate of climb and descent), 

more failures to detect and manage errors, and delays in completing mathematical operations. 

Measuring driving and flying performance in simulators is safe, allows control over the conditions 

of the trials, and researchers can use equipment to collect data that can be difficult to set up in 

real-world conditions (e.g. EEG). Nevertheless, simulation has disadvantages too. That is, 

participants in simulator studies may experience motion sickness (Brooks et al., 2010) and 

become fatigued more quickly compared to real-world driving and flying. The latter has been 

suggested in studies that showed that participants had slower reaction times, rated their levels of 

sleepiness as higher, and crossed the lane more frequently when driving in a simulator than in the 

real world (Davenne et al., 2012; Philip et al., 2005a). Similar, two studies have suggested a more 

severe effect of fatigue on pilots’ performance in simulators than in real flights. In the first one, 

Billings et al. (1975) found that hypnotic pills (i.e. pills that expedite sleep onset) affected flight 

performance (i.e. higher tracking error and higher airspeed variability) more in a flight simulator 

compared to real-world flying. More recently, Caldwell and Roberts (2000) found that stimulants 

had a stronger effect on flying performance (i.e. straight flying, turns, and changes of altitude) of 

helicopter pilots when flying in a simulator than in real-world conditions. The potentially quicker 

induction of fatigue in simulators might be attributed to the fact that individuals are more likely 

to compensate for the effects of fatigue on performance in the real world due to an increased 

motivation to perform well in order to avoid crashing. In contrast, completing simulated tasks is 

safe and individuals’ motivations for participation can relate more to financial rewards and 

curiosity (Stunkel and Grady, 2011).  

In addition to the potential lack of ecological validity, it is unclear how accurately changes in 

individuals’ performance due to the manipulation of independent variables in studies with 

simulated tasks resemble performance changes in real-world tasks. Several studies have explored 

if simulated driving performance predicts real-world driving performance, but the evidence is 

inconclusive. For example, Blana and Golias (2002) found a higher lateral displacement of the 



 
 

56 

 

 

car in a fixed-base simulator than in real-world driving and Reed and Green (1999) found a higher 

SD of the lateral position when driving in a simulator than on real roads. The possibility of finding 

differences in the ability to maintain lateral position between simulated and real-world driving 

may be attributed to the fact that simulators do not provide all the spatial information available in 

real-world driving. In turn, the lack of spatial information may result in an underestimation of 

distance (Saffarian et al., 2015). Nonetheless, the difference in the lateral position between 

simulated and real-world driving was not supported by Tornros (1998). The measures of speed 

may also differ between simulated and real-world driving. For example, Blana (2001) found lower 

average speeds in real-world compared to simulated driving. However, other studies did not find 

any difference in speed selection between simulated and real-world driving (Reed and Green, 

1999).  

The literature on whether flight simulator performance can predict performance in real flights is 

limited. Although some links can be drawn from studies that explored the transfer of training from 

simulators to real flights, it could be argued that performance in the two environments is not 

directly comparable due to the difference in the time spent practising in each of them. In a study 

that compared simulated to real-world flying operations, Magnusson (2002) found analogous 

psychophysiological reactions (i.e. HR, HRV, eye movements, and eye blinks) between the two 

conditions in fighter pilots. This finding suggests that pilots may respond in a similar way to both 

simulated and real tasks. However, performance was not directly compared. In a direct 

comparison of simulated to real-world flying performance of helicopter pilots, Schmeisser et al. 

(2008) did not find any correlation. Therefore, it is unclear if simulated flying performance can 

predict performance in real flights. 

Besides the potential effect of differences in motivation, the level of fidelity (i.e. the degree to 

which simulators replicate reality) may also play a role in the performance differences found 

between real-world and simulated tasks. That is, the simulators should have the appropriate level 

of fidelity to maximise the possibility of predicting real-world performance. There are two types 

of fidelity; physical and functional. The former refers to how accurately the simulator replicates 

the physical elements (i.e. dashboard or flight deck) and feel of the real tasks. The latter is the 

level to which the simulated tasks replicate the skills (e.g. decision making and mental 

calculations) needed to drive or fly in the real world.  

Jamson and Jamson (2010) compared performance in a high-fidelity driving simulator to 

performance in a lower fidelity one (i.e. the one used in the experiments of this thesis too). They 

found more often steering corrections and less accurate judgement of speed in the latter. This 

difference could be attributed to the less spatial information provided on the simulator of lower 

fidelity. Although studies that compared flying performance between simulators of different 

fidelity were not located, some links may be drawn from studies that explored the transfer of 
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training. Alessi (1988) suggested that there is a certain point until which increasing fidelity 

increases the transfer of training, but after which, transfer increases to a gradually reduced rate. 

The transfer of training seems, however, to be affected by the simulator fidelity differently 

depending on the flight task. That is, using a flight simulator with motion results in better 

performance in disturbance tasks (e.g. engine failures) and helicopter flying in the real world, but 

the transfer is lower in manoeuvring training. In the latter case, simulators without motion could 

be equally helpful (De Winter et al., 2012).  

To sum up, the literature is inconclusive regarding whether performance in driving and flight 

simulators can predict performance in real-world settings with some research suggesting that 

fatigue may have a more pronounced effect on simulated tasks. It is also unclear if using 

simulators of higher fidelity is better in terms of predicting performance decrements due to fatigue 

in the real world. Despite these limitations, driving and flying simulation will be used in the 

experiments of chapters 5 and 6 because measuring task-related performance can provide a direct 

link between fatigue and performance that no other methods can. The decisions about which level 

of simulator fidelity to use will be described in the methods section of chapters 5 and 6. The 

measurement of task-related performance will be accompanied by the measurement of simple 

performance because the latter is not affected by skills and experience. 

Chapter 3 provided a description of the methods that can be used to control for the contributors 

to fatigue, collect data about them, and measure the expressions of fatigue. Chapter 4 describes 

an interview with a pilot that aimed to identify key aspects of the issue of fatigue experienced in 

the commuting cycle after long and demanding drives to the airport. An online survey that 

explored the extent of this issue among professional pilots worldwide is also included. 
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Chapter 4. Exploring the extent of the issue of fatigue in pilots who 

commute by driving 
 

4.1 Background and justification of the study 

Fatigue in flight has been a major concern for the aviation industry for decades because it can 

impair flying performance (Petrilli et al., 2007; Thomas and Ferguson, 2010) and contribute to 

incidents and accidents (Gokhale, 2010; National Transportation Safety Board, 2018). To reduce 

that risk, fatigue regulations require that pilots report fit for duty (e.g. Commission Regulation, 

2014) and receive training on how to avoid and manage fatigue (Federal Aviation Administration, 

2012b). In addition, airlines arrange pilots’ work schedules following analyses with the use of 

biomathematical models that predict fatigue. These interventions are mainly based on research on 

fatigue caused by sleep deprivation, long time awake since last sleep, and operating during the 

circadian low (Le Duc et al., 1999; Paul et al., 2001; Wright and Mc Gown, 2001) (see section 

2.1.2).  

What has not been adequately considered in the current interventions is fatigue induced by driving 

to the airport. Aviation organisations (e.g. International Civil Aviation Organization, 2016) and a 

small number of studies (e.g. National Research Council, 2011) have suggested that pilots may 

fly fatigued due to commuting. At the same time, studies solely on drivers suggest that long and 

demanding drives can induce active fatigue (e.g. Ting et al., 2008) by depleting individuals’ 

attentional resources (see section 2.2.1). If this was also the case in pilots who drive to the airport, 

then the likelihood of impaired flying performance would increase unless intervention strategies 

for fatigue were used before duty.  

Based on the research solely on flying and driving, active fatigue induced by driving to the airport 

might impair not only flying performance but also pilots’ driving performance after duty. This 

potential link between driving to and from the airport is based on studies that showed that flying 

can induce fatigue (Rosekind et al., 2000; Spencer and Robertson, 2002) and driver studies that 

suggest that people are at a higher risk of impaired driving performance when fatigued (e.g. Ting 

et al., 2008). When seen together, these studies indicate that the likely increased levels of active 

fatigue due to completing long and demanding drives to the airport might increase further in flight. 

If pilots did not manage fatigue while at the airport after duty, they would be at an increased risk 

of car accidents. The risks associated with driving fatigued after work have been researched in 

other professionals, such as nurses, medical residents, and air traffic controllers (e.g. Barger et 

al., 2005). In those studies, fatigue after work was attributed to sleep loss, work schedules, and 

long drives back home. Therefore, the effects of driving to work on driving after work have not 

been explored.  
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In high-hazard environments like aviation, it is essential to know the likelihood of a factor 

contributing to incidents and accidents. In the case of the risk of impaired performance due to 

active fatigue induced by driving to the airport, there is inadequate evidence of this likelihood. 

This considered, the research described in this chapter aimed to explore the extent to which fatigue 

induced by long and demanding drives to the airport affects negatively professional pilots’ fatigue 

in flight and while driving after duty. An interview with a pilot was, first, conducted to identify 

the key aspects of the issue of fatigue in pilots who commute by driving. Its findings were then 

used to design the survey that aimed to investigate the extent of the issue. 

4.2 Interview with an airline pilot 

Since there was no literature on fatigue in pilots who commute by driving, it was decided to 

conduct an interview with a professional pilot in order to identify some aspects of the issue that 

could be then investigated in a survey to draw conclusions regarding the extent of the issue. 

Therefore, the aim of the interview was not to test specific hypotheses or explore the issue in-

depth. This considered and because access to experienced professional pilots that could have an 

overview of the profession of pilots in various countries was limited at the beginning of this 

research, one interview was conducted. Since there was only one interviewee, no statistical 

analyses will be described in this section.  

The interview was conducted via Skype (Skype, n.d.). The interviewee was a professional airline 

pilot with more than 10000 flight hours and a home base in the United Kingdom. The interview 

lasted one hour. The questions of the interview were based on the literature about pilot commuting 

and fatigue in driving and flying. Since this literature was limited, it was decided to conduct an 

unstructured interview. The main theme of the interview was whether and why driving to and 

from the airport is a safety issue amongst professional pilots.  

The interviewee expressed concerns that commuting by driving a car can increase pilots’ levels 

of fatigue in flight. He believed that commuting to the airport can be fatiguing irrespective of the 

means of transport used. However, he found driving the most fatiguing type of commuting 

because pilots cannot sleep during the drives. According to the pilot, driving is fatiguing when it 

is too long and the traffic density is high. He identified those commutes as the ones that mostly 

contribute to pilots flying fatigued. The reference to these characteristics of driving indicates the 

induction of active fatigue. The interviewee believed that fatigue in flight can contribute to errors 

in communicating with the Air Traffic Control and the other pilot in the cockpit, omission of 

important information coming from the instruments, slower reaction times, and increased 

difficulty in staying awake in flight.  

The pilot admitted that his performance in flight had at some point been impaired due to fatigue 

caused by driving to the airport. When he was asked to describe what had happened on that day, 
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he stated: ‘That was not the first time I drove a long distance to get to the airport, but that day I 

spent about 1 hour and a half driving because of traffic. When I arrived at the airport, I was tired, 

so I had a coffee. I thought I would be fine, but after some time of flying, I started feeling tired 

again and realised that I could not think clearly’. The interviewee believed that many pilots have 

flown fatigued due to driving long distances to the airport. When asked how commonly that 

happens, he stated that it is not easy to identify if fatigue in flight is caused by driving to the 

airport or other factors like sleep deprivation or the flight itself.  

In real life, sleep- and task-related factors of fatigue often interact. For example, pilots may be 

fatigued when reporting for duty due to inadequate sleep the previous night, a long drive to 

commute to the airport, and pre-flight tasks that are completed at the airport (e.g. review flight 

information). Then, flying multiple sectors and dealing with unanticipated problems in flight can 

increase pilots’ levels of fatigue even further. In occasions like this, it may be difficult to identify 

what contributed to fatigue and to what extent.  

In the question about whether fatigue induced by driving to the airport can impair driving 

performance after duty, he stated that he and other pilots had at some point found it difficult to 

stay awake while driving after duty. In the interviewee’s opinion, being fatigued while driving 

after duty is something that happens frequently, but ‘it is difficult to say where fatigue comes from 

because flights are also tiring’. According to the interviewee, commuting-related fatigue is worth 

exploring further in order to develop science-based training, new policies that will protect pilots 

against commuting-induced fatigue, and scheduling that will consider driving-induced fatigue. 

He stated that changes in the flight time limitations might need to be considered based on research 

findings on commuting, but he was concerned about regulating pilots’ personal time. To sum up, 

this interview indicated that fatigue induced by long and demanding driving to the airport is a 

safety issue. The role of such drives in fatigue experienced in flight and while driving after duty 

were further explored in the survey and the experiments of this thesis.  

4.3 Survey with professional pilots 

An international, online survey was conducted to explore the extent to which fatigue induced by 

long and demanding drives to the airport affects pilots’ levels of fatigue negatively in flight and 

while driving after duty. Since the data were collected by asking the pilots, the survey only dealt 

with perceived, reported fatigue. As mentioned in section 2.1, fatigue is usually the output of the 

interaction of task- with sleep-related factors. Therefore, although the focus of the survey was on 

active fatigue induced by driving, the role of two sleep-related factors (i.e. usual sleep duration 

and frequency of early morning drives) on fatigue and performance was investigated too. Other 

sleep-related factors (e.g. time awake) can also affect fatigue. However, these were not explored 

in this survey because the aim was not to investigate sleep-related fatigue in-depth but rather to 
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identify the potential interactive effect of task- and sleep-related factors in commuting pilots’ 

fatigue. 

4.3.1 Research questions  

The following research questions were formed to achieve the aim of this study; 

• How common is commuting by driving among professional pilots worldwide? 

• How commonly do professional pilots undertake long and demanding driving commutes? 

• How do professional pilots’ self-reported levels of fatigue during the commuting cycle relate 

to the investigated task- and sleep-related factors?  

• How does professional pilots’ self-reported difficulty in staying awake in flight and while 

driving after duty relate to the investigated task- and sleep-related factors? 

• How does professional pilots’ frequency of experiencing impaired performance in flight and 

while driving after duty relate to the investigated task- and sleep-related factors?  

4.3.2 Materials and Methods 

Ethical approval was obtained from the AREA Faculty Research Ethics Committee of the 

University of Leeds (reference number: LTTRAN-071). The survey was conducted in February 

2017 by sending an online questionnaire to 580 pilots in the LinkedIn network of the author. The 

minimum sample size was calculated using the sample size calculator provided by QualtricsXM 

(2016). For a population of 130000 airline pilots worldwide (Women in Aviation, 2012), a level 

of confidence of 95%, and a margin of error of 5%, data should be collected from 383 pilots. The 

only criterion for participation was to be a professional pilot. The contacted pilots varied in the 

type of their employer, flight experience, and home base. The anonymous questionnaires were 

completed through the Bristol Online Survey platform (Bristol Online Survey, 2017).  

4.3.2.1 Questionnaire design 

The questionnaire was first tested in a preliminary study with three professional airline pilots 

(captains). These were recruited by contacting pilots in the researcher’s LinkedIn network. The 

pilots were asked to complete the online survey and provide feedback regarding its structure and 

content: what they liked and did not like, how engaging the survey was, and what changes they 

thought were needed to improve the questionnaire. The pilots found the questionnaire generally 

straightforward, but they also recommended some changes. One of them suggested adding a 

definition of the word ‘domicile’ because many pilots use the term ‘home base’ instead and 

another recommended clarifying that the flight hours during the PPL should be counted too in the 

question about pilots’ total flight hours. The feedback that was received was considered to 

improve the questionnaire.  
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The first page of the questionnaire provided information about the aim and structure of the survey. 

It was also stated that the participants had the right to stop completing the survey at any point and 

withdraw their data. In addition, the participants were informed about the storage of, access to 

and use of the data collected. Finally, it was mentioned that the survey went through the 

University of Leeds ethics review and the individuals were asked to give their consent to 

participate.  

Data were collected regarding pilots’ age (‘21-30’, ‘31-40’, ‘41-50’, ‘51-60’, ‘61-70’, ‘over 70’), 

gender (‘male’, ‘female’, ‘prefer not to say’) and total flight hours (‘Less than 2,500’, ‘2,500 to 

5,000’, ‘between 5,000 and 7,500’, ‘between 7,500 and 10,000’, ‘more than 10,000’). The 

participants were also asked about their rank (‘first officer / co-pilot for the military’, ‘captain / 

pilot for the military’), types of employers (‘mainline airline’, ‘regional airline’, ‘charter airline’, 

‘business aviation’, ‘ground instructor’, ‘cargo airline’, ‘military’, ‘retired’), and country of 

home base. Data about the means of transport used to commute to and from the airport were 

collected (Figure 4.1) to answer the research question about how common commuting by driving 

is among professional pilots worldwide. 

 

 

 

 

 

 

 

Figure 4.1 The questions about the means of transport used to commute. 

 

The participants were asked about the usual duration (Figure 4.2) and mental demand (Figure 4.3) 

of their commutes to the airport to explore how these related to the reported levels of fatigue in 

the commuting cycle, the difficulty in staying awake, and performance decrements in flight and 

while driving after duty. The item that was used to collect information about individuals’ usual 

levels of mental demand was developed for this survey to focus specifically on commuting to the 

airport. The definition of ‘mental demand’ used in this thesis is the one used in the NASA-TLX 

scale (Hart and Staveland, 1988). According to that, mental demand refers to how much mental 

and perceptual activity (e.g. thinking and searching) is required to complete a task. Although no 

definition of mental demand was provided to the participants in this survey, the preliminary study 
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suggested that the participants found the term easy to understand with one of the individuals in 

that study stating that pilots are familiar with the term mental demand due to their training.  

 

 

 

 

 

Figure 4.2 The question about the usual duration of the commutes to the airport. 

 

 

 

 

 

 

Figure 4.3 The question about the levels of mental demand during the commutes to the airport. 

 

The participants provided information about their usual duration of sleep (Figure 4.4) before 

commuting to the airport and the frequency of driving to the airport between 2 and 6am (Figure 

4.5) in order to investigate if these sleep-related factors related to the reported fatigue, the 

difficulty in staying awake, and impaired performance. As mentioned in section 2.1.2, there are 

two circadian troughs in a 24-hour day: one early in the morning and another in the afternoon. 

However, data were only collected about the early morning commutes in this survey since the 

aim was to search for indications of an interactive effect of task- and sleep-related contributors to 

fatigue of commuting pilots rather than explore sleep-related fatigue in-depth.  

The data about the usual duration of sleep were collected with a five-point Likert item because it 

was expected that the participants would find it more difficult to provide an exact number of usual 

hours of sleep since that may vary between days. In contrast, the categories of the Likert item 

could help to capture this variation by using ranges of hours. Moreover, the focus was on 

identifying cases of usual sleep deprivation among the participants rather than calculating sleep 

duration accurately. 
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Figure 4.4 The question about the hours of sleep before the commutes to the domicile. 

 

 

 

 

 

Figure 4.5 The question about the frequency of commuting between 2 and 6 am. 

 

Fatigue in the commuting cycle was measured by asking the pilots to rate retrospectively their 

levels of fatigue on the time points shown in Figure 4.6. These questions are shown in Figures 4.7 

to 4.9. Since the aim was to explore the extent of the issue of fatigue in pilots who commute by 

driving, the pilots were asked about their usual levels of fatigue rather than fatigue on a certain 

day. These levels of fatigue were rated on the CSS fatigue scale. More information about the CSS 

can be found in section 3.2.1.1.  

 

 

 

 

 

 

 

 

Figure 4.6 The time points of the fatigue ratings during the commuting cycle (blue lines). 
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• Fatigue before flight 

 

 

 

 

 

 

Figure 4.7 The question about the usual levels of fatigue before flight. 

• Fatigue in flight 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 The question about the usual levels of fatigue in flight. 

 

• Fatigue while driving from the airport 

 

 

 

 

 

 

 

Figure 4.9 The question about the usual levels of fatigue while driving from the airport. 

 

Data about the difficulty in staying awake were collected with two questions (Figures 4.9 and 

4.10). The first one asked about the difficulty in remaining awake in non-rest periods of flights 
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because pilots are under certain conditions allowed to sleep while flying as aircrew either in their 

seat or in designated bunk facilities in the aeroplane.  

 

• Staying awake in flight 

 

 

 

Figure 4.10 The question about the difficulty in staying awake in flight. 

 

• Staying awake while driving after duty 

 

 

 

 

Figure 4.11 The question about the difficulty in staying awake while driving after duty. 

 

The participants were asked to rate their agreement or disagreement with the statements about 

performance decrements experienced in flights and while driving after duty (Figures 4.11 and 

4.12). The statement about performance decrements while driving after duty referred to the effects 

of flying rather than those of driving to the airport. Therefore, it did not capture the direct potential 

link between fatigue induced by driving to the airport driving performance after duty. This 

decision was made because the interview suggested that pilots may find it difficult to identify that 

fatigue after duty relates to fatigue before it. 

• Performance decrements in flight 

 

 

 

 

 

Figure 4.12 The question about performance decrement in flight. 
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• Performance decrements while driving after duty 

 

 

 

 

 

Figure 4.13 The question about performance decrement while driving after duty. 

 

Data were also collected about other characteristics of the commutes (i.e. their frequency, the 

traffic density, and weather conditions), the number of sectors usually flown, and the usual 

duration and levels of mental demand experienced in flights. The results of the analysis of these 

data will not be presented in this chapter because it was decided to focus on the identification of 

the extent of the issue of commuting-related fatigue in the survey and explore the contributors to 

it in more depth in the study of chapter 5.   

4.3.2.2 Data analysis  

Descriptive statistics were used to answer how common commuting by driving among 

professional pilots is and how commonly pilots undertake long and demanding driving commutes. 

The time point of the commuting cycle (Figure 4.6), the usual levels of mental demand 

experienced during the drives to the airport, the usual duration of those drives, the frequency of 

driving to the airport between 2 and 6 am, and the usual duration of sleep before commuting were 

the independent variables. The dependent variables were the reported usual levels of fatigue and 

the ratings on the questions about the difficulty in staying awake and the performance decrement 

in flight and while driving after duty. All these variables were treated as ordinal because their 

categories were ordered but the intervals on the relevant items were unequal. The reported levels 

of mental demand were also treated as ordinal, although the intervals on that item were equal. 

This decision was made because there is no dedicated test for correlations between continuous 

and ordinal variables.  

The correlations of the investigated task- and sleep-related factors with the reported usual levels 

of fatigue, the difficulty in staying awake, and impaired performance in flying and driving after 

duty were tested with Spearman’s tests. The reported usual levels of fatigue were compared 

between the time points of the commuting cycle with a Friedman test and Wilcoxon tests for 

pairwise comparisons (Bonferroni correction). These tests would show how pilots’ levels of 

fatigue usually changed due to driving to the airport, flying, and spending time at the airport 

before and after their duties. The associations of the investigated task- and sleep-related factors 
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with reported fatigue, the difficulty in staying awake, and performance decrements were tested 

with Spearman’s tests. The statistical analyses described in this chapter were performed with the 

IBM SPSS Statistics 24.0 (IBM, 2016). 

4.3.3 Results 

4.3.3.1 Demographics 

Four hundred thirty-four pilots flying from 52 countries participated (74.8% response rate). Three 

of them reported usually not using the same means of transport for both their commutes to and 

from the airport, so their data were removed. Moreover, three pilots working for the military, two 

in retirement, and seven ground instructors participated. The data of the retired pilots were 

removed because the focus of the study was on pilots currently working in commercial aviation. 

The data of the military pilots and the ground instructors were removed too because, as explained 

in chapter 1, factors not related to a certain flight are likely to often mediate those pilots’ levels 

of fatigue in the commuting cycle. The demographics of the 419 pilots left are shown in Table 

4.1 and the percentages of participants per means of transport in Figure 4.14. As depicted, there 

were similar percentages of pilots in all the age groups and the ranks. Nevertheless, most 

participants were males, very experienced, worked for a mainline airline, and had a home base in 

Europe.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14 The percentage of participants per means of transport usually used to commute to and 

from the airport (N=419). 

 

0

10

20

30

40

50

60

70

80

90

100

Car (I

drive)

Car

(someone

else drives)

Train Coach Bus On foot Other

P
er

ce
n

ta
g
e 

o
f 

p
a
rt

ic
ip

a
n

ts



 
 

69 

 

 

Table 4.1 Demographics of the participants in the survey (N=419). 

Characteristic Category N (%) 

Age 

21 – 30 20.6 

31 – 40 30.4 

41 – 50 27.2 

51 - 60 21.8 

Gender 
Male 97.2 

Female 2.8 

Total flight hours 

<2,500 18 

2,500 – 5,000 16.1 

Between 5,000 and 7,500 13.1 

Between 7,500 and 10,000 13.4 

>10,000 39.4 

Rank 
First officer 47.5 

Captain 52.5 

Employer 

Mainline airline 63.6 

Regional airline 11.1 

Charter aviation 9.4 

Business aviation 8.2 

Cargo 7.7 

Home base 

Europe 58.1 

Asia 23.9 

America 16 

Africa 1 

Oceania 1 

 

 

The demographics of the 255 pilots who commuted by driving are shown in Table 4.2. The 

percentages of pilots were similar in the age groups between 21 and 50 years old, but there were 

fewer pilots over the age of 50. Half of the pilots were captains and had more than 7500 flight 

hours, the majority were males, and most worked for a mainline airline and had a domicile in 

Europe. This sample is representative of the population of pilots in terms of age (Civil Aviation 

Authority - CAA, 2018; Federal Aviation Administration, 2018) and gender (Women in Aviation 

International, 2016). All the analyses that follow in this chapter refer to the 255 pilots who 

commuted by driving. 
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Table 4.2 Demographics of the pilots who usually commuted by driving (N=255). 

Characteristic Category N (%) 

Age 

21 – 30 24.9 

31 – 40 29.4 

41 – 50 29.4 

51 - 60 16.3 

Gender 
Male 97 

Female 3 

Total flight hours 

<2,500 23.7 

2,500 – 5,000 17.6 

Between 5,000 and 7,500 14.9 

Between 7,500 and 10,000 9.5 

>10,000 34.3 

Rank 
First officer 49.6 

Captain 50.4 

Employer 

Mainline airline 55.7 

Regional airline 13 

Charter aviation 11.8 

Business aviation 10.8 

Cargo 8.7 

Home base 

Europe 68.7 

Asia 16 

America 13.4 

Africa 0.8 

Oceania 1.1 

 

4.3.3.2 Task- and sleep-related factors  

The pilots were asked about the usual duration and mental demand of their drives to the airport, 

their usual duration of sleep, and the frequency of driving between 2 and 6 am. The results are 

shown in Figures 4.15 to 4.18. These data were needed to explore how the reported levels of 

fatigue before and after flights, the difficulty to stay awake, and performance decrements in flight 

and while driving after duty related to the investigated task- and sleep-related factors. 

As shown in Figure 4.15, around two out of three pilots reported usually completing short drives 

to the airport (i.e. less than 45 minutes) and only about 20% of the pilots reported usually 

experiencing high levels of mental demand (i.e. six or more). According to the National Sleep 

Foundation (Hirshkowitz et al., 2015), adults should get 7 to 8 hours of sleep every night. This 

considered, approximately 35% of the pilots reported usually not getting enough sleep before duty 
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(figure 4.17). The percentage of usually sleep-deprived pilots may, however, be higher than 35% 

because some of those who selected the ‘6-8 hours’ option might have referred to sleep of fewer 

than 7 hours. Regarding the frequency of driving early in the morning, approximately two out of 

three pilots reported driving between 2 and 6 am frequently, very often, or in every journey.  

 

 

Figure 4.15 Usual duration (minutes) of the drives to the airport.  

 

 

Figure 4.16 Usual levels of mental demand while driving to the airport (0 = ‘not demanding at 

all’, 10 = ‘extremely demanding’). 
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Figure 4.17 Usual sleep duration before driving to the airport (hours).  

 

 

Figure 4.18 Frequency of driving between 2 and 6 am to the airport. 
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The pilots were asked to rate their usual levels of fatigue on five time points of the commuting 
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before and after the drives and flights could be investigated. Figure 4.19 depicts the medians (with 

95% confidence intervals) of the reported usual levels of fatigue during the commuting cycle for 

the pilots who usually commuted by driving (n=255). It should be noted that the bars ‘Before 

driving to the airport’ and ‘When they enter the aeroplane’ look the same because the medians 

are depicted. Although the ratings in the y axis between these two measurements could differ, that 

comparison was not made because the interest was in the changes of the ratings of fatigue between 

consecutive time points in the commuting cycle rather than on differences between any 

measurements. As shown in Figure 4.19, the levels of fatigue before driving to the airport, upon 

arriving at the airport before duty, and when entering the aeroplane were relatively low (3 = ‘okay, 

somewhat fresh’). In contrast, the median of fatigue when exiting the aeroplane (5 = ‘moderately 

tired, let down’) and just before driving after duty (4 = ‘a little tired, less than fresh’) were 

moderate.  

 

 

 

 

 

 

 

 

 

 

Figure 4.19 The CSS ratings during the commuting cycle of the pilots that usually commuted by 

driving. 
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Bonferroni correction in order to reveal differences between consecutive measurement time 

points of the commuting cycle. It was found that the usual levels of fatigue; 

• Upon arrival at the airport to report for duty (median = 3) were not significantly different 

than before driving to the airport (median = 2) (p = .396). 

• When entering the aeroplane (median = 2) were significantly lower than upon arrival at the 

airport to report for duty (median = 3) (p < .001).  

• When exiting the aeroplane (median = 5) were significantly higher than upon entering it 

(median = 2) (p < .001). 

• Just before driving after duty (median = 4) were not significantly different than when exiting 

the aeroplane (median = 5) (p = 1). 

Spearman’s tests that were performed to explore how the investigated task- and sleep-related 

factors associated with fatigue during the commuting cycle in all the pilots that commuted by 

driving. As shown in Table 4.3, usually completing longer and more mentally demanding drives 

to get to the airport and usually sleeping less before those commutes related to significantly higher 

self-reported levels of fatigue upon arriving at the airport to report for duty. 

 

Table 4.3 The correlations of the investigated task- and sleep-related factors with fatigue directly 

after driving to the airport for the pilots who usually commuted by driving. 

 Usual duration 

of driving to 

the airport 

Usual mental 

demand during 

driving to the 

airport 

Usual sleep 

duration 

before driving 

to the airport 

Frequency of 

driving to the 

airport 2-6 am 

Fatigue directly 

after driving to 

the airport 

rs = .237, 

p < .001* 

rs = .356, 

p < .001* 

rs = -.218, 

p < .001* 

rs = .077, 

p = .221 

 

As shown in Table 4.4, usually completing longer and more mentally demanding drives to 

commute to the airport, usually sleeping less before driving to the airport, and commuting to the 

airport more often between 2 and 6 am related to significantly higher self-reported levels of 

fatigue when entering the aeroplane. Fatigue when exiting the aeroplane was also related to the 

mental demand of the drives, sleep duration, and driving early in the morning, but there was only 

a trend for a correlation with the duration of the drives. 
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Table 4.4 The correlations of the investigated task- and sleep-related factors with fatigue in flight 

for the pilots who usually commuted by driving. 

 Usual duration 

of driving to 

the airport 

Usual mental 

demand during 

driving to the 

airport 

Usual sleep 

duration 

before driving 

to the airport 

Frequency of 

driving to the 

airport 2-6 am 

Fatigue when 

entering the 

aeroplane 

rs = .166, 

p = .008* 

rs = .313, 

p < .001* 

rs = -.224, 

p = .001* 

rs = .144, 

p = .022* 

Fatigue when 

exiting the 

aeroplane 

rs = .112, 

p = .074 

rs = .289, 

p < .001* 

rs = -.224, 

p < .001* 

rs = .157, 

p = .012* 

 

As depicted in Table 4.5, the usual reported levels of fatigue just before driving after duty did not 

relate to longer and more often early-morning drives to the airport. In contrast, reporting higher 

usual levels of mental demand during driving to the airport and shorter usual sleep duration related 

to significantly higher self-reported levels of fatigue just before driving after duty. 

Table 4.5 The correlations of the investigated task- and sleep-related factors with fatigue just 

before driving after duty for the pilots who usually commuted by driving. 

 Usual duration 

of driving to 

the airport 

Usual mental 

demand during 

driving to the 

airport 

Usual sleep 

duration 

before driving 

to the airport 

Frequency of 

driving to the 

airport 2-6 am 

Fatigue just 

before driving 

after duty 

rs = .081, 

p = .197 

rs = .261, 

p < .001* 

rs = -.167, 

p = .007* 

rs = .032, 

p = .606 

 

4.3.3.4 Difficulty in staying awake 

The pilots were asked to rate the frequency of experiencing a difficulty in staying awake in flight 

and while driving after duty to explore how these related to the investigated task- and sleep-related 
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factors. As shown in Figure 4.20, more than 75% of the pilots reported that they had experienced 

a difficulty in staying awake in flight after driving to the airport occasionally, frequently or very 

often. Furthermore, more than 85% of the pilots had experienced a difficulty in staying awake 

while driving after duty occasionally, frequently, very often or on every journey (Figure 4.21).  

 

 

 

 

 

 

 

 

 

 

Figure 4.20 Frequency of experiencing a difficulty in staying awake in flight.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.21 Frequency of experiencing a difficulty in staying awake in driving after duty. 

 

Table 4.6 depicts the results of the Spearman’s tests that were run to explore how the investigated 

task- and sleep-related factors related to the frequency of experiencing a difficulty in staying 
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awake in flight and while driving after duty in the pilots who commuted by driving. As depicted, 

usually completing longer drives to the airport and experiencing higher levels of mental demand 

during those drives related to a significantly more frequently experienced difficulty in staying 

awake in flight and while driving after duty. In contrast, usually sleeping more before the 

commutes to the airport related to a significantly less frequently experienced difficulty in staying 

awake in flight and while driving after duty. Finally, driving to the airport more often between 2 

and 6 am related to a significantly more frequently reported difficulty in staying awake in flight, 

but not while driving after duty. 

 

Table 4.6 The correlations of the investigated task- and sleep-related factors with the frequency 

of experiencing a difficulty in staying awake in flight and while driving after duty. 

 
Usual duration 

of driving to 

the airport 

Usual mental 

demand 

during driving 

to the airport 

Usual sleep 

duration 

before driving 

to the airport 

Frequency of 

driving to the 

airport 2-6 am 

Difficulty in 

staying awake in 

flight 

rs = .125, 

p = .047* 

rs = .265, 

p < .001* 

rs = -.292, 

p < .001* 

rs = .204, 

p = .001* 

Difficulty in 

staying awake 

while driving after 

duty 

rs = .313, 

p < .001* 

rs = .265, 

p < .001* 

rs = -.157, 

p = .012* 

rs = .112, 

p = .075 

 

 

4.3.3.5 Performance decrements 

The relationship of the investigated task- and sleep-related factors with performance decrements 

in flight and while driving after duty was explored by asking the participants to rate their 

agreement with two relevant items. As depicted in Figure 4.22, more than 2 out of 3 pilots agreed 

at least to a degree that driving to the airport had at some point affected negatively their flying 

performance. Furthermore, more than 80% of the pilots (Figure 4.23) agreed at least partially that 

their performance while driving after duty had at some point been impaired by the flight time of 

that duty period. The data were analysed with Spearman’s tests, the results of which are shown in 

Table 4.7. As depicted, usually completing longer drives to the airport and experiencing higher 

levels of mental demand during those drives related to a significantly higher agreement with both 
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statements. In contrast, no significant correlations were found between the agreement with these 

statements and the investigated sleep-related factors.  

 

Figure 4.22 Agreement with the statement about impaired flying performance.  

 

 

Figure 4.23 Agreement with the statement about performance decrements in driving after duty. 

 

To summarise, the analysis showed that most pilots usually commuted by driving but those drives 

were usually not very demanding and long. Their reported levels of fatigue were significantly 
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lower when entering the aeroplane than directly after the drive to the airport, and significantly 

higher when exiting than entering the aeroplane. The investigated task- and sleep-related factors 

correlated significantly to the usual reported levels of fatigue in the commuting cycle, and the 

difficulty in staying awake and the performance decrements in flight and while driving after duty. 

These results are discussed in the next section. 

 

Table 4.7 The correlations of the investigated contributors to fatigue with the reported 

performance decrements in flight and while driving after duty. 

 

 

4.4 Discussion 

Aviation organisations have identified fatigue induced by commuting to the airport as a potential 

risk for flight safety. Drawing from driver studies, that risk might be particularly high when pilots 

commute to the airport by completing long drives of high task load because these could deplete 

their attentional resources. Since flying can be fatiguing too, the adverse effects of driving to the 

airport might be intensified, increasing the risk of aeroplane crashes and car accidents after duty. 

Everyday life is full of risks and high-hazard industries like aviation decide which ones to tackle 

by assessing their likelihood and impact on safety. In the case of fatigue induced by long and 

demanding drives to the airport and flying, these are unknown. As a result, aeroplane accidents 

and car crashes after duty may occur because this risk has not been properly identified. This 

considered, the survey described in this chapter aimed to explore the extent to which fatigue 

induced by long and demanding drives to the airport affects negatively pilots’ levels of fatigue in 

flight and while driving after duty.  

Due to the lack of literature specifically on fatigue in pilots who commute by driving, an interview 

 Usual 

duration of 

driving to the 

airport 

Usual mental 

demand during 

driving to the 

airport 

Usual sleep 

duration 

before driving 

to the airport 

Frequency of 

driving to the 

airport 2-6 am 

Performance 

decrements in 

flight after 

driving 

rs = .198, 

p = .001* 

rs = .398, 

p < .001* 

rs = -.094, 

p = .135 

rs = .044, 

p = .479 

Performance 

decrements while 

driving after duty 

rs = .280, 

p < .001* 

rs = .342, 

p < .001* 

rs = -.091, 

p = .148 

rs = .015, 

p = .815 



 
 

80 

 

 

with an airline pilot was conducted before the survey in order to identify the key aspects of the 

issue. The interviewee stated that fatigue induced by driving to the airport had resulted in many 

pilots (including himself) flying fatigued and experiencing impaired performance in flight. The 

long drives in high traffic density were found particularly fatiguing and were identified as the 

ones that are more likely to contribute to pilots flying fatigued. Therefore, he indirectly suggested 

that active fatigue induced by driving affects performance in flight negatively. He also mentioned 

that some pilots have difficulties in staying awake while driving after duty, which he believed 

could have been caused by fatigue induced by driving to the airport and flying. These findings 

indicate that fatigue (especially active) caused by driving to the airport and flying is an extensive 

safety risk among professional pilots. They also highlight the need for further investigation of the 

issue before developing appropriate interventions.  

Following from the interview, an online survey of 419 professional pilots was conducted to 

explore the extent of the issue with the focus being on the role of the task load and the duration 

of the drives to the airport. Data were collected about the means of transport the pilots usually 

used for their commutes and their perceived levels of fatigue before and after driving and flying. 

Moreover, they reported how often they had experienced difficulty in staying awake in flight after 

having commuted to the airport by driving a car and while driving after duty. They also rated their 

agreement with a statement about performance deterioration in flight due to driving to the airport 

and impaired performance while driving after duty due to the flight time of that duty period. Data 

about the usual duration of sleep before commuting to the airport and the frequency of commuting 

between 2 and 6 am were collected as well to identify the potential interactive effect of task- and 

sleep-related factors on pilots’ fatigue in the commuting cycle.  

The aim of the survey was achieved by finding that most pilots usually commuted by driving and 

that approximately one in ten of them usually completed long and mentally demanding drives to 

the airport. Moreover, usually completing long and mentally demanding drives to the airport 

related to higher reported levels of fatigue in the commuting cycle, experiencing more often a 

difficulty in staying awake in flight and while driving after duty, and more frequently reported 

performance decrements in flight and while driving after duty. Sleep deprivation and driving early 

in the morning were linked to fatigue and performance decrements too. Furthermore, the survey 

suggested that fatigue induced by driving to the airport usually increases further in flight. Finally, 

it was indicated that the time spent at the airport before flights usually helps pilots to reduce their 

levels of fatigue, but this is usually not the case with the time spent at the airport after duty. These 

results are discussed in detail in this section. 

Since most pilots usually commuted by driving to and from the airport (60.9%), the findings of 

the study represent a great proportion of the sample. The fact that driving was the most common 

commuting option is in line with the literature on other professionals (e.g. Department for 
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Transport, 2015). Nevertheless, it disagrees with the results of the studies on pilots conducted by 

the National Research Council (2011) and Kleinfehn (2016). It should be noted that the data in 

these two studies were collected in the US, which is a country with a big geographical spread. In 

contrast, more than half of the pilots in this survey had a home base in Europe and only 16% of 

them were based in the US. This difference suggests that regional effects can play a role in pilots’ 

commuting habits. The percentage of pilots who commute by driving at least sometimes is 

expected to be higher than the 60.9% found in this study (Figure 4.1) because the participants 

were asked about their usual commutes only.  

The reported usual levels of fatigue directly after the drives to the airport were not significantly 

higher than those before starting the commutes to work. This finding might be explained by the 

fact that most pilots reported usually not completing long and mentally demanding drives to work. 

According to the literature solely on drivers, it is specifically those drives that induce active 

fatigue (e.g. Gimeno et al., 2006). However, in line with that literature, reporting longer and more 

mentally demanding drives to the airport related to higher usual levels of fatigue upon arriving at 

the airport to report for duty. Therefore, although the survey suggests that fatigue induced by 

driving to the airport is not usually a safety issue for most pilots, it indicates that pilots who 

complete long and demanding drives are at an increased risk of reporting fatigued for duty.  

Regarding the proportion of the population of pilots that this increased risk could apply to, that 

could be quite high because about 10% of the participants reported usually completing long and 

mentally demanding drives to the airport. It should be noted that this percentage does not capture 

those pilots who complete long and demanding drives only in some of their commutes, for 

example, because they drive in peak traffic. This considered, more than 10% of the professional 

pilots worldwide could be at an increased risk of experiencing active fatigue upon arriving at the 

airport due to driving. 

This survey extends the existing literature not only by suggesting that many pilots are at an 

increased risk of arriving fatigued at the airport due to completing long and demanding drives but 

also by indicating that the duration and mental demand of those drives relate to fatigue in flight. 

That is, the pilots who reported usually completing longer (a trend was found for that) and more 

mentally demanding drives to the airport also reported usually starting and finishing their flights 

more fatigued. The medians of fatigue were 3 when entering the aeroplane (‘okay, somewhat 

fresh’) and 5 (‘moderately tired, let down’) when exiting it, which means that most pilots usually 

did not experience high levels of fatigue in flight after driving to the airport. However, the 

association of fatigue in flight with the characteristics of the drives to the airport indicates an 

increase in the risk of aeroplane accidents after long and mentally demanding drives. In real life, 

the first and last stages of flights are usually the most demanding ones and, therefore, require the 

investment of more attentional resources than the cruise stage. As a result, even a small induction 



 
 

82 

 

 

of active fatigue by driving to the airport might contribute to accidents, particularly in those stages 

by causing a mismatch between the resources available and those needed. 

The potential association of driving to the airport with the risk of aeroplane accidents was also 

supported by finding that the pilots who reported usually completing longer and more mentally 

demanding drives to the airport stated that they had experienced more often a difficulty in staying 

awake in flight. They also agreed more with the statement that their flying performance had at 

some point been negatively affected by driving to the airport. It is concerning that approximately 

80% of the participants who commuted by driving agreed at least to a degree with the statement 

about the difficulty in staying awake in flight and about 65% with the one about the decrements 

of flying performance. When seen together with the finding that most pilots reported usually not 

completing fatiguing drives to the airport, these percentages suggest that fatigue induced by 

driving to the airport could have affected most pilots in the survey only on some of their duties. 

Based on the significant correlation of the duration and mental demand of the drives with fatigue 

in flight, the pilots might have completed long and demanding drives on those days. Those cases 

are of particular interest because that is when the risk of accidents would increase.  

It should be noted that the statements about the difficulty in staying awake and performance 

impairment in flight did not refer specifically to the effects of fatigue induced by driving. Hence, 

other factors might have also contributed to those decrements. For example, Friesacher and 

Greaves (2016) attributed pilots’ reported performance decrements in flight to stress caused by 

commuting. In addition, the correlations between driving and flying do not imply causation. 

Moreover, the survey did not reveal if and how often pilots had fallen asleep in flight or which 

aspects of performance and how frequently had been impaired. However, it indicated that fatigue 

caused by driving increased the risk of aeroplane accidents and, therefore, highlighted the need 

to explore commuting-related fatigue further in the future.   

Nodding off in flight and experiencing deterioration of flying performance has been linked to 

sleep-related factors in previous studies (Le Duc et al., 1999; Thomas and Ferguson, 2010). This 

association was also supported in this survey because it was found that the pilots who reported 

usually sleeping less before their commutes also reported usually being more fatigued upon 

arriving at the airport and when they started their flights. Sleep deprivation (i.e. sleep of fewer 

than 8 hours according to the FAA, 2009) was found to be common among the participants with 

approximately 30% of them usually sleeping less than 6 hours per night. The percentage of usually 

sleep deprived pilots was probably even higher because about 65% of the participants reported 

sleeping between 6 and 8 hours. Personal factors might have played a role in sleep deprivation 

(Bourgeois-Bougrine et al., 2003). Another contributor to sleep loss might have been driving to 

the airport early in the morning because about two-thirds of the sample completed drives between 

2 and 6 am at least frequently. Besides sleep duration, higher usual levels of fatigue at the 
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beginning of the flights related to commuting more often to the airport between 2 and 6 am. These 

findings suggest that sleep-related fatigue can coexist with fatigue induced by driving to the 

airport and, thus, the effect of the one on performance might be intensified by the other. 

The relationship found between the duration of the drives to the airport with fatigue, the difficulty 

in staying awake, and performance decrements in flight supports the suggestions made by aviation 

organisations that long commutes to the airport increase the risk of impaired flying performance 

(e.g. FAA, 2012a). This risk has also been suggested in studies with non-pilots (Azwar et al., 

2018) and pilots (Zakariassen et al., 2019). Although the findings of this survey contradict those 

by Brown and Whitehurst (2011) and Roma et al. (2012), Roma et al. also believed that 

commuting to the airport can be fatiguing for pilots when it is performed by driving. This study 

extended the existing knowledge in pilots and other professionals by supporting the association 

between driving to the airport and work performance based on ratings of fatigue. It also identified 

the potential role of task load during the commutes to the airport in the risk of aeroplane accidents. 

In addition, in contrast to the existing literature in pilots, this survey explored fatigue in flight 

specifically when pilots commute by driving.  

In contrast to aviation organisations and the studies in pilots and other professionals, this survey 

suggested a link between active fatigue induced by driving to the airport and the risk of car crashes 

after duty. That is, the pilots who reported usually completing drives of higher levels of mental 

demand to get to the airport also reported usually starting the drives after duty more fatigued. The 

median of the usual levels of fatigue when starting the drives after duty was 4 (‘a little tired, less 

than fresh’), which suggests usually experiencing moderate levels of fatigue. The correlation 

between mental demand and fatigue does not mean that the one caused the other but indicates an 

increased risk of fatigue-related car crashes after duty when the drives before flight are mentally 

demanding. Experiments with simulated driving and flying could provide a better insight into this 

link. 

Some more evidence about the link between fatigue induced by driving to the airport and the risk 

of car crashes after duty was provided by analysing the data about the participants’ difficulty in 

staying awake in driving and impaired driving performance. That is, it was found that the pilots 

who reported usually completing longer and more mentally demanding drives to the airport also 

reported more frequent difficulties in staying awake while driving after duty. They also agreed 

more with the statement about deteriorated driving performance. Approximately 75% of the pilots 

reported a difficulty in staying awake while driving after duty and 80% agreed at least to a degree 

with the statement about impaired driving performance. These percentages suggest that the risk 

of car crashes when commuting after duty is extensive among professional pilots. However, the 

full extent of this issue was not revealed because the participants were not asked how often these 

adverse effects had been and which aspects of driving performance had been impaired. 
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Experiments could help to explore in more depth the link between fatigue induced by driving 

before flight and fatigue-related performance decrements while driving after flight. 

It is worth noting that most pilots stated that flying had contributed to a deterioration of their 

driving performance after duty. This risk has not been identified by aviation organisations and 

studies in pilots. Although there is evidence from studies in other professionals that the risk of car 

crashes after work increases due to extended and night shifts (e.g. Barger et al., 2005), the survey 

described in this chapter is the first that suggests that the risk of fatigue-related crashes when 

driving after work is also high in pilots. Furthermore, in line with the literature in other 

professionals (Dorrian et al., 2008; Scott et al., 2008), it was found that usually sleeping less 

related to reporting usually starting the drives after duty more fatigued and experiencing a higher 

difficulty in staying awake during those drives. Additionally, driving to the airport more often 

between 2 and 6 am related to fatigue and the difficulty in staying awake in flight. The time of 

driving to work has not been identified as a contributor to fatigue experienced while commuting 

after work in the existing literature in pilots and other professionals. These results suggest that 

pilots who commute by driving experience a mix of task- and sleep-related fatigue during the 

commuting cycle. Hence, it is possible that the effects of the one intensify the effects of the other. 

Experiments could improve understanding of this interaction by controlling for the effect of some 

of the contributors to fatigue while manipulating others. Then, intervention strategies specifically 

for the type of fatigue experienced could be tested.  

Another contribution of this survey is the identification that active fatigue caused by driving to 

the airport is usually mediated by the time spent at the airport before duties. That is, it was found 

that the reported usual levels of fatigue when entering the aeroplane were significantly lower than 

upon arriving at the airport before duty. No data were collected about pre-flight activities and no 

literature was sourced on pre-flight intervention strategies for fatigue. Nevertheless, this finding 

indicates that the pilots who drive to the airport usually use effective self-initiated intervention 

strategies to manage fatigue before flying. On the other hand, regulations require that pilots report 

fit for duty, so it is unclear if some participants avoided reporting that they usually started their 

flights fatigued. Moreover, it should also be noted that the pilots were asked about their usual 

levels of fatigue during the commuting cycle. Therefore, it is possible that, on some days, pilots 

do not manage before their flights any fatigue induced by driving to the airport. However, this 

was not captured in this survey. Although the focus of this study was on the extent of the issue of 

commuting-related fatigue, those cases are of interest because that is especially when driving to 

the airport is expected to increase the likelihood of impaired flying performance and performance 

decrements after duty.  

In contrast to the time spent at the airport before flights, the survey showed that the participants 

did not usually manage to reduce their levels of fatigue while at the airport after duty. That is, the 
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usual reported levels of fatigue just before driving after duty were not significantly different from 

those when exiting the aeroplane. If this finding applied to the population of professional pilots, 

then applying self-initiated intervention strategies for fatigue after duty would be needed to reduce 

the risk of car crashes. No data were collected to investigate why the time spent at the airport 

usually did not help the participants and no literature was sourced on how post-flight activities 

affect pilots’ fatigue. Future studies could explore why pilots do not manage to reduce their levels 

of fatigue before commuting back home by focusing on factors, such as the rush to return home 

and the lack of awareness regarding the risk associated with driving fatigued after duty. 

As explained in chapter 1, it is expected that any active fatigue induced by driving to the airport 

might increase further due to flying, thus, contributing to an increased risk of car crashes after 

duty. In line with the literature solely on pilots (e.g. Petrilli et al., 2006), the reported usual levels 

of fatigue when exiting the aeroplane were significantly higher than when entering it. The median 

of the usual levels of fatigue when exiting the aeroplane was 5 (‘moderately tired, let down’) 

compared to 2 (‘very lively, responsive, but not at peak’) at the beginning of the flights. Although 

the median of fatigue at the end of the flights was moderate, the increase from the beginning of 

the flights indicates a higher risk of impaired performance at the end of the flights.  

It is unclear if the increased levels of fatigue at the end of flights were caused by the duration of 

the flights (e.g. short-haul versus long-haul flights), flying tasks (e.g. dealing with unanticipated 

problems), sleep-related factors (e.g. the time awake since last sleep), or any combination of them. 

Moreover, pilots can use countermeasures for fatigue in flight, but these were not investigated as 

this was out of the scope of this study. For example, sleeping in designated bunk facilities in the 

aeroplane is a generally accepted practice that assists pilots with staying alert in long-haul flights. 

More than two pilots are on duty on those flights in order to allow one of them to leave the cockpit 

in order to rest. In flights with two pilots on duty, it may be allowed to take controlled rest 

(Commission Regulation, 2014). Controlled rest is not planned before-flight and pilots do not 

leave the cockpit. Instead, they take a nap in-seat for about 40 minutes. Controlled rest is not 

permitted in all the countries (e.g. not in the US). Longer naps and better performance have been 

found when pilots slept in bunks than in the cockpit (Eriksen et al., 2006), but controlled rest can 

help to reduce fatigue too (Petrie et al., 2004). Future experiments could provide better insights 

into the effectiveness of sleep during flights in terms of fatigue in commuting pilots. 

4.5 Conclusion and implications for the next study 

Based on the interview, fatigue induced by driving to the airport is a safety issue because it has 

affected negatively many professional pilots’ fatigue in flight and, potentially, their fatigue while 

driving after duty. The interviewee highlighted that long and demanding drives are the most 

fatiguing ones and recommended further research on the topic in order to develop intervention 
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strategies. The extent of the issue was explored with the survey. Based on that, fatigue induced 

by driving to the airport is not usually an issue for pilots. This might be attributed to the fact that 

they usually avoid fatiguing commutes and reduce their levels of fatigue before flight. However, 

the study indicated that many professional pilots worldwide are at an increased risk of aeroplane 

accidents and car crashes after duty when they complete long and demanding drives to the airport. 

The sub-sample of pilots who reported commuting by driving was representative of the population 

of pilots in terms of age (CAA, 2018; FAA, 2018) and gender (Women in Aviation International, 

2016). Nevertheless, generalising the findings of this survey to the population of professional 

pilots should be made carefully due to the lack of extensive data on pilots’ commuting habits and 

the overrepresentation of pilots with a home base in Europe in the sample.  

The findings of the survey suggest that active fatigue induced by driving to the airport is an issue 

for many professional pilots worldwide. Nevertheless, it is essential to explore in more depth if 

the type of fatigue induced by driving (i.e. active or passive) subsequently affects the levels of 

fatigue experienced in flying and driving. This will not only improve understanding of the 

fundamental aspects of the issue but also help commuting pilots to select effective self-initiated 

intervention strategies. This considered, the experiment described in chapter 5 was conducted. 
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Chapter 5. The effect of the type of fatigue induced by driving on the 

levels of fatigue experienced in subsequent flying and driving 
 

5.1 Background and justification of the study 

Aviation organisations suggest that the risk of flying fatigued may increase after long commutes 

to the airport. Drawing from the literature solely on drivers, that risk might be particularly high 

when pilots commute to the airport by completing long and demanding drives because their 

attentional resources could be depleted. If pilots did not manage fatigue while at the airport, they 

would be at an increased risk of fatigue-related performance decrements in flight. Flying might 

then increase their levels of fatigue even further. As a result, fatigue induced by driving to the 

airport and flying might deteriorate their driving performance while commuting after duty.  

The survey in chapter 4 suggested that professional pilots are at an increased risk of aeroplane 

accidents and car crashes after duty when they complete long and demanding drives to the airport. 

However, the potentially adverse effects of active fatigue induced by those drives were based on 

self-reports about the levels of fatigue usually experienced and the characteristics of pilots’ usual 

commutes. At the same time, the effects of sleep-related factors and self-initiated intervention 

strategies on fatigue in the commuting cycle were not controlled. Therefore, it was not possible 

to explore in depth the impact of the type of fatigue induced by long drives on fatigue experienced 

in subsequent flying and driving. Without improving understanding of that impact, it would 

difficult to suggest intervention strategies as some of them are effective against active and others 

against passive fatigue (section 2.3). This considered, the experiment described in this chapter 

aimed to investigate if the type of fatigue induced by driving (i.e. active or passive) subsequently 

affects the levels of fatigue experienced in flying and driving. Three objectives were set; 

• Explore how completing a long drive affects individuals’ levels of fatigue in subsequent 

flying and driving tasks. Conditions with and without a long drive will be used to achieve 

this objective. 

• Investigate how low and increased levels of task load in a long drive affect the levels of 

fatigue experienced in subsequent flying and driving tasks. Drawing from Desmond and 

Hancock’s theory of fatigue (section 2.2.1), the levels of fatigue experienced in flying and 

driving tasks after a long drive might be higher when that preceding drive is demanding 

because the continuous investment of effort depletes individuals’ attentional resources. In 

contrast, when the task load of driving is low, the fatigue caused is passive. Passive fatigue 

relates to disengagement from the driving tasks and, thus, some attentional resources are 

reserved. As a result, individuals may have some attentional resources left to invest in 

subsequent flying and driving. 
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• Develop a methodology that could be used in the study of chapter 6 to reveal the effects of a 

long and demanding drive on individuals’ fatigue in subsequent flying and driving tasks.  

This experiment included a long, simulated drive followed by simulated flying tasks and a 

simulated short motorway drive. The control group completed flying tasks and motorway driving 

tasks of level 0 of automation (Figure 2.2) only. The manual group completed a long and 

demanding drive of 0 level of automation followed by the same flying and motorway driving 

tasks to the control group. The automated group completed the same driving and flying tasks to 

the manual but drove a highly automated car (level 2 of automation) during the initial long drive. 

Highly automated driving was selected to induce passive fatigue due to the low levels of task 

load. Instead of changing the level of automation of the car, the task load in the long drive could 

have been changed by modifying the driving scene (e.g. the traffic density). However, highly 

automated driving was used to increase the likelihood of inducing passive fatigue by minimising 

the physical task load while putting drivers into a monitoring state. The expressions of fatigue 

were measured with subjective and performance data collected in the flying and driving tasks, 

whereas task load in the long drive was measured with a subjective scale.  

5.2 Hypotheses  

Based on the existing literature, a number of alternative hypotheses were formed; 

Hypothesis 1. The CSS ratings, the PVT reaction times, and the number of PVT lapses of the 

manual and the automated group will be significantly higher at the end than at the beginning of 

the 60-minute drive. Testing this hypothesis would show if the long drives induced fatigue due to 

the extended time on task. 

Hypothesis 2. The total task load and the ratings on each of the NASA-TLX during the 60-minute 

drive will be significantly lower in the automated than in the manual group. Testing this 

hypothesis would show if the fatigue caused was active or passive. 

Hypothesis 3. The control group will be less fatigued than the manual and the automated in the 

MATB-II tasks as evidenced by significantly lower CSS ratings and PVT reaction times, 

significantly fewer PVT lapses, and significantly better performance in the tracking, system 

monitoring and communication tasks. 

Hypothesis 4. The automated group will be less fatigued than the manual in the MATB-II tasks 

as evidenced by significantly lower CSS ratings and PVT reaction times, significantly fewer PVT 

lapses, and significantly better performance in the tracking, system monitoring and 

communication tasks. 

Hypothesis 5. The control group will be less fatigued than the manual and the automated ones in 
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the 14-minute drive as evidenced by significantly lower CSS ratings and significantly better 

driving performance (i.e. lower SDs of lateral position and speed). 

Hypothesis 6. The automated group will be less fatigued than the manual in the 14-minute drive 

as evidenced by significantly lower CSS ratings and significantly better driving performance (i.e. 

lower SDs of lateral position and speed). 

If it was found that the control group was less fatigued than the others during the flying and the 

motorway driving tasks, that would suggest that fatigue induced by long driving increases the 

likelihood of being fatigued in subsequent flying and driving tasks. In addition, it would indicate 

that this likelihood increases with long drives irrespective of whether they induce active or passive 

fatigue. If that finding applied to professional pilots, they would be at a higher risk of aeroplane 

accidents and car crashes after duty due to fatigue induced by driving to the airport. Finding that 

the manual group was more fatigued in the flying and the motorway driving tasks than the 

automated would suggest that whether a preceding drive induces active or passive fatigue can 

make a difference in the levels of fatigue experienced in subsequent flying and driving tasks. If 

that finding applied to professional pilots, they would need to avoid particularly those drives to 

the airport that induce active fatigue.   

5.3 Materials and methods 

Ethical approval was obtained from the ESSL, Environment and LUBS (AREA) Faculty Research 

Ethics Committee of the University of Leeds (ethics reference number: AREA 17-067).  

5.3.1 Participants 

The focus of this study was on the mechanisms behind the effects of the type of fatigue induced 

by driving, which are expected to be the same for everyone irrespective of profession. Moreover, 

access to pilots was limited. Hence, the participants were non-pilots. A non-probability-based 

convenience sampling technique was used due to time constraints. All the participants were 

adults. Not having a full driving license was an exclusion criterion for increased ecological 

validity. People with training in piloting an aircraft were excluded too to control for the effects of 

flying experience on performance. The software used to simulate flying is not commercially 

available, so people with experience of playing flight simulation games were not excluded. 

Individuals with a hearing impairment or dyslexia did not participate because of the need to 

complete communication tasks and read rating scales under time pressure. People with a diagnosis 

of sleep apnoea could not take part either because this disorder can cause sleepiness. In addition, 

the participants should not have consumed alcohol, coffee or any other substance that can affect 

alertness in the 8 hours before the trials and should not have completed intense physical exercise 

in the 4 hours prior to participation to avoid starting the sessions on a plateau of fatigue. 
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Participants who reported on the personal information sheet that they had slept less than 7 hours 

the night before the experiment were excluded to control for fatigue caused by sleep deprivation. 

The 7-hour threshold was selected based on the recommendation of Hirshkowitz et al. (2015) and 

not the (considered too strict) threshold of 8 hours set by the FAA (2009). Finally, individuals 

who rated at the beginning of the study their levels of fatigue on the CSS fatigue scale (see section 

3.2.1.1 for a description of the CSS) as 4 (‘a little tired, less than fresh’) or higher were excluded 

too. This decision was made to increase the likelihood that the participants would not have 

reached a plateau of fatigue before starting the session.  

The participants were approached through posters in the libraries of the University of Leeds, posts 

on official University of Leeds Facebook groups, and through University databases. An email 

with the participant information sheet was sent to the individuals who were interested to give 

them enough time to decide whether they wanted to participate. Twelve individuals were recruited 

for the preliminary study that was conducted to investigate the feasibility of the crucial steps of 

the main study. Sixty individuals participated in the main study. The sample size of the main study 

was calculated using the G*Power software (Heinrich Heine Universität Dusseldorf, 2017) for a 

level of confidence of 90% and a margin of error of 10%. This sample size would be adequate to 

reveal effect sizes of 0.8.  

5.3.2 Pre-study documents 

The participant information sheet included information about the purpose of the study, the 

exclusion criteria, and why the participant was approached. Moreover, there was a description of 

what the experiment would include and information about confidentiality, voluntary participation, 

and the right to withdraw. The potential benefits and disadvantages/risks were outlined, and the 

researcher’s contact details were provided. Furthermore, the participants were informed about 

who would have access to their data and where the data would be stored. Finally, information was 

provided about the possibility of publishing the results of the study to a conference or a scientific 

journal and about who had organised, funded, and reviewed the study. Besides reading the 

participant information sheet, the participants read and signed a consent form. That form asked 

them to confirm that they agreed with the participant information sheet and had the opportunity 

to make questions. Moreover, the consent form included information about the voluntary 

participation, confidentiality, and withdrawal, access and storage of data.  

The personal information sheet was used to collect information about demographics (i.e. age and 

gender) that would help to describe the sample. The literature suggests that experienced drivers 

may perform better in simulated driving tasks than the less experienced ones. This may occur, for 

example, because they are more likely to perform better in lane-keeping tasks (Hollopeter, 2011) 

and look more at the front view than the dashboard (Nabatilan et al., 2011). This considered, the 
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participants were also asked when their driver’s license was issued to explore if there was a 

difference in the driving experience between the groups.  

Since the focus of this experiment was on task-related fatigue, sleep-related data were collected 

with the personal information sheet to control for sleep-induced fatigue. That is, the participants 

were asked about the duration of their sleep and sleep quality the night prior participation. Sleep 

quality was rated on a multiple-choice question taken from the St Mary’s Hospital Sleep 

Questionnaire (see section 3.1.2.2). The St Mary’s Hospital Sleep Questionnaire includes items 

about sleep quantity and evaluates various aspects of sleep quality with several items. Exploring 

sleep quality in-depth was out of the scope of this study, so only one item was used (‘how well 

did you sleep last night?’). The participants selected amongst six options that ranged from ‘very 

badly’ to ‘very well’.  

5.3.3 The long drive that was used to induce fatigue 

A 60-minute drive was designed to induce fatigue in the manual and the automated group. This 

was completed on a Z400 PC running Windows 7 with a 40" monitor and Logitech G27 dual-

motor force feedback steering wheel and pedals (Figure 5.1). 

 

 

 

 

 

 

 

 

 

Figure 5.1 The equipment used to run the simulated drives in experiment 1.  

 

The manual group completed the 60-minute drive by driving a car of level 0 of automation and 

the automated by driving a car of level 2 of automation (Figure 2.2).  The level 2 drive was a 

video recording of the car being driven by the researcher as safely as possible on urban and rural 

roads. The participants in the automated group were not aware that a video was shown. Level 2 

was used in order to maintain some engagement with the driving task. Engagement would be 

achieved by requiring the participants to continuously monitor the driving scene and keep their 
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hands on the steering wheel and feet on the pedals at all times because they would be asked by 

the car to take control over at some point (that did not finally happen). If the participants were 

allowed to disengage from the task completely, they might not experience passive fatigue because 

non-driving tasks could activate them (Jarosch et al., 2019; Schömig et al., 2015) and sleeping 

would reduce their levels of fatigue. Thus, it would not be possible to explore the role of the type 

of fatigue induced by driving on fatigue experienced in subsequent flying and driving tasks. 

It was decided to design a demanding drive that would have a length similar to that of the long 

drives that pilots complete in real life. According to the survey described in chapter 4, about 20% 

of the pilots usually completed drives between 45 to 60 minutes to commute to the airport. A 60-

minute drive was designed to resemble that duration. In addition, the duration of 60 minutes was 

selected to increase the likelihood of inducing fatigue based on other driving simulator studies. In 

those studies, participants’ levels of fatigue in manual driving increased after 35 (Vogelpohl et 

al., 2019), 40 (Thiffault and Bergeron, 2003), and 45 (Oron-Gilad and Ronen, 2007) minutes. 

Thirty five minutes were also enough to induce fatigue when driving a highly autonomous vehicle 

in Vogelpohl et al.’s study (2019). The 60-minute drive started with a section of 4.5 km of urban 

road followed by 4 km of rural road. This 8.5 road section was repeated until the participants had 

driven for 60 minutes. The surroundings of the urban road sections were houses, trees, and parked 

cars. The surroundings of the rural road sections were a valley with trees.  

The 60-minute drive would need to be demanding enough to induce active fatigue. The first 

method used to increase task load was adding road curves on both the urban and rural road 

sections (Richter et al., 1998). Moreover, overtaking and driving into intersections have been 

linked to increased levels of mental workload (Cantin et al., 2009; Jahn et al., 2005). Hence, 

several events of cars pulling in front of the participant’s car and intersections with unpredictable 

movements of cars were added throughout the drive (Table 5.1). The participants in the 

preliminary study found the events used non-predictable, so they were used in the main study too. 

The literature suggests that mental workload increases when the traffic density is high (Teh et al., 

2014), so oncoming traffic was also added to urge the participants to pay attention to cars that 

travelled on the opposite lane and decide if they were safe to overtake.  

The colours and the models of the cars varied between the 8.5 km sections. Moreover, the first 

8.5 km road section was the same in terms of the events used to the third, the fifth, and the seventh 

section. This design aimed to prevent the participants from predicting the events. The second, 

fourth, sixth, and eighth 8.5-km sections included a different version of the event with the parked 

car that pulled in front of participant’s car (i.e. longer distance travelled before pulling out). All 

the other events were the same in all the sections, but they were activated at different locations of 

the drive in some sections. The driving environment was the same for the manual and the 

automated group, but the level of automation of the car driven differed (0 and 2 respectively).  
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Table 5.1 The events that were activated in the 60-minute drive (green icon: participant’s car). 

The participants were asked to drive as in real life. 

Traffic light events 

(urban road) 

The yellow car (panel A) 

and the purple car (panel 

B) passed the traffic light 

illegally, decelerated to 

10mph, travelled at that 

speed for 5 seconds, and 

then pulled out. 

 

In the event shown in 

panel C, the purple and 

yellow cars passed the 

traffic light only when it 

was green. 

 

 

 

 

 

 

 

 

 

 

 

 

Parked car events (panel 

D – urban road, panel E 

– rural road) 

 

In both events, the parked 

car pulled in front of the 

participant’s car. In the 

event shown in panel D, 

the car decelerated to 

10mph, travelled at that 

speed for 5 seconds, and 

pulled out. In the event of 

panel E, the car 

decelerated to 30mph and 

then accelerated to 60mph 

until it was overtaken. 

 

 

 

 

 

 

 

 

A B 

C 

D E 
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5.3.4 The methods that were used to measure the expressions of fatigue 

The methods that were used to measure the expressions of fatigue are shown in Figure 5.2. Three 

baseline scores were collected; a rating of fatigue on the CSS (see section 3.2.1.1), and the reaction 

time and number of lapses in the PVT (see section 3.2.3.1). The CSS baseline data were collected 

to exclude individuals already near a plateau of fatigue. At the same time, all the baselines would 

be used to explore if the groups differed in their levels of fatigue experienced before the trials. 

The induction of fatigue in the 60-minute drive was measured with CSS ratings during the drive, 

and the PVT reaction times and lapses before and directly after the drive. Fatigue was not inferred 

during the 60-minute drive by measuring driving performance because that would be affected by 

the events used. Perceived task load was rated every four minutes during the 60-minute drive with 

the NASA-TLX scale (see section 3.1.1). The manual and the automated group rated their levels 

of fatigue on the CSS scale again after the PVT that followed the 60-minute drive. For the control 

group, the baseline CSS rating was used as the rating of fatigue at the beginning of the MATB-II 

tasks. The same data were collected for all the groups in the rest of the trials. These included the 

CSS ratings and performance in the flying and motorway driving tasks. The PVT reaction times 

and lapses were measured again between the flying and the motorway driving tasks and fatigue 

was rated on the CSS again just before the motorway drive. 

 

 

 

 

 

 

 

 

 

Figure 5.2 The methods that were used to measure the expressions of fatigue in experiment 1. 

Green boxes: data collected only for the manual and the automated group.  

 

5.3.4.1 The simulated flying tasks 

The simulated flying tasks were completed with the Multi-Attribute Task Battery II (MATB-II) 

(Figure 5.3) software on the PC used for the driving simulator with a mouse and a Logitech G 
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X52 Saitek joystick (Figure 5.4).  

 

 

 

 

 

 

 

 

 

Figure 5.3 The user interface of the Multi-Attribute Task Battery-II (MATB-II) (Santiago-Espada 

et al., 2011).  

 

 

 

 

 

 

 

 

Figure 5. 4 The equipment that was used for the MATB-II flight tasks. 

 

MATB-II was developed by NASA (Santiago-Espada et al., 2011) to evaluate pilots’ performance 

and mental workload with tasks that resemble those usually completed by pilots in flight. 

However, the MATB-II tasks can also be completed by non-pilots because no knowledge of flying 

an aeroplane is needed. Participants can concurrently complete tracking, monitoring, 

communication, and resource management tasks (Figure 5.4). Researchers can select which of 

the four types of tasks (i.e. tracking, system monitoring, communications, and resource 

F5 
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management) will be completed and, thus, if single- of multi-tasking will be required. Moreover, 

the number and timing of the events can be controlled. For example, they can select when the 

green light (shown as F5 in Figure 5.4) will switch off and on.  

The MATB has been used in studies with pilots because of its high face validity and sensitivity 

of performance to fatigue (Caldwell and Ramspott, 1998; Caldwell et al., 2004; Lopez et al., 

2012). MATB and MATB-II are different versions of the same software but include the same 

tasks. In a study with pilots and pilot trainees, Caldwell and Ramspott (1998) found that increased 

time-on-task related to reduced accuracy in the tracking task, more time-out errors in the 

communications task and slower reaction times to the scale deviations and light changes of the 

system monitoring task. The sensitivity of the MATB to sleep-induced fatigue has been supported 

in studies that showed that sleep-deprived pilots completed less accurately the tracking task 

(Caldwell et al., 2004; Lopez et al., 2012).  

The aim in the tracking task (Figure 5.5) is to keep the circle for as much as possible at the centre 

of the cross by moving the joystick appropriately. The blue circle moves continuously and drifts 

away from the centre of the cross. The researcher can increase the need for corrective inputs or 

switch the tracking task to auto mode (Figure 5.5 – panel B). Completing the tracking task requires 

sustained attention (i.e. vigilance) to detect small movements of the blue circle and respond 

quickly to them. The ability to detect small environmental changes can be negatively affected by 

fatigue (Thiffault and Bergeron, 2003).  

 

 

 

 

 

 

Figure 5.5 Panel A: the tracking task with the blue circle away from the centre of the cross in 

manual mode. Panel B: the tracking task in auto mode. 

 

The tracking task resembles the manual handling of the joystick (Figure 5.6 – panel A) of a real 

aeroplane. In real flights, pilots use an instrument called ‘attitude indicator’ (Figure 5.6 – panel 

B) to fly the aeroplane straight (i.e. without turning) and level (i.e. without changing altitude). 

The joystick is moved appropriately to keep the centre of the horizontal line of the cross on the 

horizon line (see yellow arrow). When the aeroplane is turning, these two lines are not parallel, 

Panel B Panel A 
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whereas when the aeroplane is changing altitude, the one line is above the other. Although pilots 

often engage the autopilot to avoid flying the aeroplane by moving the joystick, sometimes they 

fly by controlling it. For example, that can happen in takeoff and landing or during an emergency 

(e.g. engine failure). The difficulty in controlling the joystick increases when flying in turbulence 

and through strong crosswinds. 

 

 

 

  

 

 

 

Figure 5.6 Panel A: the joystick of an Airbus A320 (Airliners, 2019). Panel B: the attitude 

indicator on an Airbus A320 (StackExchange, 2019). 

 

The system monitoring task includes the light and the scale tasks (Figure 5.7). In the lights task, 

the left light is normally green and the right grey (Figure 5.8 – panel A). The researcher determines 

the times when the green light will switch off and on (Figure 5.8 – panel B). The one sub-task of 

the lights task is to detect when the green light turns grey and click on it as quickly as possible 

before it turns green again. Furthermore, the researcher determines when the grey light will turn 

red and grey again (Figure 5.8 – panel C). This is the second sub-task of the lights task, where 

users must detect the red light and click on it as quickly as possible before it turns grey again. If 

the correct light is not clicked within the pre-determined time or the users click the correct light 

on time, the lights return to their normal colour. 

 

 

 

 

 

 

 

Figure 5.7 The system monitoring task of the MATB-II. 

Panel A Panel B 



 
 

98 

 

 

 

 

 

 

Figure 5.8 Panel A: the green light is switched on. Panel B: the green light is switched off. Panel 

C: both the green and red lights are switched on.  

 

In the scales task, all the dark blue squares move constantly around the middle of the columns but 

not more than one rectangle upwards or downwards (Figure 5.9 – panel A). When a dark, blue 

square moves too high or too low (Figure 5.9 – panel B), users need to click anywhere on the 

relevant scale as quickly as possible to bring it back to its normal position. The System Monitoring 

task resembles the monitoring of lights and scales on the instrument panel in real aeroplanes 

(Figure 5.10). The main principle in both situations is that sustained attention is needed to detect 

changes in the lights and scales.  

 

 

 

 

 

 

 

 

Figure 5.9 Panel A: the normal position of the dark blue boxes on the scales. Panel B: the dark 

blue square of scale F1 has moved too high on the scale.  

 

 

 

 

 

 

Figure 5.10 Panel A: Boeing 737 master caution (Flaps2Approach, 2019). Panel B: Airbus A320 

moving scales (in the yellow boxes) (StackExchange, 2019).  

Panel A Panel B Panel C 

Panel A Panel B 

Panel A 
Panel B 
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The aim of the communications task (Figure 5.11) is to select the correct radio and change the 

frequency shown so that it matches the frequencies heard. Working memory is needed to 

remember the radio frequencies and rehearse this information. An example voice message in the 

MATB-II is the following; ‘NASA five zero four, NASA five zero four, turn your NAV one radio 

to frequency one-one-four, five-five-zero’. When users believe that the frequency shown is the 

frequency in the ATC message, they must click the ‘ENTER’ button.  

The communications task of the MATB-II resembles the communication of pilots with the ATC 

in real flights. Although the design of the MATB-II communications panel is simpler than that of 

real aeroplanes, the messages heard are similar to those sent by the ATC in real flights and the 

task that users complete resembles what pilots do in real operations. To change the radio 

frequency in an Airbus A320, pilots push a radio selection button (e.g. VHF1) (Figure 5.12), 

rotate the knob to change the frequency, and confirm it by pressing the green arrow. 

 

 

 

 

 

 

 

Figure 5.11 The communications panel in MATB-II. 

 

 

 

 

 

 

 

Figure 5.12 The radio management panel of the Airbus A320. 

 

The Resource Management task (Figure 5.13) resembles the fuel management task completed by 

pilots in flight by asking participants to move fuel between the pumps in order to keep the fuel 

levels between the pre-determined limits in tanks A and B. This task remained inactive in the 
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trials because the preliminary study showed that the participants needed at least 15 minutes of 

practice only for this task. That could result in starting the trials at a plateau of fatigue.  

 

 

 

 

 

 

Figure 5.13 The MATB-II resource management task. 

 

The scheduling section of the MATB-II interface (Figure 5.14) shows the scheduled tracking and 

communications tasks. The participants in this study were advised to use this information in order 

to be prepared for the next tasks.  

 

 

 

 

 

 

 

Figure 5.14 The MATB-II scheduling section. 

 

The MATB-II scenario that was used in the main session was designed to measure performance 

in the tracking, monitoring, and communications task. The total duration of the scenario was 32 

minutes in order to simulate the duration of a short domestic flight and was divided into five 

blocks. The duration of the first, second, fourth and fifth blocks of tasks was four minutes. In 

contrast, the third block was sixteen minutes long to simulate the cruise stage, which is usually 

longer than the other stages in real flights. The tasks that participants needed to complete in each 

block can be found in Appendix B. The levels of task load were higher in the second and fourth 
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blocks to simulate the differences in the task load experienced between different stages of flight. 

That is, the first, third and fifth blocks required performing only the tracking task to simulate the 

lower levels of task load experienced during the taxi and cruise stages. In contrast, the second and 

fourth blocks required completing the tracking, monitoring, and communication tasks at the same 

time in order to simulate the higher levels of task load usually experienced during the takeoff, 

climb, descent, and landing stages of flight.  

The duration of the practice session was 16 minutes, which, according to the preliminary study, 

was enough to familiarise with the MATB-II tasks. The practice session was divided into two 4-

minute blocks that included only the tracking task and two that included the tracking, monitoring, 

and communications tasks. The events of the system monitoring task in the practice session 

differed from the ones in the main session to avoid predictions. This was achieved by having red 

light events where there were green light ones in the main session and vice versa, triggering 

different scales, and using different frequencies in the communications task.  

5.3.4.2 The 14-minute motorway drive 

A 14-minute motorway drive was designed to infer high levels of fatigue through its effects on 

driving performance. The equipment described in section 5.3.3 was also used here. This drive was 

completed on a car of level 0 automation (see Figure 2.2) by the manual, the automated, and the 

control groups. In contrast to the 60-minute drive, this drive was not used to induce fatigue but to 

unmask its effects on performance. Therefore, a shorter duration than the 60 minutes was selected 

for increased practicality. No simulator studies that explored fatigue in driving after completing 

flying tasks were sourced. However, driving simulator studies that compared fatigue between 

sleep- and non-sleep-deprived individuals suggested that between-group differences in the effects 

of fatigue on subjective experience, driving performance and physiology can be detected by using 

drives with a duration of 15 minutes (Akerstedt et al., 2010; Lenne et al., 1998; Vakulin et al., 

2007). In regard to the adverse effects of fatigue on driving performance, there is evidence that 

higher levels of fatigue relate to higher standard deviations of speed and lateral position, shorter 

headways from the cars ahead, higher mean speeds, more frequent edge-line crossings, and less 

accurate responses to speed changes of a lead car (Akerstedt et al., 2005; Brookhuis et al., 1994; 

Du et al., 2015; Thiffault and Bergeron, 2003; Ting et al., 2008; Van der Hulst et al., 2001; Zhang 

et al., 2016). 

The participants were told that the lead car would always drive at 70 mph in the middle of the 

middle lane. They were instructed to follow that car by driving as much as possible at 70 mph in 

the middle of the middle lane. It was expected that not changing lanes would keep the task load 

low, thus, unmasking any effects of fatigue on performance by not engaging the individuals. To 

keep task load low, most of the road was straight. For increased realism, a car that drove at 80 
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mph on the right lane decelerated to 70mph, entered the middle lane far in front of the lead car 

(see Figure 5.15) and stayed there for five seconds before moving back to the right lane. This 

event was activated when the distance between positions 1 and 2 in Figure 5.15 became 100 

metres. This event was triggered approximately once every minute. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15 The lane change event during the 14-minute drive.  

 

After 14 minutes of driving, the lead car started changing its speed based on the speed of the 

participant’s car to achieve a Time-To-Collision (TTC) of two seconds. TTC was defined by 

Vogel (2003) as ‘the time span left before two vehicles collide if nobody takes evasive action’. 

The TTC of two seconds was selected based on a review of the brake reaction times of non-

fatigued drivers in unexpected braking events that was conducted by Green (2000). When the 

TTC of two seconds was achieved, the lead car braked hard and stopped. The participants had not 

been informed that this event would occur. The preliminary study showed that some participants 

drove too far from or too close to the lead car just before the 14 minutes of driving. That resulted 

in delays of the software in achieving the two-second TTC soon after the 14 minutes and, in some 

cases, a failure to achieve the target TTC in order to activate the braking event. To ensure that the 

braking event would be activated the soonest after the 14 minutes in all the trials  (so that the time 

on task would be the same), messages were shown above the dashboard (Figure 5.16). These 

messages reminded the participants of the necessity to remain within a certain distance from the 

lead car (i.e. not too far, not too close). The behaviour of the lead car and the tasks that the 

participants completed during the 14-minute drive are shown in Figure 5.17. 
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Figure 5.16 Panel A: the message that appeared when the lead car was too far. Panel B: the 

message that appeared when the lead car was too close. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.17 The behaviour of the lead car in the 14-minute drive and the tasks that were completed 

by the participants. 

 

5.3.4.3 The CSS fatigue scale  

Subjective fatigue was measured with the CSS (see section 3.2.1.1), which is sensitive in detecting 

increases of the levels of fatigue due to time on task (Gander et al., 2015; Petrilli et al., 2006) and 

drivers (Belenky et al., 2012; Richter et al., 2005). The participants rated their fatigue just before 

the session and every 4 minutes during the 60-minute drive (only the manual and automated 

group). Fatigue was also rated after 4, 8, 24, 28, and 32 minutes in the MATB-II tasks, and after 
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4 and 9 minutes during the 14-minute motorway drive. The CSS was presented during the drives 

on the top left corner of the screen (Figure 5.18) and the participants should rate their levels of 

fatigue aloud. The CSS was shown on the screen during the MATB-II scenario when the flying 

tasks were stopped. Again, the participants provided a rating aloud. The participants practised 

rating their levels of fatigue on the CSS during the practice drive. 

 

 

 

 

 

 

Figure 5.18 The CSS scale that appeared during simulated drives. 

 

5.3.4.4 PVT reaction times and lapses 

The PVT (section 3.2.3.1) reaction times and lapses (i.e. reaction times longer than 500 

milliseconds) were measured to infer fatigue from vigilance. The impact of sleepiness on PVT 

performance has been supported in studies, where extended time awake since last sleep and sleep 

loss increased the PVT reaction times (Baulk et al., 2006; Dinges et al., 1997) and the number of 

lapses (Basner et al., 2011; Shattuck and Matsangas, 2014). In addition, some studies have found 

an effect of the time on task on PVT reaction times in participants who completed simulated tasks. 

For example, the PVT reaction times after a 30-minute simulated drive were significantly longer 

than before the drive in Graaumans et al.’s (2010) study.  

The reaction times were measured with the PEBL 2.0 software (PEBL, 2018), which has precise 

timing (Mueller and Piper, 2014) and has been used in research with pilots (Hoermann et al., 

2015; Karlen et al., 2010). The PVT was completed on a laptop running on Windows 10 64-bit, 

an i7 processor at 2.9GHz, and 8 GB RAM. The standard duration of the PVT is 10 minutes, but 

shorter versions can also be used (Basner et al., 2011; Lamond et al., 2008). A 5-minute PVT was 

used in this study for practical reasons. The signal presented in PVT was a pink ball that always 

appeared at the centre of a black screen. The participants were asked to press the spacebar as 

quickly as possible when the ball appeared. The intervals between the appearances of the ball 

varied between 2 and 10 seconds. A 1-minute practice preceded the baseline PVT. 
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5.3.5 The method that was used to measure task load in the 60-minute drive 

Task load was subjectively measured during the 60-minute drives with the NASA TLX scale to 

investigate its role on fatigue induction. The participants rated each of the six items of the NASA 

TLX scale aloud by saying a number from 1 (‘very low’) to 20 (‘very high’). These items appeared 

every 4 minutes during the 60-minute drive above the dashboard (Figure 5.19) one after the other 

when the CSS disappeared. The titles of the items were heard upon their appearance.  

 

 

 

 

 

 

Figure 5.19 One of the NASA TLX sub-scales (mental demand) that appeared during the 60-

minute drives in experiment 1. 

 

5.3.6 Procedure 

Figure 5.20 shows the setup in the room of the equipment used for the simulated tasks. The 

monitor used for the experiment was moved appropriately depending on whether driving or 

MATB-II tasks were completed. The PVT was completed on the same desk on a laptop. 

 

 

 

 

 

 

 

 

Figure 5.20 Panel A: completion of the simulated driving task. Panel B: completion of the MATB-

II task. 

Panel A Panel B 
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The participants paid one visit to the researcher at the Institute for Transport Studies. Half of the 

experiments started at 9.00 and the others at 13.00 to counterbalance the effects of the circadian 

rhythms on fatigue. When they arrived, they were given a reference code and they were assigned 

to one of the three groups; every first participant was assigned to the control group, every second 

to the manual, and every third to the automated. Then, they read the participant information sheet, 

signed the consent form, and completed the personal information sheet.  

The participants were explained the CSS and NASA-TLX scales and what they would do in the 

practice drive. After completing the practice drive, they were given instructions for the MATB-II 

and started the practice flight scenario. At the end of each block of tasks, the researcher stopped 

the tasks remotely and showed the CSS on the screen. The participants rated the scale aloud and 

the tasks continued. When the MATB-II practice finished, the participants rated their levels of 

fatigue on the CSS (baseline) and completed the baseline PVT.  

Before starting the 60-minute drive, the participants in the manual group were told that they would 

drive on urban and rural roads for 60 minutes. They were asked to drive as they would do in real 

life and rate the scales that would appear on the screen. Then, the researcher started the drive. The 

instructions given before the 60-minute drive were different for the automated group. Those 

participants were also told that they would drive on urban and rural roads for 60 minutes, but the 

car would drive itself. Therefore, they would not have to control the steering wheel and the pedals 

constantly. However, they were informed that their car would drift away from the road twice in 

the 60 minutes. When that happened, they would have to brake and move the steering wheel 

appropriately as quickly as possible to bring the car back onto the road. Then, the car would take 

over control again. They were advised to have their hands on the steering wheel continuously and 

their feet on the pedals to respond quickly. Then, the 60-minute drive started.  

After the 60-minute drive, the manual and the automated group completed a PVT. The main 

MATB-II scenario followed. The control group started the main session from the MATB-II tasks. 

All the groups were informed about the duration of the scenario and the tasks that should be 

completed. The flying tasks were stopped remotely at the end of each block to show the CSS on 

the screen. All the groups completed a PVT after the MATB-II tasks and, then, started the 14-

minute drive. They were given the same instructions as in the practice drive and no interventions 

were made by the researcher while driving. When the 14-minute drive finished, the participants 

were thanked, debriefed, and paid £20. 

5.3.7 Methodological considerations 

Since fatigue is a subjective construct, a within-groups design should be ideally used. This was 

avoided, first, because it could not be assured that the participants would start the sessions on the 

same levels of fatigue as fatigue may not develop linearly (Schömig et al., 2015). Second, the 



 
 

107 

 

 

braking event in the motorway drive would be predictable after the first session. Third, 

recruitment might be difficult because each participant would need to visit the researcher three 

times. A between-groups study design with baselines of subjective fatigue and performance in the 

PVT was used as an alternative.  

Perceived task load was measured on the NASA-TLX during the 60-minute drives. The data 

collected on each of the NASA-TLX items were analysed separately from the total task load score 

to identify if the 60-minute drives induced active or passive fatigue. According to Desmond and 

Hancock (2001), active fatigue relates to the investment of resources (thus high effort) and passive 

with the disengagement from the task (thus low effort). Galy et al. (2017) suggested the analysis 

of the data collected on each of the NASA-TLX items separately when researchers are interested 

in certain aspects of task load. The weighting procedure was not used because increasing task 

load every four minutes in the automated group could increase participants’ levels of alertness. 

As a result, it would not be possible to induce passive fatigue. The Raw NASA-TLX TLX has 

been found equally sensitive to the weighted scoring (Moroney et al., 1995). 

Performance in the tracking task of the MATB-II scenario was one of the metrics used to infer 

fatigue. This task required keeping a drifting ball at the centre of the cross by moving the joystick 

appropriately. Therefore, deviation from the centre of the cross was calculated. The deviations of 

lateral position and speed were also used to measure performance in the motorway drive. 

However, the Root Mean Square Deviation (RMSD) was calculated for the tracking task and the 

Standard Deviation (SD) for the lateral position and speed in driving. This decision was made 

because the SD is sensitive to outliers since it gives the spread of the data around the mean. This 

sensitivity is important when exploring driving performance because it is those outliers that 

indicate a higher risk of crashing. In contrast, the RMSD is calculated by squaring the differences 

between the predicted and the target values and averaging these squared values. Therefore, the 

effect of any outliers is smaller than with the SD. The effect of a large momentary deviation of 

the flight parameters (e.g. of the altitude change rate) is less probable to have an adverse effect 

on safety than, for example, a large deviation of the lateral position of a car due to large 

separations between aeroplanes.    

5.3.8 Statistical analyses 

The independent variables of the study were the group (i.e. control, manual, and automated) and 

the time point of measurement during the trials. The dependent variables were the CSS ratings, 

the NASA-TLX ratings, performance in the PVT (i.e. reaction time and lapses), performance in 

the MATB-II (i.e. tracking RMSD, omissions of lights and scales, errors in the communications 

task, and reaction time to lights and scales), and performance in the motorway drive (i.e. SD of 

the lateral position, SD of the speed, and reaction time in the braking event). 



 
 

108 

 

 

Data analysis was performed with the IBM SPSS Statistics 24.0 (IBM, 2016). R version 3.5.1 (R-

Project, 2018) was also used. Mixed-model analyses were performed for those metrics that data 

were collected more than once. Two-way mixed ANOVAs (i.e. Analyses of Variance) were used 

for the analyses when there was one between-groups factor (i.e. the group) and one within-groups 

factor measured in the continuous level (e.g. tracking RMSD). If a two-way mixed ANOVA 

showed that a simple main effect of the measurement time point on a variable was significant, 

this was further investigated with one-way repeated measures ANOVAs (when comparing more 

than two time points) or paired samples, two-tailed t-tests (when comparing two time points). 

When the assumption of sphericity was not met in the one-way repeated measures ANOVAs, the 

degrees of freedom were corrected with the Greenhouse-Geisser estimates of sphericity. A 

significant simple main effect of the group was further explored with independent samples, two-

tailed t-tests for the comparisons for which data only from the manual and the automated group 

were collected (i.e. in the 60-minute drive). One-way ANOVAs were run to explore further a 

simple main effect of the group when comparing between the three groups (i.e. in the MATB-II 

and motorway driving tasks).  

The data were transformed when the assumptions of a two-way mixed ANOVA were violated or 

there were many outliers in the data. Logarithmic transformations were used when the data were 

strongly positively skewed and square root transformations when they were moderately positively 

skewed (Tabachnick and Fidell, 2007). If the transformation was not successful, a non-parametric 

alternative analysis was run with the nparLD package (Noguchi et al., 2012) in R. The nparLD 

package is a rank-based method used to allow performing non-parametric analysis of longitudinal 

data in factorial experiments. The benefit of using a rank-based method is that there is no 

requirement for normally distributed data and the data analysed can be continuous, ordinal, or 

dichotomous (Konietschke et al., 2010). The nparLD package was also used when there was one 

between-groups factor (i.e. the group) but the within-groups factor was measured in the ordinal 

level. If the analysis with the nparLD showed that a simple main effect of the measurement time 

point was significant, Friedman’s tests were then run. In contrast, a significant simple main effect 

of the group found with the nparLD package was further investigated with Kruskal-Wallis H tests. 

Subsequently, pairwise comparisons were performed using Dunn's (1964) procedure with a 

Bonferroni correction. 

One-way ANOVAs were used when there was one between-groups factor (i.e. the group) and the 

dependent variable was measured once on the continuous level. In contrast, Kruskal-Wallis tests 

were run to compare ordinal variables measured once and the baseline CSS ratings between the 

three groups. Furthermore, a chi-square test of homogeneity was performed to compare 

dichotomous variables between the groups. Although the CSS and PVT data were collected 

throughout the sessions, it was decided to analyse the data separately per phase rather than 
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inserting all the data into a single mixed-effects model for each metric. This decision was made, 

first, because data were collected in the 60-minute drives only for the manual and automated 

groups. Second, it would be difficult to identify which phase (i.e. 60-minute drive, flying, or 

motorway drive) the interaction was significant at. Wilcoxon signed-rank tests were used for the 

comparisons of the CSS ratings at the end of the 60-minute drive with those just before the 

MATB-II. Moreover, Wilcoxon signed-rank tests were performed to compare the CSS ratings at 

the end of the MATB-II with those just before the motorway drive. These comparisons would 

show if the transition itself from one type of task to another affected fatigue.  

Before testing the hypotheses, it was explored if there were any significant differences between 

the three groups in factors other than the 60-minute drives that could have affected the expressions 

of fatigue in the trials. These factors were age (see section 2.1.2), driving experience (because 

more experienced drivers may perform better in driving - Hollopeter, 2011; Nabatilan et al., 

2011), sleep-related factors of fatigue (see section 2.1.2), and the fatigue baselines. The between-

groups comparisons of age, the years of driving experience, sleep duration, and the baseline PVT 

reaction times and lapses were performed with one-way ANOVAs. In contrast, the between-

groups comparisons of sleep quality and the baseline CSS ratings were conducted with Kruskal-

Wallis H tests. When the data were transformed due to not initially meeting the assumptions of 

the analyses performed, the descriptive statistics of the transformed data will be depicted in the 

Figures of the results section. The 95% CIs will be depicted when the data were treated as ordinal. 

On the other hand, the standard errors will be shown when the data were treated as continuous.  

Hypothesis 1 stated that the CSS ratings and the PVT reaction times and number of lapses of the 

manual and the automated group will be significantly higher at the end than at the beginning of 

the 60-minute drive. In contrast, according to hypothesis 2, the total task load and the ratings on 

all the items in the NASA-TLX during the 60-minute drive will be significantly lower in the 

automated than in the manual group. The data that were analysed to test hypothesis 1 are shown 

in Figure 5.21.  

 

 

 

 

 

 

Figure 5.21 The data used to test hypothesis 1 in experiment 1.  
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The following analyses were performed to test hypothesis 1: 

• Two-way mixed ANOVAs for the reaction times and the lapses in the two PVTs collected 

in the 60-minute drive.  

• Analyses with the nparLD package for the CSS ratings before, during, and after the 60-

minute drive. 

Hypothesis 2 was tested by running two-way mixed ANOVAs for the NASA-TLX data (i.e. total 

score and ratings on each of the items) collected in the 60-minute drive (12 ratings for each). 

According to hypothesis 3, the control group will be significantly less fatigued than the manual 

and the automated in the MATB-II tasks, whereas hypothesis 4 stated that the automated group 

will be significantly less fatigued than the manual in the MATB-II tasks. These hypotheses were 

tested by analysing the data shown in Figure 5.22.  

 

 

 

 

 

 

Figure 5.22 The data used to test hypotheses 3 and 4 in experiment 1.  

 

The following analyses were performed to test hypotheses 3 and 4: 

• Two-way mixed ANOVAs for the PVT reaction times and the lapses before and after the 

MATB-II tasks, the tracking RMSD, the omissions of lights, scales, and communication 

tasks, and the reaction times to the lights and scales. 

• Analyses with the nparLD package for the CSS ratings just before and in the MATB-II tasks. 

According to hypothesis 5, the control group would be significantly less fatigued than the manual 

and the automated in the 14-minute drive, whereas according to hypothesis 6, the automated group 

would be significantly less fatigued than the manual in the 14-minute drive. These was tested by 

analysing the data shown in Figure 5.23. The reaction times and the outcomes (i.e. crash or not) 

in the braking event were finally not analysed because some participants braked too hard, causing 

the brake pedals to slide on the floor. Therefore, the braking data were not accurate. 
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Figure 5.23 The data used to test hypotheses 5 and 6 in experiment 1. 

 

The following analyses were run to test hypotheses 5 and 6: 

• Two-way mixed ANOVAs for the SDs of the lateral position and speed. 

• Analyses with the nparLD package for the CSS ratings just before and during the motorway 

drive. 

5.4 Results 

5.4.1 Age, driving experience, sleep-related factors, and fatigue baselines 

Sixty individuals took part in this study. The percentages of females were 65% in the control 

group, 55% in the manual, and 60% in the automated. Before testing the hypotheses formed, it 

was explored if there were differences between the groups in the age, driving experience, the 

investigated sleep-related factors of fatigue, and the fatigue baselines. These comparisons would 

show if any differences in fatigue found between the groups during the flying and the motorway 

driving tasks could be attributed to factors other than the completion of the long drives. As 

explained, being older, sleeping less, getting sleep of lower quality (section 2.1.2), and starting 

the session more fatigued could affect the fatigue-related data collected in the sessions. The means 

of participants’ age, years of driving experience, and hours of sleep the night before the trials are 

shown in Table 5.2. The percentages of participants that selected each of the categories in the 

sleep quality item selected from the St. Mary’s hospital sleep questionnaire and the baselines of 

the PVT and CSS are also depicted in Table 5.2. 

A one-way ANOVA showed that the difference in age between the groups was not statistically 

significant, F(2,57) = 2.219, p = .118. Moreover, a one-way ANOVA showed that the differences 

in the years of driving experience were not significant between the groups, F(2,57) = 2.430, p = 

.097. A one-way ANOVA did not show a significant difference between the groups in the hours 

of sleep the night before the trials, F(2,57) = 0.211, p = .810. Finally, a Kruskal-Wallis test showed 

that the difference in the reported sleep quality was not significantly different between the groups, 

x2(2) = 1.514, p = .469.  

The one-way ANOVA that was performed to compare the PVT reaction time baselines between 

the three groups did not show a significant difference between the groups, F(2,57) = 1.70, x2(2) = 

1.703, p = .191. The reaction times in the PVT that are longer than 500 milliseconds are 
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categorised as lapses (Matthews et al., 2017). Similar, the one-way ANOVA that compared 

between the groups the frequency of lapses in the PVT baseline did not show a significant 

difference between the groups, F(2,57) = 1.198, p = .309. Finally, the Kruskal-Wallis test did not 

show a significant difference in the CSS baseline ratings between the groups, x2(2) = 1.853, p = 

.396. 

 

Table 5.2 Participants’ age, years of driving experience, hours of sleep, sleep quality, and fatigue 

baselines. 

 Control Manual Automated 

Age 28 (SD=4.96) 30 (SD = 6.53) 26.6 (SD = 3.62) 

Driving experience (years) 7.4 (SD = 4.81) 10.2 (SD = 6.84) 6.5 (SD = 6.5) 

Hours of sleep 7.7 (SD = 0.52) 7.6 (SD = 0.44) 7.5 (SD = 0.32) 

Sleep quality 

(% of 

participants) 

Very well 30 10.3 10.2 

Well 35 65.1 45.2 

Fairly well 29.9 14.9 39.6 

Fairly badly 5.1 9.7 5 

PVT baseline 

Reaction 

time (ms) 

334.11  

(SD = 13.00) 

315.62  

(SD = 8.08) 

310.61  

(SD = 6.07) 

Frequency 

of lapses 
1.50 (SD = 0.38) 1.45 (SD = 0.40) 0.80 (SD = 0.27) 

CSS baseline 2 (95% CI = 0.08) 2 (95% CI = 0.10) 2 (95% CI = 0.08) 

 

The results described in this section showed that there were no significant differences between 

the groups in age, driving experience, the investigated sleep-related factors, and the fatigue 

baselines. Fully controlling for the effects of sleep-related factors and inter-individual differences 

on fatigue is difficult, but these results suggest that any differences in the expressions of fatigue 

found between the groups in the trials could be attributed to the tasks completed. 
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5.4.2 Fatigue in the 60-minute drive  

According to hypothesis 1, the CSS ratings, the PVT reaction times, and the number of PVT 

lapses of the manual and the automated group would be significantly higher at the end than at the 

beginning of the 60-minute drive, whereas according to hypothesis 2, the total task load and the 

ratings of effort in the NASA-TLX during the 60-minute drive would be significantly lower in 

the automated than in the manual group. This was tested by analysing the CSS, PVT (reaction 

time and lapses), and NASA-TLX data collected in this drive. Reaction times in the PVT are 

recorded as lapses when they are longer than 500 milliseconds (Matthews et al., 2017). The simple 

reaction times of healthy, non-sleep-deprived individuals in the PVT vary between 220 and 500 

ms (Dreary and Der, 2005) with a mean of around 330ms (Woods et al., 2015).  

5.4.2.1 CSS 

The medians of the baseline CSS ratings and the CSS ratings collected during the 60-minute drive 

are shown in Figure 5.24. It should be noted that the CSS ratings appear the same on several 

measurement time points in the Figure because of the use of the medians (instead of the means). 

However, the significant differences of interest for the hypotheses tested are described in the next 

paragraph and shown as asterisks in Figure 5.24. 

 

 

 

 

 

 

 

 

 

 

Figure 5.24 The CSS ratings before and during the 60-minute drives in experiment 1.  

 

The analysis with the nparLD package showed no significant interaction between the group and 

the measurement time point and no significant simple main effect of the group. The simple main 

effect of the measurement time point was significant, Wald chi-square (1, N=40) = 3.101, p < 
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.005, ηp
2

 = .134. This was further explored with Friedman tests. For the manual group, the 

difference between the measurement time points was significant, χ2(12) = 114.177, p < .005, 

Kendall’s coefficient of concordance = .476. The post-hoc analysis revealed that the ratings of 

fatigue were significantly higher than the baseline (median = 2) on all the measurement time 

points from minute 44 (median = 4) (χ2(12) = 4.243, p = .002, r = .512) onwards to minute 59 

(χ2(12) = 6.600, p < .005, r = .430) for the manual group. Similar to the manual group, the CSS 

ratings of the automated group were statistically significantly different between the measurement 

time points during the 60-minute drive, χ2(12) = 167.256, p < .005, Kendall’s coefficient of 

concordance =.69. The post-hoc analysis revealed a statistically significant increase in the ratings 

of fatigue of the automated group on the CSS scale from the baseline (median = 2) to all the 

measurement time points from minute 34 (median = 4), χ2(12) = 4.650, p = .012, r = .181, onwards 

to minute 59, χ2(12) = 9.400, p < .005, r = .212.  

5.4.2.2 PVT performance  

The mean PVT reaction times before and after the 60-minute drives are shown in panel A of 

Figure 5.25. A two-way mixed ANOVA did not show a significant interaction or simple main 

effect of the group but showed a significant simple main effect of the measurement time point, 

F(1, 38) = 23.698, p < .005, ηp
2 = .384. This was further investigated with paired samples t-tests. 

For the manual group, the PVT reaction times increased significantly from the baseline (mean = 

315.63 milliseconds, SE = 8.08) to the measurement directly after the 60-minute drive (mean = 

340.11, SE = 10.76), t(19) = 3.812, p = .001, d = 0.85. Similar to the manual group, the PVT 

reaction times of the automated group increased significantly from the baseline (mean = 310.66, 

SE = 6.07) to the measurement after the 60-minute drive (mean = 322.52, SE = 7.51), t(19) = 

3.115, p = .006, d = 0.69.  

 

 

 

 

 

 

 

Figure 5.25 The PVT reaction times (panel A) and lapses (reaction > 500 ms) (panel B) before 

and directly after the 60-minute drive of experiment 1.  
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The mean frequency of the lapses before and after the 60-minute drives are shown in panel B of 

Figure 5.25. The two-way mixed ANOVA did not show a significant interaction between the 

group and the measurement time point. In contrast to the simple main effect of the group, the 

simple main effect of the measurement time point was significant, F(1, 38) = 44.564, p < .005, 

ηp
2 = .54. This was further investigated with paired samples t-tests, which were not significant.  

5.4.3 Task load in the 60-minute drive  

The NASA-TLX total scores and the ratings on each of its items during the 60-minute drive were 

analysed to identify if the 60-minute drives induced active or passive fatigue.  

5.4.3.1 Total task load 

The means of the total NASA-TLX scores are depicted in Figure 5.26. 600 is the maximum total 

task load score that can be given on the NASA-TLX scale because there are six items rated on a 

100-point scale each (with 5-point steps). The assumption of sphericity of the two-way mixed 

ANOVA with the total NASA-TLX scores was violated, so the degrees of freedom were corrected 

with the Greenhouse-Geisser estimates of sphericity (ε = 0.379). A new two-way mixed ANOVA 

showed that the interaction between the measurement time point and the group was not 

significant. In contrast, the simple main effects of the measurement time point and the group were 

significant F(4.172, 158.531) = 7.440, p < .005, ηp
2 = .16 and F(1, 38) = 23.564, p < .005, ηp

2= 

.38 respectively.  

 

 

 

 

 

 

 

 

 

 

Figure 5.26 The total NASA-TLX scores in the 60-minute drive of experiment 1.  

 

The simple main effect of the measurement time point was further investigated with one-way 
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manual group, the assumption of sphericity was violated (degrees of freedom corrected with the 

Greenhouse-Geisser estimates of sphericity, ε = 0.446). The total TLX scores of the manual group 

were statistically significantly different between the measurement time points, F(4.905, 93.197) 

= 3.389, p = .008, ηp
2 = .15. Post-hoc analyses revealed a significant increase from minute 19 to 

minute 59 (p = .034, r = .212) for the manual group. Similar to the manual group, the assumption 

of sphericity was not met for the automated group (degrees of freedom corrected with the 

Greenhouse-Geisser estimates of sphericity, ε = .171). The total TLX scores differed significantly 

between the measurement time points for the automated group, F(1.876, 35.643) = 5.780, p = 

.008, ηp
2 = .23. The post-hoc analysis, however, did not show any significant differences. The 

simple main effect of the group was further investigated with a series of independent samples t-

tests. The analysis showed that the total task load scores were significantly higher in the manual 

group on all the measurement time points during the 60-minute drive (all p < .005, all d > 1.34).  

5.4.3.2 Mental demand 

The means of the ratings on the mental demand item during the 60-minute drives are depicted in 

Figure 5.27. The assumption of sphericity of the two-way mixed ANOVA was not met, so the 

degrees of freedom were corrected with the Greenhouse-Geisser estimates of sphericity (ε = 

0.298). The new two-way mixed ANOVA showed that the interaction between the measurement 

time point and the group was not significant. In contrast, the simple main effects of the 

measurement time point and the group were significant, F(3.491, 339.235) = 6.662, p < .005, ηp
2 

= .23 and F(1, 38) = 24.342, p < .005, ηp
2 = .39 respectively.  

The simple main effect of the measurement time point was further investigated with one-way 

repeated measures ANOVAs with a Bonferroni correction. For the manual group, the assumption 

of sphericity was violated (degrees of freedom corrected with the Greenhouse-Geisser estimates 

of sphericity, ε = 0.312). The ratings of the manual group on the mental demand item were 

statistically significantly different between the measurement time points, F(5.399, 87.331) = 

4.701, p = .032, ηp
2 = .08. Post-hoc analyses revealed a significant increase from minute 24 to 

minutes 44 (p = .022, r = .12), 49 (p = .030, r = .23), and 59 (p = .017, r = .30).  

The assumption of sphericity was violated for the automated group too (Greenhouse-Geisser 

estimates of sphericity, ε = .334). The ratings on the mental demand item differed significantly 

between the measurement time points for the automated group, F(2.330, 29.331) = 4.090, p < 

.005, ηp
2 = .29. The post-hoc analysis showed a significant increase from minute 9 to minutes 34 

onwards (all p < .009, all r > 0.19). The simple main effect of the group was further investigated 

with a series of independent samples t-tests. The analysis showed that the mental demand scores 

were significantly higher in the manual group on all the measurement time points during the 60-

minute drive (all p < .005, all d > .05).  
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Figure 5.27 The ratings of mental demand (NASA-TLX) in the 60-minute drive (experiment 1). 

 

5.4.3.3 Physical demand 

The means of the ratings on the physical demand item of the NASA-TLX are shown in Figure 

5.28. The assumption of sphericity of the two-way mixed ANOVA was violated, so the degrees 

of freedom were corrected with the Greenhouse-Geisser estimates of sphericity (ε = 0.256). The 

new two-way mixed ANOVA showed that the interaction between the measurement time point 

and the group was not significant. In contrast, the simple main effects of the measurement time 

point and the group were significant, F(4.222, 143.551) = 6.543, p = .022, ηp
2 = .09 and F(1, 38) 

= 21.312, p < .005, ηp
2 = .26 respectively.  

The simple main effect of the measurement time point was further explored with one-way 

repeated measures ANOVAs with a Bonferroni correction for multiple comparisons. For the 

manual group, the assumption of sphericity was not met (degrees of freedom corrected with the 

Greenhouse-Geisser estimates of sphericity, ε = 0.401). The ratings of the manual group on the 

physical demand item were statistically significantly different between the measurement time 

points, F(5.254, 77.309) = 2.344, p = .012, ηp
2 = .19. Post-hoc analyses showed that the ratings of 

physical demand increased significantly from minute 19 to minutes 39 (p = .026, r = .19), 44 (p 

= .012, r = .23), 49 (p < .005, r = .15), 54 (p < .005, r = .33), and 59 (p < .005, r = .40). The 

assumption of sphericity was violated for the automated group too (Greenhouse-Geisser estimates 

of sphericity, ε = .334). The ratings on the mental demand item differed significantly between the 

measurement time points for the automated group, F(1.749, 29.440) = 6.121, p < .005, ηp
2 = .29. 

The post-hoc analysis showed a significant increase from minute 9 to minutes 34 onwards (all p 
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< .009, all r > 0.16). The simple main effect of the group was further investigated with a series of 

independent samples t-tests. The analysis showed that the mental demand scores were 

significantly higher in the manual group on all the measurement time points during the 60-minute 

drive (all p < .005, all d > .05).  

 

Figure 5.28 The ratings of physical demand (NASA-TLX) in the 60-minute drive (experiment 1). 

 

5.4.3.4 Temporal demand 

Figure 5.29 depicts the means of the ratings on the temporal demand item.  

 

Figure 5.29 The ratings of temporal demand (NASA-TLX) in the 60-minute drive (experiment 

1). 
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The assumption of sphericity of the two-way mixed ANOVA was violated, so the degrees of 

freedom were corrected with the Greenhouse-Geisser estimates of sphericity (ε = 0.254). A new 

two-way mixed ANOVA showed that the interaction between the measurement time point and 

the group and the simple main effect of the measurement time point were not significant. In 

contrast, the simple main effect of the group was significant, F(1, 38) = 20.555, p < .005, ηp
2 = 

.24. This was further explored with independent samples t-tests. The analysis showed that the 

temporal demand scores were significantly higher in the manual group on all the measurement 

time points during the 60-minute drive (all p < .005, all d > .85).  

5.4.3.5 Performance 

Figure 5.30 shows the means of the ratings on the performance item.  

 

 

Figure 5.30 The ratings of performance (NASA-TLX) in the 60-minute drive (experiment 1). 

 

The assumption of sphericity of the two-way mixed ANOVA was not met (the degrees of freedom 

were corrected with the Greenhouse-Geisser estimates of sphericity (ε = 0.199). A new two-way 

mixed ANOVA showed that the interaction between the measurement time point was not 

significant. The simple main effect of the group was significant, F(1, 38) = 17.660, p < .005, ηp
2 

= .35. This was further investigated with independent samples t-tests. The analysis showed that 

the temporal demand scores were significantly higher in the manual group on all the measurement 

time points during the 60-minute drive (all p < .005, all d > .63). Although the simple main effect 
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of the measurement time point was not significant, there was a trend for an increase in the ratings 

on the performance item (p = .062).  

The simple main effect of the measurement time point was significant, F(3.288, 397.423) = 5.745, 

p = .038, ηp
2 = .09. This was further explored with one-way repeated measures ANOVAs with a 

Bonferroni correction. For the manual group, the assumption of sphericity was violated (degrees 

of freedom corrected with the Greenhouse-Geisser estimates of sphericity, ε = 0.277). The ratings 

of the manual group on the performance item were statistically significantly different between the 

measurement time points, F(5.002, 89.519) = 3.268 p = .012, ηp
2 = .19. Post-hoc analyses showed 

that the ratings of performance increased significantly from minute 4 to minutes 14 (p = .017, r = 

.22), 29 (p = .024, r = .19), 44 (p = .033, r = .29), 49 (p = .012, r = .20), 54 (p = .015, r = .32), 

and 59 (p < .005, r = .40). The assumption of sphericity was violated for the automated group 

(Greenhouse-Geisser estimates of sphericity, ε = .299). The ratings on the performance item did 

not differ significantly between the measurement time points for the automated group, but there 

was a trend for an increase in the ratings on the performance item (p = .070).  

5.4.3.6 Effort 

Figure 5.31 shows the means of the ratings on the effort item during the 60-minute drives. 100 

was the highest rating that could be given.  

 

 

 

 

 

 

 

 

 

Figure 5.31 The ratings of effort (NASA-TLX) in the 60-minute drive (experiment 1).  

 

The assumption of sphericity of the two-way mixed ANOVA that was performed to analyse these 

data was violated, so the degrees of freedom were corrected with the Greenhouse-Geisser 

estimates of sphericity (ε = 0.332). A new two-way mixed ANOVA showed that the interaction 

between the measurement time point and the group and the simple main effect of the measurement 
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time point were not significant. In contrast, the simple main effect of the group was significant, 

F(1, 38) = 19.558, p < .005, ηp
2 = .34. This was further investigated with a series of independent 

samples t-tests. The analysis revealed that the effort scores were significantly higher in the manual 

group on all the measurement time points during the 60-minute drive (all p < .005, all d > 1.02). 

The simple main effect of the measurement time point was not significant, but there was a trend 

for an increase in the ratings on the effort item (p = .057).  

5.4.3.7 Frustration 

The means of the ratings on the frustration item of the NASA-TLX are shown in Figure 5.32.  

 

 

Figure 5.32 The ratings of frustration (NASA-TLX) in the 60-minute drive (experiment 1). 

 

The assumption of sphericity of the two-way mixed ANOVA was violated, so the degrees of 

freedom were corrected (Greenhouse-Geisser estimates of sphericity, ε = 0.411). The new two-

way mixed ANOVA showed that the interaction between the measurement time point and the 

group was not significant. In contrast, the simple main effects of the measurement time point and 

the group were significant, F(5.831, 398.760) = 5.441, p = .021, ηp
2 = .08 and F(1, 38) = 23.542, 

p < .005, ηp
2 = .29 respectively.  

The simple main effect of the measurement time point was further investigated with one-way 

repeated measures ANOVAs with a Bonferroni correction. For the manual group, the assumption 

of sphericity was violated (degrees of freedom corrected with the Greenhouse-Geisser estimates 

of sphericity, ε = 0.401). The ratings of the manual group on the frustration item were statistically 

significantly different between the measurement time points, F(4.743, 88.434) = 2.098, p = .022, 
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ηp
2 = .11. Post-hoc analyses showed that the ratings of frustration increased significantly from 

minute 24 to minutes 39 (p = .012, r = .17), 54 (p < .005, r = .32), and 59 (p < .005, r = .44). The 

assumption of sphericity was violated for the automated group (Greenhouse-Geisser estimates of 

sphericity, ε = .188). The ratings on the mental demand item differed significantly between the 

measurement time points for the automated group, F(2.468, 29.420) = 4.239, p < .005, ηp
2 = .16. 

The post-hoc analysis showed a significant increase from minute 4 to minutes 24 onwards (all p 

< .012, all r > 0.09). The simple main effect of the group was further investigated with 

independent samples t-tests. The analysis showed that the frustration scores were significantly 

higher in the manual group on all the measurement time points during the 60-minute drive (all p 

< .005, all d > .04).  

5.4.4 Fatigue in the MATB-II tasks  

According to hypothesis 3, the control group would be significantly less fatigued than the manual 

and the automated in the MATB-II tasks, whereas hypothesis 4 stated that the automated group 

would be significantly less fatigued than the manual in the MATB-II tasks. The CSS, PVT, and 

MATB-II performance data were analysed to test these hypotheses. 

5.4.4.1 CSS 

The medians of the CSS ratings during the MATB-II tasks are shown in Figure 5.33. The ratings 

at the end of the 60-minute drives are also depicted for comparison purposes. Some of the 

differences between the measurement time points cannot be seen in this Figure because the use 

of the medians (instead of the means) resulted in some bars looking the same. However, the 

significant differences of interest for the hypotheses that were tested are described in the next 

paragraph and shown as asterisks and triangles in Figure 5.33. 

A mixed model analysis (nparLD) showed that the interaction between the group and the 

measurement time point was significant, Wald chi-square (10, N=60) = 51.753, p < .005, ηp
2

 = 

.125. Therefore, the ratings of subjective fatigue changed differently over the MATB-II tasks for 

the groups.  The simple main effect of the group was significant, Wald chi-square (2, N=60) = 

27.498, p < .005, ηp
2

 = 0.1169. The Kruskal-Wallis tests revealed that the CSS ratings differed 

significantly between the groups on all the time points (all p < .005, all ε2 > .132). Subsequently, 

pairwise comparisons were performed with Dunn's (1964) procedure with a Bonferroni 

correction. The control group reported significantly lower levels of fatigue than the manual and 

the automated just before the MATB-II tasks (p = .001, η2 = .122 and p < .005, η2 = .148  

respectively) and on minutes 4 (p = .003, η2 = .102  and p = .002 respectively, η2 = .121), 8 (p < 

.005, η2 = .162 and p = .023 respectively, η2 = .094), and 24 (p < .005, η2 = .133 and p = .018, η2 

= .088 respectively). However, only the manual group reported significantly higher levels of 

fatigue than the control on minutes 28 (p < .005, η2 = .110) and 32 (p < .005, η2 = .178). Moreover, 
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it was found that the ratings of fatigue were significantly lower in the automated group than in 

the manual on minutes 28 and 32 (both p < .005, η2 = .056 and η2 = .070 respectively).  

 

 

 

 

 

 

 

 

 

Figure 5.33 The CSS ratings in the MATB-II.  

 

The simple main effect of the measurement time point was significant, Wald chi-square (5, N=40) 

= 86.951, p < .005, ηp
2

 = .212. This was further investigated with Friedman tests. For the control 

group, the CSS ratings were statistically significantly different between the measurement time 

points, χ2(5) = 41.774, p < .005, Kendall’s coefficient of concordance = .41. The post-hoc analysis 

revealed a statistically significant increase in fatigue from just before MATB-II (median = 2) to 

minutes 24 (median = 3), χ2(5) = 3.296, p = .015, r = .127, and 32 (median = 4), χ2(5) = 4.775, p 

< .005, r = .189. Moreover, there was a trend for significantly higher levels of fatigue than just 

before the MATB-II tasks on minute 28 (p = .057). The comparisons between consecutive 

measurement time points showed a significant increase from minute 8 to 24 (p = .040, r = .092).  

For the manual group, the CSS ratings were statistically significantly different between the time 

points, χ2(5) = 81.916, p < .005, Kendall’s coefficient of concordance = .81. The post-hoc analysis 

revealed a statistically significant increase in the ratings of fatigue from just before MATB-II to 

minute 8, χ2(5) = 3.085, p = .031, r = .194, minute 24, χ2(5) = 5.494, p < .005, r = .212, minute 

28, χ2(5) = 4.606, p < .005, r = .176, and minute 32, χ2(5) = 6.423, p < .005, r = .302,  The 

comparisons between the consecutive measurement time points did not show any significant 

differences. Similar to the other groups, the ratings of fatigue were statistically significantly 

different between the measurement time points for the automated group, χ2(5) = 14.180, p = .015, 
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Kendall’s coefficient of concordance = .14. The post-hoc analysis revealed no significant 

differences. However, a trend was found for higher reported levels of fatigue on minute 8 

compared to fatigue just before the MATB-II tasks (p = .070).  

Table 5.3 shows the number of participants that reported high levels of fatigue in the flying tasks. 

A rating of six means ‘extremely tired, very difficult to concentrate’, whereas a rating of seven 

refers to ‘completely exhausted, unable to function properly’. As can be seen, more participants 

reported being very fatigued in the last blocks of the flying tasks in the manual compared to the 

other groups. 

 

Table 5.3 The frequency of high ratings of fatigue (CSS) in the MATB-II tasks. 

 

Wilcoxon signed-rank tests were run to explore if transitioning from the 60-minute drive to the 

MATB-II tasks by completing the PVT affected the reported levels of fatigue. The analysis did 

not show a significant difference between the CSS ratings at the end of the drive and just before 

the flying tasks in the manual group. In contrast, the automated group reported significantly lower 

levels of fatigue just before the MATB-II tasks compared to the end of the 60-minute drive, z = -

3.213, p = .001, ε2 = .523. 

5.4.4.2 PVT and MATB-II performance  

Figure 5.34 (Panel A) shows the means of the PVT reaction times collected before and after the 

MATB-II tasks. A two-way mixed ANOVA showed that the interaction between the group and 

the time and the simple main effect of the group were not significant. In contrast, the simple main 

effect of the measurement time point was significant, F(1, 57) = 25.898, p < .005, ηp
2 = .312. This 

was further investigated with paired samples t-tests. These showed that the reaction times after 

the MATB-II tasks were significantly slower than before them: t(19) = 3.707, p = .001, d = 0.82 

in the control group, t(19) = 4.598, p < .005, d = 1.02 in the manual group, and t(19) = 4.383, p < 

 Rating 
Just before 

the MATB-II 
Min. 4 Min. 8 Min. 24 Min. 28 Min. 32 

Control 
6 - - - - - - 

7 - - - - - - 

Manual 
6 - - - 6 4 6 

7 - - - - - - 

Automated 
6 1 1 2 1 1 1 

7 - - 1 1 1 1 
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.005, d = 0.98 in the automated group. The mean number of lapses before and after the MATB-II 

are shown in panel B of Figure 5.34. The two-way mixed ANOVA showed that only the simple 

main effect of the measurement time point was significant in the number of lapses, F(1, 57) = 

4.174, p = .046, ηp
2 = .06. The paired samples t-tests did not show any significant differences 

between before and after the MATB-II. However, there was a trend for significantly more lapses 

after the MATB-II compared to before it in the automated group (p = .056). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.34 The reaction times (panel A) and frequency of lapses (reaction > 500 ms) (panel B) 

on the PVT before and after the MATB-II tasks.  

 

The mean RMSDs of tracking in the five MATB-II blocks of tasks are shown in Figure 5.35.  

  

Figure 5.35 The tracking accuracy in the MATB-II tasks.  
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A two-way mixed ANOVA was performed to analyse these data but the assumption of 

homogeneity of variances was violated. The logarithmic transformation was not successful, so a 

mixed-model analysis was performed with the nparLD package. The two-way mixed ANOVA 

showed that the interaction and the simple main effect of the group were not significant. In 

contrast, the simple main effect of the block was significant, Wald chi-square (4, N=60) = 

105.994, p < .005, ηp
2

 = .119 It was expected that the participants would perform worse in the 

multi-tasking blocks (i.e. minutes 4-8 and 24-28) than in the single-tasking ones (i.e. minutes 0-

4, 8-24, and 28-32) because of the requirement to complete the monitoring and the communication 

tasks besides the tracking one. Therefore, any differences between the single- and the multi-

tasking blocks in the tracking RMSD were not considered to infer differences in the levels of 

fatigue. 

Friedman tests and pairwise comparisons were performed with a Bonferroni correction to 

investigate the simple main effect of the block on tracking accuracy separately for the single- the 

and multi-tasking blocks. In the control group, the tracking RMSD was statistically significantly 

different between the blocks, χ2(4) = 35.480, p < .005, Kendall’s coefficient of concordance = 

.44. However, the post-hoc analysis showed no significant difference between the blocks of the 

same levels of task load (i.e. single- or multi-tasking). Similar to the control group, the tracking 

RMSD was statistically significantly different between the blocks for the manual group, χ2(4) = 

33.800, p < .005, Kendall’s coefficient of concordance = .42. However, the post-hoc analysis did 

not show any significant differences between blocks of the same task load. Finally, the RMSD of 

tracking was statistically significantly different between the blocks in the automated group, χ2(4) 

= 66.236, p < .005, Kendall’s coefficient of concordance = .76. In contrast to the other groups, 

the post-hoc analysis in the automated group showed a statistically significant increase from block 

1 (i.e. minutes 0-4) to block 3 (i.e. minutes 8-24) (p = .001, r = .187).  

The simple main effect of the group in the tracking accuracy was significant, Wald chi-square (2, 

N=60) = 6.197, p = .045, ηp
2

 = .092. This was further investigated with Kruskal-Wallis tests that 

showed a significant simple main effect of the group in block 2 (i.e. minutes 4-8), x2(2) = 11.282, 

p = .004, ε2 = .215.  Subsequently, pairwise comparisons were performed using Dunn's (1964) 

procedure with a Bonferroni correction for multiple comparisons. The analysis showed that the 

tracking RMSD in the manual group was significantly higher than in the control group in block 2 

(p = .014, η2 = .113). 

The mean frequencies of errors in the communications task are shown in Figure 5.36. A two-way 

mixed ANOVA was performed but the assumption of homogeneity of variances was violated. 

The square root transformation was not successful, so a mixed-model analysis was performed 

with the nparLD package. The two-way mixed ANOVA showed that the interaction between the 

measurement time point and the group were not significant. In contrast, the simple main effect of 
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the block was significant, Wald chi-square (1, N=60) = 13.375, p < .005, ηp
2

 = .092. This was 

further investigated with Wilcoxon signed-rank tests. For the control group, there was a 

statistically significant median increase of communication errors from block 2 (i.e. minutes 4-8) 

to block 4 (i.e. minutes 24-28), z = 1.998, p = .046, r = .230. For the manual group, the within-

groups difference was not significant. In contrast, for the automated group, there was a significant 

median increase of the communication errors from block 2 (i.e. minutes 4-8) to block 4 (i.e. 

minutes 24-28), z = 2.586, p = .010, r = .298.  

 

 

 

 

 

 

 

Figure 5.36 The frequency of errors in the communications task of the MATB-II. Each of the 

blocks shown included four messages. 

 

The mean frequencies of omitted responses at the red light, green light, and scale tasks are shown 

in Figure 5.37.  

 

 

 

 

 

 

Figure 5.37 The frequency of omitted responses in the system monitoring task. Six was the total 

number of events of each type of task presented per block. 
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The two-way mixed ANOVAs showed no significant interaction between the group and the block 

and no significant simple main effects of the group and the block in the number of omitted 

responses in the monitoring task. The means of the response times to the red light, green light, 

and scales tasks are shown in Figure 5.38. When a light or a scale was omitted, the maximum 

time allowed to respond (i.e.10 seconds) was recorded as the response time. The two-way mixed-

ANOVAs performed to explore response times to the red lights, the green lights, and the scales 

showed no significant interaction between the group and the block and no significant simple main 

effects of the group and the block in the reaction times to the events.  

 

 

Figure 5.38 The reaction times in the systems monitoring task.  

 

5.4.5 Fatigue in the 14-minute drive  

According to hypothesis 5, the control group would be significantly less fatigued than the manual 

and the automated in the 14-minute drive in the short drive, whereas according to hypothesis 6, 

the automated group would be significantly less fatigued than the manual in the 14-minute drive. 

These hypotheses were tested by analysing the CSS and driving performance data. 

5.4.5.1 Self-reported fatigue 

The medians of the CSS ratings for the three groups during the motorway drive are shown in 

Figure 5.39. The ratings at the end of the MATB-II tasks are also depicted for comparison 

purposes. Some of the differences between the measurement time points cannot be seen in this 

Figure because the use of the medians (instead of the means) resulted in some bars looking the 

same. However, the significant differences of interest for the hypotheses tested are described in 

the next paragraph and shown as asterisks and triangles in Figure 5.39. 
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Wilcoxon signed-rank tests were performed to investigate if the transition from the MATB-II 

tasks to the motorway drive affected the reported levels of fatigue. No significant difference was 

found for the control and the manual group. In contrast, the ratings of fatigue just before the 

motorway drive were significantly lower than at the end of the MATB-II tasks for the automated 

group, z = -2.121, p = .034, r = .319. An analysis with the nparLD package showed that the 

interaction between the group and the measurement time point and the simple main effect of the 

measurement time point were not significant. In contrast, the simple main effect of the group was 

significant, Wald chi-square (2, N=60) = 4.931, p < .005, ηp
2

 = .221. This was further investigated 

with Kruskal-Wallis tests, which revealed a significant difference between the groups before the 

motorway drive, χ2(2) = 8.704, p = .013,  ε2 = .211, on minute 4, χ2(2) = 15.322, p < .005, ε2 = 

.335, and on minute 9, χ2(2) = 11.486, p = .003, ε2 = .298. Pairwise comparisons (Dunn's, 1964 

procedure with Bonferroni correction) showed that the control group reported significantly lower 

levels of fatigue before the motorway drive and on minutes 4 and 9 than the manual (p = .018, η2 

= .242, p = .001, η2 = .209, and p = .003 η2 = .188, respectively). Moreover, the automated group 

reported significantly lower levels of fatigue than the manual on minutes 4 (p = .014, η2 = .102) 

and 9 (p = .047, η2 = .119). No significant difference was found between the control and the 

automated group.  

 

 

 

 

 

 

 

 

Figure 5.39 The CSS ratings in the motorway drive of experiment 1.  

 

Table 5.4 shows the number of participants who reported high levels of fatigue during the 

motorway drive. A rating of six means ‘extremely tired, very difficult to concentrate’ and seven 

‘completely exhausted, unable to function properly’. As can be seen, more participants in the 

manual group reported being very fatigued than in the control and the automated. 
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Table 5.4 The frequency of high ratings of fatigue (CSS) in the motorway drive of experiment 1. 

 

 

 

 

 

 

 

 

 

5.4.5.2 Performance  

The mean SD of the lateral position per block of the motorway drive is shown in Figure 5.40. A 

two-way mixed ANOVA was performed but the assumption of homogeneity of variances was 

violated. The logarithmic transformation was not successful, so a mixed-model analysis was 

performed with the nparLD package. The two-way mixed ANOVA showed that simple main 

effects of the measurement time point and the group were not significant. In contrast, the 

interaction between the group and the block was significant, Wald chi-square (4, N=60) = 12.659, 

p = .013, ηp
2

 = .315. Figure 5.40 suggests a trend for higher SDs of the lateral position on minutes 

10-14 in the manual group.  

 

 

 

 

 

 

 

 

 

 

Figure 5.40 The SDs of the lateral position in the motorway drive of experiment 1.  
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The ability of the individuals to drive on the target speed was evaluated by calculating the SDs of 

speed. The means of these SDs per block in the motorway drive are shown in Figure 5.41. A two-

way mixed ANOVA was performed to analyse the SDs of speed. The assumption of homogeneity 

of variances was violated. The logarithmic transformation was not successful, so the data were 

analysed with the nparLD package. The analysis showed that the interaction between the 

measurement time point and the group and the simple main effect of the measurement time point 

were not significant. In contrast, the simple main effect of the group was significant, Wald chi-

square (2, N=60) = 8.695, p = .012, ηp
2

 = .167. This was further explored with Kruskal-Wallis 

tests, which showed that the distributions of the SDs of speed were statistically significantly 

different between the groups on minutes 10-14. Subsequently, pairwise comparisons were 

performed using Dunn's (1964) procedure and a Bonferroni correction for multiple comparisons. 

The analysis showed a statistically significantly higher SD of speed in the manual group than in 

the automated (p = .009, η2
 =.127) on minutes 10-14.  

 

 

 

 

 

 

 

 

 

Figure 5.41 The SDs of the speed in the motorway drive of experiment 1.  

 

5.4.6 Summary of main results 

60-minute drive: 

• The CSS ratings increased significantly in both the manual and the automated group. 

• The PVT reaction times after the 60-minute drives were significantly longer than the 

baselines in the manual and the automated group. 

• The perceived total task load and the ratings on each of the NASA-TLX were significantly 

lower in the automated group than in the manual. 
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MATB-II tasks: 

• The CSS ratings just before and during the MATB-II tasks were significantly higher in the 

manual than in the control group. 

• The CSS ratings just before and after 4 minutes of MATB-II tasks were significantly higher 

in the automated than in the control group. 

• The CSS ratings in the last minutes of the MATB-II tasks were significantly higher in the 

manual than in the automated group. 

• The CSS ratings changed significantly differently over the MATB-II tasks between the 

groups with a significant increase found only in the manual and the control group. 

• The PVT reaction times after the MATB-II tasks were significantly longer than just before 

them in all the groups. 

• The RMSD of the MATB-II tracking in the manual group was significantly lower than in the 

control group in the first multi-tasking block.  

• The number of errors in the MATB-II communications task increased significantly during 

the MATB-II tasks in the control and the automated group. 

14-minute motorway drive: 

• The CSS ratings in the motorway drive were significantly higher in the manual than in the 

control and the automated group. 

• The SD of speed was significantly higher in the manual group than in the automated in the 

last 4 minutes of the motorway drive. 

5.5 Discussion 

Drawing from studies solely on drivers and pilots, the limited literature on commuting pilots, and 

documents published by aviation authorities, long and demanding drives to the airport might 

contribute to increased levels of fatigue and impaired performance in flight (e.g. Dorrian et al., 

2008). Flying might then increase pilots’ levels of fatigue further, resulting in car crashes after 

duty. The survey described in chapter 4 suggested that many professional pilots worldwide are at 

an increased risk of aeroplane and car accidents after completing long and demanding drives to 

the airport. The study described in this chapter explored if the type of fatigue induced by driving 

(i.e. active or passive) subsequently affects the levels of fatigue experienced in flying and driving.  

This experiment included simulated driving and flying tasks that were completed by 60 non-pilots 

divided into three groups (i.e. control, manual, and automated). All the groups completed flying 

tasks with the MATB-II software followed by a 14-minute simulated motorway drive. The manual 
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and the automated group also completed a 60-minute simulated drive before the MATB-II tasks. 

The long drive completed by the manual and the automated group differed on the level of task 

load because, drawing from Desmond and Hancock’s theory of fatigue, the type of fatigue 

induced by the drive (i.e. active or passive) could make a difference in the levels of fatigue 

experienced in the subsequent flying and driving tasks. This was achieved by asking the 

participants to drive a car of level 0 of automation in the manual group and level 2 in the 

automated group. Subjective and performance data were collected to infer fatigue. 

The aim of this experiment was achieved because it was found that participants’ levels of fatigue 

in the flying and the 14-minute driving tasks differed not only based on whether a preceding long 

drive was completed, but also based on the type of fatigue that drive induced (i.e. higher levels of 

fatigue when fatigue was active). The findings of the study described in chapter 5 are discussed 

in the following sections. 

5.5.1 The role of participant age, driving experience, the investigated sleep-related 

factors, and the baselines of fatigue in fatigue experienced in the trials 

5.5.1.1 Participant age 

It was explored if any differences found in the expressions of fatigue between the three groups 

could be attributed to factors other than the completion of one of the two types of the 60-minute 

drive used. Age was one of these factors because there is evidence that older age can relate to 

higher levels of fatigue in drivers (McCartt et al., 2009) and pilots (Van Drongelen et al., 2017). 

Moreover, older individuals may find it more difficult to adjust their circadian rhythms to changes 

in the wake/sleep cycle (Harma et al., 1994) and their sleep may be shorter and of lower quality 

than in younger people (Ohayon et al., 2004). As a result, they are more likely to experience sleep-

related fatigue. The analysis showed that the groups did not differ significantly in age, so age 

differences should not have contributed to the significant between-group differences in fatigue 

found during the simulated flight and motorway drive. It should be noted that it is possible that 

age affects fatigue differently in commuting pilots in real life. That is, the mean ages in this study 

were 28 years old for the control group, 30 for the manual, and 26.6 for the automated. These 

means are approximately 15 years lower than the mean age of airline pilots in Europe (i.e. 45.67 

years) (Civil Aviation Authority, 2018). Moreover, only 31% of the airline pilots in the USA are 

younger than 35 years old (FAA, 2018). Therefore, it might be speculated that older age in real 

flights could result in pilots experiencing higher levels of sleep-related fatigue in driving and 

flying than seen in this experiment. Answering this question requires further research. 

5.5.1.2 Driving experience 

Performance in the motorway drive was used to infer fatigue. Since studies suggest that more 
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experienced drivers are more likely to perform better in driving tasks than younger ones (e.g. 

Hollopeter, 2011), the participants stated when their driving license had been issued. The means 

of the years of driving experience were between 6.5 and 10.2 years for the groups, so most of the 

participants held their driving licenses for a fair amount of time. Moreover, the groups did not 

differ significantly in the years of driving experience. Therefore, it is believed that driving 

experience should not have contributed to the between-group differences in the expression of 

fatigue found in the trials. However, as mentioned, a great percentage of the population of airline 

pilots is older than the participants in this study. As potentially more experienced drivers, 

professional pilots’ driving performance after flight may be better than that of the participants in 

this experiment. Future studies could explore if pilots with longer driving experience compensate 

for fatigue while driving after duty better than the less experienced ones. 

5.5.1.3 Sleep duration 

Sleep duration the night before the trials was compared between the groups because sleep 

deprivation impairs driving performance (e.g. Connor et al., 2001). Sleep deprivation can impair 

several aspects of flying performance too, such as reaction times and threat and error management 

(e.g. Le Duc et al., 1999). The optimal sleep duration per night may differ between individuals, 

but generally adults are recommended to sleep at least seven hours every night (Hirshkowitz et 

al., 2015). This threshold was an eligibility criterion in this study and resulted in mean durations 

of sleep of more than 7.5 hours in all the groups. These means are very close to the eight-hour 

guidelines for pilots provided by the FAA (2009). The groups did not differ significantly in the 

reported sleep duration the night before the trials. Although sleep duration was not measured by 

collecting physiological data during sleep, studies suggest that subjective estimations of sleep 

duration show good correlation with actigraphy and polysomnography (Kawada, 2008; Kushida 

et al., 2001). The effect of the sleep-related factors on fatigue is difficult to control, but it is 

believed that the between-group differences in fatigue found in the trials are likely not attributable 

to differences in sleep duration.  

The participants reported adequate sleep before the trials, but it is unknown if they had 

experienced long-term sleep deprivation. If this was the case, sleeping 7 or 8 hours the night prior 

participation might not have been enough to recover. Moreover, there are trait differences in how 

individuals respond to sleep deprivation (Rupp et al., 2012; Van Dongen et al., 2004), but these 

were not captured in this study. Nevertheless, the participants rated their levels of fatigue at the 

beginning of the trials, completed a baseline PVT, and those who had already been fatigued based 

on their CSS baseline were excluded. Hence, any severe adverse effect of all the factors that could 

have contributed to fatigue before participating (the long-term sleep deprivation included) should 

have been controlled at least to the degree possible.  
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5.5.1.4 Sleep quality 

Sleeping enough does not necessarily mean that people are well-rested when they wake up 

because sleep quality plays a role too as shown in studies with drivers and pilots (Reis et al., 2016; 

Stutts et al., 2003). Sleep quality was measured with an item taken from the St. Mary’s Hospital 

Sleep Questionnaire, which asked how well the participants had slept the night before the session. 

Most than 90% of the participants in all the groups reported ‘fairly good’ or even better quality 

of sleep (Table 5.2). Moreover, the difference in the reported sleep quality between the groups 

was not significant. However, it is possible that the subjective ratings of sleep quality may 

sometimes not represent sleep quality accurately enough. In addition, the St. Mary’s Hospital 

Sleep Questionnaire evaluates several aspects of sleep quality, but only one of its items was used. 

Moreover, due to the focus being on task-induced fatigue, sleep quality data were not collected 

for a more extended period before the trials. It is likely that the participants might not have 

recovered from long-term sleep of poor quality by sleeping well the night before participating. 

Nonetheless, any such adverse effects should have been controlled by asking the participants to 

rate their levels of fatigue at the beginning of the trials, completing the baseline PVT, and 

excluding those who were already tired.  

5.5.1.5 Baselines of fatigue 

The measures of baseline fatigue (i.e. PVT reaction times and lapses and the CSS ratings) did not 

differ significantly between the groups. Furthermore, all the groups started the trials with low 

levels of subjective fatigue since all the medians of the baseline CSS ratings were 2 (i.e. ‘very 

lively, responsive, but not at peak’). Fatigue is a complex concept and individuals differ in how 

they are affected by the factors contributing to it. However, the absence of significant differences 

in age, the driving experience, the investigated sleep-related factors of fatigue, and the baselines 

suggests that any differences in the expressions of fatigue found in the simulated tasks are likely 

attributable to the tasks completed in the trials. 

5.5.2 Fatigue induction by the 60-minute drive  

According to hypothesis 1, the CSS ratings, the PVT reaction times, and the number of PVT 

lapses of the manual and the automated group would be significantly higher at the end than at the 

beginning of the 60-minute drive the CSS ratings, whereas according to hypothesis 2, the total 

task load and the ratings on each of the NASA-TLX items during the 60-minute drive would be 

significantly lower in the automated than in the manual group. The 60-minute drive was designed 

so that task load would be high when driven on a car of level 0 of automation due to the need to 

steer, brake, overtake, drive into intersections, pay attention to unpredictable movements of other 

cars, and make decisions about how to deal with traffic situations (Cantin et al., 2009; Jahn et al., 

2005; Richter et al., 1998; Teh et al., 2014). Completing these tasks for an extended period was 
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expected to induce active fatigue by depleting the participants’ attentional resources (Desmond 

and Hancock’s model of fatigue). Although the same 60-minute drive was completed by the 

automated group too, those drivers were not required to manually control the vehicle and make 

decisions at all times. In contrast, they were only required to continuously monitor the driving 

scene because they would be asked to take control over at some point (level 2 of automation). The 

level 2 drive was expected to induce passive fatigue because the required monitoring of the 

driving scene without manually controlling the vehicle would cause a partial disengagement from 

the driving task. This disengagement would be evidenced by low total task load and ratings on 

each of the NASA-TLX items (Matthews and Desmond, 2002; Saxby et al., 2013; Schömig et al., 

2015; Vogelpohl et al., 2019).  

Hypothesis 1 was tested by analysing the CSS and the PVT data collected during the first section 

of the trials (i.e. before the MATB-II tasks), whereas hypothesis 2 by analysing the total task load 

and ratings on the effort item of the NASA-TLX. Task load data were collected during the 60-

minute drives with the NASA-TLX scale. 

5.5.2.1 NASA-TLX 

The hypothesised difference between the manual and the automated group in the type of fatigue 

induced (hypothesis 2) is supported by the finding that the total NASA-TLX scores and the ratings 

on each of the NASA-TLX items were significantly higher in the manual than in the automated 

group throughout the 60-minute drive (Figures 5.26 – 5.32).  

All the means of the total task load were moderate in the manual group (higher than 250) and low 

in the automated (just above 100). These scores suggest that the 60-minute drive induced active 

fatigue in the former and passive in the latter in line with the study by Saxby et al. (2013) that 

found that active fatigue related to high and passive with low levels of effort and mental workload 

(Saxby et al., 2013). The fact that the participants in the automated group were not required to 

manually control the steering wheel and the pedals and make decisions (e.g. about overtaking or 

braking) resulted in moderate means of physical and mental demand in the manual group (higher 

than 40 and 30 respectively) and low to moderate in the automated (lower than 35 and 25 

respectively). Although significantly lower, the absolute values of mental and physical demand 

in the automated group were not much lower than those in the manual. This could be attributed 

to the fact that, in contrast to higher levels of automation, level 2 required continuous monitoring 

of the driving scene and keeping the hands on the steering wheel and the feet on the pedals at all 

times.  

The participants were told before the study that the ‘mental demand’ item referred to how much 

thinking, deciding, calculating, remembering, looking, and searching they had to do to complete 

the task. The individuals in the manual group should have referred to all these activities when 
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rating the mental demand item. In contrast, the ratings of the individuals in the automated group 

should have only referred to looking at and searching in the driving scene because monitoring 

was the only task they were asked to complete. The amount of attentional resources that were 

invested by the automated group should have been affected by how much each participant kept 

engaged with the monitoring task. Irrespective of the level of that engagement, the level 2 drive 

was less demanding mentally than the manual drive because the drivers were required to monitor 

the driving scene but not scan it actively for information that would help them to avoid crashing 

(e.g. cars that passed traffic lights illegally). As a result, the frequency of sampling the visual 

environment should have been lower than in manual driving. Moreover, the participants in the 

automated group should have paid attention to the speedometer less often than those in the manual 

because they were told that the vehicle would always comply with the speed limits. Finally, the 

drivers in the automated group were not required to complete any mental calculations (e.g. if there 

was enough time to overtake when there was oncoming traffic) and make decisions (e.g. overtake 

or wait). As a result, mental demand was lower than in the manual group.  

All the means of the ratings of effort were lower than 25 for the automated group and higher than 

50 for the manual, where 0 means the least effort someone can invest on a task and 100 the most. 

This suggests that the automated group engaged less with the driving task than the manual with 

disengagement being one of the characteristics of passive fatigue according to Desmond and 

Hancock’s model of fatigue (2001). Due to that disengagement, it could be speculated that the 

participants reduced their visual scanning of the driving scene, which resulted in reserving some 

attentional resources. It was noticed during the trials that most of the participants in the automated 

group often did not pay attention to the driving scene, which is a sign of disengagement from the 

driving task. However, the disengagement of the automated group should have been partial 

because of using level 2 of automation. That is, the requirement in the automated condition to 

continuously monitor the driving scene and keep a certain body posture in order to react quickly 

when taking control over was requested should have resulted in maintaining some engagement 

with the driving task. This engagement could explain why the absolute difference in the ratings 

of effort between the manual and the automated group were not big.  

The requirement to monitor the driving scene without having any control over the performance 

of the car could explain why level 2 driving caused some frustration in line with Tops et al.’s 

(2004) effort-reward imbalance theory. The participants might have tried to combat these feelings 

by reducing their effort (Korber et al., 2015; Saxby et al., 2008). Nevertheless, fully disengaging 

from the task was not possible because level 2 of automation required that the participants 

monitored the driving scene continuously and kept their hands on the steering wheel and their feet 

on the pedals at all times. As a result, the absolute differences between the manual and the 

automated group in the ratings of frustration were not big. 
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5.5.2.2 CSS 

To begin with the results of the analysis of the CSS data, the participants were asked to rate aloud 

their levels of fatigue every 4 minutes while driving. The manual and the automated group started 

the 60-minute drives with low levels of subjective fatigue (i.e. median = 2: ‘very lively, 

responsive, but not at peak’), but after 44 and 34 minutes respectively their levels of fatigue 

became significantly higher than the baselines with a median of 4 (‘a little tired, less than fresh’) 

for both. The levels of fatigue remained significantly higher than the baselines until the end of the 

drives, where the median was still 4 for the manual group and 5 (‘moderately tired, let down’) for 

the automated. Therefore, the analysis of the CSS data suggests that both drives induced fatigue 

in line with hypothesis 1. The medians of the CSS ratings at the end of the drives were moderate. 

However, the significant increase of the reported levels of fatigue indicates an increased risk of 

experiencing fatigue in flying and driving tasks after a long drive irrespective of whether it is 

demanding or not.  

The ratings of fatigue were not significantly different between the groups before and during the 

60-minute drives, so both drives induced a similar amount of fatigue and the groups finished the 

drives on similar levels of fatigue. It is believed that the CSS ratings are an accurate representation 

of participants’ levels of fatigue in the 60-minute drives of this study because drivers are generally 

good at detecting increased levels of fatigue (e.g. Horne and Baulk, 2004). The absence of a 

significant difference in the levels of fatigue during the 60-minute drive between the manual and 

the automated group might be attributed to the use of level 2 of automation instead of higher 

levels of automation. That is, the participants did not control the vehicle manually, but were 

required to continuously monitor the driving scene and keep a certain body posture. Therefore, 

they also experienced some mental and physical fatigue that resulted in reducing the difference 

in the CSS ratings between the manual and the automated group.  

As far as driving of level 0 of automation is concerned, Oron-Gilad and Ronen (2007) found that 

driving for 45 minutes was fatiguing as evidenced by increased subjective ratings of fatigue. This 

duration is the same as the 44 minutes found in this study, but Oron-Gilad and Ronen used 

motorway driving with sections of different task load (i.e. high, moderate, or low). Therefore, 

fatigue in that case might have been a mix of active and passive rather than only active as in the 

manual group in this study. Vogelpohl et al. (2019) concluded that fatigue was induced after 30 

minutes of driving a car of 0 level of automation, which is less than the 44 minutes found from 

the analysis of the CSS data in this study. Finally, the time needed for the levels of fatigue to 

increase as found by the CSS ratings was very close to the 40 minutes found by Thiffault and 

Bergeron (2003) when they explored fatigue in driving a car of level 0 automation. Subjective 

fatigue in these studies was not measured with the CSS, but the findings of the experiment 
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described in this chapter suggests that future researchers who explore how quickly fatigue in 

driving is induced might benefit from using the CSS. 

It should be noted that the task load of the drives and the approaches used to measure fatigue in 

Vogelpohl et al.’s (2019) and Thiffault and Bergeron’s (2003) studies differed a lot from the 

current study because they used motorway driving of low task load. As a result, fatigue in those 

cases should have been passive, which is known to be elicited sooner than active (as was the case 

in the manual group). This matches the fact that the participants reached their plateau of fatigue 

after approximately 30 minutes in Vogelpohl et al.’s study. In Thiffault and Bergeron’s study, 

fatigue was measured subjectively only at the end of the drive (i.e. 40 minutes), whereas there 

were trends for earlier impairment of driving performance. Therefore, passive fatigue might have 

been induced sooner than the 40 minutes in their study too.  

The significant increases in the manual group of the CSS after 45 minutes of driving suggest a 

sooner induction of fatigue when driving a car of 0 level of automation than the 80 minutes found 

by Ting et al. (2008). Ting et al. measured fatigue subjectively only at the beginning and end of 

the drive and inferred it during the drive from driving performance and reaction times to dots that 

appeared on the screen. Therefore, the delay in detecting increased levels of fatigue might be 

attributed in that case to not collecting subjective ratings of fatigue during driving and the fact 

that the levels of fatigue might not have been high enough to cause performance decrements 

earlier during driving. In general, drivers can identify increased levels of fatigue before their 

driving performance deteriorates (Ingre et al., 2006a,b; Williamson et al., 2014), so subjective 

ratings might reveal fatigue induction earlier than performance metrics. Therefore, the 45 minutes 

found by analysing the CSS data is accepted as a more accurate timing of when the levels of 

fatigue increased significantly for the manual group.  

Simulated driving can induce fatigue sooner than real driving (e.g. Davenne et al., 2012). This 

considered, if the findings of this study applied to professional pilots, they might not arrive 

fatigued at the airport after 45 minutes of demanding driving as suggested for individuals in this 

experiment. It should be noted, however, that there are inter-individual differences in how quickly 

driving induces fatigue (Nilsson et al., 1997) and the motivation to drive safely (and thus invest 

more attentional resources) is expected to be higher in pilots who commute to the airport. 

Therefore, some pilots may be fatigued sooner than others. 

According to the CSS data, highly automated driving caused a significant increase in the levels 

of fatigue after 35 minutes, which is what Vogelpohl et al. (2019) also found. It should be noted 

that Feldhütter et al. (2018) found that the time needed for the induction of fatigue in highly 

automated driving varied between 15 and 35 minutes and attributed this variation to individual 

factors. Since the time needed to induce fatigue may differ between individuals, the focus should 
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be more on the finding that fatigue in this study was induced sooner in the highly automated 

driving condition rather than on exactly when that happened. 

The literature suggests that highly automated driving (levels 2 and 3) induces fatigue sooner than 

the driving of 0 level of automation (Schömig et al., 2015; Vogelpohl et al., 2019). This was 

supported in this study since the CSS ratings increased 10 minutes sooner in the automated group. 

The difference in the speed of fatigue induction between the groups might be attributed to the fact 

that the drive induced active fatigue in the manual group and passive in the automated. This is 

supported by the finding that the total task load was rated as intermediate in all the blocks of the 

drive by the manual group and low by the automated group with the ratings given by the former 

being more than double those of the latter (Figure 5.26).  

5.5.2.3 PVT 

The PVT data supported hypothesis 1 since the reaction times after the 60-minute drive were 

significantly longer than the baselines for both groups. Since the CSS showed that driving induced 

fatigue, the significant increases of the reaction times indicate that the 5-minute version of the 

PVT can show increases of the levels of fatigue in line with Loh et al. (2004). The increase of the 

PVT reaction times due to fatigue agrees with the existing literature in sleep-deprived individuals 

(Baulk et al., 2006; Dinges et al., 1997). A similar increase of reaction times in the PVT was also 

found in Graaumans et al.’s study (2010), where the duration of the simulated drive was 30 

minutes. Based on the existing literature (Oron-Gilad and Ronen, 2007; Thiffault and Bergeron, 

2003) and the CSS results of this study, although simulated drives shorter than 60 minutes may 

also induce fatigue, future researchers might increase the likelihood of inducing fatigue by using 

scenarios longer than 40 minutes.  

Although some studies have shown a link between PVT reaction times and performance in driving 

and flying tasks (Baulk et al., 2008; Kosmadopoulos et al., 2017; Lopez et al., 2012), others have 

not (Baulk et al., 2006; O’Hagan et al., 2019). Therefore, the increased PVT reaction times were 

accepted in this study as an indication of a potentially higher risk of impaired performance in 

flying tasks after a long drive rather than a definite link. The absence of a between-groups 

difference in the PVT reaction times after the 60-minute drive could be attributed to the fact that 

both groups finished driving on similar levels of fatigue. This is suggested by the absence of a 

significant between-group difference in the CSS ratings at the end of the 60-minute drive and 

could be attributed to comparing a drive of level 0 of automation to a level 2 drive. That is, in 

contrast to higher levels of automation, the level 2 drive induced some mental and physical fatigue 

due to the requirement to constantly monitor the driving scene and keep the hands on the steering 

wheel and the feet on the pedals. This induction of fatigue in the automated group should have 

reduced the difference in the levels of fatigue between the manual and the automated group.  
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To sum up section 5.5.2, in line with hypothesis 1, the analyses showed that both 60-minute drives 

induced fatigue as evidenced by increased CSS ratings as the drives progressed and longer PVT 

reaction times after the drives compared to the baselines. The 60-minute drive induced active 

fatigue in the manual group and passive in the automated as evidenced by the lower total perceived 

task load and ratings on each of the NASA-TLX items in the automated group (hypothesis 2 

accepted). As shown in the survey described in chapter 4, completing drives to the airport of a 

duration of 45 to 60 minutes one-way is often amongst pilots. The PVT reaction times increased 

after 60 minutes of driving and the CSS ratings after 45 minutes. If these findings applied to pilots, 

many could be at an increased risk of reporting fatigued for duty even after 45 minutes of driving. 

Nonetheless, it should be noted that driving simulators can induce fatigue sooner than real driving 

and inter-individual differences affect fatigue induction. Based on the findings described in this 

section, long drives can induce fatigue irrespective of whether they are completed on a car of level 

0 or level 2 of automation. However, whether driving induces active or passive fatigue makes a 

difference in how quickly the levels of fatigue increase.  

5.5.3 The effect of the type of fatigue induced by the 60-minute drive on the levels of 

fatigue experienced in the flying tasks  

According to hypothesis 3, the control group would be significantly less fatigued than the manual 

and the automated in the MATB-II tasks, whereas hypothesis 4 stated that the automated group 

would be significantly less fatigued than the manual in the MATB-II tasks. The CSS, PVT, and 

MATB-II performance data were analysed to test these hypotheses. The levels of fatigue in the 

control group were expected to be lower than in the others because the 60-minute drives were 

predicted to induce fatigue due to the extended time on task. The automated group was predicted 

to be less fatigued than the manual because highly automated driving could help the participants 

to reserve some attentional resources due to the disengagement from the driving task (Desmond 

and Hancock, 2001). These resources could be then invested in the flying tasks producing an 

alerting effect. In contrast, the high task load in the 60-minute drive was expected to deplete the 

participants’ attentional resources. Consequently, the manual group should be more fatigued than 

the automated one in the flying tasks. Hypotheses 3 and 4 were tested by analysing the CSS data 

collected after the end of each of the five blocks of the MATB-II tasks (i.e. minutes 4, 8, 24, 28, 

and 32), the PVT reaction times and lapses before and after the MATB-II tasks, and performance 

in the MATB-II tasks. The between-group differences found in the self-reported levels of fatigue 

and the performance in the flying tasks supported hypotheses 3 and 4.  

5.5.3.1 CSS 

The participants had no breaks between the 60-minute drive and the flying tasks but completed a 

5-minute PVT in-between. Mental disengagement from the driving task could have helped the 
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participants to start the MATB-II tasks less fatigued than they finished the long drive (Neri et al., 

2002). Nevertheless, the PVT had an alerting effect only for the automated group as evidenced 

by the significantly lower levels of fatigue just before the MATB-II tasks compared to the end of 

the 60-minute drive (section 5.4.2.1). This finding suggests that the long drive induced passive 

fatigue because research has shown that completing secondary tasks in low task load conditions 

in highly automated driving can have an alerting effect (Gershon et al., 2009; Jarosch et al., 2019; 

Oron-Gilad et al., 2002; Schömig et al., 2015). In contrast, completing the PVT was not helpful 

for the manual group because increasing task load is not an effective intervention strategy for 

active fatigue (Oron-Gilad et al., 2002). The absence of a beneficial effect of the PVT in the 

manual group highlights the importance of individuals using self-initiated intervention strategies 

after driving that are effective specifically for the type of fatigue they experience. This considered, 

the experiment described in chapter 6 will explore the effectiveness of taking a short break 

between driving and flying because the same 60-minute drive used in the manual group in this 

study will be used there too.  

The analysis of the CSS data showed that the control group reported starting the MATB-II tasks 

significantly less fatigued (i.e. a median of 2 = ‘very lively, responsive, but not at peak’) than the 

manual and the automated group (i.e. a median of 4 = ‘a little tired, less than fresh’) (Figure 5.33). 

In contrast, the difference in the CSS ratings was not significant just before the flying tasks 

between the manual and the automated group. As far as the self-reported levels of fatigue during 

the MATB-II tasks are concerned, the control group reported being less fatigued than the manual 

until the end of the flying tasks. In contrast, the automated group reported higher levels of fatigue 

than the control only after the first block of the flying tasks (i.e. minute 4) and, then, that difference 

disappeared. In addition, the manual group reported higher levels of fatigue than the automated 

only after the last two blocks of the flying tasks (i.e. minutes 28 and 32).  

The significant between-group differences and the significant interaction between the group and 

the measurement time point in the CSS ratings during the MATB-II tasks confirm hypotheses 3 

and 4 by suggesting that not only the time spent on driving can affect fatigue in subsequent flying 

tasks but also whether that preceding drive induces active or passive fatigue. It is believed that 

these results show actual differences in the levels of fatigue because previous studies suggested 

that subjective ratings are a reliable way of detecting increases of the levels of fatigue (e.g. Horne 

and Baulk, 2004).  

The analysis of the CSS data suggests that the participants’ levels of fatigue in the control group 

during the MATB-II tasks first increased after 24 minutes and remained higher until the end of 

the flying tasks. Despite the induction of fatigue, the participants in the control group generally 

reported low to moderate levels of fatigue (three = ‘okay, somewhat fresh’ or four = ‘a little tired, 

less than fresh’) during the flying tasks with none of them reporting being very fatigued (i.e. six 
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= ‘extremely tired, very difficult to concentrate’ or seven = ‘completely exhausted, unable to 

function properly’) during the flying tasks (Table 5.3). The induction of fatigue due to the 

completion of flying tasks as evidenced by increased CSS ratings agrees with previous studies 

with pilots (Gander et al., 2015; Petrilli et al., 2006). 

Similar to the control group, the self-reported levels of fatigue of the manual group increased 

significantly during the flying tasks compared to the ratings provided just before them. However, 

that increase started sooner than in the control group (i.e. after only 8 minutes in the simulated 

flight). It is believed that the attentional resources of the participants in the manual group had 

already reduced before the flying tasks because the 60-minute drive that had induced active 

fatigue. Therefore, the manual group should have had fewer attentional resources than the control 

group to resist fatigue induction in the flying tasks. As the manual group invested effort to 

complete the flying tasks, their levels of fatigue continued to increase. In contrast to the control 

group, the reported levels of fatigue on minute 24 (i.e. end of the long single-tasking block) were 

not significantly higher than on minute 8 (i.e. start of that block). This could be an indication that 

the manual group had already reached near their plateau of fatigue on minute 8; thus, they might 

have been less sensitive in the induction of further fatigue than the control group. Moreover, 

approximately one in four participants in the manual group reported being very fatigued after 24 

minutes of flying tasks (i.e. a rating of 6 or 7). This can be attributed to the fact that flying added 

to their already increased by the 60-minute drive levels of fatigue.  

As hypothesised, the flying tasks had a very different effect on individuals’ levels of fatigue in 

the automated group compared to the manual and the control ones. The CSS ratings were not 

significantly different between the manual and the automated group at the end of the 60-minute 

drive. Therefore, someone might expect that flying would induce fatigue similar to the manual 

group because of the extended time on the preceding driving task. Nevertheless, the automated 

group did not report being more fatigued during the flying tasks than just before them. This 

finding suggests that the flying tasks had an alerting effect on the automated group that 

counterbalanced the induction of fatigue during the flying tasks.  

The higher resilience in fatigue induction that was found in the automated group could be 

attributed to the fact that highly automated driving could have put the participants into a passive 

role causing disengagement from the driving task. Although the level 2 drive required some 

engagement with the driving task (i.e. monitoring and keeping a certain body posture), the 

individuals should have reserved some attentional resources that they invested in the flying tasks. 

In contrast to the manual group, that investment made a difference in their performance in line 

with the ‘effort/reward imbalance’ theory (Tops et al., 2004). The alerting effect of increasing 

task load in task load conditions has been supported in studies with driving (e.g. Gershon et al., 

2009). This finding extends that literature by suggesting that increasing task load may not only 
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help during but also after drives of low task load. As a result of the alerting effect, fewer 

participants in the automated group reported very high levels of fatigue in the flying tasks than in 

the manual group. Although the CSS ratings were significantly higher during the MATB-II tasks 

in the manual than in the automated group, this between-group difference of the ratings as 

absolute values might have been bigger if the car driven by the automated group was of level 3 

or higher. The reason is that higher levels of automation would reduce the engagement with the 

driving task more than a level 2 drive resulting in the reservation of more attentional resources.  

If the findings of the analysis of the CSS data applied to professional pilots, they would be at an 

increased risk of aeroplane accidents after drives to the airport that induced active fatigue because 

higher levels of fatigue in flight relate to a higher likelihood of impaired flying performance (e.g. 

Morris and Miller, 1996). Based on the CSS data, this increased risk could be evident from the 

beginning to the end of flights. The manual group generally reported moderate levels of fatigue 

during the flying tasks, but even those might cause a mismatch between the attentional resources 

required and those available to maintain flying performance high. This mismatch would be more 

likely to occur in the demanding stages of flight, such as the takeoff and landing. On the other 

hand, commuting pilots’ attentional resources might suffice to maintain performance in the low 

task load stages of flight (e.g. cruise), but task-related fatigue could contribute to falling asleep if 

expressed as sleepiness (Jen et al., 2009).  

In commuting pilots, the difference found in this study in the CSS ratings between the manual 

and the automated group would mean that commuting to the airport as a passenger in a car, by 

any public means of transport, or by highly automated vehicles in the future might reduce the risk 

of flying fatigued. Those pilots might still be at a higher risk of impaired flying performance than 

the ones that would not commute at all just before their duties, for example, because of staying at 

a hotel near the airport overnight. Nevertheless, they might have more attentional resources to 

invest in flight than those who completed long and demanding commutes to the airport by driving 

a car. It should be noted that the duration of the flying tasks in this study was shorter than the 

duration of many real-world flights. However, the higher resilience to fatigue induction in the 

MATB-II in the automated than in the manual group suggests that, even in longer flights, 

experiencing passive (rather than active) fatigue due to driving to the airport might help pilots to 

resist fatigue induction. If avoiding long and demanding commutes to the airport as drivers was 

not an option for pilots, then pre-flight self-initiated intervention strategies might be applied. One 

of these strategies will be tested in the study described in chapter 6. 

5.5.3.2 PVT 

Hypotheses 3 and 4 were not supported by the analysis of the PVT data since the PVT reaction 

times and lapses after the MATB-II tasks did not differ significantly between the groups. This 
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finding contradicts the literature that suggests that the PVT reaction times are sensitive to the 

reductions of vigilance (as an expression of fatigue) (Baulk et al., 2006; Dinges et al., 1997; Loh 

et al., 2004). An explanation for the absence of significant between-group differences could be 

that the 5-minute PVT test may be less effective in revealing the effects of fatigue on vigilance 

than the 10-minute version (Loh et al., 2004). The detection of increased PVT reaction times 

compared to baselines has been used to infer inductions of fatigue due to long flights (Lopez et 

al., 2012). However, maybe the between-groups difference in vigilance in the study described in 

this chapter was not big enough to counterbalance any masking effects of inter-individual 

differences on simple reaction time (Van Dongen and Belenky, 2009). The absence of a big 

enough between-group difference in vigilance (and thus PVT performance) after the MATB-II 

tasks might be attributed to the fact that the level 2 drive did not allow the participants to disengage 

fully from the driving task. Although disengaging partly from the drive should have helped the 

individuals to reserve some attentional resources, the requirement to monitor the driving scene 

and keep a certain body posture induced some mental and physical fatigue respectively.  

5.5.3.3 MATB-II performance 

It was expected that the manual and the automated group would perform worse than the control 

in the flying tasks, whereas the manual group would also perform worse than the automated. 

Nonetheless, no significant between-group differences were found in the systems monitoring and 

communications tasks. These findings contradict those in previous studies that had found longer 

response times to the lights and scales sub-tasks and more time-out errors in the communications 

task with higher levels of fatigue (Caldwell and Ramspott, 1998; Wilson et al., 2006). Maybe the 

absence of significant differences in performance in the systems monitoring and communications 

tasks between the automated group and the others resulted from the fact that the automated drive 

induced some fatigue. Since level 2 driving required paying attention to the driving scene, some 

attentional resources should have been invested causing mental fatigue. In addition, keeping the 

hands on the steering wheel and the feet on the pedals should have contributed to physical fatigue 

in the automated group. As a result, the difference between the automated and the other groups in 

the levels of fatigue experienced in the MATB-II tasks was not big enough to detect significant 

differences in performance in these tasks.  

The absence of a big enough between-group difference in vigilance (and thus PVT performance) 

after the MATB-II tasks might be attributed to the fact that level 2 driving did not allow the 

participants to disengage fully from the driving task. Although disengaging partly from the drive 

should have helped the individuals to reserve some attentional resources, the requirement to 

monitor the driving scene and keep a certain body posture induced some mental and physical 

fatigue respectively.  
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An explanation for the absence of between-group differences in the systems monitoring and 

communications task might be that these tasks were completed with the non-dominant hand. 

Although the participants had completed the practice session, it is possible that slight delays in 

clicking the correct areas of the screen occurred because of the hand used. Thus, any effect of 

fatigue on the systems monitoring and communications tasks could have been masked. The 

absence of significant between-group differences in performance in the systems monitoring and 

the communications tasks might also be attributed to differences between the individuals in the 

strategies followed to complete the tasks in the multi-tasking blocks. The participants were briefed 

that all the MATB-II tasks had the same priority. Nevertheless, it is possible that some 

prioritisation occurred. Since performance is more likely to be protected in the primary tasks 

(Hockey et al., 1998), different prioritisations could have masked the effects of any differences in 

fatigue on performance in the monitoring and the communications tasks. It is believed that the 

activation of the systems monitoring and the communications tasks could have drawn 

participants’ attention away from the tracking task. That could potentially have happened because 

of the boredom and the visual strain caused by continuously focusing on the moving ball in the 

tracking task in the previous blocks. However, exploring task switching behaviour was out of the 

scope of this thesis, so the participants were not asked if and how they had decided to prioritise 

certain tasks over others.  

The control and the automated group made more mistakes in the communications task of the 

second block (i.e. minutes 24-28) than in the first one (i.e. minutes 4-8), which suggests that the 

flying tasks induced fatigue. The increase of the levels of fatigue during the flying tasks in the 

participants of these groups was suggested by the CSS data. The increase of the number of errors 

in the communications task of the MATB-II contradicts the findings in Caldwell et al.’s (2004) 

study, where the frequency of errors in that task did not increase significantly over a period of 37 

hours without sleep. In contrast, the result of the study described in this chapter aligns with 

Caldwell and Ramspott (1998) who had found that increased time-on-task related to more time-

out errors in the communications task. In contrast to the control and the automated group and in 

agreement with Caldwell et al., the number of communication errors did not increase with the 

time on task in the manual group. This result might be attributed to the fact that the participants 

in the manual group had already reached their plateau of fatigue in the first multi-tasking block 

as suggested by the results of the analysis of the CSS data.   

It was expected that the manual and the automated group would perform less accurately the 

tracking task than the control group. Furthermore, the manual group was predicted to be less 

accurate in the tracking task than the automated group based on previous literature on the effects 

of fatigue on performance in this task (e.g. Caldwell and Ramspott, 1998; Caldwell et al., 2004; 

Lopez et al., 2012). In line with that literature and the results of the analysis of the CSS data, the 
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manual group performed worse than the control in the tracking task in the first multi-tasking block 

(i.e. minutes 4-8). Nonetheless, no other between-group difference was found in the tracking task 

(Figure 5.35). Therefore, hypothesis 3 was partly confirmed and hypothesis 4 was rejected by the 

analysis of the tracking performance data. The level 2 drive allowed the participants to disengage 

from the driving task only partly. Therefore, some fatigue was induced in the automated group 

too. As a result, the difference in the levels of fatigue in the MATB-II tasks between the automated 

and the other groups was not big enough to detect significant differences.  

Perceiving the tracking task as secondary in the multi-tasking blocks but as primary in the single-

tasking ones might explain why a significant between-group difference in the tracking accuracy 

was found in one of the multi-tasking blocks but not in any of the single-tasking ones. It is possible 

that the single-tasking blocks were not demanding enough to unmask the effects of fatigue on 

primary performance (i.e. on the tracking task). In other words, despite any higher levels of fatigue 

in the manual group during the MATB-II tasks, the participants in that group likely had enough 

attentional resources available to invest in maintaining tracking performance in the single-tasking 

blocks. In contrast, the multi-tasking blocks required investing more attentional resources and 

dividing attention between concurrent tasks. As the attentional resources of the participants in all 

the groups started to reduce during the MATB-II tasks, they could have selected to focus more on 

the monitoring and the communications tasks, which were perceived as primary. The control and 

the automated group might still have enough attentional resources to maintain performance high 

in concurrent tasks. In contrast, the resources of the manual group might not suffice for all the 

tasks. Since the tracking task could have been perceived as secondary due to the more engaging 

nature of the other ones, tracking performance deteriorated in the manual group resulting in the 

significant between-group difference. An explanation for the absence of other significant 

between-group differences in the tracking performance might be that the manual group had likely 

reached a plateau of fatigue earlier in the flying tasks as suggested by the CSS data. If that was 

the case and the flying tasks continued to induce fatigue in the control and the automated group, 

the significant between-group difference in the tracking accuracy in minutes 4-8 disappeared with 

the progress of the MATB-II tasks.  

To sum up, hypothesis 3 was confirmed by finding significant between-groups differences during 

the MATB-II tasks in the CSS ratings and the tracking accuracy, whereas hypothesis 4 was 

accepted based on the results of the analysis of the CSS data. Moreover, the CSS data, the PVT 

reaction times, and the MATB-II performance data suggested that the flying tasks induced fatigue. 

However, the automated group showed a higher resistance in fatigue induction than the others. 

The results discussed in this section suggest that the levels of fatigue during flying tasks relate to 

how fatigued individuals start these tasks. At the same time, the risk of being more fatigued in 

flying tasks increases when a preceding drive induces active rather than passive fatigue because 
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that depletes individuals’ attentional resources. If the findings of this study applied to professional 

pilots, they could be at an increased risk of aeroplane accidents after completing long drives to 

the airport, especially when those drives induced active fatigue.  

5.5.4 The effect of the type of fatigue induced by the 60-minute drive on the levels of 

fatigue experienced in the 14-minute drive 

According to hypothesis 5, the control group would be significantly less fatigued than the manual 

and the automated in the 14-minute drive in the short drive, whereas according to hypothesis 6, 

the automated group would be significantly less fatigued than the manual in the 14-minute drive. 

The control group was expected to be less fatigued than the others due to not completing the 60-

minute drive. In contrast, the automated group was expected to be less fatigued than the manual 

because highly automated driving could have helped the participants to reserve attentional 

resources. This hypothesis was tested by analysing the CSS data collected just before and twice 

during that drive and driving performance data in the three 4-minute blocks of the motorway 

drive. Hypothesis 5 was confirmed by the results of the analysis of the CSS data and hypothesis 

6 by the results of the analysis of the driving performance data. 

5.5.4.1 CSS 

Completing the PVT after the flying tasks helped only the automated group to reduce their 

reported levels of fatigue just before the motorway drive as evidenced by the significantly lower 

ratings of fatigue just before the motorway drive than at the end of the MATB-II tasks (section 

5.4.4.1). This result agrees with the significant reduction of the CSS ratings of the automated 

group after the PVT completed when the 60-minute drive finished. In both occasions, it is believed 

that completing secondary tasks had an alerting effect because the automated group had 

experienced passive fatigue due to the 60-minute drive. This beneficial effect of increasing task 

load in low task load conditions has been supported in the literature (e.g. Gershon et al., 2009). 

The flying tasks likely induced a mix of active and passive fatigue in all the groups, but only the 

automated group had experienced additional passive fatigue due to the 60-minute drive. Since 

increasing task load is effective only against passive fatigue (Oron-Gilad et al., 2002), the mental 

activation of the PVT after the MATB-II tasks benefited only the automated group. Since the 

manual group was not helped by the PVTs before and after the flying tasks, breaks that will 

include physical activity will be used in the experiment described in chapter 6. As explained in 

section 2.3, these could be more effective against active fatigue. 

Hypothesis 5 was supported by the higher CSS ratings just before and during the motorway drive 

in the manual than in the control group (Figure 5.39). Moreover, as expected, the manual group 

reported higher levels of fatigue than the automated during the same drive. In contrast, the 

reported levels of fatigue did not differ significantly between the automated and the control group. 
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This absence of a significant difference might be attributed to the fact that, although the level 2 

drive required monitoring the driving scene and keeping a certain body posture, it also allowed 

the participants to partially disengage from the task because the speed and lateral position of the 

car were controlled automatically. 

The higher CSS ratings during the motorway drive in the manual than the control group suggest 

that fatigue induced by completing a long drive cannot only affect subsequent flying tasks but 

also make a difference in fatigue while driving after that flight. This might be attributed to the 

fact that, despite the induction of fatigue during the flying tasks, the participants in the automated 

group had likely reserved some attentional resources by disengaging from the 60-minute drive. 

Having available resources allowed the participants in the automated group to cope with fatigue 

better than the manual group during the motorway drive. In contrast, the difference in the reported 

levels of fatigue between the manual and the control group was expected because the participants 

in the control group had not invested any attentional resources in a preceding long drive. 

Although the medians of the ratings of fatigue were low to moderate for all the groups in the 

motorway drive (Figure 5.39), the between-group differences in the levels of self-reported fatigue 

indicate differences in the risk of impaired driving performance. Moreover, approximately one in 

four participants in the manual group reported high levels of fatigue (i.e. a rating of 6 or 7), but 

none in the control group and only a couple in the automated (Table 5.4). Furthermore, the adverse 

impacts of active fatigue induced by the 60-minute drive were evident from the beginning of the 

motorway drive by finding significantly higher reported levels of fatigue in the manual group 

compared to the other groups on minute 4. If these findings applied to professional pilots, they 

might be at an increased risk of car crashes even during short drives after duty when they 

completed long and demanding drives to commute to the airport.  

5.5.4.2 Driving Performance 

Hypothesis 6 was accepted by the analysis of the driving performance data. Although no 

significant differences in driving performance were found between the control and the other 

groups, the manual group maintained the target speed less accurately than the automated at the 

end of the motorway drive (Figure 5.41). This finding agrees with the significantly higher reported 

levels of fatigue in the manual group during the motorway drive and the literature, where being 

more fatigued related to a higher SD of speed (Lenne et al., 2007; Ting et al., 2008). Moreover, it 

indicates a higher risk of crashing after flying tasks when a preceding long drive induces active 

rather than passive fatigue. Although this finding supports the expected difference in fatigue 

between the manual and the automated group, it is also likely that the automated group performed 

better due to the potentially higher engagement with the motorway driving task mentioned earlier.  

Based on the existing literature in driver fatigue, it was predicted that higher levels of fatigue 
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would relate to a higher SD of the lateral position (Ting et al., 2008). In contrast to hypotheses 5 

and 6, the SD of the lateral position did not differ significantly between the groups. In regard to 

the absence of a significant difference in the SD of the lateral position between the manual and 

the automated group, it might be also attributed to the fact that the level 2 drive required some 

engagement with the driving task, thus, induced some fatigue too. As a result, the difference in 

fatigue at the end of the 60-minutte drive between the manual and the automated group was not 

big enough to contribute to a difference in the SD of the lateral position in the motorway drive.  

Despite the absence of a significant between-group difference in the SD of the lateral position, 

that changed differently between the groups over the drive (Figure 5.40). That is, the ability of 

the participants to keep the car in the middle of the middle lane was similar during the motorway 

drive in the control and the automated group but showed a steep increase in the last driving block 

in the manual group. This finding indicates a lower resilience against fatigue induction for the 

participants that had completed the 60-minute drive of high task load. For professional pilots, 

such a lower resilience would mean a higher risk of car crashes after duty. 

The significant interaction of the measurement time point with the group in the SD of the lateral 

position and the significant difference in the SD of speed between the manual and the automated 

group should be carefully interpreted due to the potential effect of the ‘too close’ and ‘too far’ 

messages that appeared above the dashboard. These messages were shown when the participants’ 

car was outside the pre-determined range from the lead car in order to ensure that the braking 

event would be triggered the soonest after the end of the drive. The participants were familiar 

with these messages from the practice drive. However, it is possible that, when these messages 

appeared on the screen, the participants got distracted from the driving task. In addition, the visual, 

mental, and physical task load increased because they had to pay additional attention to their 

headway distance from the lead car, decide what to do to bring the car within the target range, 

and operate the gas and brake pedals respectively.  

The distraction and the increased task load when these messages appeared could have affected 

the participants’ speed and lateral position. Since some participants saw these messages more 

often than others, that effect could have masked any effect of fatigue on performance differently 

among the participants. Although this effect could have made a difference in the absolute values 

of the SD of speed and lateral position, its extent should be similar in all the groups. Therefore, 

that should not have played a significant role in the results. The lateral position and speed of the 

car should have been affected less by the CSS and NASA-TLX scales that appeared on the screen 

because these were accompanied by auditory messages too (thus, they should have been less 

distracting) and did not require an adjustment of driving behaviour.  

To sum up, hypothesis 5 was supported by finding that the manual group reported significantly 
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higher levels of fatigue than the other two groups in the motorway drive and hypothesis 6 by 

finding that the SD of speed was significantly higher in the manual group than in the automated 

one. 

5.6 Conclusion and implications for the next study 

The study described in this chapter suggests that fatigue induced by completing long drives can 

increase individuals’ levels of fatigue in subsequent flying and driving tasks. In addition, this 

experiment improved understanding of the role that the type of fatigue (i.e. active or passive) 

induced by long drives plays in fatigue experienced in subsequent flying and driving tasks. In line 

with Desmond and Hancock’s theory of fatigue (2001), this study suggests that increased levels 

of task load in driving can deplete individuals’ attentional resources (i.e. active fatigue) resulting 

in increased levels of fatigue in subsequent flying and driving tasks. Although a long drive of low 

levels of task load can also be fatiguing (i.e. passive fatigue), individuals may reserve some 

attentional resources that can help them to resist fatigue induction in flying and driving tasks that 

follow. If this finding applied to professional pilots, the risk of accidents would be higher when 

driving to the airport induced active fatigue. This considered, the study described in chapter 6 

explored the effectiveness of a self-initiated intervention strategy for fatigue experienced in the 

commuting cycle after a long and demanding drive. 

Despite having non-pilots as participants, the findings of this study could apply to professional 

pilots too. This could be particularly the case in real-flight tasks that are not completed 

automatically due to and, thus, require the investment of many attentional resources. The MATB-

II scenario was designed so that it resembled flying tasks that require professional pilots to invest 

effort (i.e. flying the aeroplane by manually controlling the joystick, monitoring several flight 

parametres, and communicating with the Air Traffic Control). Despite the equipment and systems 

used in real aeroplanes for these tasks being more complex than in the MATB-II, the basic 

principle behind their use is that investing attentional resources is needed. When the available 

resources do not suffice, performance will start degrading irrespective of whether someone is a 

pilot or not because this is a limitation of human cognition. Therefore, the increased risk of 

impaired performance in flying tasks due to fatigue induced by driving that was found in this 

study could also apply to professional pilots, especially in the phases of flight with high task load. 

In contrast, the findings of this study may not apply to professional pilots in those tasks that are 

completed automatically (e.g. recalling the emergency procedures) because complex production 

rules are then developed in the long-term memory (Salvucci and Taatgen, 2008) and minimum 

attentional resources are required. Performance in such tasks is less susceptible to the effects of 

fatigue than performance in non-automated tasks (Boksem et al., 2005; Lorist et al., 2000; 2005).  

Moreover, pilot training and experience can help professional pilots to use intervention strategies 
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for fatigue before, during, and after flying. For example, they can sleep or drink coffee. Pilots can 

also fly the aeroplane by engaging the autopilot, so fewer attentional resources are required in that 

case. All these factors can contribute to reducing the risk of the fatigue-related performance 

decrements found in this study.  

As mentioned, there are some differences between the participants in this study and professional 

pilots that could result in pilots being more protected against the effects of fatigue while 

completing flying tasks under certain conditions. Nevertheless, there are no differences in driver 

training between professional pilots and non-pilots. Therefore, an induction of fatigue similar to 

that found in the 60-minute manual drive of this study could also be experienced by pilots who 

commute to the airport and do not apply intervention strategies during driving or while at the 

airport. Similar, the adverse effects of fatigue found in the drive after the MATB-II tasks could 

also be experienced by professional pilots who drive after duty. Moreover, as mentioned in section 

5.5.1, some professional pilots are older than the participants in this study, which could result in 

those pilots experiencing higher levels of sleep-related fatigue in driving and flying than in this 

study.  

The study described in this chapter showed that the methodology used would be appropriate to 

reveal the effects of a long and demanding drive on individuals’ fatigue in the study of chapter 6. 

This objective was achieved because the long and demanding drive was found fatiguing enough 

to make a difference in fatigue in the flying and motorway driving tasks. Although the 

performance metrics used in the trials did not show all the between- and within-group differences 

found with the CSS, they provided useful insights regarding fatigue. Therefore, a similar 

combination of metrics will be used in the study described in chapter 6.  

A within-subject design in the experiment of chapter 6 could also control for the effect of inter-

individual differences in flying and driving performance. Moreover, using flying tasks of higher 

fidelity in the next study could provide more direct links between active fatigue induced by 

driving and impaired flying performance. That is, although the MATB-II resembled the main 

flight tasks, the participants did not have to fly an aeroplane by processing data, such as airspeed 

and altitude (see Table 6.1). Furthermore, although some effects of fatigue were found on 

motorway driving performance, that drive was designed with low task load in order to unmask 

the effects of fatigue by causing sleepiness. In real life, pilots may complete drives after duty with 

both sections of low and high task load. This considered, the motorway drive in the study of 

chapter 6 will include both low and high task load sections. Finally, completing the PVTs did not 

reduce individuals’ levels of fatigue in the manual group because most of the fatigue they 

experienced was probably active due to completing the 60-minute drive and the flying tasks. 

Therefore, in agreement with the literature on intervention strategies described in section 2.3, the 

next study will test the effectiveness of short bursts of physical activity in reducing the levels of 
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fatigue experienced in the commuting cycle after a long and demanding drive. 

To sum up, this study suggests that;  

• Individuals’ levels of fatigue during flying and subsequent driving tasks can be higher when 

a long drive is completed before the flying tasks and, especially, when that drive induces 

active fatigue. 

• The methodology used in this study is generally appropriate for the study described in 

chapter 6, so a similar methodology will be used there.  
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Chapter 6. Using short bursts of physical activity to reduce the levels of 

fatigue experienced in the commuting cycle after a long and 

demanding drive 
 

6.1 Background and justification of the study 

The survey described in chapter 4 suggested that many professional pilots worldwide are at an 

increased risk of fatigue-related accidents in flight and car crashes after duty when driving to the 

airport is long and mentally demanding. The study of chapter 5 explored this risk with 

experimental work and suggested that individuals are more likely to fly and drive fatigued after a 

long drive, especially when that induces active fatigue. If the findings of the research described 

in chapters 4 and 5 applied to professional pilots, intervention strategies should be developed to 

manage the risk of fatigue-related performance decrements in the commuting cycle after long and 

demanding drives to the airport. 

Some of the intervention strategies for fatigue can be applied at an organisational level (e.g. 

training), but the study described in this chapter focuses on the self-initiated intervention 

strategies. There is a variety of such strategies; however, not all of them are effective against task-

related, active fatigue (see section 2.3), which is of main interest in this thesis. Pilots can use 

intervention strategies in flight. For example, they can reduce their workflow and extend their 

breaks while flying to mitigate the adverse effects of the time-on-task (Dawson et al., 2012). They 

may also sleep in the cockpit or in designated bunk facilities in the aeroplane and walk in the 

cabin. Nonetheless, using such strategies may not be possible due to high task load (e.g. during 

descent and when systems fail) or because this is not allowed by regulations (i.e. sleeping). 

Moreover, even if pilots used an intervention strategy while flying, active fatigue induced by 

driving to the airport might impact their performance until that point. This considered, the focus 

of this study is on an intervention strategy for fatigue that pilots could use while at the airport 

before and after their flights. Using an intervention strategy only before flight might not reduce 

the risk of car crashes after duty because its beneficial effects could dissipate by then. Hence, 

using intervention strategies both before and after duties may be needed. 

No literature was sourced on how the time spent at the airport affects commuting pilots’ levels of 

fatigue. Nevertheless, the survey described in chapter 4 suggested that the time spent at the airport 

before flight usually helps pilots to reduce fatigue induced by driving to the airport. It should be 

noted that the participants were asked about their usual commutes in that study, so it is likely that 

sometimes pilots do not manage their driving-induced fatigue before flying. Moreover, that 

survey suggested that many professional pilots usually do not manage to reduce their levels of 

fatigue while at the airport after their duties. Hence, pilots might benefit from using an 
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intervention strategy for fatigue both before and after their flights. Providing evidence of the 

effectiveness of the intervention strategy tested in this study might urge airlines, regulators, and 

pilots to explore how any adverse effects of active fatigue caused by driving to the airport can be 

managed. 

The aim of this study was to explore if short bursts of physical activity can reduce the levels of 

fatigue experienced in the commuting cycle after a long and demanding drive. This strategy was 

selected because the literature suggests that the combination of postural change, physical exercise, 

and mental disengagement can help individuals to reduce their levels of active fatigue (Abd-

Elfattah et al., 2015; Anund et al., 2008; Hogervorst et al., 1996; Liang et al., 2009; Loy, 2013; 

Neri et al., 2002; Phipps-Nelson et al., 2010). In real life, pilots could use this strategy just before 

starting their flights and drives after duty.  

To achieve the aim of this study, 15 participants with a Private Pilot’s License participated in two 

sessions each. In both sessions, they completed the 60-minute simulated drive of experiment 5 by 

driving a car of level 0 of automation. That was followed by a 52-minute simulated flight and a 

20-minute simulated motorway drive. In one of the sessions, the participants took two 6-minute 

breaks that included postural change, physical exercise, and mental disengagement. The first 

break was taken just before the simulated flight and the second directly after it. Within-subject 

comparisons of subjective and behavioural data were performed to infer fatigue.  

6.2 Hypotheses  

Three alternative hypotheses were formed; 

Hypothesis 1. The CSS ratings, the PVT reaction times, and the number of PVT lapses will be 

significantly higher at the end than at the beginning of the 60-minute drive in both the ‘break’ and 

‘no-break’ sessions. Testing this hypothesis would help to explore if the long and demanding 

drive increased individuals’ levels of fatigue before investigating whether the breaks tested 

reduced them. Based on the study of chapter 5, this drive was expected to induce active fatigue.  

Hypothesis 2. In the simulated flight, the participants will report significantly lower levels of 

fatigue and will perform better (i.e. lower RMSDs of heading, altitude, altitude change rate, rate 

of turn, and airspeed, and fewer errors in the communications task) in the ‘break’ than the ‘no-

break’ session. This hypothesis was formed to explore if the break taken before the flying tasks 

would be effective for fatigue in the flying tasks. 

Hypothesis 3. In the 20-minute simulated drive, the participants will report significantly lower 

levels of fatigue and will perform better (i.e. lower SDs of the lateral position, heading, and speed) 

in the ‘break’ than the ‘no-break’ session. This hypothesis was tested to investigate if the break 

taken after the flying tasks would help the participants to reduce the levels of fatigue experienced 
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in the motorway drive. 

6.3 Materials and methods 

Ethical approval was obtained from the ESSL, Environment and LUBS (AREA) Faculty Research 

Ethics Committee of the University of Leeds (ethics reference number: AREA 18-020).  

6.3.1 Participants 

In contrast to the study of chapter 5, the participants had pilot training for increased realism. Due 

to the difficulty in recruiting professional pilots, it was decided to recruit participants with a PPL 

that studied towards a BSc in Aviation Technology with Pilot Studies at the University of Leeds. 

From the 40 students with a PPL available, 15 agreed to participate. A power analysis with the 

G*Power software (Heinrich Heine Universität Dusseldorf, 2017) showed that this sample size 

was adequate for a level of confidence of 90%, a margin of error of 10%, and a 0.8 effect size. 

The participants should hold a full driver license because driving performance would be 

measured. Similar to the study of chapter 5, individuals were excluded if they had consumed 

alcohol, coffee or any other substance that can affect alertness in the 8 hours before the trials or 

had completed intense physical exercise in the 4 hours before the sessions. Moreover, they could 

not participate if they had been diagnosed with sleep apnoea, had slept less than 7 hours the night 

before the sessions, reported average or poor general overall health or stated that a short exercise 

of medium intensity would harm their health. Finally, individuals were excluded if they rated their 

levels of fatigue on the CSS (section 3.2.1.1) prior to the sessions as 4 (‘a little tired, less than 

fresh’) or higher. This decision was made to avoid the participants starting the sessions on a 

plateau of fatigue. Individuals were approached in one of their classes and those who were 

interested were sent the participant information sheet. Each participant received £60 after the 

second session. 

6.3.2 Pre-study documents 

The participant information sheet included information about the aims of the study, the voluntary 

participation, and the right to withdraw, and a description of why the participants had been 

approached. It was also explained that not participating would not have any implications for their 

course. Moreover, descriptions of the sessions, the participation criteria, the possible advantages 

and benefits, anonymity, and potential sharing of data were included. Finally, information about 

who had organised and funded the study and about who had reviewed the participant information 

sheet was provided. Before starting their first session, the participants read and signed the consent 

form. That form stated that they had understood the participant information sheet, had the chance 

to make questions, and knew that participation was voluntary. In addition, they confirmed that 

they were aware of their right to withdraw their data during or after the sessions and decline to 
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answer any questions. Finally, the participants confirmed their agreement with the policies about 

data access and storage.  

The personal information sheet collected information about participants’ age, gender, and years 

of driving experience in order to describe the sample. In addition, the participants were asked to 

rate their general overall health from ‘excellent’ to ‘poor’ and state if they had any medical 

conditions that could affect their ability to complete a short exercise of medium intensity. 

Moreover, they confirmed that, to the best of their knowledge, that exercise would not harm their 

health. Furthermore, the participants were asked if they had received any medications or 

substances that could affect their alertness in the session. This study focused on task-induced 

fatigue, so sleep-related fatigue was controlled by collecting information about sleep-related 

contributors to it. This was achieved with questions about sleep duration the night before 

participating and the number of hours of being awake since the last sleep. Data were also collected 

about sleep quality the night before the session by using one item from the St Mary’s Hospital 

Sleep Questionnaire (see section 3.1.2.2), similar to the study of chapter 5. The participants 

completed two sessions, so the questions about medications, substances, and sleep-related factors 

were answered twice. 

6.3.3 The simulated 60-minute drive  

The driving simulator was the one used in the study of chapter 5 (Figure 6.1).  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 The setup of the driving simulator for experiment 2. 
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The first section of the sessions included the 60-minute drive of level 0 of automation (see Figure 

2.2) that was used by the manual group in the experiment of that chapter. This drive was used to 

induce active fatigue, which was expected based on the findings of the study described in chapter 

5. Performance in the 60-minute drive was not measured because the events that were added 

would affect driving behaviour (i.e. lateral position, speed, headway from lead cars) by urging the 

participants to steer and brake.  

6.3.4 The methods that were used to measure the expressions of fatigue 

The methods that were used to measure fatigue in the trials are depicted in Figure 6.2. Similar to 

the experiment of chapter 5, CSS and PVT baselines were collected. A 1-minute practice preceded 

the baseline PVT and the participants practised rating their levels of fatigue on the CSS during 

the practice drive. Fatigue during the trials was measured with CSS ratings and performance in 

the PVT (PEBL PVT, section 5.3.4.4). The CSS ratings were collected every four minutes during 

the 60- and 20-minute drives and after each of the three stages of the flight. This scale was shown 

on the top left corner of the simulator screen during the drives (Figure 5.18) and on the laptop 

(Figure 6.3) during the flying tasks. Performance in flight (i.e. heading, rate of turn, rate of altitude 

change, airspeed, and errors in the communications task) and during the driving tasks was 

measured too. The lateral position, the heading from the lead car, and the speed of the car were 

measured in the 20-minute motorway drive because the literature suggests that these can be 

affected by increased levels of fatigue (e.g. Ting et al., 2008). The flight and driving tasks that 

were used are described in detail in the following sections. 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 The methods used to measure the expressions of fatigue in experiment 2. The CSS was 

rated directly after the PVT only in the no-break session. 
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6.3.4.1 The simulated flying tasks 

The flying tasks were completed in a simulator for increased safety and convenience. The basic 

principles behind the tasks completed in the MATB-II software used in chapter 5 are the same to 

real flying. However, researchers cannot simulate flying tasks that require pilot training, such as 

reading flight instruments to complete manoeuvres. Using such tasks could help to explore how 

fatigue induced by driving and flying can affect the completion of manoeuvres. Flight simulators 

with axial movement are expensive to use and simulators of lower fidelity are a good alternative 

when interested in pilots’ ability to complete flight manoeuvres (De Winter et al., 2012). This 

considered, the X-Plane 10 professional flight simulation software (Laminar Research, 2014) was 

used. The X-Plane 10 simulates the visual and flight dynamics accurately and the version used in 

the trials is certified as a training tool for pilots (United States Department of Transportation, 

2018). The software was run on a PC with Windows 8.1 Pro, a 24-inch monitor, a 17-inch laptop 

monitor, and the Thrustmaster Hotas Warthog joystick and throttle (Figure 6.3). A 24-inch 

monitor (Figure 6.3, top) was used to display the simulated flying tasks and a laptop monitor 

(Figure 6.3, left) showed instructions for the tasks that participants should complete (Figure 6.10).  

 

 

 

 

 

 

 

 

 

 

Figure 6.3 The equipment used to complete the X-Plane 10 flight tasks. 

 

Users can fly a variety of aeroplanes on the X-Plane 10. The Cessna 172 (Figure 6.4) was used in 

this study because this was the aeroplane that most of the participants had flown when they 

received training for the Private Pilot License. Although some participants had received their 

training on a Piper Warrior PA-28, the basic instruments of the two aeroplanes (which the 
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participants needed to use to complete the flight manoeuvres in the study) are almost identical 

(Figure 6.5). Moreover, all the participants who had received their flight training on the PA-28 

confirmed that they felt comfortable in flying the Cessna 172 on the X-Plane 10. Commercial 

aeroplanes provide the same information to the Cessna 172 but integrated into a primary flight 

display (Figure 6.6). 

 

 

 

 

 

 

Figure 6.4 The Cessna 172 (Wikipedia, 2019). 

 

 

                                  

  

 

 

 

 

Figure 6.5 Panel A: the basic instruments of the Cessna 172. Panel B: the basic instruments of the 

PA-28 (Laminar Research, 2014).  

 

 

 

 

 

 

 

 

Figure 6.6 The primary flight display of a Boeing 737 (Wikipedia, 2020) 

Panel A Panel B 
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The duration of the X-Plane 10 scenario was 52 minutes to simulate the duration of an average 

real-world domestic flight. For increased realism, the levels of task load varied between the blocks 

of tasks similar to real flights. As mentioned in section 2.1.3, task load is usually higher during 

the initial and final stages of flight than during cruise. This considered, the flight started with a 

block, where the participants completed manoeuvres and a communications task with arithmetic 

calculations. The next block included only straight flying to simulate the low levels of task load 

of the cruise, whereas the last block was similar to the first one in terms of task load. The taxi, 

takeoff, and landing stages were not simulated (Figure 6.7) because; 

• If participants completed take off, they might not all be at the same altitude with the same 

airspeed and heading when the instructions to complete the first manoeuvre were given.  

• Landing would require providing additional briefing before flight, for example, about 

navigating to a specific airport. That would be impractical timewise.  

 

 

 

 

 

 

 

 

Figure 6.7 The flight stages simulated in experiment 2 (adapted from Archer et al. 2012). 

 

All the sessions started with the aeroplane flying at 6,000 feet (ft), on 80 knots (i.e. unit of speed 

equal to 1 nautical mile per hour), and a heading of 360°. The heading is the direction of the 

compass in which the nose of the aeroplane is pointed. The duration of the climb and descent 

stages was 14 minutes, whereas that of cruise 22 because cruise is usually longer in real flights. 

Although the autopilot is often used to fly aeroplanes, pilots may control the joystick and the 

throttle manually (e.g. in system failures). Completing turns, changing altitude and heading, and 

responding to ATC messages are more likely during the busy stages of flight, such as the climb 

and descent. Therefore, the cruise stage (called ‘stage 2’ in this study) required only flying straight 

and level. In contrast, the climb (called ‘stage 1’) and descent (called ‘stage 3’) required changing 

altitude and heading and completing arithmetic calculations based on ATC messages. All the turns 
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were 360° in this experiment to collect more performance data during the turns. A detailed 

description of the X-Plane 10 scenario can be found in Appendix C. 

The joystick in real flights is adjusted (‘trimmed’) so that not too many inputs are needed from 

the pilots. However, the participants flew the aeroplane without any trimming to avoid differences 

in flight performance due to differences in that. The scenario simulated night flying without any 

ground lights (Figure 6.8) to reduce distractions. Completing the manoeuvres required using 

information from six instruments (yellow box, Figure 6.9). A description of these instruments 

follows in Table 6.1. The participants completed the same manoeuvres in both sessions and heard 

the same ATC messages. However, the numbers that should be used in the calculations differed 

between the sessions.  

 

 

 

 

 

 

 

Figure 6.8 The cockpit as it appeared in the study (Laminar Research, 2014). 

 

 

  

 

 

 

 

 

 

Figure 6.9 The instruments that the participants should use information from in the X-Plane 10 

flight (Laminar Research, 2014). 



 
 

163 

 

 

Table 6.1 Description of the flight instruments used to complete the manoeuvres in the X-Plane 

10 sessions. Photos taken from Laminar Research (2017). 

Attitude Indicator  

The orientation in 

relation to the 

horizon 

Altimeter 

 

 

 

The altitude 

measured in feet (ft) 

Airspeed 

Indicator 

 

The airspeed 

measured in Knots 

(nautical 

miles/hour) 

Vertical Speed 

Indicator 

 

 

The ascend and 

descend rate in 

ft/minute 

Turn Indicator 

 

 

 

The rate of turn 

Heading 

Indicator 

 

 

The heading of the 

aeroplane 

 

The instructions for the manoeuvres and the arithmetic calculations were presented automatically 

on a laptop. A countdown clock was shown when a new instruction appeared to prepare the 

participants for the next manoeuvre. When the 10-second countdown finished, a bell rang, and 

the countdown cycle and the instructions box turned green. Moreover, the word ‘Start’ appeared 

(Figure 6.10). The countdown cycle and the box remained like this until the next instruction 

appeared on the screen.  

The participants had to respond to ATC messages while completing the manoeuvres by making 

simple arithmetic calculations in their mind and saying the results aloud. In real life, pilots need 

to process the ATC messages mentally and, sometimes, change the flight parameters accordingly. 

The ATC messages heard were taken from the MATB-II software (see section 5.3.4.1). However, 

the participants were not asked to change the radio or the frequency but use the frequency heard 

to do the arithmetic calculation shown in a yellow box (Figure 6.10). For example, when the 

frequency heard was ‘126.725’ and the yellow box with the phrase ‘Add 2’ appeared, the 

participants had to add 2 to the last digit of the first part of the frequency and say the result aloud 

(in this example ‘128.725’). The CSS scale was shown on the laptop screen at the end of stages 1 

(i.e. minute 14), 2 (i.e. minute 37), and 3 (i.e. minute 52) and the participants had to rate their 

levels of fatigue aloud. 
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Figure 6.10 An example of the presentation of instructions and the arithmetic calculation task in 

the X-Plane 10 scenario. 

 

6.3.4.2 The 20-minute motorway drive 

Besides flying performance, performance was also measured in the 20-minute simulated drive. 

This was a drive of level 0 of automation on a 3-lane motorway.  In contrast to the motorway 

drive used in the experiment of chapter 5, no curves were used to facilitate the analysis of the 

data. In contrast to the study of chapter 5, where the duration of the drive after the flying tasks 

was 14 minutes, the duration of the motorway drive in this study was increased to 20 minutes. 

This duration was expected to be long enough to unmask the effects of fatigue on the subjective 

fatigue and driver performance metrics (Akerstedt et al., 2010; Lenne et al., 1998; Vakulin et al., 

2007), but it would also allow using both sections of low and high task load. The 14-minute drive 

in experiment 1 consisted only of a low task load section to avoid activating the participants 

mentally. However, pilots’ commutes after duty may include a combination of low and high task 
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load sections. If demanding driving after duty activated pilots, it could delay the adverse effects 

of fatigue. Thus, it could have a protective role against fatigue caused by commuting to the airport 

and flying especially when the commutes after flight were short. To test that, the first 9 minutes 

of the motorway drive in this experiment were more demanding than the motorway drive in the 

study of chapter 5, but the second part of the drive was the same to the one in that chapter. The 

event that was used in the experiment of chapter 5 with the car moving from the right to the middle 

lane (Figure 5.17) was used in this drive too. The CSS scale appeared on the top left corner of the 

screen (Figure 5.18) on minutes 4, 9, 14, and 19 and had to be rated aloud. A description of the 

two parts of the motorway drive follows;  

• Minutes 00:00 – 08:59:  

The participants were asked to always drive in the middle of the middle lane while keeping 

a two-car distance from the lead car. The lead car completed four cycles, each of which 

included an increase of speed, travelling at a steady speed, and slowing down. The distance 

travelled by the lead car at steady speed was the same in the second and fourth cycles but 

longer in the first and third ones. These differences were used to avoid the prediction of the 

behaviour of the lead car.  

• Minutes 10:00 – 18:59:  

The lead car always drove in the middle of the middle lane at 70 mph. The participants were 

asked to drive behind it and as much as possible in the middle of the middle lane at 70 mph. 

To remind them of the requirement to keep a target distance from it, the message shown in 

Figure 6.11 was displayed for 50 seconds on minutes 10:05 and 15:05 of the drive. 

  

 

 

 

 

 

 

 

 

 

Figure 6.11 The message about keeping a constant speed from the lead car. 
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6.3.5 The breaks that were taken before and after the flight 

Individuals can use a number of self-initiated intervention strategies for fatigue, such as resting, 

napping, and drinking coffee. However, as explained in section 2.3, taking short breaks that 

combine physical activity of medium intensity, mental disengagement, and an upright body 

posture might be one of the most practical (e.g. sleeping facilities are not needed as is the case 

with napping) and effective ways of reducing the levels of active fatigue. This considered, the 

participants in this study took a break after the 60-minute drive and another after the X-Plane 10 

flight in one of their sessions (called the ‘break session’). This break was developed for this study 

based on the literature on the effectiveness of physical exercise, breaks, postural change, and 

mental disengagement for active fatigue (see section 2.3).   

The duration of each break was 6 minutes because completing physical exercise that is not long 

enough might be ineffective, whereas, if physical activity is completed for too long, it can induce 

fatigue (Abd-Elfattah et al., 2015). Moreover, taking long breaks might be impractical before and 

after real flights. For example, taking a 20-minute nap (see section 2.3 for the benefits of napping) 

would take about 30 minutes or more (the time spent in bed before falling asleep included). 

However, pilots may not have that much time available because of completing pre-flight tasks. 

The preliminary study (section 6.3.7) suggested that the 6-minute break helped the individuals to 

reduce their levels of fatigue. Thus, the 6 minutes was considered an appropriate duration for the 

break tested. The exercises that were completed during the breaks are shown in Figure 6.12. The 

walking and stair climbing exercises were completed in the building where the sessions were 

conducted but outside the room with the simulators. In contrast, the other exercises were 

completed in the room with the simulators. Walking and stair climbing were selected because this 

is what many pilots do to go from the terminal to the aeroplane and from the aeroplane to their 

car. The jog in place and the jumping jacks could be completed by pilots in any room while at the 

airport. 

 

 

  

 

Figure 6.12 The exercises completed during the breaks. 

 

6.3.6 Procedure 

The participants visited the researcher twice, once per day in the same week. Eight of the 



 
 

167 

 

 

participants were scheduled for sessions starting at 09.00 and seven for sessions starting at 13.00 

to control for the effects of the time of the day on fatigue. Both sessions started at the same time 

for each participant. Eight participants completed the no-break session on their first day of 

participation and seven on their second day to avoid ordering effects. Based on the 

counterbalancing plan, when the participants arrived for their first session, they were either told 

that they would have two or no breaks during that session. Then, they read the participant 

information sheet, read and signed the consent form, and completed the personal information 

sheet. They were explained the CSS scale and the driving controls and started the practice drive. 

The practice drive consisted of the first 5 minutes of the 20-minute drive. That was taken from 

the version used in the second session for each participant to prevent them from predicting the 

behaviour of the lead car. The participants were asked to drive in the middle of the middle lane. 

They were also told that the lead car would decelerate and accelerate and that their task was to 

modify their speed accordingly to keep a 2-car distance from it.  

After the practice drive, the participants were explained what they would have to do in the practice 

flight. The practice flight consisted of the first 10 minutes of flying of the second session of each 

participant (Appendix C). The practice included straight flying, one 360° turn, one climb, and 

arithmetic calculation tasks based on ATC messages. After the practice flight, the participants 

were given instructions about the PVT and completed the 5-minute version. They were informed 

that they would drive for 60 minutes on urban and rural roads and would need to rate aloud their 

levels of fatigue while driving on the CSS.  The participants were asked to drive as they would 

do in real life. After the drive, the participants completed another 5-minute PVT. In the break-

session, they took a 6-minute break directly after this PVT. In both sessions, a CSS was completed 

just before starting the simulated flight. The next phase of the trials included the simulated flight. 

The participants were told that they would complete a 52-minute flight similar to the practice and 

that they would have to rate their levels of fatigue on the CSS. After the flights, another PVT was 

completed. In the break-session, the participants had a 6-minute break directly after this PVT and 

fatigue was rated again on the CSS just before the 20-minute drive in both sessions.  

The last phase of the trials included the motorway drive. The participants were told that they 

would drive on a motorway for 20 minutes and would need to rate their levels of fatigue on the 

CSS. They were asked to drive as much as they could in the middle of the middle lane for the 

whole drive. Moreover, they were informed that the lead car would accelerate and decelerate for 

the first 9 minutes and they would have to adjust their speed to keep a constant 2-car distance 

from it. In contrast, they were told that the lead car would constantly travel at 70 mph after the 

second time they would see the scales on the screen. Their task from that point onwards was to 

drive as much as they could at 70 mph irrespective of their distance from the lead car. The sessions 

finished with the end of this drive.  
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In their second session, the participants completed the Personal Information Sheet again. They 

were told that the tasks would be the same as in the previous session with the difference that they 

would (or would not) have breaks. No practice took place and no other instructions were given. 

The participants completed the second version of the long drive, the same flight, and the second 

version of the motorway drive. At the end of the second session, they were thanked for 

participating, they had the chance to make questions about the experiment and received £60 each. 

6.3.7 Preliminary study 

Three preliminary trials were completed before running the experiment. Two of the participants 

were students of the University of Leeds with a PPL and one participant was an airline pilot. The 

students completed the whole session, whereas the airline pilot completed only a part of the 

simulated flight. The wording of some of the instructions for the manoeuvres was modified based 

on their feedback. Moreover, the arithmetic calculations were changed so that they were neither 

too difficult nor too easy to complete while performing the flight manoeuvres. That is, only 

numbers smaller than 10, additions, and subtractions were used for the calculations. The three 

participants believed that the flying tasks could be completed by participants with a PPL and 

found flying without trimming difficult. The participants who completed the whole session found 

the breaks refreshing and the duration of the practice flight long enough to familiarise with the 

manoeuvres of the main scenario and the controls.  

6.3.8 Methodological considerations 

• As mentioned, pilots may use intervention strategies for fatigue while flying but these will 

not be explored in this study. Therefore, the participants were not allowed to sleep, stand up 

(unless they did not feel well), and manage the workflow (e.g. by skipping tasks) during the 

flight.  

• In contrast to many real flights, the participants were not allowed to fly the aeroplane by 

using the autopilot because the aim was to reveal any adverse effects of fatigue on their 

ability to control the aeroplane manually.  

• Pilot training results in completing many flying tasks without the conscious investment of 

effort (i.e. automaticity due to practised habit) because complex production rules are 

developed in the long-term memory (Salvucci and Taatgen, 2008). Over-learned, automated 

performance is less susceptible to the effects of mental fatigue than performance in tasks that 

require the voluntary allocation of attentional resources (Boksem et al., 2005; Lorist et al., 

2000; 2005). Therefore, participants’ performance in highly automated tasks (e.g. recall of 

emergency procedures) was not evaluated. Instead, the tasks used (i.e. manoeuvres and 

communication task) were expected to require the investment of more attentional resources 
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than the highly automated ones, thus, should be more susceptible to the effects of fatigue.  

• Decision-making was not evaluated to avoid any inter-individual differences in the ability to 

make decisions masking the effects of fatigue on performance and to keep the flight 

parameters at the beginning of the manoeuvres similar between the participants.    

• As mentioned, having all the participants starting both sessions at the same level of fatigue 

could not be achieved. Hence, CSS and PVT baselines were collected before each session to 

identify if there was a between-session difference in the baselines of fatigue.  

• Similar to the study described in chapter 5, SD was used to calculate deviation from the pre-

determined target values (e.g. speed of 70 mph) in simulated driving. The reason for that 

decision was that even momentary large deviations in the lateral position and speed of the 

car can in real life contribute to car accidents. In contrast, RMSDs of flight parameters were 

calculated because instant large deviations (e.g. of the rate of turn) are less probable to 

contribute to an accident due to the large separations between aeroplanes. 

6.3.9 Statistical analyses 

The independent variables of the study were the session (i.e. break and no-break) and the 

measurement time point during the trials. The dependent variables were the CSS ratings, 

performance in the X-Plane 10 flight (i.e. RMSDs of heading, altitude, altitude change rate, rate 

of turn, and airspeed, and errors in the communications task), performance in the motorway drive 

(i.e. SDs of the lateral position, heading, and speed), and performance in the PVT (i.e. reaction 

time and lapses).  

The analyses were performed with the IBM SPSS Statistics 24.0 (IBM, 2016), but R version 3.5.1 

(R-Project, 2018) was also used for non-parametric mixed-method analyses. Mixed-model 

analyses were run for the metrics that data were collected more than once. Two-way repeated 

measures ANOVAs were run for the analyses with two within-group factors, one of which 

dichotomous (i.e. the session) and the other continuous. If a two-way repeated measures ANOVA 

showed a significant simple main effect of the measurement time point, this was further 

investigated with one-way repeated measures ANOVAs (to compare between three time points 

or more) or with paired samples, two-tailed t-tests when only two time points were compared. 

When the assumption of sphericity was not met in the one-way repeated measures ANOVAs, the 

degrees of freedom were corrected with the Greenhouse-Geisser estimates of sphericity. On the 

other hand, if a simple main effect of the session was significant, this was further explored with 

paired-samples, two-tailed t-tests.  

When the assumptions of a two-way repeated measures ANOVA were not met or there were many 

outliers, the data were transformed. Square root transformations were used when the data were 
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moderately positively skewed and logarithmic transformations when they were strongly 

positively skewed (Tabachnick and Fidell, 2007). Where the data were transformed, the 

descriptive statistics of the transformed data will be depicted in the figures. The 95% CIs will be 

shown in the figures when the data were ordinal and the standard errors when they were 

continuous. If a transformation was not successful, the analysis was then performed with the 

ARTool package (Wobbrock et al., 2011). The ARTool facilitates testing for interactions of non-

parametric data between two within-group factors by aligning data before averaging ranks. Then, 

ANOVA procedures can be used. The ARTool package was also used when there were two 

within-group factors, one of which dichotomous (i.e. the session) and the other ordinal.  

If the analysis with the ARTool package showed that a simple main effect of the measurement 

time point was significant, this was further investigated with Friedman’s tests (to compare 

between three time points or more) or Wilcoxon signed-rank tests (to compare between two time 

points). Wilcoxon signed-rank tests were also performed if a simple main effect of the session 

was significant. Paired-samples, two-tailed t-tests were run when there was only one within-

groups variable (i.e. break or no-break session) and the dependent variable was measured on the 

continuous level. In contrast, a Wilcoxon signed-rank test was performed when the session was 

the only within-groups factor and the dependent variable was ordinal.  

The data were analysed separately per stage (i.e. 60-minute drive, flight, and 20-minute drive) in 

order to identify where any significant interaction between the time point and the session had 

occurred in the subjective ratings of fatigue.  Before testing the hypotheses formed, it was decided 

to investigate if there were significant differences between the break- and the no-break sessions 

in factors (besides the 60-minute drives) that could have had an impact on fatigue experienced in 

them. These factors were the sleep duration and quality of sleep the night before each session, the 

time awake since the last sleep, and fatigue baselines (i.e. CSS and PVT reaction times and 

lapses). Paired-samples, two-tailed t-tests were run for the sleep duration, the times awake since 

the last sleep, and the baselines of the PVT reaction time and lapses. Wilcoxon signed-rank tests 

were run for the sleep quality (one item from the St. Mary’s Hospital Sleep questionnaire - section 

3.1.2.2) and the CSS baseline. 

According to hypothesis 1, participants’ levels of fatigue would be significantly higher at the end 

than at the beginning of the 60-minute drive in both the ‘no-break’ and ‘break’ sessions. This was 

tested by analysing the data shown in Figure 6.13. Two-way repeated measures ANOVAs were 

run for the reaction times and the lapses in the PVT before and after the 60-minute drive. Factorial 

analyses with the ARTool package were performed for the CSS ratings (baseline, during the 60-

minute drive, and after the drive). 
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Figure 6.13 The data analysed to test hypothesis 1 in experiment 2. 

 

According to hypothesis 2, in the simulated flight, the participants will report significantly lower 

levels of fatigue and will perform better in the ‘break’ than the ‘no-break’ session. This was tested 

by analysing the data shown in Figure 6.14.  

 

 

 

 

 

 

 

Figure 6.14 The data analysed to test hypothesis 2 in experiment 2.  

 

Two-way repeated measures ANOVAs were performed for the PVT reaction times and lapses 

before and after the X-Plane 10 flight. Two-way repeated measures ANOVAs were also used to 

analyse the flight performance data. Factorial analyses with the ARTool package were run for the 

CSS ratings just before, during, and directly after the simulated flight.  

The RMSD of the heading was only calculated for the sections of flight that required straight 

flight because the participants were asked to change their heading during the manoeuvres that 

included turns. Separate RMSDs of the heading were calculated for the sections of straight and 

level flying and those of straight flying with a change of altitude because of the difference of these 

manoeuvres in task load. One RMSD of the heading was calculated per stage of flight (i.e. stage 

1 = climb, stage 2 = cruise, and stage 3 = descent) for the straight and level flying and another for 

the straight flying with changes of altitude to increase the power of the analysis by reducing the 

number of the categories. The heading data collected during the straight flying were organised 

into one category and those during the changes of altitude into another because the difference in 



 
 

172 

 

 

task load between these manoeuvres could mask any effects of fatigue on flying performance.  

The rate of turn was only calculated for the turns because the participants were instructed to fly 

straight and level in the rest of the flight. The RMSD of the altitude was not calculated for the 

climbs and the descents because the participants were instructed to change it. In contrast, the 

RMSD of the altitude was calculated separately for those periods, when the participants were 

instructed to fly straight and level or complete turns. This approach was followed to increase the 

power of the analysis and because the task load differed between these manoeuvres. The RMSD 

of the airspeed was also calculated separately for the straight and level flying, the changes of 

altitude, and the turns for increased power of analysis and due to differences in the task load. The 

RMSD of the altitude change rate was only calculated for the manoeuvres that required changing 

the altitude (i.e. climb and descent). Finally, the errors in the communications task were counted 

per stage (i.e. stages 1 and 3), since this task was not active in stage 2. 

A Wilcoxon signed-rank test was performed for each session to compare the CSS ratings at the 

end of the 60-minute drive with those just before the flying tasks. This comparison would show 

if the first break helped the participants to reduce fatigue induced by the 60-minute drive and, 

therefore, help to explain any differences in the expressions of fatigue found in the flying tasks.  

According to hypothesis 3, in the 20-minute simulated drive, the participants will report 

significantly lower levels of fatigue and will perform better in the ‘break’ than the ‘no-break’ 

session. The data shown in Figure 6.15 were analysed to test this hypothesis.  

 

 

 

 

 

 

Figure 6.15 The data used to test hypothesis 3 in experiment 2. 

 

The tasks that the participants were asked to complete differed between the first (i.e. minutes 0-

9) and the second half (i.e. minutes 10-19) of the 20-minute motorway drive. This considered, a 

different approach was followed to analyse the data collected in each of the two halves;  

• Minutes 0-9: The SDs of the lateral position and the headway from the lead car were 

calculated. The lead car repeatedly decelerated and accelerated (four speed variation events), 
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but the distances travelled by it on a constant speed differed between the events. Therefore, 

the SDs of the lateral position and speed were compared between events 1 and 3 and 

separately between events 2 and 4. Moreover, when the lead car accelerated in session 1, it 

decelerated in session 2. This considered, it was decided not to analyse the data collected 

during the accelerations and decelerations of the lead car. 

• Minutes 10-19: the SDs of the lateral position and speed were also calculated on the second 

half of the motorway drive. However, in contrast to minutes 0-9, no data were removed from 

the analysis because there were no speed variation events. 

Two-way repeated measures ANOVAs were run for the driving performance data that were 

collected in the 20-minute drive. Factorial analyses with the ARTool package were performed for 

the CSS ratings just before, during, and directly after the motorway drive. A Wilcoxon signed-

rank test was run for each session to compare the CSS ratings at the end of the flight with those 

just before the motorway drive. This comparison would reveal if the second break reduced 

participants’ levels of fatigue and, thus, help to explain any differences in the expressions of 

fatigue found in the motorway drive.  

6.4 Results 

6.4.1 Age, driving experience, sleep-related factors of fatigue, and fatigue baselines 

Fifteen males took part in the study. Similar, the percentage of female pilots worldwide is very 

small (International Society of Women Airline Pilots, 2019). The participants were asked about 

their age because older drivers and pilots are more likely to experience sleep-related fatigue 

(McCartt et al., 2009; Van Drongelen et al., 2017) due to the increased difficulty in adjusting their 

circadian rhythms to changes in the wake/sleep cycle (Harma et al., 1994), shorter sleep, and sleep 

of lower quality (Ohayon et al. 2004). The mean age was 20.4 years old (SD=1.72), so all the 

participants were very young. The participants also stated the year their license was issued 

because there is evidence that more experienced drivers may perform better in driving tasks 

(Hollopeter, 2011). The mean of the years they held a driver’s license was 2.4 (SD=1.24), which 

suggests that all the participants had short driving experience. Reporting good or excellent health 

was an inclusion criterion, so 66.6% of the participants reported good and 33.4% excellent general 

overall health. None of the participants reported having a medical condition that could affect their 

ability to complete a short exercise of medium physical intensity or that a short physical exercise 

would harm their health. Moreover, all the participants stated that they had not received any 

medications or substances that could impact their alertness in the sessions. Therefore, none of the 

individuals was excluded due to health issues or medications/substances.  

Before testing the hypotheses formed, it was decided to investigate if there were significant 
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differences between the no-break and break sessions in sleep-related factors of fatigue and the 

fatigue baselines. These comparisons would show if any differences in the expressions of fatigue 

found in the sessions could be attributed to factors other than the effect of the driving and flying 

tasks completed and the breaks taken. To begin with sleep duration, all the participants reported 

at least 7 hours of sleep (which was an inclusion criterion). The mean was 7.8 hours (SD=0.61) 

in the no-break session and 7.6 hours (SD=0.57) in the break session. This suggests that all of 

them had slept enough before the sessions (Hirshkowitz et al., 2015). A paired-samples t-test 

showed that the difference in sleep duration between the no-break and the break session was not 

significant, t(14) = 1.034, p = .319. In contrast to the experiment in chapter 5, the participants 

were also asked how much time they had been awake since their last sleep. The data about the 

time awake were collected because the longer someone is awake, the higher the sleep pressure 

(and thus sleepiness) (Walker, 2017). The mean of the reported hours of being awake was 4.1 

(SD=2.68) in the no-break session and 3.96 (SD=2.37) in the break session, which suggests that 

sleep pressure was low in both sessions (Walker, 2017). A paired-samples t-test showed that the 

between-session difference of the time awake was not significant, t(14) = 0.281, p = .783.  

One item from the St. Mary’s Hospital Sleep Questionnaire (see section 3.1.2.2) was used to 

identify if there was a significant difference in the quality of sleep between the no-break and the 

break session. The percentages of participants that selected each of the sleep quality categories 

are shown in Figure 6.16. As depicted, all the participants reported that they had slept ‘fairly well’, 

‘well’ or ‘very well’, so sleep quality the night before the trials should not have caused sleep-

related fatigue. A Wilcoxon signed-rank test did not show a significant difference in the reported 

sleep quality between the two sessions, z = 0.250, p = .803.  

 

 

 

 

 

 

 

Figure 6.16 The sleep quality the night before the sessions in experiment 2. 

 

The baselines of the PVT were compared between the sessions with paired-samples t-tests. The 
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reaction times were not significantly different between the break (mean = 299.30 milliseconds, 

SE = 8.47) and the no-break session (mean = 293.31 milliseconds, SE = 5.93), t(14) = 1.130, p = 

.277. The difference in the number of lapses (i.e. reaction times > 500 milliseconds) between the 

break (mean = 0.67 lapses, SE = 0.60) and the no-break session (mean = 0.58 lapses, SE = 0.50) 

was not significant either, t(14) = 0.564, p = .582. A Wilcoxon signed-rank test showed that the 

baseline CSS in the no-break session (median = 2, 95% CI = 0.37) was not significantly different 

from the one on the break session (median = 2, 95% CI = 0.32), z = 0.170, p = .865.  

To sum up, based on the results described in this section, the participants were young with short 

driving experience. That is, the effects of sleep-related contributors to fatigue may be intensified 

in the real-world, where many commuting pilots are older than in this study based on the survey 

described in chapter 4 (see Table 4.1). At the same time, more experienced drivers (as older pilots 

are expected to be) may cope better than the participants in this study with the effects of 

commuting induced fatigue on driving performance after duty. The results in this section also 

suggest that any differences in the expressions of fatigue found between the break and the no-

break session are likely not attributable to sleep deprivation and poor quality of sleep the night 

before the trials. Based on the results described, the time awake since the last sleep and differences 

in the levels of fatigue at the beginning of the sessions should not have played a role either. 

However, fully controlling for the effect of sleep-related factors on fatigue is difficult. This 

limitation will be explained in the discussion section of this chapter and in chapter 7. 

6.4.2 Fatigue in the 60-minute drive  

According to hypothesis 1, the CSS ratings, the PVT reaction times, and the number of PVT 

lapses will be significantly higher at the end than at the beginning of the 60-minute drive in both 

the ‘break’ and ‘no-break’ sessions.  

6.4.2.1 Self-reported fatigue 

Figure 6.17 shows the medians of the baseline CSS ratings and the CSS ratings collected during 

and directly after the 60-minute drives. Some of the differences between the measurement time 

points are not depicted in this Figure because of the use of the medians (instead of the means). 

However, the significant differences of interest for the hypotheses tested are described in the next 

paragraph and shown as asterisks in Figure 6.17. 

The analysis with the ARTool package showed that the interaction between the measurement time 

point and the session and the simple main effect of the session were not significant. In contrast, 

the simple main effect of the measurement time point was significant, F(1, 11) = 56.765, p < .005, 

ηp
2

 = .319. This was further investigated with Friedman’s tests. In the no-break session, the CSS 

ratings were statistically significantly different between the measurement time points, χ2(12) = 
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145.571, p < .005, Kendall’s coefficient of concordance = .77. The post-hoc analysis revealed a 

statistically significant increase in the ratings from the baseline (median = 2) to minute 39 (median 

= 3), χ2(12) = 5.700, p = .005, r = .086, onwards until minute 59 (median = 4), χ2(12) = 8.233, p 

< .005, r = .442. In the break session, the ratings were statistically significantly different between 

the measurement time points too, χ2(11) = 130.438, p < .005, Kendall’s coefficient of concordance 

= .78. The post-hoc analysis revealed a statistically significant increase from the baseline (median 

= 2) to minute 39 (median = 4), χ2(12) = 5.321, p = .023, r = .246, onwards until minute 59 

(median = 4), χ2(12) = 8.107, p < .005, r = .387.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.17 The CSS ratings before, during, and after the 60-minute drives (experiment 2).  

 

6.4.2.2 Performance  

The mean PVT reaction times before and after the 60-minute drives are shown in panel A of 

Figure 6.18 A two-way repeated measures ANOVA showed that the interaction between the 

measurement time point and the session and the simple main effect of the session were not 

significant. In contrast, the simple main effect of the measurement time point was significant, 

F(1,14) = 12.008, p = .004, η2 = .462. This was further investigated with paired samples t-tests. 

In the no-break session, the PVT reaction times increased significantly from the baseline (mean 

= 299.34 milliseconds, SE = 8.47) to the measurement directly after the 60-minute drive (mean = 

356.42, SE = 21.91), t(14) = 2.927, p = .011, d = 0.75. Similar, in the break session, the reaction 

times increased significantly from the baseline (mean = 293.36, SE = 5.93) to the measurement 

after the 60-minute drive (mean = 363.33, SE = 19.30), t(14) = 3.901, p = .002, d = 1.  
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The mean frequencies of lapses before and after the 60-minute drives are shown in panel B of 

Figure 6.18. The two-way mixed ANOVA showed that the interaction between the measurement 

time point and the session and the simple main effect of the session were not significant. In 

contrast, the simple main effect of the measurement time point was significant, F(1, 38) = 44.564, 

p = .023, η2 = .171. This was further investigated with paired samples t-tests, which were not 

significant. However, there were trends for significantly more lapses after the 60-minute drive 

than before it in both the no-break (p = .053) and the break sessions (p = .051).  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.18 The PVT reaction times (panel A) and the frequency of lapses (panel B) before and 

after the 60-minute drives of experiment 2.  

 

6.4.3 Fatigue in the X-Plane 10 flight  

According to hypothesis 2, in the simulated flight, the participants would report significantly 

lower levels of fatigue and will perform better (i.e. lower RMSDs of heading, altitude, altitude 

change rate, rate of turn, and airspeed, and fewer errors in the communications task) in the ‘break’ 

than the ‘no-break’ session.  

6.4.3.1 Self-reported fatigue 

Figure 6.19 shows the medians of the CSS ratings just before and during the flying tasks. The 

medians of the CSS ratings at the end of the 60-minute drive are depicted too for comparison 

purposes. In both sessions, the participants completed a PVT between the 60-minute drive and 

the flight. Moreover, a break was taken after the PVT in the break session. The medians of the 
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CSS ratings at the end of the drive were compared to those just before the flight for both sessions 

to investigate if the first break reduced participants’ levels of fatigue and if just completing the 

PVT had an alerting effect. Some of the differences between the measurement time points are not 

shown in this Figure because the use of the medians (instead of the means) resulted in some bars 

looking the same. However, the significant differences of interest for the hypotheses tested are 

described in the next paragraph and shown as asterisks, squares, and triangles in Figure 6.19. 

Wilcoxon signed-rank tests revealed that the CSS ratings at the end of the 60-minute drive were 

not significantly different from those just before flying in the no-break session. In contrast, the 

participants reported significantly lower levels of fatigue just before the flight compared to the 

end of the drive in the break session, z = -2.961, p = .003, r = .611.  

 

 

 

 

 

 

 

 

 

Figure 6.19 The CSS ratings before, during, and directly after the X-Plane 10 flight.  

 

The CSS data collected in the flying tasks were analysed with factorial analysis with the ARTool 

package. The analysis showed a significant interaction between the session and the stage, F(3, 

98) = 6.573, p < .005, ηp
2

 = .212, which suggests that the ratings of fatigue changed differently 

over time between the sessions. The simple main effect of the session was significant, F(1) = 

39.178, p < .005, ηp
2
 = .335. Pairwise comparisons were performed with Wilcoxon signed-rank 

tests. The analyses showed that the CSS ratings were significantly higher in the no-break session 

(compared to the no-break one) just before the flight (z = 2.956, p = .003, r = .415), at the end of 

stage 1 (i.e. minute 14) (z = 2.714, p = .007, r = .389), and at the end of stage 2 of the flight (i.e. 

minute 38) (z = 2.714, p = .007, r = .548).  
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The simple main effect of the stage was significant too, F(3, 98) = 8.985, p < .005, ηp
2

 = .196. 

This was further investigated with Friedman’s tests. In the no-break session, the CSS ratings were 

statistically significantly different between the measurement time points, χ2(3) = 12.267, p = .007, 

Kendall’s coefficient of concordance = .27. The post-hoc analysis did not reveal any significant 

differences between these time points in the no-break session, but a trend for an increase from the 

end of stage 1 to the end of stage 2 was found (p = .065). The reported levels of fatigue were 

statistically significantly different between the measurement time points in the break session too, 

χ2(3) = 25.466, p < .005, Kendall’s coefficient of concordance = .60. The post-hoc analysis 

revealed a statistically significant increase in the reported levels of fatigue from just before the 

flight (median = 2) to the end of stages 2 (median = 5) (p = .026) and 3 (median = 4) (p = .003).  

The number of participants that reported high levels of fatigue in the flights is shown in Table 

6.2. A rating of six means ‘extremely tired, very difficult to concentrate’, whereas a rating of seven refers 

to ‘completely exhausted, unable to function properly’. As can be seen, more participants reported being 

very fatigued after stages 2 and 3 in the no-break than in the break session. 

 

Table 6.2 The frequency of high ratings of fatigue (CSS) in the X-Plane 10 flight. 

 

 

6.4.3.2 Performance 

The means of the PVT reaction times before and after the simulated flight are shown in panel A 

of Figure 6.20. A two-way repeated measures ANOVA showed that the interaction between the 

session and the measurement time point and the simple main effect of the session were not 

significant. In contrast, the simple main effect of the measurement time point was significant, F(1, 

28) = 4.332, p = .047, ηp
2 = .134. However, further analysis with paired-samples t-tests did not 

show a significant difference between the measurement time points in any of the sessions. The 

mean frequencies of the lapses are shown in panel B of Figure 6.20. The two-way mixed ANOVA 

did not show a significant interaction between the session and the measurement time point. The 

simple main effects of the measurement time point and the session were not significant either.   
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Figure 6.20 The reaction times (panel A) and the frequency of lapses (panel B) in the PVT before 

and after the X-Plane 10 flight.  

 

Stages 1 and 3 of the flight included three straight flight sections and one section with a change 

of altitude each. The heading data for the turns were not analysed because of the nature of the 

manoeuvre. Stage 2 included only straight flying. Figure 6.21 shows the RMSDs of heading for 

those sections that required straight flying either with or without a change of altitude. A two-way 

3x2 repeated measures ANOVA was performed to analyse the data collected in the sections, 

where the participants were asked to fly straight while maintaining a certain altitude. The analysis 

showed that the assumption of normality was violated. After a logarithmic transformation, the 

analysis showed that the interaction between the stage and the session and the simple main effect 

of the stage were not significant. In contrast, the simple main effect of the session was significant, 

F(1, 14) = 4.677, p = .048, ηp
2 = .250. Pairwise comparisons performed with paired samples t-

tests showed that the RMSD of the heading in stage 1 was statistically lower in the break session 

than on the no-break one, t(14) = 2.226, p = .043, d = 0.573.  

A 2x2 repeated measures ANOVA was run to analyse the heading data collected in the sections, 

where the participants were instructed to fly straight and change their altitude at the same time. 

The assumption of normality was not met, so a logarithmic transformation was performed. The 

new 2x2 repeated measures ANOVA showed that the interaction between the stage and the 

session and the simple main effect of the stage were not significant. In contrast, the simple main 

effect of the session was significant, F(1, 14) = 5.718, p = .031, ηp
2 = .290. Wilcoxon signed-rank 

tests revealed that the RMSD of the heading was statistically significantly lower in the sections 

with a change of altitude in the break session compared to the no-break one during stages 1 (i.e. 
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climb) (z = -2.385, p = .017, r = .633) and 3 (i.e. descent) (z = -2.442, p = .015, r = .565).  

 

Figure 6.21 The RMSDs of the heading in the X-Plane 10 flight.  

 

Each participant was instructed to complete two 360° turns on each of the stages 1 and 3 on a rate 

of turn of 3 degrees. The mean RMSDs of the rate of turn in both sessions are shown in Figure 

6.22. A 2x2 repeated measures ANOVA showed that the assumption of normality was violated 

(logarithmic transformation). The new analysis revealed no significant interaction between the 

session and the stage of flight and no significant simple main effects. Although all the participants 

completed all the instructed turns, two participants completed one turn each to the opposite 

direction than instructed in stage 1 of the no- break session (Figure 6.23). 

 

 

 

 

 

 

 

Figure 6.22 The RMSDs of the rate of turn in the X-Plane 10 flight.  
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Figure 6.23 The flight path of a participant that turned to the wrong direction in the no-break 

session of the X-Plane 10 flight (Tacview, 2020). 

 

Both the RMSDs of the altitude change rate and altitude were analysed because some manoeuvres 

required maintaining a target altitude and others climbing or descending at a target change rate. 

The mean RMSDs of the altitude change rate are shown in Figure 6.24. The target altitude change 

rate was 500ft. A 3x2 two-way repeated measures ANOVA showed that the assumption of 

normality was violated. The logarithmic transformation was not successful, so a non-parametric 

factorial analysis was performed with the ARTool package. The analysis showed that the 

interaction between the session and the stage and the simple main effect of the stage were not 

significant. In contrast, the simple main effect of the session was significant, F(1, 42) = 4.798, p 

= .034, ηp
2
 = .038. However, the pairwise comparisons with Wilcoxon signed-rank tests did not 

show significant differences. 

 

 

 

 

 

 

 

 

Figure 6.24  The RMSDs of the altitude change rate in the X-Plane 10 flight. 
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The altitude data were not analysed for the climb and the descent because of the nature of the 

manoeuvres. As mentioned in section 6.3.9, the RMSDs of the altitude were calculated separately 

for the sections that included straight flying and those with turns. The means of the RMSDs of 

altitude are shown in Figure 6.25. For the altitude data collected in the straight flying sections, a 

3x2 two-way repeated measures ANOVA showed that the assumption of normality was violated. 

The analysis after a logarithmic transformation showed no significant interaction between the 

session and the stage of the flight and no significant simple main effects. The RMSDs of the 

altitude during the turns were analysed with a 2x2 two-way repeated measures ANOVA, but the 

assumption of normality was not met (square root transformation). A new two-way repeated 

measures ANOVA showed no significant interaction between the session and the stage of the 

flight and no significant simple main effects.  

 

 

 

 

 

 

 

Figure 6.25 The RMSDs of the altitude in the X-Plane 10 flight. 

 

The RMSDs of the airspeed were calculated separately for the sections with straight and level 

flying, the manoeuvres that required a change of altitude (i.e. climb or descent), and the turns. 

The means of the RMSDs of airspeed are shown in Figure 6.26. A 3x2 two-way repeated measures 

ANOVA of the airspeed data collected in the sections of flight that required straight and level 

flying showed that the assumption of normality was violated. After a square root transformation, 

a two-way repeated measures ANOVA revealed that the interaction between the session and the 

stage and the simple main effect of the stage were not significant. In contrast, the simple main 

effect of the session was significant, F(1, 14) = 7.130, p = .018, ηp
2 = .337. Pairwise comparisons 

with paired samples t-tests showed that the participants achieved higher accuracy in terms of 

airspeed during straight flying in stage 1 in the break session compared to the no-break one, t(14) 

= 2.418, p = .03, d = 0.623. 

0

20

40

60

80

100

120

140

160

180

200

Straight & level

stage 1

Turns stage 1 Straight & level

stage 2

Turns stage 3 Straight & level

stage 3

M
ea

n
 R

M
S

D
 a

lt
it

u
d

e 
(f

ee
t)

No-break session Break session



 
 

184 

 

 

The RMSDs of the airspeed when changing altitude were analysed with a 2x2 two-way repeated 

measures ANOVA that showed that the assumption of normality was violated. The data were 

moderately, positively skewed, so a square root transformation was performed. The new two-way 

repeated measures ANOVA showed that the interaction between the session and the stage and the 

simple main effects were not significant. A 2x2 two-way repeated measures ANOVA was 

performed to analyse the RMSDs of the airspeed during the turns. The assumption of normality 

was not met, so a square root transformation was performed. The new two-way repeated measures 

ANOVA showed that the interaction between the session and the stage and the simple main effect 

of the stage were not significant. In contrast, the simple main effect of the session was significant, 

F(1, 14) = 7.703, p = .015, ηp
2 = .355. Pairwise comparisons with Wilcoxon signed-rank tests 

showed that the participants maintained the target airspeed in stage 1 more accurately in the break 

session than in the no-break one, z = -2.215, p = .027, r = .220. 

 

 

 

 

 

 

 

 

 

Figure 6.26  The RMSDs of airspeed in the X-Plane 10 flight.  

 

The means of the frequencies of errors in the communications task are shown in Figure 6.27. A 

2x2 two-way repeated measures ANOVA showed that the interaction between the session and the 

stage of the flight was not significant. In contrast, the simple main effect of the stage was 

significant, F(1, 14) = 4.750, p = .047, ηp
2 = .253. Pairwise comparisons with t-tests showed 

statistically significantly more errors during stage 3 compared to stage 1 only in the break session. 

The simple main effect of the session was significant too, F(1, 14) = 23.500, p < .005, ηp
2 = .627. 

Pairwise comparisons with paired samples t-tests showed significantly more errors in stage 1, 

t(14) = 3.690, p = .002, d = 0.953, and stage 3, t(14) = 4.012, p = .001, d = 1.035, when the 
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participants did not have a break before the flight than when they had.  

 

 

 

 

 

 

 

Figure 6.27 The frequencies of errors in the communications task of the X-Plane 10 flight.  

 

6.4.4 Fatigue in the 20-minute drive 

According to hypothesis 3, in the 20-minute simulated drive, the participants will report 

significantly lower levels of fatigue and will perform better (i.e. lower SDs of the lateral position, 

heading, and speed) in the ‘break’ than the ‘no-break’ session.   

6.4.4.1 Self-reported fatigue 

Figure 6.28 depicts the medians of the CSS ratings just before and during the motorway drive. 

The CSS ratings at the end of the flying tasks are shown too for comparison purposes. Some of 

the differences between the measurement time points are not shown in this Figure because of the 

use of the medians (instead of the means). Nevertheless, the significant differences of interest for 

the hypotheses tested are described in the next paragraphs and shown as asterisks and squares in 

Figure 6.28. 

Wilcoxon signed-rank tests were performed to compare the ratings of fatigue at the end of the 

flight with those just before the motorway drive. This comparison would reveal if taking the 

second break or just completing the PVT reduced participants’ levels of fatigue. The analysis 

showed a significant reduction of the reported levels of fatigue just before the drive compared to 

the end of the flight only in the break session, z = -2.992, p = .003, r = .331. The factorial analysis 

with the ARTool package of the CSS data collected during the motorway drive showed that the 

interaction between the measurement time point and the session was not significant. In contrast, 

the simple main effects of the session and the block were significant, F(1) = 88.006, p < .005, ηp
2 

= .112 and F(4) = 21.404, p < .005, ηp
2 = .224 respectively.  
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The simple main effect of the session was explored with Wilcoxon signed-rank tests. These 

showed significantly higher ratings of fatigue in the no-break session compared to the break one 

on all the measurement time points. That is, just before the drive (p = .003, r = .421) and on 

minutes 4 (p = .018, r = .212), 9 (p = .005, r = .241), 14 (p = .004, r = .321), and 19 (p = .002, r 

= .455). The simple main effect of the block was further explored with Friedman’s tests. For the 

no-break session, the analysis showed a significant difference in the CSS ratings between the 

blocks, χ2(4) = 33.347, p < .005, Kendall’s coefficient of concordance = .55. The post-hoc analysis 

with Wilcoxon signed-rank tests revealed a statistically significant increase of the ratings of 

fatigue from just before the motorway drive (median = 3) to minutes 14 (median = 5) (χ2(4) = 

3.060, p = .022, r = .448) and 19 (median = 5), χ2(4) = 3.349, p = .008, r = .565. As in the no-

break session, the ratings of fatigue in the break session were statistically significantly different 

between the measurement time points, χ2(4) = 35.789, p < .005, Kendall’s coefficient of 

concordance = .63. The post-hoc analysis with Wilcoxon signed-rank tests showed a statistically 

significant increase of the ratings of fatigue from just before the motorway drive (median = 2.5) 

to minute 14 (median = 4.5), χ2(4) = 3.645, p = .003, r = .441, and minute 19 (median = 4.5), χ2(4) 

= 3.825, p = .001, r = .603.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.28 The CSS ratings in the motorway drive in experiment 2.     

 

Table 6.3 shows the number of participants with high reported levels of fatigue on the CSS scale 

just before and in the motorway drive. Six means ‘extremely tired, very difficult to concentrate’ 

and seven ‘completely exhausted, unable to function properly’. As depicted, more participants 

reported being very fatigued in all the blocks of the motorway drive in the no-break session. 
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Table 6.3 The frequency of high ratings of fatigue (CSS) in the motorway drive of experiment 2. 

 Rating 

Just before the 

20-minute 

drive 

Min. 4 Min. 9 Min. 14 Min. 19 

No-break 

session 

6 4 4 4 3 5 

7 - - 1 2 2 

Break 

session 

6 1 1 1 2 3 

7 - - - - - 

 

 

6.4.4.2 Performance  

As mentioned in section 6.3.9, the driving performance data were analysed separately for the first 

(i.e. minutes 0-9) and the second half (i.e. minutes 10-19) of the 20-minute motorway drive. 

Moreover, there were four speed variation events in the first half of that drive, but the time the 

lead car drove on constant speed between consecutive events differed. Thus, the data of the first 

event were compared to those of the third, and the data of the second event to those of the fourth. 

The means of the SD of the lateral position per speed variation event are shown in Figure 6.29.  

The 2x2 two-way repeated measures ANOVA showed that the assumption of normality was 

violated for the SD of the lateral position data collected in the first and third speed variation 

events, so a square root transformation was performed. The new analysis revealed that the 

interaction between the session and the speed variation event and the simple main effect of the 

session were not significant. In contrast, the simple main effect of the speed variation event was 

significant, F(1,14) = 15.989, p = .001, ηp
2 = .533. Pairwise comparisons (paired-samples t-tests) 

showed no significant difference in the SD of the lateral position between the first and third speed 

variation events in the no-break session. In contrast, in the break session, the SD of the lateral 

position was statistically significantly lower in the first than in the third speed variation event, 

t(14) = 3.011, p = .009, d = 0.771.  

The SDs of the lateral position in the second and the fourth speed variation events were analysed 

with a 2x2 two-way repeated measures ANOVA, but normality was violated (square root 

transformation). The new analysis showed that the interaction between the session and the speed 

variation event and the simple main effect of the session were not significant. In contrast, the 

simple main effect of the speed variation event on the SD of the lateral position was significant, 

F(1,14) = 6.992, p = .019, ηp
2 = .333. Pairwise comparisons (paired-samples t-tests) showed no 

significant difference between the second and fourth speed variation events in the SD of the lateral 

position in the break session. In contrast, the SD of the lateral position was statistically 
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significantly lower on the second than on the fourth speed variation event in the no-break session, 

t(14) = 3.398, p = .004, d = 0.887.  

 

 

 

 

 

 

 

 

 

Figure 6.29 The SDs of the lateral position of the car per speed variation event (only when the 

lead car drove on a constant speed) in experiment 2.  

 

The means of the SD of the headway from the lead car are shown in Figure 6.30.  

 

 

 

 

 

 

 

 

 

Figure 6.30 The SD of headway from the lead car per speed variation event (only when the lead 

car drove on a constant speed) in experiment 2.  
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repeated measures ANOVA showed that the interaction between the session and the speed 

variation event on the SD of headway and the simple main effects were not significant. The 2x2 

two-way repeated measures ANOVA for the SDs of headway in the second and the fourth speed 

variation events showed that the assumption of normality was violated (logarithmic 

transformation). The new 2x2 two-way repeated measures ANOVA showed that the interaction 

between the session and the speed variation event and the simple main effect of the session were 

not significant. In contrast, the simple main effect of the speed variation event was significant, 

F(1,14) = 15.168, p = .002, ηp
2 = .520. Pairwise comparisons were run with paired-samples t-

tests. For the no-break session, the SD of the headway was significantly higher in the fourth speed 

variation event than in the second, t(14) = 2.966, p = .01, d = 6.29. Similar, the SD of headway 

being higher on the fourth than on the second speed variation event of the break session, t(14) = 

-2.288, p = .037, d = 5.903. 

The means of the SD of the lateral position in minutes 10-19 are depicted in Figure 6.31. A 2x2 

two-way repeated measures ANOVA showed that the assumption of normality was violated. 

After a square root transformation, the 2x2 two-way repeated measures ANOVA on the 

transformed data showed no significant interaction between the session on the SD of the lateral 

position and the block and no significant simple main effects of the session and the block.  

 

 

 

 

 

 

 

Figure 6.31 The SD of lateral position in minutes 10-19 of the motorway drive in experiment 2.  

 

The means of the SD of speed in minutes 10-19 are shown in Figure 6.32. A 2x2 two-way repeated 

measures ANOVA showed that the assumption of normality was not met, so a logarithmic 

transformation was performed. A 2x2 two-way repeated measures ANOVA on the transformed 

data showed that the interaction between the stage and the session and the simple main effect of 

the stage were not significant. In contrast, the simple main effect of the session was significant, 
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F(1,14) = 7.801, p = .014, ηp
2 = .358. Pairwise comparisons with paired-samples t-tests showed 

that the SD of the speed was higher in the no-break session compared to the session with the 

breaks on minutes 10-14, t(14) = 2.220, p = .043, d = 0.573, and minutes 15-19, t(14) = 2.181, p 

= .047, d = 0.561.  

 

 

 

 

 

 

 

Figure 6.32 The SD of the speed of the car in minutes 10-19 of the motorway drive in experiment 

2.  

 

6.4.5 Summary of main results 

60-minute drive: 

• The CSS ratings increased significantly during the 60-minute drive in both sessions. 

• The PVT reaction times after the 60-minute drive were significantly longer than the baseline 

in both sessions. Moreover, there were trends for more lapses in the PVT after the 60-minute 

drive compared to the baseline in both sessions.  

Flying tasks: 

• The CSS ratings just before the flying tasks were significantly lower than those at the end of 

the 60-minute drive only in the break session. 

• Compared to the break session, the participants reported significantly higher levels of fatigue 

in the no-break session just before the flying tasks, at the end of stage 1, and at the end of 

stage 2. 

• The CSS ratings changed differently over the flight between the sessions. The ratings 

increased significantly compared to just before the flying tasks only in the break session 

(after stages 2 and 3).  
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• The participants maintained the target heading more accurately in stage 1 and stage 3 in the 

break session compared to the no-break one. 

• In the no-break session, two participants completed a turn to the wrong direction in stage 1.  

• The participants maintained the target airspeed during the straight and level flying and the 

turns of stage 1 more accurately in the break session than in the no-break one. 

• Compared to the no-break session, the participants made significantly fewer errors in the 

break session in the communications task in stages 1 and 3. Moreover, the number of errors 

in the communications task increased from stage 1 to stage 3 in the break session. 

20-minute drive: 

• The CSS ratings just before the motorway drive were significantly lower than those at the 

end of the flying tasks only in the break session. 

• Compared to the no-break session, the participants reported significantly lower levels of 

fatigue just before the motorway drive and on minutes 4, 9, 14, and 19 of it in the break 

session. 

• In the break session, the SD of the lateral position was statistically significantly lower on the 

first than on the third speed variation event. 

• The SD of the lateral position was statistically significantly lower in the second than in the 

fourth speed variation event in the no-break session. 

• In both sessions, the SD of the headway was significantly higher in the fourth than in the 

second speed variation event. 

• The SD of the speed was higher in the no-break session compared to the break session on 

minutes 10-14 and 15-19. 

6.5 Discussion 

The research described in chapters 4 and 5 suggested that professional pilots can be at an increased 

risk of experiencing fatigue in flight and while driving after duty when they complete a long and 

demanding drive before flying. Drawing from Desmond and Hancock’s (2001) theory of fatigue 

and the findings of the experiment of chapter 5, these adverse effects could be attributed to the 

fact that active fatigue induced by driving is accompanied by a depletion of attentional resources. 

Therefore, it is likely that there is a mismatch between the attentional resources needed for a task 

and those available in flight and while driving after it. If that was the case for commuting 

professional pilots, the use of appropriate intervention strategies should be considered to reduce 

the risk of accidents. The study described in this chapter explored the effectiveness of one of the 
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self-initiated intervention strategies that commuting pilots could use to manage that risk. More 

specifically, the aim was to investigate if short bursts of physical activity can reduce the levels of 

fatigue experienced in the commuting cycle after a long and demanding drive.  

Short bursts of physical activity were expected to be beneficial against fatigue because they 

combine postural change with physical exercise and mental disengagement (e.g. Abd-Elfattah et 

al., 2015). Fifteen individuals took part in two sessions each. During the sessions, they completed 

a long (60 minutes) and demanding simulated drive followed by simulated flying tasks (52 

minutes) on the X-Plane 10 and a 20-minutes simulated motorway drive. Two 6-minute breaks 

that included physical exercise were completed before and after the flight in one of the sessions. 

Fatigue was measured by collecting subjective and performance data. The aim of the study was 

achieved because the long and demanding drives induced fatigue in both sessions, but the breaks 

helped the participants to reduce their levels of fatigue and perform better in the subsequent flying 

and driving tasks than in the no-break session. 

6.5.1 The role of participant age, experience, substances, medications, the baselines 

of fatigue, and the investigated sleep-related factors 

6.5.1.1 Age 

All the participants in this study were males, but this is similar to the underrepresentation of 

female pilots in the population of pilots worldwide (Women in Aviation International, 2016). 

They were much younger than the average age of professional pilots in Europe and the USA (Civil 

Aviation Authority, 2018; Federal Aviation Administration, 2018). This was expected because 

all the participants were university students and none of them had a commercial pilot license. 

Older age can relate to higher levels of fatigue in driving and flying (e.g. McCartt et al., 2009). 

The reason is that older individuals may have more difficulties in adapting to changes in the 

wake/sleep cycle, may sleep less, and their sleep quality may be poorer (Harma et al., 1994; 

Ohayon et al., 2004). Hence, due to being older, many professional pilots who commute by 

driving may experience higher levels of fatigue in flight and while driving after it than those found 

in this study.  

6.5.1.2 Experience 

Airline pilots are more experienced than the participants in this study, which might allow them to 

mitigate any effects of commuting-induced active fatigue on flying performance by managing the 

workflow more effectively. However, workflow management was restricted in the simulated 

flight because of the instructions given to complete certain manoeuvres within pre-determined 

times. Thus, the effects of fatigue on flying performance found in this study may not differ 

significantly from those in professional pilots in situations in flight, where managing the 
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workflow is not possible. For example, pilots may not be able to change the workflow in very 

demanding stages of flight or in emergency situations. 

Based on the mean age of airline pilots worldwide, it is expected that many of them will have 

more years of driving experience than the participants in this study. Experienced drivers are better 

in paying attention to those parts of the road, where hazards are anticipated (Chapman et al., 2002; 

Crundall et al., 2012), and may perform better in simulated driving tasks (Hollopeter, 2011; 

Nabatilan et al., 2011). This considered, many professional pilots may be more likely to avoid 

any effects on driving performance after duty of fatigue induced by driving to the airport and 

flying than the participants in this study due to the expected longer driving experience. However, 

the findings of this study regarding driving performance after flight could apply more directly to 

young professional pilots and pilots who fail to use effective intervention strategies for fatigue 

before driving back home.  

6.5.1.3 Medications, substances, and baselines of fatigue 

Besides exploring the hypotheses of this study, it was deemed necessary to collect data about 

factors (other than the trials themselves) that could have contributed to any differences in the 

expressions of fatigue found between the sessions. The reason is that the effect of these factors 

could make the identification of the effect on fatigue of the 60-minute drives and the breaks 

difficult. To begin with, medications and substances that are known to increase or reduce alertness 

should not have played a role in the results of this study because not taking them was an eligibility 

criterion. Moreover, the differences in the expressions of fatigue found in the trials should not be 

attributed to between-session differences in the levels of fatigue experienced upon arrival for the 

study. This was supported by the absence of significant differences between the sessions in the 

baselines of CSS and PVT reaction times and lapses.  

6.5.1.4 Sleep duration 

Fully controlling for the effect of sleep-related factors on fatigue is difficult because of inter-

individual differences in how these factors affect individuals. However, it is believed that 

between-session differences in the levels of sleepiness (as an expression of fatigue) were not 

caused by sleep deprivation the night before participation. This is based on the finding that all the 

participants reported at least 7 hours of sleep, which is considered adequate for adults 

(Hirshkowitz et al., 2015). Sleep duration was not measured by collecting physiological data (e.g. 

with actigraphy), but people are generally good at estimating their sleep duration (e.g. Kawada, 

2008). Pilots are recommended to get eight hours of sleep every night (Federal Aviation 

Administration, 2009) but, as shown in the survey described in chapter 4, many of them sleep less 

than that. Therefore, professional pilots may be more likely to experience fatigue caused by sleep 

deprivation on top of any fatigue caused by driving to the airport and flying than the participants 



 
 

194 

 

 

in this study. This could potentially contribute to more serious effects of fatigue on flying and 

driving performance than in this study. Future studies should also consider the potential effect of 

long-term sleep deprivation on commuting pilots’ fatigue because pilots who suffer from long-

term sleep deprivation might not recover fully with one night’s sleep before commuting.  

6.5.1.5 Sleep quality 

Poor sleep quality is another factor that can contribute to fatigue in pilots and drivers (e.g. Reis et 

al., 2016). To explore its effect on participants’ levels of fatigue, they rated their sleep quality the 

night before the sessions on an item taken from the St. Mary’s Hospital Sleep Questionnaire. All 

the participants reported sleep of good quality (Figure 6.16) and the analysis suggested that any 

between-session differences in the expressions of fatigue should not be attributed to differences 

in sleep quality. It should be noted that only the most relevant item was used from that 

questionnaire and no physiological data were collected to infer sleep quality. However, single 

items (the one used in this study included) can give a relatively good indication of sleep quality 

(Clarke et al., 2013; Leigh et al., 1988; Snyder et al., 2018). In contrast to the participants in this 

study, sleep quality of professional pilots may be poor before some of their duties. On those 

occasions, the effects of active fatigue induced by driving to the airport on fatigue in flight and 

while driving after duty might be intensified. Future studies with more resources might benefit 

from collecting data about long-term sleep quality in commuting pilots because not sleeping well 

for several days might not be counteracted by one night of good quality sleep. 

6.5.1.6 Circadian rhythms 

The potential effects of the time of the day on fatigue in the flying and driving tasks were 

controlled by running the trials at 9 am for eight participants and 1 pm for the remaining seven. 

The preference for morning or evening tasks may affect the experience of sleep-related fatigue, 

but these data were not collected because exploring sleep-related fatigue in depth was out of the 

scope of this study. Moreover, the circadian low that occurs between 2 and 4 pm coincided with 

those sessions that started at 1 pm. However, any effects of the preference for mornings or 

evenings and the participation during the circadian low should have been controlled by running 

both sessions for each participant at the same time of the day. In real flights, experiencing a 

combination of task-related fatigue with fatigue caused by sleep-related factors is expected to be 

often. For example, many pilots drive to work and fly during the circadian low early in the 

morning or need to fly in the morning when they have a circadian preference for evenings. Thus, 

in professional pilots, the effects of fatigue induced by driving to the airport on fatigue in flying 

and subsequent driving tasks may be exacerbated compared to the findings of this study by the 

effects of the time of the day. 

Sleep pressure increases with the time awake since the last sleep, but the participants in this study 



 
 

195 

 

 

had neither been awake for too long (Walker, 2017) nor the time awake differed between the 

sessions. In real life, professional pilots may be awake for longer than the participants of this 

study when they start their commutes to the airport, for example, because they need to take care 

of an ill child. The effects of the time awake on fatigue in commuting pilots can be delayed by 

ensuring that the time awake is as short as possible when the commutes to the airport start. This 

means that feeling the need to sleep due to high sleep pressure may be postponed, hopefully, until 

pilots go to a rest facility after duty.  

It is unclear if a disruption of the circadian rhythms due to time zone crossing and changes in the 

shift work patterns affected participants’ levels of fatigue in the trials. In real life, such a disruption 

is possible, for example, in pilots that complete long-haul flights and may add to fatigue induced 

by driving to the airport. Thus, professional pilots may be at a higher risk of experiencing fatigue-

related performance decrements after long and demanding drives to the airport than the 

participants in this study. 

To sum up, based on the findings described above, any differences in the expressions of fatigue 

found between the sessions are likely not attributable to factors other than the breaks taken, 

although fully controlling for sleep-related fatigue and inter-individual differences is difficult. 

The findings of this study could apply to professional pilots, but age, flying experience, driving 

experience, and sleep-related factors might mediate fatigue in real life, either intensifying or 

suppressing its effects compared to this experiment.  

6.5.2 Fatigue induction by the 60-minute drive 

According to hypothesis 1, the CSS ratings, the PVT reaction times, and the number of PVT 

lapses will be significantly higher at the end than at the beginning of the 60-minute drive in both 

the ‘break’ and ‘no-break’ sessions. This expectation was based on the literature that suggests that 

fatigue can be induced by long and demanding driving (e.g. Cantin et al., 2009). The 60-minute 

drive was the same as in the study described in the manual group of chapter 5. Therefore, the 

induction of active fatigue was expected. Hypothesis 1 was confirmed by the results of the 

analysis of the CSS and PVT data. 

6.5.2.1 CSS 

The CSS ratings were collected every 4 minutes while driving. In both sessions, the participants 

started the drives on low levels of fatigue (i.e. a median of 2 = ‘very lively, responsive, but not at 

peak’) (Figure 6.17). On average, the participants reported moderate levels of fatigue at the end 

of the 60-minute drives (a median of 4 ‘a little tired, less than fresh’ in the break session and a 

median of 5 ‘moderately tired, let down’ in the no-break one). However, driving induced fatigue 

in both sessions as evidenced by significant increases of the CSS ratings, so hypothesis 1 was 
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confirmed. If the findings of this study applied to the population of professional pilots, this finding 

would indicate an increased risk of impaired performance in flight after a long and demanding 

drive to the airport.  

The participants’ CSS ratings in both sessions became significantly higher than the baseline after 

39 minutes and remained significantly higher until the end of the 60-minute drive. The 39 minutes 

of driving that passed before finding a significant increase of the CSS ratings should be a 

relatively accurate value because people are generally good at detecting increased levels of fatigue 

(e.g. Horne and Baulk, 2004). Furthermore, the 39 minutes is very close to the 44 minutes of 

driving that had passed before finding the first significant increase of the CSS ratings compared 

to the baseline in the 60-minute drive that was completed by the manual group in the study of 

chapter 5 (Figure 5.24). The fact that the reported levels of fatigue did not differ significantly 

between the sessions and increased significantly after the same amount of time in both sessions 

indicates that the counterbalancing between the no-break and break sessions was effective.  

6.5.2.2 PVT 

The analysis of the PVT data supported hypothesis 1 because the reaction times after the 60-

minute drive were significantly longer than the baselines in both sessions. There was also a trend 

in both sessions for more lapses after that drive than before it. In agreement with the study 

described in chapter 5 and Loh et al. (2004), these results suggest that the 5-minute PVT can show 

the effects of task-related fatigue on vigilance. It should be noted that PVT reaction times do not 

necessarily predict flying performance (e.g. Baulk et al., 2006) and this is why also measuring 

task-related performance is useful in fatigue studies. Nonetheless, if the findings of this study 

applied to professional pilots, the results of the analysis of the PVT data would indicate an 

increased risk of impaired performance in flight due to fatigue after long and demanding drives 

to the airport. 

To sum up, the CSS and the PVT data suggested that the 60-minute drives induced fatigue in both 

sessions, confirming hypothesis 1. If the results of this study applied to professional pilots who 

drive to the airport, the risk of flying fatigued could be higher after long and demanding drives. 

Although the findings of this study suggest that even 40 minutes of demanding driving can be 

fatiguing, it is believed that the focus should be more on the increase of the risk of impaired flying 

performance associated with such a fatigue induction rather than on the absolute values found. 

That is, the same drive could induce more fatigue in some pilots than in others, for example, due 

to inter-individual differences in fatigue induction (Nilsson et al., 1997). On the other hand, some 

routes could induce fatigue more quickly than others due to differences in the levels of task load 

(Oron-Gilad and Ronen, 2007; Thiffault and Bergeron, 2003; Ting et al., 2008; Vogelpohl et al., 

2019). Moreover, there is evidence that simulated driving induces fatigue more quickly than real 
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driving (e.g. Davenne et al., 2012). Hence, drives to the airport of shorter or longer duration than 

the ones found in this study could increase the risk of flying fatigued in professional pilots. 

6.5.3 The effect of the first break on the levels of fatigue experienced during the flight 

Aeroplane incidents and accidents may be more likely to occur when pilots fly fatigued due to 

commuting to the airport. This expectation is based on accident investigation reports, documents 

published by aviation organisations, and the limited research on commuting pilots and other 

professionals (Azwar et al., 2018; Federal Aviation Administration, 2012a,b; Zakariassen et al., 

2019). In addition, the studies described in chapters 4 and 5 suggested that the risk of impaired 

flying performance increases after long drives that induce active fatigue. All this considered, it 

was hypothesised that the participants would be less fatigued in the simulated flying tasks in the 

break session than in the no-break one (hypothesis 2). This hypothesis was confirmed by finding 

lower self-reported levels of fatigue and better flying performance when the participants had taken 

a break before the X-Plane 10 flight. 

6.5.3.1 CSS 

The literature suggests that disengaging mentally from a task can help individuals reduce their 

levels of fatigue (Neri et al., 2002). Nevertheless, just completing the PVT after the 60-minute 

drive did not help the participants with fatigue. This is evidenced by not finding a significant 

difference in the CSS ratings just before the flying tasks compared to those at the end of the 60-

minute drive in the no-break session. The completion of a PVT after the 60-minute drive had not 

helped the participants in the manual group of the study described in chapter 5 to reduce their 

levels of fatigue either (Figure 5.33). The absence of a significant reduction in the no-break 

session of the CSS ratings directly after the PVT that followed the 60-minute drive might be 

attributed to the fact that the drive induced active fatigue (as suggested in the study of chapter 5). 

That is, the new task (i.e. the PVT) required continuing the investment of attentional resources, 

which is not helpful against active fatigue (Oron-Gilad et al., 2002). If the findings of this study 

applied to professional pilots, then completing pre-flight activities at the airport that require 

investing mental effort (e.g. prepare for flight) might not help them to reduce active fatigue 

induced by driving to the airport.  

In contrast to completing the PVT, taking a break with physical activity helped the participants to 

reduce their levels of fatigue as evidenced by significantly lower CSS ratings after the first break 

compared to the end of the 60-minute drive in the break session. This reduction agrees with the 

literature that suggests that short breaks can reduce active fatigue when they disengage individuals 

mentally from a previous task and combine an upright body position with physical exercise of 

medium physical intensity (e.g. Abd-Elfattah et al., 2015). On the other hand, this result 

contradicts Horne and Reyner (1996), who had found no benefits in terms of self-reported 
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sleepiness after 30-minute breaks. However, the participants in that study had remained seated 

during the break. The duration of the breaks used in this study was similar to that in Neri et al.’s 

(2002) study, but physical exercise was also used here in addition to mental disengagement. In 

contrast to studies that suggested the effectiveness of longer breaks (Hogervorst et al., 1996; Liang 

et al., 2009; Loy et al., 2013; Phipps-Nelson et al., 2010), the significant reduction of the CSS 

ratings after the first break in this study indicates that even 6-minute breaks can reduce the levels 

of active fatigue induced by driving.  

As expected from hypothesis 2, the participants reported significantly lower levels of fatigue 

during the flying tasks in the break session than in the no-break one. This could be attributed to 

taking the first break since there was no significant difference between the sessions in the ratings 

of fatigue at the end of the 60-minute drive and the CSS ratings just before the flying tasks were 

significantly lower than at the end of the 60-minute drive only in the break session. Based on the 

analysis of the CSS data, taking the first break helped the participants to start the flight less 

fatigued than in the no-break session and this beneficial effect lasted until the end of stage 2 (i.e. 

36 minutes of flying). The 36 minutes are longer than the 25 minutes found by Neri et al. (2002). 

This difference might be attributed to the fact that the participants in Neri et al.’s study stood and 

discussed with the experimenter during their breaks but did not do any physical exercise. This 

considered, the study described in this chapter suggests that including physical activity in breaks 

may increase the duration of their positive effects in terms of fatigue. It should be noted that there 

were more than 10 minutes without a subjective measurement of fatigue after the 36 and the 25 

minutes in this and Neri et al.’s study respectively. Therefore, these durations might not reveal 

exactly how long the beneficial effects of the breaks lasted. However, what the results of both 

studies agree on is that a short break can help individuals with fatigue but not for long.  

The absence of a significant between-session difference in the CSS ratings at the end of the flight 

(i.e. minute 52) when all the previous ratings in the flight were significantly different can be 

explained by the significant interaction between the session and the measurement time point in 

the CSS ratings. That is, the subjective ratings of fatigue changed differently over the flight in the 

two sessions with a significant within-session increase being found only in the break session 

(Figure 6.19). This might be attributed to the fact that the participants started the flight 

significantly less fatigued in the break session; thus, they were more sensitive in fatigue induction. 

In contrast, not having a break likely resulted in reaching a plateau of fatigue before the flight or 

early in it.  

The absence of a significant increase of the CSS ratings during the flying tasks in the no-break 

session contradicts the findings of the experiment described in chapter 5. In that case, the CSS 

ratings increased significantly over the flying tasks for the manual group (Figure 5.33). The 

different patterns in the CSS ratings between this and the previous study might be explained by a 
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difference in skills. That is, the participants in this study were highly skilled in completing the 

flying tasks and had used the X-Plane 10 software and equipment before. Therefore, their 

perceived task load might have been lower than that experienced by the manual group in the study 

of chapter 5. In turn, the lower perceived task load might have resulted in a slower depletion of 

their attentional resources; thus, in a higher resistance to fatigue induction in the X-Plane 10 flight.  

In real flights, pilots spend some time in the aeroplane preparing for the flight, for example, by 

doing pre-flight checks. This means that, even if they took a break with physical activity just 

before entering the aeroplane, its benefits might dissipate before taking off. Future research could 

explore how any alerting effect of a break before entering the aeroplane changes by spending time 

in the aeroplane before taking off. In any case, it is important that pilots are alert during the pre-

flight checks too in order to avoid mistakes, so a break before flight like the one tested in the study 

of this chapter could help.   

If the alerting effect caused by a break like the one tested did not disappear before taking off, 

pilots could be helped to mitigate any effects of active fatigue induced by driving to the airport 

on their flying performance in short domestic flights. However, in longer flights, aeroplanes may 

still be on the cruise stage after 40 minutes of flying. In that case, short bursts of physical activity 

before flight could reduce the risk of performance decrements due to commuting-induced fatigue 

during takeoff, climb, and a part of the cruise stage. Therefore, pilots might be able to cope better 

with the usually higher requirement for the investment of attentional resources in the first stages 

of flight and avoid micro-sleeps during cruise (Cabon et al., 1993; Jen et al., 2009; Wright and 

McGown; 2001). However, as the beneficial effects of a break before flight started to dissipate 

and flying induced fatigue, the risk of experiencing impaired performance in flight would increase 

(e.g. Morris and Miller, 1996). If that was the case, short breaks of physical activity before flight 

should be accompanied by self-initiated intervention strategies for fatigue during flights to ensure 

pilots complete the cruise, descent, and landing stages as alert as possible.  

6.5.3.2 PVT 

The results of the analysis of the PVT data did not confirm hypothesis 2 because participants’ 

reaction times and lapses after the flying tasks were not significantly different between the 

sessions (Figure 6.18). This result agrees with the absence of a significant difference between the 

sessions in the self-reported levels of fatigue at the end of the flights. No between-session 

differences were expected in the PVT before the flying tasks because the first break was taken 

after that PVT. The results of the analysis of the PVT data suggest that the flying tasks did not 

induce fatigue in the no-break and break sessions. The analysis of the CSS data also suggested 

that the flight did not induce fatigue in the no-break session. Nonetheless, the CSS data showed a 

significant increase in the levels of fatigue during the flying tasks in the break session. This 
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disagreement between the results of the CSS and the PVT data in the break session might be 

attributed to the fact that the PVT that followed the 60-minute drive was completed before the 

first break, whereas the CSS rating was given just before the flying tasks. Since the first break 

reduced participants’ levels of fatigue, their vigilance should have increased in flight. As a result, 

the comparison between the two PVTs could not show the direct effects of the flying tasks on 

fatigue.  

The PVT reaction times after the MATB-II tasks in the manual group in the study of chapter 5 

were significantly longer than those before them (Figure 5.34). This finding contradicts the PVT 

results in the no-break session in this study (the break session differed in including the break). An 

explanation might be the difference in motivation, since higher motivation may help to prevent a 

reduction of vigilance (Bonnefond et al., 2011). That is, the participants in the study described in 

this chapter might have been more motivated to perform well than the ones in the experiment of 

chapter 5 because of their personal and professional interest in the flying tasks.  

6.5.3.3 X-Plane 10 performance 

The analysis of the flying performance data confirmed hypothesis 2. More specifically, the 

participants maintained more accurately the target heading in stage 1 (during straight and level 

flying and in the climb) and stage 3 (during descent) in the break session than in the no-break one 

(Figure 6.21). Taking a break before flight also helped them to maintain more accurately the target 

airspeed during straight and level flying and in the turns completed in stage 1 (Figure 6.26). 

Moreover, the participants made fewer mistakes in the communications task in stages 1 and 3 in 

the break session (Figure 6.27). Finally, although no significant difference was found between the 

sessions in the accuracy of maintaining the target rates of turn, two participants completed turns 

to the wrong direction in stage 1 of the no-break session (Figure 6.23). Between-session 

differences in flying performance were expected because of the attentional deficits when 

individuals are fatigued (section 2.2.2). These deficits result in a difficulty in storing information 

in working memory, processing information to make arithmetic calculations, detecting unwanted 

deviations in system parameters, and responding accurately (Boksem et al., 2005; Dinges et al., 

1997; Falleti et al., 2003; Hockey, 1997; Lorist et al., 2000; Sanders, 1998; Saxby et al., 2008). 

All these skills were required to perform the tasks included in the simulated flight. 

In real flights, the reduced accuracy in controlling the joystick to maintain the target flight 

parameters (e.g. altitude) would probably reduce passenger comfort rather than contribute to 

accidents. However, the lower accuracy in the flight performance metrics found in this study 

suggests a higher risk of impaired performance, especially in high task load situations (e.g. due 

to a system failure). In those conditions, pilots’ attentional resources might not suffice to cope 

with the tasks due to active fatigue induced by driving to the airport and flying. An interesting 
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finding of this study is that two participants completed one 360° turn each to the opposite direction 

than instructed during stage 1 of the no-break session. Aeroplane accidents are rare, but it is those 

exceptional occasions of performance deterioration that relate to a particularly high risk of safety 

events.  

Based on the findings of this study, a short burst of physical activity before flying can reduce the 

risk of missing critical information from the ATC and not acting upon it appropriately because of 

active fatigue induced by driving to the airport. The participants were told that all the tasks in 

flight had the same importance. Although data about task prioritisation were not collected, maybe 

the communications task was perceived as secondary by some of the participants. This may occur 

in real flights too. The reason is that the pilots are taught that the most important thing is to fly 

the aeroplane, followed in importance by understanding where they are going, and finally, 

communicating with the ATC and other aeroplanes (‘aviate, navigate, communicate’). If that was 

also the case in this study, then performance in the communications task was more susceptible to 

the effects of fatigue than the primary tasks (Hockey et al., 1998).  

The flight scenarios did not include takeoff, but task load in stage 1 was increased to simulate the 

high levels of task load often experienced during the takeoff stage of flights. The between-session 

differences in performance found in stage 1 suggest that the participants were more fatigued in 

the first minutes of the flight in the no-break session compared to the break one in line with the 

results of the analysis of the CSS data. If the findings of this study applied to the population of 

professional pilots, then active fatigue induced by driving to the airport would increase the risk 

of performance decrements in the takeoff and climb stages of flight. As suggested in this study, 

that risk could be reduced by taking a short break with physical activity before flight.  

The literature suggests that micro-sleeps are more often in the cruise stage of flight (Cabon et al., 

1993; Wright and McGown, 2001), but no significant differences were found in flying 

performance during stage 2 (which simulated cruise). This finding contradicts the significant 

difference between the sessions in the CSS ratings at the end of stage 2. An explanation for that 

might be that the between-session difference in the levels of fatigue during stage 2 was big enough 

to be captured on the subjective ratings but not to cause a between-sessions difference in 

performance. This explanation aligns with the finding that individuals can identify increased 

levels of fatigue before their performance deteriorates (Ingre et al., 2006b). It is also likely that 

the participants mainly experienced active fatigue when they started stage 2 because of the 60-

minute drive and the high task load in stage 1. Therefore, the lower levels of task load in stage 2 

could have helped them to avoid performance decrements because they did not have to invest 

many attentional resources. If active fatigue induced by driving to the airport had similar effects 

on professional pilots to the ones found in this study, then impaired performance would be likely 
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in the cruise stage too, especially, in case of emergencies that required the investment of many 

attentional resources.  

According to the CSS data, the beneficial effects of the first break disappeared as the flight 

progressed. As a result, the self-reported levels of fatigue did not differ between the sessions at 

the end of stage 3. Similar, in contrast to stage 1, no difference was found in stage 3 between the 

sessions in the accuracy of maintaining the target heading when flying straight and level and the 

airspeed during turns. However, in stage 3, the participants maintained the target heading during 

the decent more accurately and performed better in the communications task than in the no-break 

session. No CSS data were collected during stage 3, so it is unclear exactly how long the beneficial 

effect of the first break lasted. However, it appears that this effect continued after the 36 minutes 

of flight found by the analysis of the CSS data maybe because adding physical activity to the 

break resulted in longer-lasting effects than in Neri et al.’s (2002) study. In any case, the 

contradiction of the results of the analysis of the flying performance data in stage 3 suggests that 

the beneficial effect of the first break started to dissipate with time. In real flights, additional self-

initiated intervention strategies might be needed after some time of flying to reduce the levels of 

fatigue. 

The literature suggests that the risk of performance decrements due to fatigue is higher in the last 

stages of flight (e.g. Morris and Miller, 1996). This was supported in this experiment by finding 

significantly more errors in the communications task in stage 3 than in stage 1 in the break session. 

A similar increase was not found in the no-break session potentially because the participants had 

already started the flight closer to their plateau of fatigue and, thus, might have been less sensitive 

in further fatigue induction. The significant increase in the number of communication errors in 

the break session highlights the need for additional intervention strategies in flights, especially 

when these are long.  

6.5.4 The effect of the second break on the levels of fatigue experienced in the 14-

minute drive 

As explained in the previous section, if the findings of this study applied to professional pilots, 

any benefits of taking a break with physical activity between driving to the airport and flying 

might dissipate before the end of the flights. Even if the alerting effect lasted until landing, pilots 

would then need to complete post-flight tasks while at the airport (e.g. file a post-flight report). 

As a result, they might start a drive back home fatigued potentially due to a combination of the 

effects of driving to the airport, pre-flight activities, flying, and post-flight tasks. The risk of 

experiencing fatigue-related performance decrements when driving after work has been 

associated in professionals other than pilots to extended shifts, sleep deprivation, consecutive and 

night shifts, and driving long distances after work (e.g. Barger et al., 2005). However, there is no 
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literature on the risk of impaired driving performance after flight and on whether this relates to 

fatigue induced by driving before flying. To this end, it was explored if the participants would be 

less fatigued in the simulated motorway drive in the break session than in the no-break one. This 

hypothesis (hypothesis 3) was accepted based on the results of the analysis of the CSS and driving 

performance data. 

6.5.4.1 CSS 

Taking the break with the physical activity after the flying tasks helped the participants to reduce 

their levels of fatigue as evidenced by significantly lower CSS ratings just before the motorway 

drive compared to the end of the flight (Figure 6.28). This finding agrees with the literature that 

suggests that physical activity, an upright position, and mental disengagement from a previous 

task can have an alerting effect (e.g. Abd-Elfattah et al., 2015). Furthermore, this reduction of the 

CSS ratings suggests that even a 6-minute break can reduce the levels of task-related fatigue 

similar to what was found by Neri et al. (2002). At the same time, it contradicts the notion that 

breaks need to be long to be effective against task-induced fatigue (e.g. Hogervorst et al., 1996).  

In contrast to the break session, completing only the PVT after the flight did not help with fatigue 

in the no-break session. Similar results were found for the PVT that was completed before the 

flight in this experiment and the PVTs of the manual group in the study described in chapter 5. 

These results might be explained by the fact that the participants in both studies should have 

mainly experienced active fatigue when the 20-minute drive started due to the demanding nature 

of the 60-minute drive and stages 1 and 3 of the flights. However, mental activation can only help 

against passive fatigue (Oron-Gilad et al., 2002).  

The CSS ratings at the end of the flight were not significantly different between the sessions, 

which suggests that the benefits of the first break had dissipated by then. Nevertheless, as 

predicted by hypothesis 3, taking a break after flight resulted in significantly lower self-reported 

levels of fatigue during the motorway drive. The means of the CSS ratings were low to moderate 

throughout the motorway drive in both sessions, but half of the participants in the no-break session 

reported high or extremely high levels of fatigue at the end of that drive. That could indicate a 

higher risk of car crashes when no break with physical activity is taken after flight. Based on the 

CSS data, the motorway drive induced fatigue after 14 minutes of driving irrespective of whether 

a break was taken after flight or not. This finding is in line with the driver literature (e.g. Kecklund 

and Akerstedt, 1993) and suggests that the risk of fatigue-related crashes after duty may increase 

with the duration of the drives. This considered, using intervention strategies for fatigue during 

driving after duty should complement any breaks taken before those drives because the positive 

effects of breaks could disappear with time.  

Despite the induction of fatigue in the motorway drive, the reported levels of fatigue remained 
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significantly lower until the end of the drive (i.e. 19 minutes) in the break session compared to 

the no-break one. It is unclear how long the beneficial effects of the second break taken would 

last if the drive continued after the 20 minutes. Based on the analysis of the CSS and the 

performance data collected during the flight, the alerting effect of the break used might have lasted 

for 40 minutes or longer. If the duration of professional pilots’ drives after duty were similar to 

those found for the drives to the airport in the survey described in chapter 4 (Figure 4.14), a 6-

minute break after duty like the one tested could help many pilots prevent fatigue-related crashes 

for the whole duration of their drives. However, pilots might be benefitted by using intervention 

strategies during driving in addition to a pre-drive break to ensure they manage the risk of fatigue-

related crashes in longer drives. 

6.5.4.2 Driving performance 

In regard to performance in the motorway drive, no significant between-sessions differences were 

found in the lateral position during the whole drive and the headway in the first 9 minutes of the 

drive. However, hypothesis 3 was supported by the finding that the participants maintained the 

target speed in the second half of the drive (i.e. minutes 10-19) more accurately in the break 

session than in the no-break one (Figure 6.32). This finding agrees with the significant differences 

between the sessions in the CSS ratings on minutes 14 and 19 of the motorway drive. 

Nevertheless, the CSS data suggested that taking the break after flight resulted in the participants 

being less fatigued in the first half of the drive too. Maybe this difference was not captured in 

performance in the first half of the drive because that part of the drives was more motivating than 

the second one due to the speed variation events. If that was the case, any between-session 

differences in fatigue might have been masked by the difference in motivation (Watling, 2016). 

In real drives after duty, the absence of significant between-session differences in driving 

performance in the first half of the simulated drive could indicate a reduction of the risk of 

crashing when the task load of the drives is high enough to keep the pilots engaged. Nonetheless, 

this benefit might not last until the end of the drives back home because the investment of effort 

would induce fatigue.   

The induction of fatigue in the motorway drive was suggested by the analysis of the CSS. 

Moreover, the induction of fatigue was indicated by the reduction of the accuracy of maintaining 

the target lateral position and the headway from the lead car as the motorway drives progressed 

in both sessions. These findings agree with the literature that suggests that long driving increases 

individuals’ levels of fatigue (e.g. Kecklund and Akerstedt, 1993). At the same time, the induction 

of fatigue in the 20-minute drive indicates that, if the findings of this study applied to professional 

pilots, the risk of car crashes after duty might increase with longer drives. As mentioned, using 

intervention self-initiated intervention strategies for fatigue while driving after duty might allow 
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pilots to complete safely longer drives. 

6.6 Conclusion 

If the findings of this study applied to professional pilots, then: 

• Completing a long and demanding drive could increase pilots’ levels of fatigue, resulting in 

a higher risk of impaired performance in flight. This risk could reduce by taking a short break 

with physical activity of moderate intensity when pilots arrived at the airport and before 

flying. 

• Pilots could be at an increased risk of car crashes after duty due to active fatigue induced by 

driving to the airport and flying. A short burst of physical activity after flight could help them 

to avoid driving fatigued back home or to a rest facility. 

• The alerting effect of the break tested in this study could last longer than found in similar 

studies, but pilots would need to use additional self-initiated intervention strategies in flight 

and while driving after duty to extend their beneficial effects. 
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Chapter 7. Final discussion and conclusion 
 

7.1 Overview 

Pilot fatigue induced by commuting to the airport has recently drawn the attention of aviation 

authorities because it has been identified as a contributory factor in aeroplane incidents and 

accidents. Drawing from studies solely on drivers, the risk of flying fatigued may be higher when 

pilots travel to the airport by completing long and demanding drives. On the other hand, flying 

can increase pilots’ levels of fatigue too, with cumulative fatigue potentially contributing to car 

accidents after duty. This considered, this thesis aimed to explore the relationship between pilot 

fatigue induced by long and demanding driving to the airport, fatigue in flight, and fatigue while 

driving after duty. This aim was achieved by: 

• Exploring the extent to which fatigue induced by long and demanding drives to the airport 

affects negatively professional pilots’ fatigue in flight and while driving after duty. This 

objective was achieved by conducting the survey described in chapter 4. 

• Investigating if the type of fatigue induced by driving (i.e. active or passive) subsequently 

affects the levels of fatigue experienced in flying and driving. This was achieved with the 

experiment described in chapter 5.  

• Exploring if short bursts of physical activity can reduce the levels of fatigue experienced in 

the commuting cycle after a long and demanding drive. This objective was achieved via the 

study described in chapter 6.  

This chapter summarises the results of the research conducted in view of the existing literature. It 

also discusses its limitations, the implications for further study, and the development of 

interventions. 

7.2 Summary of results 

The objectives of the thesis were achieved by using a combination of quantitative and qualitative 

methods. The work described in this thesis lead to the following conclusions. 

7.2.1 The extent to which active fatigue induced by driving to the airport affects 

professional pilots’ fatigue in flight and while driving after duty (survey) 

When this research began, there were no data regarding the extent to which fatigue induced by 

long and demanding driving to the airport is a problem among professional pilots worldwide. 

Before exploring that with a survey, an interview with an airline pilot was conducted to identify 

the key aspects of the issue. The interviewee highlighted the importance of researching active 

fatigue induced by driving to the airport because, in his opinion, this has resulted in many pilots 
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flying fatigued and experiencing impaired flying performance. According to the interviewee, 

often pilots find it difficult to stay awake while driving after duty, probably because of the 

combined effect of fatigue caused by driving to the airport and flying. In addition, he suggested 

the provision of science-based training to pilots regarding commuting-related fatigue and changes 

to the fatigue policies and the rostering in order to manage this risk. These findings indicate that 

active fatigue induced by driving to the airport is an issue amongst professional pilots that needs 

further investigation in order to develop appropriate intervention strategies.  

Based on the findings of the interview, an online survey followed to explore the extent of the issue 

among professional pilots worldwide. Four hundred ninenteen pilots flying from 52 countries 

were asked about the characteristics of their usual commutes and flights, their usual levels of 

fatigue during the commuting cycle (i.e. before and after flights), and impaired performance in 

flight and while driving after duty. The role of sleep duration and driving early in the morning 

was explored too to identify the potential interactive effect of task- and sleep-related factors in 

commuting pilots’ fatigue. 

The survey showed that two in three pilots usually commuted to and from the airport by driving. 

This suggests that the findings of the research described in this thesis could apply to many of the 

professional pilots worldwide. Driving has been found to be the most common commuting option 

in other professionals (e.g. Department for Transport, 2015) but not in pilots. That is, Kleinfehn 

(2016) and the National Research Council (2011) had suggested that most pilots commute by 

aeroplane. This difference could be attributed to the fact that the pilots in these studies had a home 

base in the US, which is a country with big geographical spread; thus, the distances most of the 

pilots there covered to get to the airport were longer than 150 miles. In contrast, most of the pilots 

in the survey of chapter 4 had a home base in Europe or Asia with more than 75% of them 

reporting a usual duration of commutes one-way of less than an hour. The durations of commutes 

found in the survey of chapter 4 are closer to those found by Friesacher (2015) in a study with 

pilots with a home base in Europe. This considered, pilots’ commuting habits may differ by 

region. As a result, fewer pilots might be at an increased risk of being fatigued in flight in a region 

where, for example, most pilots commute by aeroplane because they can sleep during their 

commutes.  

The participants rated their usual levels of fatigue during the commuting cycle on the CSS. Most 

of the pilots who commuted by driving usually avoided the long and demanding drives. Maybe 

because of that, their usual commutes to the airport were not reported as fatiguing. However, 

reporting longer and more mentally demanding drives to the airport related to usually 

experiencing higher levels of fatigue at the beginning and end of the flights, a more often 

experienced difficulty in staying awake in flight, and a higher agreement with the statement about 

the impaired flying performance after driving to the airport.  
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The preliminary analysis of the data in Brown and Whitehurst’s (2011) study had not shown an 

association between longer commutes to the airport and fatigue-related performance decrements 

in flight. Similar, Roma et al. (2012) had not found a link between the duration of the commutes 

and the PVT reaction times of cabin crew before flying. However, Roma et al. suggested that 

commuting to the airport can induce fatigue in pilots when it is completed by driving because 

then they cannot sleep during the commute. Similar to Roma et al., aviation authorities have stated 

in investigation reports that long commutes to the airport can result in pilots flying fatigued and 

an increased risk of aeroplane accidents (e.g. Federal Aviation Administration, 2012a). The 

studies conducted by the National Research Council (2011) and Zakariassen et al. (2019) also 

suggested that the more time spent on commuting, the higher the risk of flying fatigued. A similar 

suggestion has been made in studies with other professionals (Azwar et al., 2018).  

There is evidence from other studies that pilots often fly fatigued (Steptoe and Bostock, 2011) 

and fall asleep in flight when not allowed (Jen et al., 2009). However, in none of these studies 

was this risk associated with commuting-induced fatigue by asking them to rate their levels of 

fatigue during the commuting cycle as was the case with the participants in the study of this 

chapter. In addition, this survey adds to the existing literature by exploring fatigue specifically 

after driving and by collecting data from pilots from 52 countries. Furthermore, past knowledge 

is extended by suggesting that pilots fly fatigued not only because of long but also mentally 

demanding drives to the airport. If that was the case, pilots should avoid the adverse effect of such 

drives, for example, by staying at a hotel near the airport overnight, selecting the shortest route 

possible, or not driving in rush hour. Alternatively, self-initiated intervention strategies like the 

one tested in chapter 6 could be used while at the airport before flight.  

Reporting driving more often between 2 and 6 am and sleeping less before the commutes to the 

airport related to higher usual self-reported levels of fatigue at the beginning and end of the flights 

and more frequently experienced difficulties in staying awake in them. The effects of the time of 

the day and sleep deprivation on pilots’ fatigue in flight have been supported in other studies too 

(Caldwell et al., 2004; Le Duc et al., 1999). However, the importance of the finding of this survey 

lies in the identification of the potential co-existence of sleep- and task-related fatigue in pilots 

who commute by driving. This co-existence may intensify any adverse effects of commuting-

induced fatigue on flying performance and make it difficult for pilots to identify the source of 

their fatigue in order to manage the risk properly. For example, if both sleep- and task-related 

fatigue was experienced while flying, pilots would need to use a different self-initiated 

intervention strategy for each (e.g. coffee and breaks respectively), unless sleeping was an option. 

Based on pilots’ self-reports, the time spent at the airport before duty usually helped them to start 

their flights less fatigued. This finding suggests that the risk associated with commuting-induced 

fatigue is usually managed effectively by pilots before taking off. It should be noted that the pilots 
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were asked about their usual levels of fatigue, so it is possible that sometimes the time spent at 

the airport may not help some pilots to reduce any fatigue caused by driving to the airport. For 

example, pilots who usually take a nap at the airport after a long drive may not be able to do that 

on days with commutes longer than expected. This thesis focused mainly on those cases where 

pilots do not manage commuting-induced fatigue before flying because that is when the risk of 

impaired flying performance is expected to be higher.  

Based on the findings of the survey, flying usually increases pilots’ levels of fatigue. Therefore, 

the risk of fatigue-related performance decrements could be higher in the last stages of flights (i.e. 

descent and landing) in line with the previous literature (e.g. Morris and Miller, 1996). Active 

fatigue induced by driving to the airport may intensify the effects on flying performance of fatigue 

caused by flying. This interaction was not explored in this survey, but the finding that reporting 

longer and more mentally demanding drives to the airport related to higher levels of fatigue when 

entering and exiting the aeroplane suggests that fatigue induced by driving and flying may coexist. 

The potential magnification of the risk of impaired flying performance after long and demanding 

drives was supported in the studies described in chapters 5 and 6.  

Many pilots reported that they usually did not manage to reduce their levels of fatigue when they 

finished their duties and before they drove back home, but it is unclear why. The participants 

reported that the time spent at the airport before flight usually reduced their levels of fatigue, but 

this was not the case for the time spent at the airport after duty. This difference might be attributed 

to spending less time at the airport after flight than before it because of the desire to go home the 

soonest. Moreover, pilots may focus less on managing fatigue after their duties compared to 

fatigue before them because only reporting fit-for-duty is regulated. Another explanation could 

be that any intervention strategies used before flight might not be equally effective after duty 

because of the accumulation of fatigue due to commuting to the airport, the completion of pre-

flight tasks, flying, and post-flight tasks. Irrespective of why the pilots stated that they usually did 

not reduce their levels of fatigue before flying, this finding indicates an increased risk of car 

crashes and highlights the importance of using effective intervention strategies after duty. 

Studies in professionals other than pilots suggest an increased risk of car crashes when people 

drive after work (Barger et al., 2005; Dorrian et al., 2008; Marcus and Loughlin, 1996; Nesthus 

et al., 2006; Scott et al., 2008). In those studies, the risk of driving accidents was associated with 

the extended work shifts, sleep deprivation before duty, and night shifts. The participants were 

asked about the frequency of drives to the airport between 2 and 6 am but not how often they 

drove after flight during the circadian low. In contrast, the link between duties and the risk of 

impaired driving performance was also indicated in this survey since more than 80% of the pilots 

agreed at least to a degree that their driving performance after duty had at some point been 

impaired by the flight time of that duty period. Similar to the literature in other professionals and 
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the studies on the effects of sleep deprivation on driving performance (e.g. Connor et al., 2001; 

Stutts et al., 2003), the pilots who usually reported sleeping less also reported higher levels of 

fatigue when they started their drives after duty and a more frequently experienced difficulty in 

staying awake during those drives. Therefore, this survey extends the previous literature by 

suggesting that pilots may be at an increased risk of car crashes after work when the flights are 

fatiguing and/or they are sleep deprived.  

In contrast to the literature in other professionals, the risk of decrements of driving performance 

after duty was also related to the drive to work. That is, the pilots who reported usually 

experiencing higher levels of mental demand while driving to the airport also reported higher 

levels of fatigue when starting their drives back home. Moreover, reporting more mentally 

demanding and longer drives to work related to experiencing more often a difficulty in staying 

awake while driving after duty and agreeing more with the statement about impaired driving 

performance after flight.  

To sum up, the aim of the survey was achieved because it was suggested that most pilots 

worldwide commute by driving and that completing long and demanding drives to the airport 

played a role in their levels of fatigue in flight and while driving after duty. Furthermore, the 

adverse impact of commuting-induced fatigue may increase even further because of the potential 

additional effect of sleep-related fatigue. If the findings of this survey applied to the population 

of professional pilots, then appropriate intervention strategies should be developed to manage the 

risk of fatigue-related aeroplane and car accidents when the drives to the airport are long and 

mentally demanding. 

7.2.2 The effects of the type of fatigue induced by driving on the levels of fatigue 

experienced in subsequent flying and driving tasks (experiment 1) 

The experiment described in chapter 5 explored if the type of fatigue induced by driving (i.e. 

active or passive) subsequently affects the levels of fatigue experienced in flying and driving. 

Sixty non-pilots completed simulated driving and flying tasks divided into three groups (i.e. 

manual, automated, and control). All the groups completed 32 minutes of flying tasks on the 

MATB-II software followed by 14 minutes of simulated motorway driving. The manual and the 

automated group also completed a 60-minute simulated drive before the flying tasks. The only 

difference between the manual and the automated group was in the level of automation of the car 

driven. That is, level 0 of automation was used in the manual group and of automation in the 

automated. Fatigue during the trials was measured with the CSS scale the PVT, and performance 

in the flying and motorway driving tasks. Task load during the 60-minute drive was measured on 

the NASA-TLX scale.  

The 60-minute drive induced fatigue in both the manual and the automated group as evidenced 
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by increased CSS ratings and PVT reaction times. This finding is in line with previous literature 

on the effects of long drives on drivers’ fatigue (e.g. Horne and Baulk, 2004). Although the levels 

of fatigue at the end of the 60-minute drive did not differ between the manual and the automated 

group, the total task load and the ratings of effort were significantly higher during the whole drive 

in the manual group. In addition, the levels of fatigue increased sooner during the 60-minute drive 

in the automated group similar to previous studies that compared driving of different levels of 

automation (e.g. Feldhütter et al., 2018). However, it is known that simulators may increase 

drivers’ levels of fatigue more quickly than real driving (e.g. Davenne et al., 2012). Moreover, 

the levels of task load of a drive, inter-individual differences in fatigue induction, and the potential 

additional effect of sleep-related fatigue are expected to play a role in how quickly driving to the 

airport may induce fatigue to pilots. Therefore, a duration above which driving to the airport can 

induce fatigue cannot be safely determined based on the findings of this study.  

The more quickly apparent induction of fatigue and the lower total task load and effort in the 

automated group suggest that the 60-minute drive induced active fatigue in the manual group and 

passive in the automated. If these findings applied to the population of pilots, a long drive to the 

airport might induce fatigue whether it was demanding or not. Nevertheless, fatigue after that 

drive would be expected to have different qualitative characteristics depending on whether it was 

caused by high or low task load (Desmond and Hancock, 2001). Aviation authorities, airlines, 

and pilots should consider these characteristics because, as explained in the next paragraphs, they 

could make a difference in the levels of fatigue experienced in flight and while driving after duty. 

Based on the findings of the experiment described in chapter 5, professional pilots may be at an 

increased risk of fatigue-related aeroplane accidents after a long drive to the airport. This 

suggestion is based on the finding that the manual group reported higher levels of fatigue than the 

control just before and during the whole duration of the MATB-II tasks. Furthermore, the manual 

group performed worse than the control in the tracking task of the first multi-tasking block of the 

flight. The automated group also reported higher levels of fatigue than the control at the beginning 

of the flying tasks. These findings agree with the literature that suggests that pilots should not 

complete long commutes to the airport (e.g. Federal Aviation Administration, 2012a). However, 

in contrast to the existing literature, this study provided evidence of the risk of flying fatigued 

specifically after driving. 

This thesis complimented the previous literature by suggesting that pilots’ levels of fatigue in 

flight may be affected not only by the duration of the commutes to the airport but also by the type 

of fatigue induced. More specifically, the manual and the automated group completed a drive of 

the same duration (i.e. 60 minutes) before the MATB-II tasks and did not report significantly 

different levels of fatigue at the end of that drive or the beginning of the simulated flight. 

However, the manual group reported higher levels of fatigue than the automated at the end of the 
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flying tasks, potentially because of a lower resilience in the induction of fatigue in the manual 

group. The lower resilience was evidenced by significant within-group increases of the CSS 

ratings until the end of the MATB-II tasks in the manual group but not in the automated one. The 

difference in this resilience can be explained by Desmond and Hancock’s (2001) model of fatigue. 

Drawing from that, a long and demanding drive can deplete individuals’ attentional resources 

with the need to continue to invest effort in subsequent flying tasks inducing even more fatigue. 

A long drive of low levels of task load can also cause fatigue, but individuals could have some 

attentional resources reserved because passive fatigue relates to a disengagement from the driving 

task. The participants did not disengage fully from the task because level 2 automation required 

monitoring the driving scene continuously. Therefore, some attentional resources were invested 

in the automated drive too. Nevertheless, the reservation of some attentional resources resulted in 

delaying the induction of fatigue in the flying tasks.  

If the findings of this study applied to pilots, then commutes to the airport that induce active 

fatigue (e.g. drives in high traffic density) should be considered as potentially more hazardous 

than those that induce passive fatigue (e.g. when pilots commute by train). In addition, aviation 

authorities, airlines, and pilots might benefit by using intervention strategies that are appropriate 

for the type of fatigue caused by commuting. For example, the study of chapter 5 suggested that 

increasing task load can have an alerting effect when fatigue is passive but a negative impact 

when active. 

The flying tasks induced fatigue in the manual group since the CSS ratings, the PVT reaction 

times, and the errors in the communications task increased with time. These results were expected 

based on the literature solely on pilots that suggests that flying can be fatiguing (e.g. Morris and 

Miller, 1996). If the findings of this study applied to professional pilots, they could experience a 

combination of commuting- and flying-induced fatigue at the end of their duties. Therefore, using 

an intervention strategy for commuting-induced fatigue before flight may help pilots, but 

additional intervention strategies in flight might be needed to compensate for the induction of 

fatigue in flight. The study described in chapter 6 provided evidence of that need. Similar, pilots 

may also need to consider using intervention strategies for fatigue after their duties to reduce the 

likelihood of car crashes caused by fatigue induced while driving to the airport and flying.  

Of all the metrics used to infer fatigue, the CSS ratings were the most helpful in deducing 

differences in fatigue between the groups, followed by the measurement of flying and driving 

performance. The results of this study considered, using a combination of subjective scales and 

performance data appears to be an informative approach of measuring fatigue. 

In general, the findings of the study described in chapter 5 suggest that aviation authorities, 

airlines, and pilots may need to approach the issue of commuting-related fatigue by looking at the 
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whole commuting cycle rather than only driving or flying. This is not only supported by the 

between-group differences in the expressions of fatigue in flight mentioned but also to their 

differences in fatigue in the 14-minute drive. That is, fatigue while driving after flight did not 

relate only to the preceding flying tasks but to whether a long drive preceded the flight and what 

type of fatigue that drive induced. More specifically, the CSS ratings in the motorway drive were 

significantly higher in the manual than in the control and the automated group. Moreover, the 

manual group maintained the target driving speed less accurately than the automated one. The 

survey described in chapter 4 had also indicated that long and mentally demanding drives to the 

airport related to higher levels of fatigue while driving after duty.  

The risk of fatigue-related crashes after flight has not been explored in pilots, but there is evidence 

of an increased risk of impaired driving performance after work from studies in other 

professionals (e.g. Barger et al., 2005). None of those studies had used simulated tasks as in the 

study in chapter 5. Furthermore, the risk of crashes after work had been linked there to sleep- and 

work-related factors. Similar to that literature, the study described in chapter 5 suggests that a 

fatiguing duty can increase the risk of car crashes after it but extends the existing knowledge by 

also linking that risk to fatigue induced by driving to work.  

7.2.3 The effects of short bursts of physical activity on fatigue experienced in the 

commuting cycle after a long and demanding drive (experiment 2) 

The study described in chapter 6 investigated if short bursts of physical activity can reduce the 

levels of fatigue experienced in the commuting cycle after a long and demanding drive. Fifteen 

participants with a Private Pilot’s License completed two sessions that included the 60-minute 

simulated drive used in the experiment of chapter 5, 52 minutes of flying tasks on the X-Plane 10 

software, and 20 minutes of simulated motorway driving. In contrast to the experiment of chapter 

5, the motorway drive included both sections of low and moderate task load to explore if that 

would make a difference in the effects of fatigue on participants’ driving performance after flight. 

The only difference between the two sessions was the use of two 6-minute breaks in only one of 

them. The first break was taken before the simulated flight and the second after it in the break 

session. The breaks included walking, jogging in place, star jumps, and discussion with the 

experimenter. Fatigue was measured with the CSS scale, the PVT, and performance in the flying 

and driving tasks.  

The 60-minute drives induced fatigue in both sessions, which, according to the study described 

in chapter 5, should have been active. The induction of fatigue in the study of chapter 6 was 

evidenced by within-session increases of the CSS ratings and the PVT reaction times with the 

progression of the 60-minute drives. These findings agree with the literature solely on drivers that 

suggests that long and demanding driving can induce fatigue (e.g. Cantin et al., 2009). The 
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medians of self-reported levels of fatigue at the end of these drives were moderate. Nonetheless, 

if the findings of this study applied to the population of professional pilots, they could still be at 

an increased risk of reporting fatigued for duty due to active fatigue induced by driving to the 

airport.  

In the break session, the CSS ratings after the first and the second break were significantly lower 

than those at the end of the 60-minute drive and the flying tasks respectively. This finding suggests 

that the breaks used in this study had an alerting effect potentially due to the mental 

disengagement from flying and driving, the postural change, and the physical activity. As 

expected, the participants reported lower levels of fatigue in flight and performed better in the 

flying tasks in the break session than in the no-break one. The positive effects of the first break 

on flying performance were evidenced by a higher accuracy in maintaining the target heading and 

airspeed and fewer errors in the communications task. Moreover, two participants completed turns 

in the wrong direction in the flight of the no-break session. The breaks helped the participants to 

be less fatigued in the motorway drive too as suggested by the lower CSS ratings and the higher 

accuracy in maintaining the target speed while driving in the break session. If these findings 

applied to professional pilots, active fatigue induced by driving to the airport and fatigue caused 

by flying would increase the risk of aeroplane and car accidents. In that case, taking a break with 

physical activity before and after their duties could help them to reduce their levels of fatigue. 

The between-session differences in flying and driving performance were expected because fatigue 

impairs attention, information processing, and response execution (e.g. Boksem et al., 2005). The 

alerting effects of the physical activity, the postural change, and the mental disengagement from 

the primary task have been shown in previous studies too (e.g. Abd-Elfattah et al., 2015). Some 

of these studies used longer breaks than the one tested in this study (e.g. Hogervorst et al., 1996). 

However, the findings of this experiment suggest that breaks as long as 6 minutes can also be 

effective against task-related fatigue similar to Neri et al. (2002). In addition, they suggest that 

adding physical activity to the postural change and the mental disengagement can extend the 

alerting effect of breaks to more than the 25 minutes found by Neri et al. (2002). This considered, 

if the findings of this study applied to professional pilots, taking breaks before and after flights 

that are similar to the one tested in this study could be a practical way of reducing the risk of 

fatigue-related aeroplane and car accidents when driving to the airport induces active fatigue.  

Some pilots may find it impractical in real life to take breaks that include jog in place and star 

jumps before they enter the aeroplane and before they start their drives after duty. Moreover, it 

could be argued that pilots do not need to take breaks with physical activity before and after their 

flights because they already walk from the car park to the terminal and the aeroplane and walk 

from the aeroplane to their car after flight. However, as explained, any physical activity taken 

while at the airport would be more likely to be effective if it was not too long (to avoid inducing 
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fatigue) and increased individuals’ heart rate within an optimal range. This considered, quick 

walking to and from the aeroplane might be effective as well, but it needs investigation.  

In real life, pilots spend time in the aeroplane preparing before flight. No research was located on 

how these tasks affect pilots’ fatigue, but it is possible that any alerting effect of a break taken 

before the flights dissipates before takeoff. Irrespective of how pre-flight tasks affect pilots, it 

might be preferable to take a break with physical activity as much as possible nearer the start of 

the flights to increase the likelihood of maintaining alert while flying. Despite any beneficial 

effect of a break before takeoff on fatigue in flight, this effect could soon disappear because flying 

is fatiguing. In line with the literature on pilots (e.g. Morris and Miller, 1996), this was suggested 

in this study by finding an increase of the CSS ratings and the frequency of the errors in the 

communications task during the X-Plane 10 scenario in the break session. This considered, pilots 

might need to use additional intervention strategies during flights, especially when these are long. 

Similar to flights, pilots might be benefitted from taking a break with physical activity before 

driving back home, but its alerting effect may not last for long because driving can be fatiguing 

(e.g. Thiffault and Bergeron, 2003). This was supported in the study of chapter 6 by finding that, 

despite taking a break before the motorway drive, the SD of the lateral position and the SD of the 

headway increased significantly during the drive. Hence, a break should be taken as much as 

possible before entering the car. At the same time, additional strategies for fatigue might be 

needed during the drives.  

Aviation organisations and studies on commuting pilots and other professionals have suggested 

that completing long commutes to get to the airport may increase the risk of impaired flying 

performance in professional pilots (e.g. Azwar et al., 2018). The findings of the study described 

in chapter 6 are in line with this literature. Nevertheless, in contrast to the existing literature, these 

findings are based on experimental work and focused specifically on commuting to the airport by 

completing long and demanding drives.  

Previous studies suggest an increased risk of car crashes after work in professionals other than 

pilots (e.g. Barger et al., 2005). This risk has neither been mentioned by aviation authorities nor 

researched. The findings of the study described in chapter 6 extend this literature by suggesting 

that pilots can also be at a similar risk while driving after duty. In addition, the risk of car crashes 

after work has been associated in the existing literature with sleep-related factors, a preceding 

work shift, or the drive after work itself. Besides the role of fatigue induced by working, this study 

suggests a link of the risk of car crashes after duty to fatigue induced by commuting to work as 

well. Therefore, researchers might benefit in the future by exploring the whole commuting cycle 

in order to identify the factors that contribute to fatigue while driving after duty.  

To sum up, if the findings of this study applied to the population of professional pilots, that would 
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mean that they could be at an increased risk of aeroplane accidents and car crashes after duty due 

to fatigue induced by completing long and demanding drives to the airport and flying. However, 

this risk could reduce by taking short breaks that combine physical activity, postural change, and 

mental disengagement from the primary task before and after flight. The potentially beneficial 

effects of these breaks may not last for long. Therefore, pilots should take them as close as 

possible to the flights and drives and consider using additional intervention strategies during these 

tasks. In addition, fatigue in commuting pilots cannot be only induced by commuting to the 

airport. For example, pilots may also be sleep deprived and awake for many hours before reporting 

for duty. Therefore, any interventions for active fatigue induced by driving to the airport (e.g. by 

taking a break similar to the one tested in this thesis) should be accompanied by interventions for 

sleep-related fatigue. 

7.3 Limitations and further study 

The studies described in this thesis improved the understanding of the adverse effects of active 

fatigue induced by driving to the airport on fatigue in flight and while driving after duty. However, 

they have some limitations. These limitations, along with recommendations about overcoming 

them in the future, are outlined in the next sections. 

7.3.1 Survey 

• The survey had an exploratory purpose due to the lack of previous studies on fatigue in 

commuting pilots. This means that it aimed to identify potential issues that could be further 

explored with experiments. As a result, there were questions about the task load and the 

duration of the drives and flights, fatigue, and performance impairment, but not questions 

that would link them directly. Future surveys could benefit from more direct questions on 

these links. For example, pilots could be directly asked about the effects of the task load and 

duration of driving to the airport on the levels of fatigue experienced in flight. 

• The survey provided only a snapshot of pilots’ usual commuting habits. These habits may 

vary in time, for example, because pilots decide to use public transport instead of their private 

vehicles. It is also likely that the duration of their drives differs between days, for example, 

because of the traffic density. Furthermore, pilots’ commuting patterns may vary due to 

sleeping at hotels near the airport. Researchers with more resources could collect data about 

the effect of these variations of commuting habits on pilots’ fatigue. 

• The time spent at the airport before flight usually helped the pilots to reduce their levels of 

fatigue, but this was not the case with the time spent at the airport after flight. Future surveys 

could explore the role of the time spent at the airport on commuting pilots’ fatigue by 

collecting data about the effect of pre- and post-flight tasks and the self-initiated intervention 
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strategies used. 

• Pilots working for a mainline airline and pilots with a home base in Europe were 

overrepresented in the survey. The commuting habits of pilots may vary depending on the 

type of employer because of potentially different scheduling patterns. Moreover, as 

mentioned in the survey of chapter 4, pilots’ commuting habits in Europe may differ from 

those of pilots in other regions, such as in the US. Future studies could investigate if these 

factors affect pilots’ commuting habits and fatigue during the commuting cycle. 

• Fatigue in the survey was measured retrospectively. This approach was considered the most 

appropriate to collect data from as many pilots as possible worldwide. Nevertheless, people 

may not be able to rate their levels of fatigue accurately retrospectively due to the difficulty 

in recalling how fatigued they were. In addition, the CSS is used to rate fatigue on a specific 

moment in time. In contrast, in this survey, the pilots were asked to rate their usual levels of 

fatigue during the commuting cycle rather than fatigue during specific commutes and flights. 

This decision was made to explore the extent to which fatigue induced by long and 

demanding drives to the airport affects negatively professional pilots’ fatigue in flight and 

while driving after duty. The comparisons between the ratings of fatigue on consecutive 

measurement time points also helped to reveal how these might have been related to driving, 

pre-flight tasks, flying, and post-flying activities. Nevertheless, asking the pilots about their 

usual levels of fatigue resulted in missing information about the variability of the ratings 

between days. This considered, the results of the analysis of the CSS data were treated as 

indications rather than definite links and differences because of these limitations. 

Researchers with more resources could conduct surveys to collect fatigue data about specific 

commutes and flights. 

• Fatigue was not inferred from the analysis of physiological data due to limitations of the 

equipment used (i.e. eye tracker and wrist-worn device). Collecting this type of data when 

exploring fatigue in commuting pilots could help future researchers to detect variations of 

the levels of fatigue during driving and flying.  

• The effect of sleep-related factors on fatigue could not be understood fully. A number of 

sleep-related factors can cause fatigue including operating during the circadian low, 

experiencing a disruption of the circadian rhythms due to time zone crossing, being sleep 

deprived and awake for a long time, and not sleeping well. Inter-individual differences in the 

preference for the time of the day and the response to sleep deprivation can play a role in 

fatigue too. Investigating in-depth the role of sleep-related fatigue was out of the scope of 

this thesis. Researchers with more resources could collect detailed sleep data (e.g. with 

morningness/eveningness questionnaires) when exploring fatigue in commuting pilots.  
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7.3.2 Behavioural experiments 

• Older age may relate to higher levels of sleepiness (e.g. Harma et al., 1994) but the 

participants in the experiments were younger than the mean age of pilots worldwide (e.g. 

Civil Aviation Authority, 2018). Therefore, the adverse impact of fatigue induced by driving 

to the airport and flying may be exacerbated in the real world. Future studies with better 

access to pilots could investigate if this impact differs between younger and older pilots. 

Using simulators is a safe and practical way of exploring driving and flying performance. 

Nonetheless, it also has disadvantages: 

• The motivations for participation in simulator studies may differ from those when driving or 

flying in the real world. That is, participants in simulator studies are usually motivated by 

financial rewards and curiosity about the findings (Stunkel and Grady, 2011). In contrast, in 

real life, pilots drive to go to work and fly because this is their job. Hence, they are expected 

to be more motivated to perform well than the participants in the experiments of this thesis 

because of the safety risks associated with impaired performance in the real world.  

• Simulated driving might induce fatigue more quickly than real driving (e.g. Davenne et al., 

2012) and performance in simulated flying tasks may be more susceptible to the effects of 

fatigue than performance in real flights (Billings et al., 1975; Caldwell and Roberts, 2000). 

Moreover, low fidelity flying simulators may not predict flying performance on real 

aeroplanes (De Winter et al., 2012). Similar, driving might be more erratic in simulators than 

in real life (Blana, 2001; Blana and Golias, 2002; Reed and Green, 1999) especially when 

simulator fidelity is low (Jamson and Jamson, 2010). Therefore, the performance values in 

the studies described in chapters 5 and 6 should be interpreted as relative rather than absolute. 

Future studies might benefit from investigating commuting-induced fatigue in real-world 

operations. 

• Pilots often use self-initiated intervention strategies when fatigued in-fight, such as reducing 

the workflow (Dawson et al., 2012). However, the participants in the experiment of chapter 

6 did not have any control over the pace of the flying tasks. They were also not allowed to 

stand up to stretch or walk, which pilots can do when fatigued. Pilots may also use 

intervention strategies before and after their duties, such as sleeping in rest facilities. These 

strategies may help them to mitigate the effects of fatigue induced by driving to the airport 

and flying. Nonetheless, only one of the intervention strategies for fatigue was tested in the 

experiment described in chapter 6. Future studies could explore fatigue in commuting pilots 

when other intervention strategies are used while at the airport and in flight. 

• Fatigue can hinder decision-making in pilots by increasing the difficulty in storing 
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information in the working memory and planning and causing mental confusion (e.g. Falleti 

et al., 2003). The participants in the studies described in chapters 5 and 6 could have 

developed strategies to improve their multi-tasking performance. However, they were not 

asked to make decisions as pilots do in real life, for example, when they detect bad weather 

on their flight path. Researchers could explore in the future the effects of driving-induced 

active fatigue on pilots’ decision-making in flight. 

• The duration of the flying tasks in the experiments resembled that of some domestic flights 

but they could be longer to represent international flights as well. Similar, the motorway 

drives after the flying tasks could be longer as pilots may drive more than 20 minutes after 

duty.  

• The participants in the experiment of chapter 6 completed the flying tasks alone, whereas 

commercial flights require at least two pilots in the cockpit. A second pilot can help to avoid 

errors by taking over additional tasks when the other pilot is fatigued. Moreover, pilots might 

reduce the likelihood of experiencing passive fatigue in the low task load stages of flight by 

discussing with their colleague. If that was the case, any adverse effects of fatigue induced 

by driving to the airport and flying might be mitigated. This considered, future studies could 

explore the effects of commuting-induced fatigue on flying performance when two pilots are 

in the cockpit.  

• As in the survey, the role of the sleep-related factors in fatigue was not fully understood 

because this was out of the scope of the thesis. Researchers who explore fatigue in 

commuting pilots in the future might benefit from collecting detailed data about the factors 

that contribute to sleep-related fatigue. For example, the disruption of the circadian rhythms 

due to time zone crossing could be explored by asking pilots about their recent travels. In 

addition, future studies could explore how sleep deprivation, the time of the day, the time 

awake since the last sleep, circadian disruption, and sleep quality interact with task-related 

fatigue in pilots who commute by driving. 

7.4 Contribution to existing knowledge 

The research described in this thesis extends the understanding of the relationship between fatigue 

induced by long and demanding driving and pilots’ fatigue in flight and while driving after duty 

in the following ways; 

• It is the first to collect data about the commuting habits of pilots worldwide and suggest that 

driving is the most common means of commuting among professional pilots. 

• This thesis is the first to suggest based on pilots’ self-reports that many of them are at an 

increased risk of aeroplane accidents and car crashes after duty when they complete long and 
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demanding drives to the airport. It is also the first time that this risk was explored in 

experiments. Moreover, no other study that used both driving and flight simulation was 

sourced.  

• A methodology that could be used in the future to explore commuting-related fatigue in pilots 

and other professionals was developed. 

• The work described in this thesis suggests that using the literature solely on drivers and pilots 

to explore fatigue in commuting pilots may not capture all the aspects of the issue. That is, 

drawing from driver studies, the more fatigued the pilots finish their commutes to the airport, 

the more fatigued they would be in flight. However, the experiment in chapter 5 showed that 

the type of fatigue induced by driving plays a role too.  

• This thesis provided evidence that short bursts of medium physical intensity can be an 

effective intervention strategy for fatigue induced by driving to the airport and flying in 

commuting pilots. The positive effects of using these short breaks may last longer than the 

breaks tested in other studies. 

7.5 Practical implications 

The research described in this thesis suggests an increased risk of impaired performance in flight 

and while driving after duty after long and demanding drives. The findings of this thesis should 

be validated in larger sample sizes before being used to; 

• Develop commuting policies. Currently, only some airlines use policies regarding 

commuting. Drawing from the findings of the study described in chapter 5, more airlines and 

pilots might benefit from policies, such as using minibuses or taxis for pilot commuting. 

Travelling as a passenger might also induce fatigue, but the pilots would have the option to 

sleep during the commute or stay alert by discussing with other passengers and surfing the 

internet on their mobile phone. In addition, flying tasks could have an alerting effect when 

driving to the airport induced passive fatigue in contrast to active. 

Another policy currently in use by airlines is to ask the pilots to live within a certain range 

from their home base. This policy is mainly aimed to ensure that pilots on stand-by duty 

arrive quickly at the airport. Although reducing the time spent on commuting to the airport 

might help the pilots to avoid reporting fatigued for duty, this approach does not consider the 

effect of delays that may occur even in short commutes (e.g. due to high traffic density) and 

the means of transport used (e.g. car or aeroplane). As a result, the time on task may be longer 

than expected based on the distance from the airport. Airlines might benefit from updating 

their policies to also consider the usual duration of pilots’ commutes and the means of 

transport used in addition to the distances covered.  
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• Provide training. Airlines provide fatigue training through Fatigue Risk Management 

Systems (FRMSs) to help pilots to avoid, detect, and manage high levels of fatigue before 

and during their flights. However, the FRMSs do not include information about the extent of 

the issue amongst pilots, how driving to the airport can affect flying and driving after duty, 

and what pilots could do to mitigate the associated safety risk. The findings of this thesis 

could be used to train pilots regarding the risk of fatigue-related impaired performance in 

flight and while driving after duty. Information about what can be done to manage that risk 

(e.g. breaks, use of rest facilities, and commuting by public means of transport) could be 

included too. Due to the high variability in pilots’ commuting habits, training in commuting-

induced fatigue might be one of the most effective interventions.  

• Improve scheduling. The findings of this thesis could be used to improve the 

biomathematical models that predict pilots’ fatigue in flight. These models are used by airline 

schedulers to provide quantitative and qualitative predictions of fatigue and performance in 

flight using equations. Based on the model outputs, airlines determine the start and finish 

times of duties, their total duration, the number of consecutive duties, and the days off work. 

The problem with these models is that their algorithms consider only sleep-related factors 

known to increase the levels of fatigue, such as the time of the day, the hours of sleep, and 

the time awake since last sleep. These models also consider the duration of commuting to 

and from the airport, but they do not take into consideration the levels of task load during 

commuting.  

The study described in chapter 5 suggested that the type of fatigue induced by driving can 

affect the levels of fatigue experienced in subsequent flying and driving tasks. Future studies 

could explore the role of various levels of task load (e.g. low, moderate, high) on fatigue in 

commuting pilots before continuing to any changes in these models. However, based on the 

findings of the study in chapter 5, adding a parameter of task load in the algorithms might 

increase the accuracy of the predictions. Airlines might be then able to adjust their scheduling 

practices to accommodate commuting habits. For example, a pilot might need the double 

time to cover the same distance compared to another pilot because of the need to commute 

by driving a very busy road. In that case, it might work better in terms of fatigue if the number 

of commutes in a month reduced for that pilot. That might be achieved, for example, by 

changing the schedules so that the duties were completed in blocks with sleep in-between at 

hotels near the airport.  

• Improve fatigue regulations. The flight time limitation regulations do not count the time 

spent on commuting to or from the airport. More specifically, the flight time limitation that 

applies to pilots in Europe does not mention the risk of fatigue associated with commuting 
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at all (European Union Aviation Safety Agency, 2017). On the other hand, the relevant 

regulation for the US mentions commuting as an important fatigue-related issue but does not 

regulate it (Federal Aviation Administration, 2011). Moreover, no regulations refer to the 

risk of car crashes after duty due to fatigue. Regulating pilots’ commutes is difficult (as 

suggested in the interview of chapter 4) because this activity is part of their personal life. 

However, the Federal Aviation Administration (2011) stated that it is likely to conduct a 

rulemaking regarding pilot commuting to address the issue of fatigue in flight if more 

information was available about the risks posed by commuting and the potential 

countermeasures.  

Regulators could use the findings of this thesis to explore further the effects of fatigue 

induced by commuting to the airport in large-scale studies that would involve professional 

pilots and complex commuting patterns. Depending on their findings, the regulations could 

be modified to include control mechanisms for commuting-related fatigue, such as systems 

to collect systematic data about pilots’ commutes. Regulators could also raise awareness 

about the importance of managing the risk of accidents associated with commuting.  

• Help other commuting professionals. The study described in chapter 5 explored the 

fundamental aspects of the effects of the type of fatigue induced by driving on fatigue 

experienced in subsequent flying and driving with non-pilots and low fidelity flying tasks. 

These tasks are similar to tasks completed by other professionals. Moreover, the benefits of 

the breaks used in the experiment of chapter 6 are expected to be effective for active fatigue 

induced by driving to work in any individual. Hence, other professionals who work in safety-

critical roles could benefit from the findings of this research too.  

7.6 Final conclusion 

This thesis helped to identify the extent of a currently ill-explored safety risk for commuting 

professional pilots and improved understanding of the fundamental principles behind it. 

Moreover, it provided evidence of the effectiveness of a self-initiated intervention strategy that 

could be used by pilots who complete long and demanding drives to the airport to reduce their 

levels of fatigue in the commuting cycle. Thus, it contributed to flight and driving safety. It is 

hoped that this research will inspire other researchers to explore fatigue in commuting pilots and 

draw the attention of regulators, airlines, and pilots to this topic in order to develop control 

mechanisms.  
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Chapter 9. Appendices 

 

Appendix A. The methods used in this thesis to collect data about fatigue, control 

for the effect of contributors to it, and measure its expressions. 

 

Contributors controlled by study design 

Task load 

• Increased task load in the 60-minute drives (both experiments)  

• Changes of task load between stages of flight (both 

experiments) 

• Reduced task load in the short drives (both experiments) 

• Increased task load in the first half of the 20-minute drive 

(experiment 2) 

Time on task 60-minute drives (both experiments) 

Time awake since 

last sleep 

Trials run on certain times of the day (both experiments), asked the 

participants in experiment 2 

Time of day Trials run on certain times of the day (both experiments) 

Ambient temperature Between 22 and 25°C (both experiments) 

Vibration No vibration of the seats (both experiments) 

Body posture 
Participants sat upright in both experiments but stood up during the 

breaks in experiment 2 

Light Ambient light adjusted to room light (both experiments) 

Contributors controlled by collecting data 

Task load 
Item developed for this thesis (survey) and NASA TLX (experiment 

1) 

Age Age data (all studies) 
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Sleep duration 
Usual sleep duration (survey) and self-reported sleep duration the 

night before the trials (both experiments) 

Sleep quality Item from St Mary’s hospital sleep questionnaire (both experiments) 

Data collected to measure the expressions of fatigue 

Subjective fatigue CSS (survey and experiments) 

Behaviour  

• Vigilance: PVT (both experiments) 

• Task-related performance: diving and flying simulation (both 

experiments) 
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Appendix B. The MATB-II main scenario 

 

MATB-II main scenario 

Block Active tasks Events Start time End time 

1 (00:00 – 04:00) Tracking Tracking 00:00 04:00 

CSS 

2 (04:01 – 08:00) 

Tracking, 

monitoring, and 

communications 

Tracking 04:01 08:00 

Red light 04:10 04:20 

Scale 2 down 04:10 04:20 

Scale 3 down 04:30 04:40 

Green light 04:30 04:40 

COM 2, 

124.450 
04:30 04:55 

Scale 4 down 05:00 05:10 

Green light 05:00 05:10 

Red light 05:20 05:30 

Red light 05:40 05:50 

NAV 2, 

114.600 
05:40 06:05 

Green light 05:55 06:05 

Red light 06:20 06:30 

Green light 06:20 06:30 

Scale 2 up 06:40 06:50 

Scale 4 up 06:40 06:50 

NAV 1, 

115.400 
06:40 07:05 

Green light 07:05 07:15 

Scale 1 down 07:05 07:15 

Red light 07:15 07:25 

Red light 07:30 07:40 

Com 1, 128.475 07:30 07:55 

Green light 07:45 07:55 

CSS 

3 (08:01 – 24:00) Tracking Tracking 08:01 24:00 
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CSS 

4 (24:01 – 28:00) 

Tracking, 

monitoring, and 

communications 

Tracking 24:01 28:00 

Red light 24:10 24:20 

Scale 2 down 24:10 24:20 

Scale 1 up 24:30 24:40 

Green light 24:30 24:40 

NAV 2, 

112.450 
24:30 24:55 

Scale 3 down 25:00 25;10 

Green light 25:00 25:10 

Red light 25:20 25:30 

Red light 25:40 25:50 

COM 2, 

127.525 
25:40 26:05 

Green light 25:55 26:05 

Red light 26:20 26:30 

Green light 26:20 26:30 

Scale 3 up 26:40 26:50 

Scale 1 up 26:40 26:50 

NAV 1, 

113.600 
26:40 27:05 

Green light 27:05 27:15 

Scale 4 up 27:05 27:15 

Red light 27:15 27:25 

Red light 27:30 27:40 

COM 1, 

125.550 
27:30 27:55 

Green light 27:45 27:55 

CSS 

5 (28:01 – 32:00) Tracking Tracking 28:01 32:00 

CSS 
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Appendix C. The X-Plane 10 tasks 

 

Stage 
Instructions for 

manoeuvres 

Timing 

(min.) 

Number of 

communications tasks 

Timing (min.) of 

arithmetic tasks 

 

 

 

 

 

1 

360° straight and 

level, 80 knots, 6,000 

feet MSL 

00:00 – 

03:00 
6 

00:15 – 00:23.5 

00:50 – 00:58.5 

01:15 – 01:23.5 

01:35 – 01:43.5 

02:10 –02:18.5 

02:40 –02:48.5 

Right 360° turn (rate 

1), 70 knots, 6,000 

feet MSL 

03:00.01 

– 

05:30 

4 

03:20 – 03:28.5 

03:40 – 03:48.5 

04:10 – 04:18.5 

04:45 – 04:53.5 

 

360° straight and 

level, 80 knots, 6,000 

feet MSL 

 

05:30.01 

– 

07:30 

4 

05:35 – 05:43.5 

06:15 – 06:23.5 

06:45 – 06:53.5 

07:10 – 07:18.5 

Straight climb from 

6,000 to 6,500 MSL, 

70 knots, climb rate 

500 feet/minute 

07:30.01 

– 

09:30 

2 

07:50 – 07:58.5 

08:30 – 08:38.5 

 

360° straight and 

level, 80 knots, 6,500 

feet MSL 

 

 

09:30.01 

– 

11:30 

 

 

 

 

 

 

 

4 

09:45 – 09:53.5 

10:10 – 10:18.5 

10:35 – 10:43.5 

10:00 -11:08.5 

 

Left 360° turn (rate 

1), 70 knots, 6,500 

feet MSL 

 

11:30.01 

– 

14:00 

4 

11:50 – 11:58.5 

12:15 – 12:23.5 

12:40 – 12:48.5 

13:00 – 13:08.5 

CSS 
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2 

360° straight and 

level, 80 knots, 6,500 

feet MSL 

 

 

15:01.01 

– 

37.00 

0 

 
- 

CSS 

 

 

3 

 

Left 360° turn (rate 

1), 70 knots, 6,500 

feet MSL 

 

38:00.01 

–40:30 
4 

38:20 – 38:28.5 

38:45 – 38:53.5 

39:20 – 39:28.5 

39:40 – 39:48.5 

 

360° straight and 

level, 80 knots, 6,500 

feet MSL 

 

40:30.01 

– 

42:30 

4 

40:45 – 40:53.5 

41:10 – 41:18.5 

41:35 – 41:43.5 

42:00 – 42:08.5 

Straight descent from 

6,500 to 6,000 feet 

MSL, 70 knots, 

descent rate of 500 

feet/minute 

 

42:30.01 

– 

44:30 

2 

42:50 – 42:58.5 

43:30 – 43:38.5 

 

360° straight and 

level, 80 knots, 6,000 

feet MSL 

 

44:30.01 

– 

46:30 

4 

44:35 – 44:43.5 

45:05 – 45:13.5 

45:35 – 45:43.5 

46:00 – 46:08.5 

 

Right 360° turn (rate 

1), 70 knots, 6,000 

feet MSL 

 

46:30.01 

– 

49:00 

4 

46:50 – 46:58.5 

47:10 – 47:18.5 

47:40 – 47:48.5 

48:15 – 48:23.5 

 

360° straight and 

level, 80 knots, 6,000 

feet MSL 

 

49:00.01 

– 52:00 
6 

49:15 – 49:23.5 

49:50 – 49:58.5 

50:15 – 50:23.5 

50:35 – 50:43.5 

51:10 – 51:18.5 

51:40 – 51:48.5 

 CSS 


