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ABSTRACT 

The impact of fatigue on flight crew performance can be investigated by identifying causal 

links between fatigue related impairment and embedded performance measures. To 

investigate the feasibility of recording simulated flight data measures in operational 

settings, this study sought to identify what key processes need to be in place. In addition, by 

investigating the association between measures of fatigue and simulated flight data 

measures, the study also sought to identify if fatigue related changes in flight crew 

performance are detectable. 

Sixteen regional airline pilots, working as eight flight crew, were monitored during a 12 day 

flight duty period protocol. The protocol consisted of two simulated flights, one which 

followed four consecutive days where flight duty periods were scheduled (the non-rested 

condition) and one which followed two consecutive days free from duty (the rested 

condition). The simulated flights, conducted in a full flight  simulator, were representative 

of normal flights. 

Although logistically challenging, the study demonstrated the feasibility of conducting a 

simulator study in operational settings and that it is possible to record simulated flight data 

measures from a Simulator Operations Quality Assurance programme. The flight duty 

period protocol was partially successful. In the non-rested condition, participants initially 

experienced cumulative sleep debt and ratings of fatigue and sleepiness were significantly 

higher both before and following each simulated flight. However, following the last sleep 

opportunity before each simulated flight, there were no flight duty period protocol 

differences in any sleep related variables aside from cumulative sleep debt and time since 

sleep. Changes in flight crew performance were identified, with greater variability observed 

in some initial climb measures during the non-rested condition. Findings were mixed, an 
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increase in time since sleep was associated with reduced variability in some initial climb 

measures and time taken to complete the go around/missed approach procedure checklist 

increased with greater time since sleep and with a greater amount of sleep in the previous 

48 hour period. Increases in ratings of fatigue and sleepiness were associated with 

increased variation in some initial climb measures. 

Results from this study illustrate that the methodology and the accuracy of simulated flight 

data measures is sufficient to warrant further investigation into the influence of fatigue on 

flight crew performance. 
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CHAPTER 1 INTRODUCTION AND RATIONALE  

This thesis focuses on identification and measurement of flight crew fatigue in short 

haul airline operations. It  determines the processes needed for, and the feasibility of, 

using information recorded by a simulator during normal flight operations. It also 

investigates the association between measures of fatigue and simulated flight data 

measures from a flight simulator to determine if fatigue related changes in flight crew 

performance are detectable.  

The thesis begins by providing an introduction and rationale. This section starts by 

outlining the role of fatigue in aircraft incidents and accidents. This is not intended to 

be alarmist, rather, it is to illustrate the importance of research that highlights the 

impact of fatigue on pilot performance during normal flight operations. Focus is then 

placed on providing an overview of sleep, sleep loss, and recovery. The implications 

of fatigue related performance impairment are also considered to enable cognitive 

functions, that are sensitive to sleep loss, to be mapped to scenarios that were 

included in simulated flights. To understand the strengths and weaknesses associated 

with different approaches to the investigation of the effect of fatigue on pilot 

simulator performance, several studies involving either in-flight or simulated flights 

are reviewed. And to illustrate how studies like this can contribute to the overall 

commercial aviation safety system, a brief introduction to Safety Management 

Systems and Fatigue Risk Management Systems is provided. The chapter ends by 

providing rational for the study and introducing the studies aims. Chapter 2 provides 

an overview of the study methods and key processes including a detailed overview of 

the flight duty period protocol. Measures of fatigue and performance including 

simulated flight data measures are also introduced. Chapter 3 introduces the 

simulated flight protocol, which represents a plan for each simulated flight and 
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Fatigue is often underreported which may result in fatigue risk being 

underestimated. For example, a survey of 6000 pilots determined that only 20% - 

30% would file a fatigue report due to fear of disciplinary action or stigmatization 

by the employer or colleagues (Tittelbach, 2012). Factors that may contribute to a 

reduction in reporting may include extra work associated with completing paper 

work , time taken to complete paper work, scepticism, a lack of trust or confidence 

in the safety system and a fear of reprisals (Reason, 2016). Confidential incident 

reporting systems may result in more accurate reporting by guaranteeing 

anonymity, but unfortunately these systems have not been successful in New 

Zealand (Forrest, 2006; Sullivan, 2001).  

For fatigue to be considered a causal factor in an aircraft incident or accident, 

performance deficiencies need to be clearly identifiable and consistent with the 

known effects of fatigue (National Transportation Safety Board, 2007, 2010). This 

can be challenging as the relationship between incidents, accidents and fatigue in 

ultra -safe industries2, such as aviation (Amalberti, 2001), is complex due to the 

multiple layers of system controls that reduce the likelihood of having an incident, 

or accident attributable to fatigue (Gander, Hartley, et al., 2011; Goode, 2003; Signal 

et al., 2022). A further challenge with establishing fatigue as a causal factor is that 

its true incidence is relatively unknown due to inadequate measures of fatigue, 

performance (National Transportation Safety Board, 1994), and investigative 

techniques (Lauber & Kayten, 1988). Despite these challenges, fatigue has been 

identified as a causal factor in major disasters (Lauber & Kayten, 1988; Rosekind, 

 
2 A key feature that distinguishes accidents in a ultra -safe system is that they may occur in the 
absence of any serious operator error (Gander, Hartley, et al., 2011). 
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Gander, et al., 1994; Upender, 2022) including incidents and accidents involving 

aircraft (Civil Aviation Authority of United Kingdom, 2019).  

The overall incidence of fatigue as a causal factor in aviation disasters is very low. 

For example, only 0.22% of all transport category aircraft accidents investigated by 

the National Transportation Safety Board (NTSB) between 1989 and 2008 identified 

fatigue as a causal factor (Gander, Graeber, et al., 2011). Aviation mishaps (as 

opposed to accidents) which involve fatigue or are attributable to fatigue may be 

higher, at between 4% to 8% (Caldwell, 2005; Kirsch, 1996; Luna, 2003). From a 

frequency perspective, independent research on pilot fatigue measurement by the 

Netherlands Aerospace Centre (Civil Aviation Authority of United Kingdom, 2019) 

identified 20 accidents from the NTSB accident database that occurred between 

1980 and 2013. They also identified 10 accidents from the Air Accidents 

Investigation Branch (AAIB) accident database where fatigue was cited as a 

contributing factor. In addition, 35 mandatory occurrence reports, between 2009 

and 2014 were identified that included fatigue as a contributing factor. Therefore, it 

is likely that for the reasons mentioned above, the contribution of fatigue in 

accidents or mishaps is likely under reported. 

The focus of the following section is to introduce sleep and the physiological 

processes that promote both wakefulness and sleep. Individual differences in sleep 

timing and duration are also introduced to illustrate that approaches to fatigue risk 

management require flexibility and that a research design should consider the 

influence of individual variability .  
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occur during an average eight hour nighttime sleep period. Within a nighttime sleep 

period of a healthy young adult, N2 sleep accounts for between 45% - 55% of sleep, 

N3 for between 10% - 20%, REM sleep for 20 - 25% and N1 sleep accounts for 

between 2% - 5% (Sullivan et al., 2022). Slow wave activity is more predominant 

during the first third of a sleep period and may not be present in later cycles. This 

contrasts with REM sleep, which is of short duration earlier in a sleep period, after 

which it occurs every 90 to 120 minutes in episodes which increase in duration as 

the sleep period progresses. Arousals can occur spontaneously, or because of an 

environmental stimulus. An incrementally larger stimulus is required to produce an 

arousal from N3 sleep than during the lighter stages of NREM sleep or during REM 

sleep (Sullivan et al., 2022). Transient arousals to a lighter stage of sleep or 

wakefulness can contribute to fragmentation of sleep structure which reduces the 

recuperative value of sleep, increases daytime sleepiness and impairs performance 

(Stepanski, 2002).  

1.1.1 Sleep Regulation 

Sleep duration and timing are controlled by two separate processes, a circadian 

process and a homeostatic process (Borbely & Achermann, 1999). The circadian 

process is controlled by the suprachiasmatic nucleus3 (SCN) of the anterior 

hypothalamus. The SCN uses environmental time cues, predominantly the light-

dark cycle (Duffy & Wright, 2005) to enable the endogenous period of the circadian 

body clock cycle to synchronise with  the 24 hour day-night cycle. The SCN promotes 

wakefulness and sleepiness which influences sleep timing, the timing and amount 

of REM sleep. It also contributes to variation in performance, physical functions, 

 
3 The SCN is a group of cells in the brain which produce an internally generated circadian rhythm that 
is, on average, slightly longer than the 24 hour day/night cycle (Czeisler et al., 1999). 
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mood, and behaviour. In the absence of time cues, the circadian body clock cycle will 

continue to oscillate close to the 24 hour day-night cycle (Czeisler et al., 1999). Its 

timing can be inferred from biological markers including core body temperature, 

melatonin and cortisol which are tightly controlled by the SCN (Czeisler & Buxton, 

2022).  

The homeostatic process increases the need for sleep with increasing wakefulness 

and reduces the desire to sleep following sleep (Achermann, 2004). The homeostatic 

process can be tracked using slow wave sleep (SWS) as it represents a marker of 

sleep homeostasis4. As time awake increases, the duration of slow wave sleep (SWS) 

during the first few NREM/REM cycles increases regardless of when that sleep 

occurs during the circadian body clock cycle. In the young adult, across sleep, the 

percentage of SWS in each NREM/REM cycle decreases as the pressure for SWS 

decreases (Sullivan et al., 2022). 

The two-process model describes the interaction between the circadian process 

(process C) and homeostatic process (process S) which produce a compensatory 

response to variations in sleep need and timing (Borbely, 1982; Daan et al., 1984). 

The two-process model forms the basis of a bio-mathematical model5 which can 

predict the timing and duration of sleep, waking alertness and performance 

(Akerstedt & Folkard, 1997; Borbely, 1982; Dijk & Skeldon, 2022). The upper and 

lower threshold of process C defines boundaries for process S. During wakefulness, 

process S increases until it reaches the upper threshold of process C, it then reduces 

 
4 Sleep homeostasis is the ability of an individual to maintain internal biological equilibrium through 
regulatory mechanisms (Cannon, 1939). 
5 A computer program designed to predict aspects of a schedule that might generate an increase in 
fatigue risk for the average person, based on scientific understanding of factors that contribut e to 
fatigue (International Civil Aviation Organisation, 2015, p. xii). 
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(Folkard & Akerstedt, 1987) which is an extension of the two-process model. Three 

process models, although successful at accounting for sleep deprivation, are less 

successful at accounting for sleep restriction, likely  because of a structural 

inadequacy (Belenky et al., 2003). To improve predictions of alertness and 

performance during, and following sleep restriction, they propose that in addition 

to sleep homeostasis, timing and sleep inertia, models should include a fourth factor 

which represents slow adaption to, and slow recovery from sleep restriction.  

1.1.2 Individual Differences 

Differences in genetic composition likely contribute to individual differences in 

sleep need (Drake et al., 2022; Heath et al., 1990; Shaw, 2022) however occupational 

and personal commitments and social pressure can override genetic (Pack et al., 

2022) and circadian influences (Paine & Gander, 2007). Individual differences in the 

duration of the endogenous circadian body clock cycle represent an important 

source of circadian related individual differences (Skeiky et al., 2022). Individuals 

with shorter circadian rhythms typically have a morning chronotype (morningness) 

as they have been shown to rise earlier, achieve less total sleep and have greater 

levels of alertness on waking from night time sleep (Carrier et al., 1997). Individuals 

with longer circadian rhythms typically have an evening chronotype (eveningness) 

as they stay awake later (Akerstedt & Torsvall, 1981). Morningness or eveningness 

represents a stable characteristic that is independent of age, gender and 

socioeconomic position (Paine et al., 2006). 

Adults require between seven and nine hours of sleep per day to maintain optimal 

functioning and health (Hirshkowitz et al., 2015). Sleep duration varies between 

individuals (Grant & Van Dongen, 2013) with l onger nocturnal intervals of 

melatonin and cortisol likely contributing to increased sleep duration in long 
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also exhibits individual differences during both baseline and sleep deprived states 

which has an influence on dynamic sleep structure (Kishi & Van Dongen, 2023).  

Age related changes in sleep need include a reduction in the proportion of time 

spent in slow wave sleep, a decline in nocturnal sleep duration, more awakenings6 

from sleep, an increase in morningness preference with age, and an increase in 

daytime sleepiness (Crowley et al., 2007; Klerman et al., 2004; Landolt et al., 1996; 

Miner & Lucey, 2022; Paine et al., 2006). 

Individual differences in sleep need can have an operational impact. If group 

averages are used to estimate the impact of sleep loss on performance, individual 

differences in the timing and duration of sleep may contribute to a misestimation of 

that impact (Van Dongen et al., 2006). For example: 

Managers and schedulers need to understand that optimal mission 

assignments and work/rest schedules cannot be based on traditional, 

grouped research data, because such averages will paint an overly optimistic 

picture for some personnel (indicating that they can fly longer missions or 

sleep less than they actually can) and an overly pessimistic picture for others 

(resulting in shorter-than-necessary missions for pilots who are capable of 

flying longer). Similar difficulties would be present in other occupations in 

which long duty periods and/or shortened sleep episodes threaten to impair 

operator performance. (Van Dongen et al., 2006, p. 342) 

In the following sections, literature is reviewed to provide insights into the causes and 

prevalence of sleep loss in regional airline pilots. The discussion on recovery 

 
6 Although older adults wake more frequently from sleep, they have no greater difficulty in falling 
back to sleep (Klerman et al., 2004).  









CHAPTER 1 

17 

were considerably lower (less sleepy) during sleep restriction when compared with 

sleepiness ratings during total sleep deprivation. This may explain why chronic 

sleep restriction is widely tolerated.  

1.2.1 Recovery from Sleep Loss  

Time taken for complete recovery from extended wakefulness or sleep restriction 

differs and is dependent on the type of sleep loss (total sleep deprivation or sleep 

restriction), duration of recovery sleep and the number of consecutive days 

available for recovery (Banks et al., 2022). The recovery of sleep architecture and 

baseline performance may occur at different rates with performance impairment 

lingering following sleep restriction despite the possibility that the individual may 

report that they have recovered (Banks et al., 2022). Banks et al. (2010) determined 

that one 10 hour sleep opportunity was not sufficient for PVT performance or 

subjective sleepiness to recover from five nights of sleep restricted to four hours per 

night, while two 10 hour sleep opportunities were required to recover from seven 

nights of sleep restricted to five hours per night (Dinges et al., 1997). A greater 

number of recovery days is likely needed if the recovery sleep opportunity is 

reduced. For example, Jay et al. (2007) investigated the recovery of sleep 

architecture and PVT performance when the recovery opportunity, over a five night 

period, was either restricted to six hours or extended to nine hours following one 

night of sleep loss (40 hours of extended wakefulness). They found that one sleep 

opportunity of nine hours following one night of sleep loss was sufficient to return 

PVT performance, slow wave sleep, sleep efficiency, and sleep onset latency to 

baseline levels. However, when the sleep opportunity was restricted to six hours, 

although slow wave sleep returned to baseline levels following one six hour sleep 

opportunity, PVT performance, sleep efficiency and sleep onset latency did not 
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sleep group had a median of 6.5 hours awake (5.3 hours for Captains and 5.2 hours 

for First Officers). The high time since sleep group made on average 12.7 errors 

during the event (40% more errors) compared with 8.7 errors in the low time since 

sleep group 7.  

1.4 Circadian Disruption  

Shiftwork may result in sleep occurring when the circadian biological clock is 

promoting wakefulness and work occurring when the circadian biological clock is 

promoting sleep. For example, following night shift work there is a limited window 

for sleep due to the increase in the signal for wakefulness from the brain following 

the window of circadian low. In addition, prior to a shift that starts early, it may not 

be possible to fall asleep earlier than usual due to the evening wake maintenance 

zone. Partial adaption to a night shift work pattern may occur however given the 

prevalence of environmental and social time cues, an individual is unlikely to 

acclimatise fully to a night shift pattern (Czeisler & Buxton, 2022). Although some 

individuals may tolerate shift work (Ritonja et al., 2019), a significant proportion 

will likely struggle to adapt to shift work (Booker et al., 2018).  

Individuals who are unable to tolerate the effects of a shift work schedule typically 

present with symptoms of excessive sleepiness or insomnia despite adequate time 

in bed and in the absence of other sleep disorders (Drake et al., 2022). The inability 

to adapt to shift work can be extreme and constitutes as shift work disorder (SWD). 

The prevalence of SWD is estimated to be between 14% and 32% of night shift 

workers and 8% to 26% of rotating shift workers (Drake et al., 2004). A cross-

sectional study involving 344 pilots who completed validated questionnaires to 

 
7 These were primarily errors of omission (National Transportation Safety Board, 1994). 
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screen for risk of sleep disorders, fatigue and depression, found that 48.8% of pilots 

had self-reported insomnia, 38.1% had self-reported impaired sleep quality, 25% 

reported increased sleepiness and 17.2% were at high risk of having obstructive 

sleep apnoea (Alzehairi et al., 2021). 

The following section discusses workload as it is a factor that both contributes to 

fatigue and performance impairment in airline pilots .   

1.5 Workload 

Workload represents the interaction between task related factors (i.e. complexity), 

individual factors (i.e. experience) as well as time related factors (i.e. time on task) 

(Casner & Gore, 2010; Hart & Staveland, 1988). Workload is both dynamic and 

complex and is not totally described by a single measure. For example, heart rate 

variability may detect differences between the workload of a Captain and a First 

Officer which might not be evident if solely relying on subjective ratings of workload 

(Kantowitz & Casper, 1988). In addition, the same task can be relatively easy or very 

difficult depending on the availability of appropriate tools and procedures (Orlady, 

2016). Workload can be managed with knowledge, experience, capability, 

environmental conditions, regulatory requirements, operating procedures and 

management of fatigue levels (Warr, 2002) and prior training and experience may 

allow performance to remain acceptable with increasing levels of workload 

(Lysaght et al., 1989). 

The relationship between workload and fatigue has not been well researched 

(International Civil Aviation Organisation, 2015), however, it is considered to be a 

major factor associated with the development of fatigue (Goel et al., 2014; James et 

al., 1991). The relationship between workload induced fatigue and performance 
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impairment represents an inverted U shape (Gradwell et al., 2017; Klein & 

Wegmann, 1980; Lysaght et al., 1989) such that when workload is either low or high, 

fatigue related performance impairment increases (Gaillard, 2000; Rogers et al., 

1995; Signal et al., 2022). Low workload may contribute to boredom which can lead 

to missed signals and instructions (Parasuraman, 1986), micro-sleeps, physiological 

drowsiness (Cabon et al., 1993; Samel et al., 1997). Due to a lack of stimulation, low 

workload can unmask fatigue8. High workload on the other hand may result in an 

increase in errors (Ruffell Smith, 1979), unexpected and undesirable performance 

changes due to task shedding and an inability to perform tasks or maintain task 

performance (Lysaght et al., 1989).  

In a field study involving fatigue ratings made by air traffic controllers, Spencer et 

al. (1997) found that the effects of workload were more apparent when time since 

sleep exceeded 12 hours and that time of day variation in fatigue ratings was more 

pronounced when workload was rated as either low or high when compared with 

intermediate ratings.  

1.5.1 Workload Variation During Flight  

Periods of low and high workload are commonly experienced during flight (Graeber, 

1988; Laudeman & Palmer, 1995; Ruffell Smith, 1979; Wilson, 2002). Gander et al. 

(1994) found that during short haul flights, significant increases above mid-cruise 

heart rate were found for descent and landing, but not for take off. Heartrate 

increases were greater for the pilot flying than the pilot monitoring and the 

difference in heartrate increases for the pilot flying  and pilot monitoring  during 

 
8 In an environment stripped of factors that conceal underlying physiological sleepiness, an 
individual is susceptible to spontaneous uncontrolled sleep and performance impairment 
associated with sleep loss (Rosekind & Gander, 1996). 
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The implication of this is that additional effort may mask fatigue related 

performance impairment and boredom, or complacency may result in the extent of 

fatigue related performance impairment being overstated. The sensitivity to sleep 

loss of a particular task is likely dependent on the willingness of participants to 

maintain performance (Harrison & Horne, 2000). 

Fatigue related impairment in cognitive performance varies as not all facets of 

performance are impacted equally (Harrison & Horne, 2000; Van Dongen et al., 

2022). For example, laboratory studies show that performance in novel and 

unexpected complex tasks were more severely impaired by sleep loss when 

compared to either simple tasks (e.g. tasks requiring attention of vigilance) or 

complex tasks that have been well practiced and have involved training (Harrison & 

Horne, 2000; Nilsson et al., 2005). An example of how fatigue can impair different 

facets of cognitive performance is provided by Belenky et al. (1996) who illustrated 

that during a friendly fire accident in the Gulf War, although fatigue contributed to 

soldiers loosing situational awareness (a complex cognitive function), they were 

still able to engage with targets (a simple cognitive function). The following sections 

provide a brief overview of the effects of fatigue and sleep loss on simple and 

complex cognitive performance. 

1.6.1 Simple Cognitive Performance  

Sleep loss contributes to variation in the ability to sustain wakefulness and 

contributes to an increase in inconsistent performance. Simple cognitive 

performance functions are elementary in nature and consist of functions such as 

alertness, vigilance, attention and tracking capacity. These functions are needed to 

ensure that individuals can sustain alertness and focus attentional resources on 

tasks which require complex cognitive performance. Real-world tasks that rely on 
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increasing homeostatic pressure and sleep loss on PVT performance can be masked 

by the circadian cycle in performance. To illustrate that PVT performance degrades 

faster at certain times of the day, Wesensten et al. (2004) conducted a study where 

participants completed a 10 minute PVT test every two hours between 08:00 on day 

1 and 22:00 on day 2. By recording average PVT response speed in one minute 

increments during 10 minute PVT tests, they were able to measure the effect of time 

on task at different times of the day. Before significant sleep loss, they found that 

time on task effects were evident between 08:00 and 23:59 on the first day. Of note 

is that the PVT test undertaken at 22:00 on day 1 exhibited the smallest time on task 

effect. A comparison of results at 08:00 on days 1 and 2 highlighted that overall 

performance had reduced and that time on task effects had increased. Of note, is that 

they also found that PVT performance during the first minute of a test was better 

than PVT performance during the last minute of the previous test that occurred two 

hours beforehand. This illustrates that time-on-task effects can be reversed by rest 

breaks, even following  sleep deprivation.  

Like attention, vigilance and psychomotor performance, motor tracking shows a 

decline in performance with an increase in sleep loss (Killgore & Weber, 2014). In 

addition, sensory processing is impacted however it is not clear if sensory functions 

are impaired, or if reduced alertness and vigilance impacts sensory perception 

because of sleep loss. 

A factor that may minimise fatigue related performance impairment in simple 

cognitive tasks relates to motivation and compensatory effort. For example, 

following sleep loss, simple cognitive performance may reduce if tests are less novel, 

monotonous or futile, whereas performance may be maintained if tasks are 

complex, interesting, variable or short (Kjellberg, 1975; Wilkinson, 1991).   
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The ability to control and regulate mental activity (i.e. cognitive control) includes 

the ability to both multi -task (i.e. cognitive switching) and to stay focused by 

dismissing distracting or irrelevant information. For example, fixating on the 

continuation of an activity beyond a desired point is characteristic of a deficit in the 

prefrontal cortex as a result of sleep loss (Belenky et al., 2014). Although multi-

tasking is impaired by both total sleep deprivation (Couyoumdjian et al., 2010) and 

sleep restriction (Haavisto et al., 2010), the ability to remain focused by dismissing 

interference is not impaired by total sleep deprivation (Sagaspe et al., 2006).   

The ability to resolve a problem, including the ability to make decisions is reliant on 

complex cognitive thinking, requir ing either convergent or divergent thinking 

(Harrison & Horne, 2000). Complex convergent thinking refers to the process of 

arriving at a solution using logical reasoning and the application of established rules. 

Tasks which incorporate convergent thinking include critical reasoning, logical well 

practiced tasks, multitasking, e.g. tasks which include simultaneous vigilance across 

different sensory modalities9, tasks which include decision-making elements, and 

tracking and intercepting tasks. Complex divergent tasks include the ability to 

appreciate a difficult and rapidly changing situation, undertake risk assessment, 

anticipate a range of consequences, keep track of events and to be innovative. In 

addition, they include maintaining the ability to develop, maintain and revise plans, 

to recall when events occur and retain the ability to control mood and uninhibited 

behaviour. Importantly, to maintain satisfactory performance during complex 

divergent tasks, requires an awareness of variation in performance, maintenance of 

effective communication, and the ongoing avoidance of irrelevant distractions. 

 
9 Although these tests are more complex than simple vigilance or reaction time tests, they are not 
particularly demanding of innovation or require responses to the unexpected (Harrison & Horne, 
2000).  
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Studies that have examined the impact of total sleep deprivation on complex 

convergent tasks using measures of intellectual functioning including logical 

deduction, critical reasoning, reading comprehension, grammatical reasoning and 

nonverbal problem solving, 3D navigation tasks, IQ types of performance test, and 

logical well practiced tasks, found that these tasks were not significantly affected by 

short term sleep deprivation (<48hr)  (Harrison & Horne, 2000; Killgore & Weber, 

2014; Lim & Dinges, 2010; Strangman et al., 2005). A possible reason for this is that 

practice and training for tasks that require complex convergent thinking may result 

in the task becoming more routine, less novel and therefore less dependent on the 

prefrontal cort ex (Harrison & Horne, 2000). Tasks requiring complex divergent 

thinking are highly susceptible to sleep deprivation (Harrison & Horne, 2000). Even 

a single night of sleep deprivation contributes to fewer creative responses, difficulty 

in changing strategies, reduced cognitive flexibility, decrements in planning and 

sequencing capabilities and increases in rule violations (Killgore & Weber, 2014). 

For example, in relation to decision making:  

If there is a particular need to draw on innovation, flexibility of thinking, 

avoidance of distraction, risk assessment, awareness for what is feasible, 

appreciation of one's own strengths and weaknesses at that current time 

(metamemory), and ability to communicate effectively, then these are the 

very behaviours that we feel are most likely to be affected by sleep 

deprivation, not only when people are working alone but also when working 

in a team. (Harrison & Horne, 2000, p. 246) 

The evidence on the effects of sleep restriction on complex cognitive performance, 

is limited  when compared to what is known about the effects of total sleep 

deprivation on complex cognitive performance. Although Wickens et al. (2015) 
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1.6.3 Team Performance  

Mood and emotional regulation are profoundly influenced by sleep loss which 

contributes to increases in anxiety, stress, negative mood, willingness to blame 

others and a reduction in empathy and ability to inhibit inappropriate behaviour. 

Variation in mood and emotional regulation, as a result of sleep loss can have a 

detrimental effect on team performance and can influence higher level cognitive 

functions including judgements on risk assessment and decision making (Killgore & 

Weber, 2014).   

Fatigue likely impacts planning, goal specification, strategy formation, coordination 

and monitoring of progress, and team members by impairing judgement, decision 

making and cognitive flexibility (Banks et al., 2019).  

Team performance is affected by the level of fatigue in each individual team 

member. For example, a fatigued individual within a team setting may reduce or 

conserve their effort if they believe others in the group will make equal or greater 

contributions  (Hoeksema-van Orden et al., 1998). In addition, to conserve energy, 

reduce effort and complete socially-based tasks sooner, fatigued individuals may 

break the rules (Nilsson et al., 2005). Fatigue also influences how individuals 

interact with others. For example, fatigued leaders are more likely impatient, 

irritable and hostile (Guarana & Barnes, 2017). They may also communicate less and 

the nature of their communication may become puerile, i.e. more childish, silly or 

immature (Sparrow et al., 2015). These negative effects may reduce team cohesion, 

trust, and confidence and may lead to a breakdown in shared understanding and a 

loss of collective memory of expertise or lessons learnt, which may contribute to 

further poor performance.  
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Foushee et al. (1986) undertook a similar study to this thesis research. Twenty flight 

crew operated one simulated flight within a zero flight time simulator. Ten flight 

crew flew a simulated flight following three days free from duty (pre-duty 

condition), and the other ten flight crew flew a simulated flight within two ~ three 

hours of completing a three day high density short-haul duty cycle (post-duty 

condition). The study differed from this thesis research in that a between-subject 

design was used, with ten flight crew operating the pre-duty condition and the other 

ten flight crew operating the post-duty condition. In addition, the simulated flight 

included an unexpected mechanical abnormality (a non-normal scenario) which 

resulted in a high level of workload. Measures included expert observer ratings, 

subjective assessment of workload, aircraft handling data, error analysis and crew 

communication patterns. A daily logbook was completed by participants which 

included self-reported sleep wake schedules for each of the four previous nights and 

subjective ratings of fatigue and sleep quality. Twelve parameters that relate to 

aircraft configuration and handling were recorded every 15 seconds and were time 

synchronised with video-taped records. Aircraft handling parameters were utilized 

primarily for analysis of the approach and landing and for cross checking during the 

error analysis. Due to the non-normal scenario, the approach was flown at a higher 

speed onto a short, wet runway with reduced braking effectiveness which increased 

flight crew workload. Flight crew in the post-duty condition were significantly more 

fatigued. However, unexpectedly, they also performed significantly better. This was 

attributed to the post-duty flight crew having more operating experience together 

which resulted in higher levels of communication and improved crew coordination.  

A different methodological approach was taken in the CAA-UK Pilot Fatigue 

Measurement study (Civil Aviation Authority of United Kingdom, 2019) for 

investigating the relationship between sleep loss and pilot performance. The study 
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incorporated a between-subject research design which included either one or two 

simulated flights and unlike the Foushee et al. (1986) study, did not include a rested 

condition. The study included 36 participants. Of those, 28 were recently qualified 

and were still affiliated with flight training schools. The other eight participants 

were airline pilots. All participants undertook a simulated flight using a desktop 

computer based flight simulator and the airline pilots undertook an additional flight 

in a high fidelity full flight simulator which reflected the B-747.  

Non-airline pilot participants participated in an ambulatory study. For seven 

consecutive days, they wore an array of ambulatory sensors. Between 08:00 and 

22:00, they responded to eight random alarms which prompted completion of a 

questionnaire and three minute PVT test. A ninth test was undertaken at bedtime 

and a 10th test was undertaken on waking. They were assigned to one of three 

groups. During the last four nights, one group was instructed to sleep one hour less, 

one group was instructed to sleep one hour more, and the third group maintained 

their habitual sleep schedule.  

In addition, all participants undertook a laboratory study which included the 

simulated flight(s). The purpose of the laboratory study was to investigate the 

effects of posture, light and skin temperature on vigilance in a controlled 

environment during 12 30 minute experimental blocks. This occurred on day nine 

for non-airline pilot participants. Prior to the laboratory study, airline pilots were 

instructed not to change their sleep wake pattern. Participants arrived at 09:00 and 

started their first experimental session at 11:00. These were completed at 17:00. 

The desktop flight simulation started at 18:15 and finished at 19:00. The airline 

pilots then undertook their second simulated flight in the high fidelity full flight 

simulator at 20:00 and finished at 22:00.  
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was unaffected by sleep deprivation. The authors also investigated variation in 

airspeed, heading, vertical velocity and roll and found that the change in 

performance was greatest for vertical velocity and least for roll. The authors suspect 

that vertical speed was more susceptible to sleep deprivation as these scenarios 

were associated with prolonged wings-level climb and descent. By comparison, roll 

was associated with scenarios where the aircraft was turning which indicates pilots 

may have increased their arousal level to maintain performance. This finding may 

have some comparability with the driving scenario reported by Matthews and 

Desmond (2002) where driving performance was more accurate when the car was 

cornered compared with driving in a straight line. The above findings illustrate that 

the nature of the task contributes to variation in performance. However, Previc et 

al. (2009) found that following 30 hours of extended wakefulness, most pilots were 

able to maintain reasonable flying precision despite a modest increase in fatigue. 

Leino et al. (2007) and Howitt et al. (1978) reached similar conclusions, in that flight 

performance during long periods of extended wakefulness did not significantly 

deteriorate. 

The above simulator studies investigated the influence of fatigue on pilot 

performance associated with aircraft handling, which are aspects of performance 

that primarily include convergent thinking. Although the studies may have included 

other performance measures, only those that were informed by continuously 

recorded parameters acquired from the simulator were reviewed. A study by 

Thomas et al. (2006) focused on the impact of fatigue on threat and error 

management and decision making. These aspects of performance primarily involve 

divergent thinking in flight crew.   
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were experienced and/or had slow PVT response speeds. In addition, flight crew 

within the high fatigue group also made more conservative decisions which may be 

associated with a greater aversion to risk. 

The simulator studies discussed above represent a mixture of flights that are either 

representative of normal flights (Thomas et al., 2006), normal flights with non-

normal events (Civil Aviation Authority of United Kingdom, 2019; Foushee et al., 

1986) and flights which include specific manoeuvres (Caldwell et al., 2004; Previc 

et al., 2009). In any case, the full flight simulator offers an ideal environment to 

control for extraneous variables that would be present during in-flight 

investigations. For example, given that workload varies during flight (Gander et al., 

1994), having the ability to control workload within a simulated environment is an 

advantage. Some studies controlled sleep within a laboratory environment 

(Caldwell et al., 2004; Previc et al., 2009) but this would likely not be practical in 

studies with line pilots who have flying duties. Another strength associated with 

some of these simulator studies is that they incorporated a within-subjects research 

design (Caldwell et al., 2004; Previc et al., 2009) which allowed for variation 

associated with individual differences to be accounted for. 

Some of the studies (Civil Aviation Authority of United Kingdom, 2019; Foushee et 

al., 1986) included non-normal scenarios and results may therefore not be 

generalisable to normal flight operations. Additionally, findings from the simulator 

studies with military pilots (Caldwell et al., 2004; Previc et al., 2009) are not likely 

generalisable to regional airline flight operations. However, considering that these 

manual handing tasks are elementary to the operation of an aircraft, findings from 

these studies offer a glimpse as to what performance could look like if a regional 

airline pilot  were to operate a flight following sleep deprivation.  
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could potentially be identified as a result of variation in flight data analysis events 

that have been shown to be reliably linked with  fatigue and sleep loss.      

1.8.2 Flight Operations Quality Assurance  

Flight Operations Quality Assurance is a specialised safety programme that defines 

processes that allow for flight data to be routinely collected and analysed. Flight data 

represents a continuous recording of hundreds of parameters during an entire flight 

from engine start to shut down. It can provide vital information about what 

happened during a flight.  

A FOQA programme is embedded within a SMS and enhances flight safety by 

improving flight crew awareness, training effectiveness and operational procedures 

(International Civil Aviation Organisation, 2021). It represents a systematic 

approach to the proactive identification of risks associated with aircraft  operation 

(Enders, 1993). FOQA software is used to replay, analyse and visualise flight data 

and report on events, trends and risks identified during analysis. Analysis of flight 

data identifies events are based on pre-defined event sets. For example, these may 

include speed and altitude limits, pitch and roll limits, rate of change, warnings, and 

system limits (i.e. air frame, engines). In addition, specific manoeuvres may be 

monitored, i.e. go around or rejected take off (Civil Aviation Authority of United 

Kingdom, 2013). Events are validated by Fleet Data Analysts who represent line 

pilots. The FOQA programme also complements incident reporting by providing 

Investigators with additional information. In addition, in the absence of an incident 

report following a significant safety related event, the gatekeeper process will allow 

for trusted pilots to contact the pilot in command and recommend that an incident 

report is submitted.  
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1.8.3 Managing Fatigue-Related Safety Risks 

The International Civil Aviation Organisation (2022) states that an airline, for the 

purposes of managing fatigue-related safety risks, shall establish either:  

I Flight Time Limitations (FTL) that are within the prescriptive fatigue 

management regulations established by the Civil Aviation Authority of that 

airline; or   

II A Fatigue Risk Management System (FRMS) for all operations; or 

III  An FRMS for part of its operations and FTL for the remainder of its 

operations. 

Options II) and III) are only an option if the Civil Aviation Authority of that country 

makes provisions for FRMS within its regulations. The Civil Aviation Authority of 

New Zealand has not made provisions for FRMS within the regulations that apply to 

large aircraft, i.e. part 121 Air Operations Large Aeroplanes (Civil Aviation Authority 

of New Zealand, 2023). In the absence of FRMS regulation, a New Zealand based 

airline must use FTL supported by Safety Management Systems (SMS) processes to 

manage fatigue risk. 

Flight time limitations are discussed in the following section, because the operator 

that facilitated this thesis research uses flight time limitations in conjunction with a 

fatigue risk management programme based on fatigue risk management system 

principals, to manage fatigue-related safety risks.   

Flight Time Limitations  
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FTL are a prescriptive, one size-fits-all method for managing fatigue and 

maintaining flight safety and represent the traditional approach to fatigue risk 

management. They aim to balance numerous factors such as productivity, 

investment return, wages, quality of life and safety (Gander, Hartley, et al., 2011) by 

specifying minimum off duty periods, maximum flight and duty periods and may 

account for exceptions due to unforeseen operational circumstances, changes in 

time zone, or reserve status (Dinges et al., 1996). FTL differ between countries and 

airlines due to differing regulatory requirements or labour agreement 

requirements. For example, the Civil Aviation Authority of New Zealand (CAANZ) 

requires operators to establish a scheme for the regulation of flight and duty times 

which addresses factors17 that are applicable to the operators flight operation (Civil 

Aviation Authority of New Zealand, 2023). Although CAANZ includes a suitable FTL 

scheme within Advisory Circular 119-2 (Civil Aviation Authority of New Zealand, 

2022), an operator can establish a different scheme which incorporates labour 

agreement requirements, as long as this is acceptable to the director. The makeup 

of an FTL is also influenced by current practice and consideration of legal and 

economic factors (Dinges et al., 1996). FTL do not represent the best or most 

acceptable means for crew scheduling as they typically do not take into account time 

of day in relation to duty length18, time zone changes, commuting, or behaviour 

outside of work (Gander, Hartley, et al., 2011; Green & Skinner, 1987). In addition, 

they may not consider delays, diversions or emergencies (Mohler, 1976). Although 

 
17 Potential factors include rest periods before flight, acclimatization, time zones, night operations, 
maximum number of sectors, single pilot operations, two pilot operations, two pilots plus additional 
flight crew members, flight crew member qualifications, mixed duties, dead-head transport, reserve 
or standby period, flight duty period, inflight relief, type of operation, cumulative duty time, 
cumulative flight time, duty extension, circadian rhythm, days off and record keeping (Civil Aviation 
Authority of New Zealand, 2023).   
18 Time of day has recently been incorporated into FTL by some regulators; for example CAD 371 
(Civil Aviation Department Hong Kong, 2013), Sub part Q of the EU-OPS 1 (Gander, Hartley, et al., 
2011), 14 CFR 117.13 (National Archives and Records Administration, 2025) and CAO 48.1 (Civil 
Aviation Safety Authority, 2013). 
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functional capacity in humans is variable, and that some of that variability is 

predictable, if previous sleep timing and duration, and circadian phase is known, 

and that to maintain safety, systems are needed to monitor and mitigate fatigue 

related performance impairment and its consequences. 

An FRMS represents a flexible alternative approach to FTL, and moves the focus of 

responsibility for safety from the regulator toward operators and individuals 

(Gander, Hartley, et al., 2011). It is attractive to operators because it may facilitate 

the ability to replace either part, or all of the existing FTL, if the FRMS provides a 

level of safety that is equivalent to, or better than that offered by the current FTL. 

This places an emphasis on the availability of data and a framework to integrate that 

data within the safety management system. For this reason, FRMS principles and 

processes have been adapted from SMS specifically for managing fatigue. For 

example, the four pillars of SMS have been adapted within an FRMS and include 

policy and documentation, fatigue risk management processes, safety assurance, 

and promotion (International Civil Aviation Organisation, 2015). The obvious 

difference being fatigue risk management versus safety risk management, and FRMS 

safety assurance versus (SMS) safety assurance. Within an FRMS, FRM processes 

and FRMS Safety Assurance Process are integrated and share common processes. 

Central to these two processes are fatigue monitoring data and safety performance 

indicators (SPI) that either identify potential safety hazards or provide a measure of 

the overall health of the FRMS. SPI may include operational measures that monitor 

duty related causes of fatigue, reactive measures such as fatigue report frequency 

or absenteeism, and proactive measures of pilot fatigue, sleep loss and performance 

that are collected during studies (Gander et al., 2014; International Civil Aviation 

Organisation, 2015). Criteria for the selection of SPI include scientific validation to 

confirm construct validity, i.e. that it measures what it claims to measure, that data 
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1.9 Rationale and Importance  

Considerable research has been published on pilot fatigue, factors that disrupt sleep, 

and practices that promote good sleep (Gander, Rosekind, et al., 1998; Spencer & 

Robertson, 2007). However, further research is needed to understand causal links 

between pilot fatigue and safe aircraft operation. Fundamentally, this thesis 

research seeks to identify causal links between fatigue related impairment of 

individuals or teams and embedded measures of workplace performance. To 

investigate this, a within -subjects research design, in combination with a flight duty 

period protocol and simulated flight protocol was adopted to structure the 

collection of measures of fatigue, sleep loss and performance in participants. 

Although studies with similar research designs have been conducted in operational 

settings, the research design within this thesis research includes participants 

undertaking multiple simulated flights within a live operational environment. This 

could be considered challenging, from a logistics perspective, as the protocol will  

include subtle manipulation of the participants roster to include fatiguing 

characteristics and two simulated flights. The feasibility of conducting a within-

subjects research design during a normal flight operation is unknown. It is therefore 

necessary to investigate the feasibility of such an undertaking.  

If this thesis research were to identify that measures of fatigue and sleep loss are 

reliably associated with simulated flight data measures, future research could 

investigate if measures of fatigue and sleep loss are reliably associated with flight 

data measures. If future research were to confirm that specific flight data analysis 

events are significantly associated with measures of fatigue or sleep loss, those 

events could be routinely monitored as a safety performance indicator within a 

FRMS.  
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flight data measures and subjective ratings of fatigue and sleepiness was 

investigated.    

Chapter 7 brings together findings from chapters 3, 4, 5 and 6 and discusses these 

in detail. Emphasis is placed on the collective meaning of findings and their 

relationship to previous research. Because this study was undertaken within an 

operational environment, particular focus is placed on feasibility and relevance of 

study findings to regional airline operations. Finally, study limitations, 

recommendations and future research opportunities  highlighted by this thesis 

research are discussed. 
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destination, then operated the first flight out of that destination the following 

morning.  

 

Flight Cancellation: If a flight was cancelled, it may not be possible to replicate the 

flight duty period in its planned / original form.  

 

Extended duty: A duty may need to be extended if a flight was delayed due to 

mechanical problems, adverse weather or other unforeseen causes.  

 

Absenteeism: Pilot withdrawal from duty due to sickness or fatigue may have 

occurred either prior to or during the duty itself. If this did occur, it may not be 

possible to replicate a flight duty period in its planned / original form.  

The above factors illustrate that it would be unrealistic to expect that all participants 

would have had identical flight duty periods during days 2 - 5 or days 8 - 11 of the 

non-rested flight duty period protocol. Focus was therefore placed on ensuring that 

flight duty periods shared similar characteristics, and that guidance provided to the 

Crew Planning Manager and Crew Planner - Rostering was consistent throughout 

the data collection period.  

2.10 Simulated Flight Protocol   

This section provides a description of software that was used to analyse and 

visualise simulated flight data, it also outlines the make and model of the flight 

simulator and describes factors that influenced simulated flight timing. 
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These parameters were loaded into Insight Analysis using the data exchange 

function.  

Insight Animation  

Insight Animation (version 4 Service Pack 5) is an advanced tool for 3D flight 

animation which animates aircraft flight. It provides visual context and clarity that 

flight data in the form of plots or tables cannot. It can display aircraft, high resolution 

terrain and flight deck instrumentation and incorporates flight related information 

from multiple sources within one template. The flight path editor function allows 

the aircraft flight path to be recreated using various data sources. The default 

animation layout included a 3D flight animation of the aircraft, video files of 

instrumentation and panels, derived from recorded flight data. Panels were 

included for flight control inputs, engine controls, flap and gear position and pilot 

selections on the flight guidance and control panel. Like Insight analysis, Insight 

animation was used to validate recorded parameters and validate simulated flight 

data protocol scenarios. 

The Flight Simulator  

A CAE 7000 series full flight simulator27 manufactured by CAE Inc., Ottawa, Canada 

was used to simulate flights for this research. Figure 2-2 shows an internal view of 

the flight simulator. The computer screen within the red box was used by the 

simulator instructor to manage the simulated flight protocol.  

 
27 A replica of a specific type, make, model, or series of aircraft. It includes the equipment and 
computer programs necessary to represent aircraft operations in ground and flight conditions, a 
visual system providing an out-of-the-flight deck view, a system that provides cues at least equivalent 
to those of a three-degree-of-freedom motion system and has the full range of capabilities of the 
systems installed in the aircraft .   
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simulated flight. The non-rested simulated flight was scheduled between 18:00 and 

20:00 and the rested simulated flight scheduled between 20:00 and 22:00. 

2.11 Measures  

2.11.1 Monitoring Sleep  

Polysomnography (PSG) is recognised as the gold standard for monitoring waking 

alertness and the structure of sleep and sleep quality (Gander et al., 2017). To 

measure these variables, it monitor s three types of electrical activity:  brainwave 

activity (EEG), eye movements (EOG) and muscle tone (EMG). However, in field 

studies involving flight crew, it is intrusive, time consuming to set up, expensive and 

fragile (International Civil Aviation Organisation, 2015)28. Although there are 

situations where detailed information from polysomnography is needed, (e.g., for 

the validation of the first commercial passenger ultra long-haul flights (Signal et al., 

2013), it is unlikely to be suitable for field studies that monitoring sleep patterns 

across multiple days due to the weaknesses mention above.  

2.11.1.1 Actigraphy 

Actigraphy has been used extensively in different groups (Ancoli-Israel et al., 2003) 

including pilots (Gander et al., 2014; Gander et al., 2013; Lowden & Åkerstedt, 1999; 

Signal et al., 2005; Signal et al., 2024; Vejvoda et al., 2014) and is a recommended 

measure for monitoring flight crew fatigue (Signal et al., 2022) and is currently the 

most practical and reliable way to identify if pilots accumulate a sleep debt during 

multi -day flight duty periods (International Civil Aviation Organisation, 2015). 

 
28 Each 30 second recording period needs to be manually scored with a second individual required 
to double score a percentage of recordings to check for reliability between the two technicians. 
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commercial aviation. Both scales and the Sleep Quality scale have been used in 

similar studies which investigate pilot fatigue, sleepiness and sleep quality (Gander 

et al., 2013; Signal et al., 2013; Signal et al., 2024; van den Berg et al., 2023). A 

limitation of subjective ratings of fatigue is that they can be skewed by non-fatigue 

related factors, e.g. concerns regarding job security or over confidence in personal 

ability (Balkin, 2022). In addition, a response to a subjective question will likely be 

based on idiosyncratic physical and emotional sensation which may differ from an 

objective response (Engle-Friedman, 2014).  

During the flight duty period protocol, participants were asked to complete, for each 

sleep period longer than 10 minutes, subjective ratings of fatigue and sleepiness 

before and after each sleep period and rate their sleep quality after each sleep 

period. During flight duty periods, participants were asked to complete subjective 

ratings of fatigue and sleepiness at the start and finish of each flight duty period. 

During each simulated flight, participants were asked to complete subjective ratings 

of fatigue and sleepiness before and following each simulated flight.  

2.11.2.1 Samn-Perelli Crew Status Check 

The Samn-Perelli Crew Status Check is a subjective rating of fatigue. Participants 

were asked to indicate their level of fatigue, right now, on a 7-point Likert -type scale 

with verbal labels at each point. These include: 1 (fully alert, wide awake), 2 (very 

lively, responsive but not at peak), 3 (okay, somewhat fresh), 4 (a little tired, less 

than fresh), 5 (moderately tired, let down), 6 (extremely tired, very difficult to 

concentrate), 7 (completely exhausted, unable to function effectively) (Samn & 

Perelli, 1982). A value of five or greater suggests that although a flight is permissible, 

it is not recommended (Powell et al., 2007; Samn & Perelli, 1982).  
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Optimum performance is reflected in the fastest 10% of responses, an overall 

slowing in responses is reflected in the PVT response speed and an increasing 

number of slower responses is reflected in the slowest 10% of responses. The 

reciprocal of average response latency (1/reaction time x 1000) was applied to PVT 

performance metrics to reduce the influence of delayed responses and emphasise 

small changes in faster responses (Basner & Dinges, 2011). Mean and median 

reaction time performance metrics were not included as these outcomes are prone 

to bias from extreme observations (Basner & Dinges, 2011). 

Participants completed a PVT test immediately before and following each simulated 

flight in the respective simulator briefing room. The rooms were quiet, brightly lit 

and were free from distractions. Participants were instructed to hold the PVT with 

both hands and to respond to stimuli with their preferred thumb consistently in all 

tests. This was reiterated to participants during the training phone call prior to the 

start of data collection and prior to each test.      

2.11.3.2 Simulated Flight Data Measures  

In this research, focus was placed on identifying key points of interest during 

simulated flights. These included snapshots associated with autopilot  status and 

specific checklist items, time stamps associated with the start and end time of the 

initial climb and go around scenarios and values associated with the validation of 

parameters associated with simulated flight protocol scenarios. To achieve this, 

simulated flight data was analysed against customised events that were either 

system defined or developed by the researcher (see APPENDIX E for a list of 

customised events developed by the researcher). The following sections describe 

the simulated flight data measures incorporated within this thesis research.  



CHAPTER 2 

90 

Initial climb and go around  

For both the initial climb32 and go around33 scenario, customised events were used 

to identify snapshot time stamps associated with the start and end point of each 

scenario. These time stamps were then used to define the start and end point for 

datasets that contained continuously recorded parameters including airspeed, 

commanded airspeed, pitch, pitch order, roll, roll order, autopilot  status, flap 

selection, flap position and altitude above aerodrome level. Additional parameters 

were included within these datasets to allow values to be filtered and to provide 

context when interpreting results, see APPENDIX F. 

The start point for each dataset was 300ft and the end point was 750ft. The start 

point is dependent on the go around instruction34 and the end point of 750ft was 

selected to minimise the likelihood that the autopilot would be engaged35 or flap 

retracted36. Flap retraction may result in the aircraft momentarily levelling off on 

reaching acceleration altitude which could result in airspeed and pitch changes. This 

could contribute to additional variation in those datasets that include flap 

retraction . Given that not all datasets would include flap retraction, values were 

excluded from the dataset once flap was selected up below 750ft. During initial 

climb there were 10 data sets from five flights (31% of flights) where flap was 

 
32 Initial climb is a flight phase which occurs immediately following liftoff until the aircraft gear and 
flap has been retracted. Take off performance calculations suggest a minimum flap retraction altitude 
of 459ft for WLG16 and 459ft for CHC02. 
33 A go around is a rare but normal flight manoeuvre which requires manual flying skills. It can occur 
for operational or weather related reasons. A go around can be unexpected. Pilots practice the go 
around procedure in the flight simulator during training and proficiency details and prepare for a go 
around by briefing the procedure prior to each approach during each flight flown.  
34 A go around instruction was issued to pilots at 300ft. All aircraft that completed a go around 
descended slightly below 300ft prior to initiating the go around procedure. This is expected.   
35 During initial climb, the first instance where the autopilot was engaged was at 798ft and during go 
around, the first instance where the autopilot was engaged was at 752ft.  
36 During initial climb, the first instance where flap was retracted was at 684ft and during go around, 
the first instance where flap was retracted was at 1450ft. 
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retracted below 750ft37. In addition, values were excluded from the dataset once the 

autopilot was engaged as initial climb and go around performance measures 

represented a measure of pilot performance, rather than autopilot performance.    

To account for events that occurred during the climb, and to understand how 

performance changes across the climb, the decision was made to analyse data in 50ft 

altitude bins. Without this variable, each initial climb and go around measure would 

include one standard deviation value between 300ft and 750ft, whereas by 

including this variable, each measure would include nine standard deviation values.  

 As an aircraft climbs, its rate of climb increases resulting in a reduced number of 

parameter values per 50ft altitude bin (see APPENDIX G for a count of values within 

each 50ft altitude bin). Consideration was given to a time bin (e.g., 10 second bins) 

or a distance bin (e.g., 1 nautical mile bins) however these were considered less 

meaningful than height based bins.   

Initial climb and go around datasets were produced with in Insight Analysis then 

exported as a comma separated value (.csv) dataset. These datasets were loaded 

into Microsoft Power BI (Microsoft Power BI 2023, Version 2.116.884.0). The 

Microsoft Power BI group function generated 50ft altitude bins from the recorded 

parameter Height Above Airfield. Standard deviations were calculated for absolute 

airspeed delta, absolute pitch delta and absolute roll delta within each 50ft altitude 

bin. APPENDIX G shows the number of parameter values within each 50ft altitude 

bin that were used to calculate each respective standard deviation.  

 

 
37 On these flights, flap was selected up at 684ft, 698ft, 718ft, 730ft and 733ft.  
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both power levers are advancing to the RAMP38. Likewise, although it was not 

possible to know if a check or verification was made, e.g., when the pilot monitoring  

checked that go around 39 was displayed on the flight management annunciator 

(FMA), it was possible to see when go around was first displayed on the FMA.  

Time taken to complete the go around/missed approach procedure was measured 

in seconds and represents the duration between go around initiation and 

completion of the checklist. Go around is initiated by a) pushing the power lever go 

around button, b) rotating to go around pitch attitude on the flight director or c) 

setting both power levers to the RAMP position. Time taken to initiate go around is 

determined by subtracting the time stamp associated with the first instance of a, b 

or c from the last instance of a, b or c. 

The go around checklist has nine group sequences and 10 action sequences. Groups 

one, four, nine and 10 do not include action sequences because there is only one 

action (groups nine and 10) or because action order is not applicable (groups one 

and four). Customised events were used to determine time stamps that were used 

to identify the start and end of each go around checklist group (event group) and 

the completion of individual actions within each group (see APPENDIX J).  

Go around checklist measures focused on a count of correct group sequences and 

correct action sequences. For a sequence to be correct, the first group or action must 

be completed before the second group or action starts. Where actions need to be 

completed simultaneously, the grouped action is not considered complete until all 

 
38 During go around, the power levers are physically moved by the pilot flying  to the RAMP threshold 
to ensure that engine torque agrees with the reserve take off rating torque calculated by the flight 
data acquisition unit.    
39 GA (go around) is an annunciation on the primary flight display which indicates that go around 
mode is engaged. Go around mode cancels all armed and active flight director modes (Avions de 
Transport Regional, 2014).   
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previous research, it was assumed that sleep could not be stored (Axelsson & 

Vyazovskiy, 2015; Bonnet & Arand, 1995; Patterson et al., 2019).  

Time since sleep variables were calculated as the number of minutes between the 

end of the sleep interval and the start of the simulator flight or PVT test, which 

reflects time awake, rather than time since up from bed. The above variables were 

exported from ActisoftR, then imported to SPSS and SAS for statistical analysis. 

There was no missing actigraphy data for the above variables.  
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Figure 2-6 Criteria for Determining Baseline  Days 
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sleepiness and workload. This dataset was loaded into Stat Transfer 14 (2015, Circle 

Systems, Seattle, WA, USA) to control the format of selected output parameters. Data 

tables were then loaded into SPSS (version 26.0, IBM SPSS Statistics for Windows, 

Armonk, NY, USA) to generate descriptive statistics and non-parametric tests. 

Datasets containing continuously recorded parameters were imported into 

Microsoft Power BI to calculate standard deviation values. They were then included 

within a dataset that included participant ID, condition, order, sleep related 

variables, subjective ratings of fatigue, sleepiness, workload and 50ft altitude bins. 

Using Stat Transfer 14 (2015, Circle Systems, Seattle, WA, USA), the datasets were 

converted for use in SPSS (version 26.0, IBM SPSS Statistics for Windows, Armonk, 

NY, USA) to generate descriptive statistics and SAS software (version 9.4, SAS 

Institute Inc., Cary, NC, USA) to undertake statistical analysis. 

2.14  Statistical Analysis  

All data analyses were conducted by the researcher.  

2.14.1 Association and Causality  

The only way to determine causality is to compare two controlled situations, one 

where the cause is present and the other where the cause is absent (Field, 2018). The 

flight duty period protocol allowed for the creation of a controlled situation where 

fatigue and sleep loss were likely to be present in the non-rested condition and 

unlikely to be present in the rested condition. A within -subjects research design was 

selected to reduce error variance associated with individual differences. In addition, 

the order of simulated flights and condition (the non-rested or rested condition) were 

counterbalanced and randomly allocated to participants. The simulated flight 

protocol controlled for flight factors (for example, the effect of weight, wind direction 
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and velocity, temperature, visibility, time and aircraft centre of gravity) and the 

nature of tasks undertaken by participants while also maintaining ecological validity. 

Although the study sought to establish causal links between variables, it is 

acknowledged that this is unlikely given the study was undertaken within a field 

setting where variables are less controllable compared with a laboratory setting.     

2.14.2 Descriptives 

SPSS (version 26.0, IBM SPSS Statistics for Windows, Armonk, NY, USA) was used to 

generate descriptive statistics (means, medians, standard deviations, range, and 

proportions) and plots (histograms, normal probability plots, detrended probability 

plots, and box plots). Outliers were checked and retained in the dataset if the 

observation was valid or, for simulated flight data measures, was considered 

operationally feasible45. 

2.14.3 Non-Parametric Tests 

Non-normally distributed data was analysed using non-parametric tests. The 

Wilcoxon signed rank test was used to test for differences between two repeated 

measurements from the same group of participants (Wilcoxon, 1945) and the Mann-

Whitney U test was used to test for differences between two independent groups. 

Effect sizes were calculated from the z-score and the test statistic (Rosenthal, 1984). 

An effect size below 0.3 was considered to be a small effect whereas an effect which 

was greater than 0.5 was considered to be a large effect (Field, 2018). 

 
45 For an example of outliers that were excluded, see Footnote 87 and Footnote 88. 
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2.14.4 Linear Mixed Models  

SAS software (version 9.4, SAS Institute Inc., Cary, NC, USA) was used to undertake 

statistical analysis using linear mixed models. The linear mixed model includes both 

fixed and random effects and uses a likelihood-based estimation method which 

utilises all available data. An advantage of this method is that it can handle 

unbalanced and/or missing data (Wolfinger & Chang, 1998). It  also enables 

modelling of variances and covariances so that observations are allowed to be 

correlated or have non-constant variance. The linear mixed model is particularly 

well suited for a protocol that incorporates a repeated measures design because 

data collected from the same participant are likely to be positively correlated due to 

shared contributions from that participant, and because, data collected from a 

participant in close succession are typically more strongly correlated than data 

collected further apart in time. Variances and co-variances were expected to fit 

either a compound symmetry structure, a first order autoregressive covariance 

structure or a autoregressive structure with random effect (Littell et al., 2000; 

Snijders & Bosker, 2012; Stroup et al., 2018). The covariance structure with the 

smallest Bayesian Information Criteria (BIC) value was selected as lower BIC values 

are indicative of a better model fit (Field & Miles, 2010). In addition, a model with a 

smaller number of parameters was preferred (Littell et al., 2000). As such, if a model 

with  a first order autoregressive covariance structure plus a random effect had the 

same BIC as a model with a first order autoregressive structure, the model without 

the random effect was selected. Similarly, if a model with  a first order autoregressive 

covariance structure had the same BIC value as a model with a compound symmetry 

structure, the model with the compound symmetry structure was selected. If the 

dependent variable was transformed, separate models were rerun to identify the 

model with the smallest BIC value. To calculate degrees of freedom, the Kenward-
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scenario included parameters that were suspected of being incorrect, as such, the 

availability of parameters influenced which scenarios were incorporated within the 

study. Rather than resolving parameter issues, which was time consuming and 

required input from the simulator manufacture, alternative scenarios were selected. 

For example, there had been a desire to capture key stroke data from the flight 

management system for the paired scenario, holding Pattern (see APPENDIX W, 

section W7), however required values were not available to be recorded, therefore 

this scenario was removed.  

3.6  Simulated Flight Protocol 

A parameter represents a recorded value, for example airspeed, altitude or vertical 

speed. A scenario represents a situation that has been intentionally initiated by the 

simulator instructor and will result in a response from the flight crew that can be 

monitored using parameters. For example, having been instructed to go around, 

flight crew will initiate actions which are consistent with the go around missed 

approach procedure. Some of these actions can be monitored using parameters. The 

simulated flight protocol represents a framework which defines flight 

characteristics, ensures study requirements (in relation to the protocol) are met and 

determines which scenarios are included and at what point. The protocol also 

provides guidance to the simulator instructor and minimises differences between 

simulated flights in a controlled way which is not possible during actual flight. A 

flight planning task was included to ensure each simulated flight was realistic. 

The obvious goal is to produce crew performance and behaviour that would 

be typical for an actual line flight in the same set of circumstances as those 

developed in the scenario. In keeping with this goal, it is essential that crews 
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have access to all the resources they would have on an actual line trip 

(Lauber & Foushee, 1981, p. 17).  

Participants were provided with flight planning documentation47 which consisted of 

a weather briefing, NOTAM48, GPS RAIM49 predictions, flight plan and alternate flight 

plan50. The weather briefing was constructed using one of the operators packaged 

weather scenarios. Participant performance was not monitored during flight 

planning with flight planning documentation being discarded following each 

simulated flight. ATC, operations control, maintenance operations control and 

access to weather related information was provided or facilitated by the simulator 

instructor.  

The Captain was pilot flying 51 and the First Officer was pilot monitoring 52 during 

both simulated flights. The time of departure for all simulated flights was 

coordinated with New Zealand local time53. All departures from each airport 

occurred during daylight although some flights in the rested condition would land 

in darkness following the end of evening civil twilight. Two simulated flights were 

flown by the participants. The flights were counterbalanced, where one flight 

consisted of a flight from Christchurch (CHC) to Wellington (WLG) and the other 

 
47 All flight planning documentation was provided using the Operators forms.  
48 Notice to Airmen (NOTAM) consist of messages relating to the flight and are reviewed by pilots 
prior to flight.   
49 Global Positioning System Receiver Autonomous Integrity Monitoring is technology developed to 
assess the integrity of GPS signals in a GPS receiver system.  
50 An alternate flight plan represents the aircrafts planned flight following diversion or enroute 
diversion whereby landing does not occur at the intended destination.   
51 The pilot flying  monitors the aircraft position, the flight path parameters and the autopilot , controls 
the aircrafts speed, requests checklists, flaps setting and gear extension, selects autopilot modes and 
announces changes.  
52 The pilot monitoring  oversees radio communications, monitors the flight path, aircraft speed, 
autopilot mode changes, aircraft systems and engines, reads the checklist and selects flap setting and 
gear extension.  
53 A given crew may report for a simulator duty at 10:00 to conduct a simulated night flight. Although 
the time is 10:00, simulated time within the simulator could be 02:00. For the purposes of this study, 
the simulated time within the simulator was coordinated with New Zealand Local time.   
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performance measures from scenarios that occur during different flights. Table 3-1, 

Table 3-2 shows the scenarios that were trialled during trial simulated flights and 

those that were included in the final simulated flights. Paired scenarios are detailed 

in Table V 1 (APPENDIX V) (first trial),  Table W 1 (APPENDIX W) (second trial) and 

Table 3-3 (final simulated flight protocol) . Performance measures derived from 

flight data are detailed in Section 2.11.3.2 for scenarios included in the final 

simulated flight protocol. Due to time constraints, not all scenarios included in the 

final simulated flight protocol were included in statistical analysis. 
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Table 3-1 Utilization of Scenarios during Christchurch Wellington Simulated Flights  

Scenario  First trial  a  Second 
trial  b 

Final flight  

Tailwind during Initial Climb  Yes Yes Yes 

Traffic alert and Collision Avoidance System Resolution Advisory Yes Yes No 

Ice accretion during climb and descent No No Yes   

Un-commanded autopilot  disconnect prior to being established61 on the ILS/DME RWY 34 instrument approach Yes Yes Yes 

Speed restriction during ILS/DME RWY34 instrument approach above 1000ft. Yes Yes Yes 

Go around Yes Yes Yes 

Holding Pattern Yes Yes No 
a Changes to scenarios following the first trial are outlined in APPENDIX V, section V2.     
b Changes to scenarios following the second trial are outlined in APPENDIX X. 

 

 

 

 
61 An aircraft is not considered to be established on the localizer until it is within  a half scale deflection of the ILS localiser (Aeropath, 2019, ENR 1.5, 4.13.5 (f)). 
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Table 3-2 Utilization of Scenarios during Wellington Christchurch Simulated Flights  

Scenario  First trial  a  Second trial  
b  

Final flight  

Aircraft handling following unexpected change to flight path Yes No No 

Tailwind during climb  No No Yes 

Ice Accretion during climb and descent Yes Yes Yes 

Un-commanded autopilot  disconnect prior to being established on ILS/DME RWY 20 No Yes Yes 

Height restriction during ILS/DME RWY20 instrument approach Yes Yes Yes 

Go Around Yes Yes Yes 

Holding Pattern  Yes Yes No 
a Changes to scenarios following the first trial are outlined in APPENDIX V, section V2.  
b Changes to scenarios following the second trial are outlined in APPENDIX X. 
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3.7 Simulated Flight Protocol Development  

Two trial simulator sessions consisting of two simulated flights, one from 

Christchurch to Wellington and one from Wellington to Christchurch contributed to 

the development of the final simulated flight protocol. Trial simulator sessions also 

confirmed the satisfactory transfer of simulated flight data and video files to the 

SOQA server, and that simulated flight data was replayed and analysed correctly by 

Insight FDM (Flight Data Monitoring) software. 

3.8 The Final Simulated Flight Protocol  

The final simulated flight protocol represents the protocol that was applied to each 

simulated flight during data collection. Table 3-3 shows the paired scenarios 

included in the final simulated flight protocol.  

To provide scientific rationale for the inclusion of the following  scenarios in fatigue 

research, scenarios were carefully reviewed to identify cognitive functions that 

could potentially contribute to anticipated fatigue related changes in flight crew 

performance. Each scenario will likely require cognitive functions associated with 

both simple and complex cognitive performance including attention, psychomotor 

vigilance, tracking, multi-tasking, working memory, convergent thinking and logical 

deduction, and decision making. See chapter 1, section 1.6 for a detailed overview 

of fatigue related performance impairment, and chapter 7, section 7.3.3 for a 

discussion on anticipated fatigue related changes in relation to the simulated flight 

data measures. 
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enters atmospheric icing conditions during climb and a 700ft difference in altitude 

when the aircraft exits atmospheric icing conditions during descent. Differences in 

duration while in atmospheric icing conditions may vary depending on aircraft 

speed.  

3.8.3 Paired Scenario: Un-commanded Autopilot  Disconnection   

Un-commanded autopilot  disconnect when passing JONAH: This scenario is 

identical to the scenario in the second trial flight (APPENDIX W, section W4).  

Un-commanded autopilot  disconnect when passing CH409: This scenario is 

identical to that described in APPENDIX W, section W4 noting that the simulator 

instructor checklist was updated following the second trial of the initial simulated 

flight protocol to ensure that the autopilot  is available for immediate re-

engagement. 

Paired Scenario Compatibility:  Paired scenario compatibility is identical to that 

described in APPENDIX W, section W4. 

3.8.4 Paired Scenario: Excess Energy during Approach 

Speed restriction during Wellington ILS/DME RWY34 instrument approach 

above 1000ft:  The only difference from the scenario described in APPENDIX W, 

section W6 relates to environmental conditions. The cloud base was increased from 

1500ft to 4000ft. The turbulence level was reduced to light, precipitation was 

reduced from moderate to light and wind speed was reduced from 23kt to 20kt. 

Windshear was not present.  

Height restriction during Christchurch ILS/DME RWY20 instrument approach 

above 1000ft:  The only difference to the scenario described in APPENDIX W, 
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section W6 relates to environmental conditions. The overcast cloud base at 1500ft 

was removed, noting that the broken cloud layer at 1000ft was retained. All other 

environmental conditions remained the same.  

Paired Scenario Compatibility:  Paired scenario compatibility is identical to that 

described in APPENDIX W, section W6. 

3.8.5 Paired Scenario: Go Around  

Go around following Wellington ILS/DME RWY34 instrument approach:  

During approach to land, the aircraft should be stable at 1000ft. The surface 

headwind component is 19kt and the crosswind component, 3kt. The 2000ft 

headwind component is 15kt and the crosswind component, 12kt. Cloud base is 

4000ft and visibility 7000m in light rain. Turbulence is light with no windshear 

reported or present. Temperature is 16 degrees. On reaching 300ft, ATC instruct the 

aircraft to go around. The scenario requires the crew to complete the go 

around/missed approach procedure which requires the crew to press the Go 

Around push button which disconnects the autopilot  and requires the pilot flying  to 

manually fly the aircraft. The scenario offers an opportunity to monitor the order of 

go around/missed approach procedure checklist items and to monitor the accuracy 

of hand flying during the go around procedure.  

Go around following Christchurch ILS/DME RWY20 instrument approach:  The 

aircraft should be stable at 1000ft. The surface headwind component is 17kt and the 

crosswind component, 10kt. The 2000ft headwind component is 12kt and the 

crosswind component, 21kt. Cloud base is 1000ft and visibility 6000m in light rain. 

Turbulence is light. Temperature is 15 degrees. No windshear is reported or 

present. On reaching 300ft, ATC instruct the aircraft to go around. The go around / 
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miss approach procedure is required to be completed. The scenario offers an 

opportunity to monitor the order of go around / miss approach procedure checklist 

items and to monitor the accuracy of hand flying during the go around procedure. 

Paired Scenario Compatibility:  The scenarios are near identical. The height or 

speed restriction that preceded the go around scenario should have been resolved 

prior to the aircraft passing 1000ft during the approach. The expectation would be 

that if the aircraft was not stable, that a go around / miss approach would be 

initiated when passing 1000ft. Weather conditions were similar, cloud base differs 

by 3000ft, visibility by 1000m and temperature by 1 deg C. Headwind component 

differs by 3kt at 2000ft and 2kt at the surface and the crosswind component differs 

by 9kt at 2000ft and 7kt at the surface. Aircraft configuration and centre of gravity 

should be the same. Aircraft weight should differ by roughly 140kg at the point 

where the go around is initiated. Both the cause of the go around and the time that 

crew become aware of the need to go around is the same in both scenarios. With the 

absence of windshear, the same go around/missed approach procedure should be 

undertaken.  
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Flight order: This variable identifies if dependent variable values are from the first 

or second simulated flight. 

 

Day: This variable identifies which 24 hour period prior to the start of each 

simulated flight, sleep related dependent variable values are from. Day 1 (between 

72 hours and 96 hours), day 2 (between 48 hours and 72 hours), day 3 (between 24 

hours and 48 hours) and day 4 (between zero hours and 24 hours) before each 

simulated flight.  

 

Non-baseline or baseline sleep period (sleep period): This variable identifies if 

dependent variable values are associated with non-baseline or baseline sleep 

periods.  

4.3.2 Day-to-Day Analyses  

Day-to-day analyses were undertaken to determine if, during the four day period 

prior each simulated flight, sleep timing and duration as well as subjective ratings 

of fatigue, sleepiness and sleep quality differed by day (e.g., day 1 compared with 

day 2) and/or between conditions (e.g., day 1 in the non-rested condition compared 

with day 1 in the rested condition). For each day, the main sleep period was defined 

as sleep occurring predominantly during the biological night67. If multiple sleep 

episodes occurred during the main sleep period (i.e., sleep was split by more than 

10 consecutive minutes of waking activity), then sleep durations were summed 

across the main sleep period. Additionally, sleep start time and pre-sleep fatigue and 

sleepiness ratings from the first sleep episode and sleep end time, and post-sleep 

 
67 Biological night reflects the circadian phase when the individual is habitually exposed to darkness 
(Mason et al., 2022). 
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 If participants wake during the night, they reported this being due to one of the following: 

noise, needing to use the toilet, room temperature, children or their partner. Figure 4-3 

shows that 56% of participants indicate that it is reasonably easy to get back to sleep if 

they wake during the night.  

Figure 4-3 If you wake during the night, on average, how difficult is it to go back to sleep?  

 

Figure 4-4 Napping during the daytime while at home  

 

No participants reported taking anything to help with sleep. One participant reported 

having a sleep problem that related to the nature of duties rostered, such as irregular start 

and finish times and overnighting in different locations with different sleep 
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environments. The sleep problem had not been diagnosed and did not stop the participant 

from working.   

4.6 Flight Duty Period Protocol  

In the day-to-day analyses, day 1 - 4 refers to the four days leading up to either the non-

rested or rested simulated flight, where day 4 includes the final main sleep period before 

the non-rested or rested simulated flight. This section includes results for the following 

research question:  

Q1: Do participants comply with this flight duty period protocol? 

4.6.1 Flight Duty Period Protocol Test Details 

Table 4-3 shows descriptive statistics for duty start and end time, length and sectors 

flown during each of the four days prior to the simulated flight. One hundred and eight 

flight duty periods were achieved which included 337 flights and 832.6 hours of duty time.  
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Figure 4-7 Flight Duty Period Length  during Days 1 - 4 grouped by Condition  

 

Number of Sectors During Flight Duty Period s  

Figure 4-8 shows the number of sectors flown during each flight duty period. To track all 

flights that occurred during a flight duty period, the sector count includes flights flown by 

participants, positioning flights where the participant is a passenger and simulated flights 

that were flown by participants. In the non-rested condition, during day 1, 68% of duties 

had four or more sectors compared with 40% during day 2, 75% during day 3 and 37.5% 

during day 468. In the rested condition, during day 1, 66% of duties had four or more 

sectors. During days 2 and 3, two duties had zero sectors69 and three duties had one 

sector. During day 4, 87.5% of duties included a positioning sector as 14 of the 16 

participants needed to position to the city where the flight simulator was located prior to 

 
68 Prior to their non-rested simulated flight, eight participants operated flights immediately prior to the 
simulated flight, six participants positioned to the city where the flight simulator was located, and two 
participants positioned to an airport where they then operated a flight to the city where the flight simulator 
was located.  
69 These duties included simulated flights that were not associated with this study. 
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operating their rested simulated flight. No sectors were operated by participants on the 

day of their rested simulated flight.  

Figure 4-8 Sectors Count during the Flight Duty Period Protocol during Days 1 - 4 
grouped by Condition  

 

Comparison of Published Flight Duty Periods with Study Flight Duty Periods  

To determine if flight duty periods in the present study were representative of flight duty 

periods operated by pilots, comparisons were made between study flight duty periods 

and achieved flight duty periods that were operated by pilot s during a 14-day roster 

period that overlapped with data collection. A total of 108 study flight duty periods and 

1463 achieved flight duty periods were compared. Duties on day four were excluded from 

this comparison as they included a simulated flight. Table 4-4 shows that study flight duty 

periods started earlier (U = 65781.500, z = -3.348, p = 0.001), were longer (U = 38145, z 

= -4.124 p = 0.000) and included more sectors (U = 39193, z = -4.028, p = 0.00) than flight 

achieved flight duty periods.  
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Figure 4-9 shows that 42% of study flight duty periods start before 07:00 compared with 

26% of achieved flight duty periods. Figure 4-10 shows that 29.5% of study flight duty 

periods are 9.5 hours or longer compared with 12% of achieved flight duty periods. 

Figure 4-9 Flight Duty Period Start Times (excluding day 4). 

 

Figure 4-10 Flight Duty Period Duty Length (excluding day 4) 
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4.6.2 Results 

Flight Duty Period Protocol Violations  

All data collected from participants, including data collected during flight duty period 

protocol violations, was included for analyses described within this chapter and within 

Chapters 5 and 6. Each flight duty period violation was carefully reviewed, and 

consideration given to the impact of including or excluding a dataset (see Section 2.7).  

Non-rested Condition   

Figure 4-11 shows that 15 participants operated four consecutive flight duty periods, and 

that one participant operated two consecutive flight duty periods prior to their non-

rested simulated flight. The participant that did not work during day 2, removed 

themselves from duty, prior to the start of duty because of fatigue70, 71. 

Rested Condition  

Figure 4-12 shows that during the rested condition, three flight duty periods were 

operated during day 2 and two flight duty periods were operated during day 3. These 

flight duty periods were operated by three participants who were not rostered to operate 

these duties, rather, they were requested by Operations Control to operate the duties to 

cover unforeseen circumstances. Two of the flight duty periods involved simulator duties 

not related to this study. One of these simulator flight duty periods encroaching the local 

night  due to its late finish (23:00). Table 4-5 shows descriptive statistics for start, end, 

 
70 Removal from duty due to fatigue is a key fatigue risk mitigation. It was reiterated to participants that 
removal from duty would in no way jeopardize the study and that if fatigue was experienced, that removal 
from duty was expected.  
71 The participant had been rostered to operate a four sector duty with a sign on time of 07:50 and a sign 
off time of 17:55. The previous day, they signed on at 05:37 and signed off at 16:30 having flown five sectors. 
At the completion of the duty on day 1, they removed themselves from duty.  
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length and the number of sectors flown for each of those five flight duty periods described 

above. 

Table 4-5 Flight Duty Periods flown during Day 2 and 3 of the Rested Condition  

Flight duty period  Variable  

 Duty 
Start 

Duty 
End 

Duty Length 
(hh:mm) 

Sectors 

Day 2  13:30 18:20 04:50 2 

Day 2 b  12:55 20:49 07:54 3 

Day 2 a, c 16:30 23:00 06:30 0 

Day 3 b  09:40 14:40 04:24 1 

Day 3 a, c 12:30 19:00 06:30 0 

 a This duty represents a flight simulator detail  associated with the operators training 
programme; b Operated by the same participant; c Operated by the same participant . 
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Simulated Flight Timing  

Figure 4-11 shows that all non-rested simulated flights occurred between 18:00 and 

20:00 and Figure 4-12 shows that one flight crew completed their rested simulated flight 

between 18:00 and 20:00. These participants had their rested simulated flight 

rescheduled as the simulator was unserviceable. Retiming this simulated flight allowed 

these participants to report for their next flight duty period earlier. For all other 

participants, there rested simulated flight occurred between 20:00 and 22:00
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Figure 4-11 Flight Duty Periods and Sleep Periods across the Four  Days Prior to the Non -rested Simulated Flight  
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Figure 4-12 Flight Duty Periods and Sleep Periods across the Four  Days Prior to the Rested Simulated Flight  
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Figure 4-14 Workload  Following Simulated Flight s grouped by Condition  

 

 

Figure 4-15 Workload  grouped by Order  
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Figure 4-16 Workload grouped by Location  

 

 

Figure 4-17 Workload during  the Flight Duty Period on Day 1 
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Figure 4-18 Workload  during  the Flight Duty Period on Day 2 

 

Figure 4-19 Workload during  the Flight Duty Period on  Day 3 
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Figure 4-20 Workload  during  the Flight Duty Period on Day 4 
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4.7.2 The Effect of Flight Duty Periods and Simulated Flights on 

Workload   

This section includes analysis and results for the following research question:  

Q2: Do workload ratings differ between flight duty period flights and simulated flights? 

4.7.2.1 Analysis  

Descriptive statistics for workload following simulated flights and workload following 

flight duty periods are outlined in Table 4-8. Table 4-12 lists a summary of results for the 

effect of type of duty on ratings of workload. 

Table 4-12 Results of mixed model ANOVA for the effect of Type of Duty: Simulated F light  
or Flight  Duty Periods on Workload Ratings  

Dependent variable  Independent variable  DF F-value  P(F) 

Workload a, b Type of Duty: Simulated Flight or 
Flight Duty Period 

1, 78 7.05 .0096 

 a The number of observations used: 95/95, b Studentized residuals normally distributed.   
 

4.7.2.2 Results 

Figure 4-21 shows that ratings of workload during the simulated flights were significantly 

higher (estimated mean = 40.6) than ratings of workload during flight duty periods 

(estimated mean = 33.0).  
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Figure 4-22 Flight Duty Periods, Sleep Periods and Baseline Sleep Periods  across 11 Days Prior to the Non -Rested Simulated Flight  
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Figure 4-23 Flight Duty Periods, Sleep periods and Baseline Sleep Periods across 11 days prior to the Rested Simulated Flight  
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4.8.1.1 Sleep Timing and Duration during Day 1 - 4 grouped by Condition  

One hundred and twenty eight actigraphy recordings (100% of the recordings available) 

were used to calculated variables of interest. The distribution for each variable during day 

1 - 4 are presented in Figure 4-24 (cumulative sleep debt), Figure 4-25 (total sleep in 

24hrs), Figure 4-26 (sleep start), Figure 4-27 (sleep end) and Figure 4-28 (time in bed). 

Table 4-16 lists the mean, standard deviation, median and range for each variable. 

Figure 4-24 Cumulative Sleep Debt grouped by Condition 73 

 

 
73 A value of zero represents zero cumulative sleep debt (i.e. sleep is equal to or greater than baseline). A 
larger negative value represents an increasing amount of cumulative sleep debt.  
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Figure 4-25 Total sleep in 24hrs grouped by Condition  

 

Figure 4-26 Sleep Start  grouped by Condition  
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Figure 4-27 Sleep End grouped by Condition   

 

Figure 4-28 Time  in  Bed grouped by Condition   
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Total Sleep in 48hrs  

The distribution for total sleep in 48hrs is presented in Figure 4-29 and Table 4-17 lists 

the mean, standard deviation, median and range.  

Figure 4-29 Total Sleep in 48hrs  grouped by Condition  
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4.8.1.2 Sleep Timing and Duration in Baseline and Non-Baseline Sleep Periods 

This section focuses on differences in sleep related variables between baseline and non-

baseline sleep periods. The dataset included 51 baseline sleep periods and 117 non-

baseline sleep periods. Figure 4-30 (Total sleep in 24hrs), Figure 4-31 (Sleep Start), 

Figure 4-32 (Sleep End) and Figure 4-33 (Time in Bed) show box and whisker plots for 

sleep related variables. Table 4-18 lists the mean, standard deviation, median and range 

for the applicable variables.  

Figure 4-30 Total sleep in 24hrs for Baseline and Non -baseline Sleep Periods 
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Figure 4-31 Sleep Start  for Baseline and Non -baseline Sleep Periods 

 

Figure 4-32 Sleep End for Baseline and Non -baseline Sleep Periods  
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Figure 4-33 Time  in  Bed for Baseline and Non -baseline Sleep Periods 
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4.8.1.3 Time Since Sleep at the Start of the Simulated Flight and Psychomotor 

Vigilance Task grouped by Condition  

Of the possible 32 recordings for time since sleep at the start of either the simulated flight 

or at the start of the pre or post simulated flight PVT test, 32 values were available for 

each variable. The distribution for these variables is presented in Figure 4-34, Figure 

4-35. Figure 4-36 and Table 4-19 lists the mean, standard deviation, median and range. 

Distributions for these variables are positively skewed in the non-rested condition and 

negatively skewed in the rested condition.  

Figure 4-34 Time Since Sleep at the Start of the Simulated Flight grouped by Condition  
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Figure 4-35 Time Since Sleep at the Start of the Pre Simulated Flight PVT grouped by 
Condition  

 

Figure 4-36 Time Since Sleep at the Start of the Post Simulated Flight PVT Test grouped 
by Condition  
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4.8.2 The Effect of Condition and Day on Sleep Related Variables 

This section includes analysis and results for the following research question: 

Q7: Do sleep timing and duration differ between the non-rested and rested condition?  

4.8.2.1 Analysis  

Table 4-20 lists results for the effect of condition and day on total sleep in 24hrs and 

48hrs, cumulative sleep debt, sleep start, sleep end and time in bed prior to the simulated 

flight. If main effects were significant, post hoc t tests were used to make pairwise 

comparisons between levels of the significant effect(s). If interactions were significant, 

simple effect analyses were undertaken to determine the effect of a fixed effect at 

individual levels of the other fixed effect. Descriptive statistics for the variables 

mentioned in Table 4-20 are outlined in Section 4.8.1.1. 
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Table 4-20 Results of mixed model ANOVA for the effect of Day and Condition on Sleep 
Related Variables.  

Dependent variable  Independent variable  DF F-value  P(F) 

Cumulative Sleep Debt e, f, g, h Day 3, 83.2 13.95 <.0001 

 Condition  1,30.3 8.42 .0068  

 Day x Condition  3,83.2 3.37 .0224  

Total Sleep in 24hrs a, b, c Day 3, 66.8 14.50 <.0001 

 Condition  1,30.2 3.02 .0924 

 Day x Condition  3,66.8 3.45 .0213  

Sleep Start a, b   Day 3, 85.3 1.55 .2080 

 Condition  1,34.6 11.18 .0020  

 Day x Condition  3,85.3 3.88 .0118  

Sleep End a, i   Day 3, 90 14.47 <.0001 

 Condition  1,30 16.41 .0003  

 Day x Condition  3,90 6.03 .0009  

Time in Bed a, b   Day 3, 61.5 18.71 <.0001 

 Condition  1,29.7 6.50 .0162  

 Day x Condition  3,61.5 3.00 .0374  

Total Sleep in 48hrs c, d Condition  1, 15 1.05 .3225 
a Number of observations used: 128/128; b Autoregressive covariance structure with random variance 
components; c includes 1 outlier; d Number of observations used: 32:32; e Number of observations used: 
122/122; f Autoregressive covariance structure; g excluded 6 outliers; h includes 2 outliers; i Compound 
symmetry covariance structure. 
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4.8.2.2 Results 

Total Sleep in 24hrs  

The interaction between condition and day was significant. Simple effect tests showed 

that total sleep in 24hrs was significantly shorter in the non-rested condition during day 

1 (p = .0305) and 2 (p = .0442), see Figure 4-37. In the rested condition, participants 

obtained nearly one hour of additional sleep compared with the non-rested condition 

during both day 1 (449 minutes versus 393 minutes) and day 2 (462 minutes versus 410 

minutes). The difference in total sleep in 24hrs between the non-rested and rested 

condition was not significantly different during day 3 (p = .1480) or 4 (p = .6333).  

Figure 4-37 LS-means Estimates of Total sleep in 24hrs  for the Interaction: Condition x 
Day 

 

Simple effect tests show that in the non-rested condition, total sleep in 24hrs before the 

non-rested simulated flight was significantly higher (503 minutes) during day 4 

compared with day 3 (421 minutes), 2 (462 minutes) and 1 (449 minutes), see Table 4-21. 

Table 4-21 Simple Effect Comparisons for Condition x Day for Total Sleep in 24hrs  

Simple Effect Level  Day Day Adj P 

Non-rested 1 2 .8512 

Rested 1 2 1.000 
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Simple Effect Level  Day Day Adj P 

Non-rested 1 3 .3316 

Rested 1 3 1.000 

Non-rested 1 4 <.0001 

Rested 1 4 .1651 

Non-rested 2 3 .8512 

Rested 2 3 1.000 

Non-rested 2 4 <.0001 

Rested 2 4 .5374 

Non-rested 3 4 .0009  

Rested 3 4 .5374 

Total sleep in 48hrs  

The difference in total sleep in the previous 48 hour period prior to the start of each 

simulated flight was not significant between the non-rested and rested condition.  

Cumulative Sleep Debt 

For cumulative sleep debt the interaction between condition and day was significant. 

Simple effect tests showed that cumulative sleep debt was significantly higher in the non-

rested condition than in the rested condition during day 2 (p = .0199), day 3 (p = .0006) 

and day 4 (p = .0045), see Figure 4-38. Compared to the rested condition, participants in 

the non-rested condition incurred higher levels of cumulative sleep debt during day 2 

(140 minutes versus 57 minutes), day 3 (203 minutes versus 77minutes) and day 4 

(162minutes versus 57minutes). The difference in cumulative sleep debt between the 

non-rested and rested condition was not significantly different for day 1 (p = .1828).  
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Figure 4-38 LS-means Estimates of Cumulative Sleep Debt for the Interaction: Condition x 
Day 

 

In the non-rested condition, simple effect tests showed that cumulative sleep debt was 

significantly lower during day 1 (84 minutes) compared with day 2 (140 minutes) and 3 

(203 minutes). In addition, cumulative sleep debt was significantly lower in day 2 (140 

minutes) and 4 (162 minutes) compared with day 3 (203 minutes). All other simple effect 

tests that compared cumulative sleep debt between different levels of condition and day 

were not significant (see Table 4-22). 
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Table 4-22 Simple Effect Comparisons for Condition x Day for Sleep Start  

Simple Effect Level  Day Day Adj P 

Non-rested 1 2 .0006  

Rested 1 2 .7097 

Non-rested 1 3 <.0001  

Rested 1 3 .2340 

Non-rested 1 4 .0029  

Rested 1 4 .7767 

Non-rested 2 3 <.0001  

Rested 2 3 .7097 

Non-rested 2 4 .2569 

Rested 2 4 .9766 

Non-rested 3 4 .0129  

Rested 3 4 .7097 

Sleep Start   

The interaction between condition and day was significant for sleep start. Simple effect 

tests showed that the start of sleep was significantly later in the rested condition during 

day 2 (23:30 versus 22:10, p = .0001) and 3 (23:40 versus 22:40, p = .0039), see Figure 

4-39. Differences in sleep start were not significantly different between different levels of 

condition during day 1 (p = .7434) or 4 (p = .2253). 



CHAPTER 4 

198 

Figure 4-39 LS-means Estimates of Sleep Start  for the Interaction: Condition x Day 

 

In the rested condition, simple effect tests showed that the start of sleep during day 1 

(22:46) was significantly earlier than the start of sleep during day 2 (23:31) and 3 (23:40). 

All other simple effect tests that compared the start of sleep between different levels of 

condition and day were not significant (see Table 4-23). 

Table 4-23 Simple Effect Comparisons for Condition x Day for Sleep Start  

Simple Effect Level  Day Day Adj P 

Non-rested 1 2 .4192 

Rested 1 2 .0361  

Non-rested 1 3 1.000 

Rested 1 3 .0332  

Non-rested 1 4 1.000 

Rested 1 4 .7007 

Non-rested 2 3 .4192 

Rested 2 3 .7007 

Non-rested 2 4 .4192 

Rested 2 4 .7007 

Non-rested 3 4 1.000 

Rested 3 4 .2332 
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Sleep End  

The interaction between condition and day was significant for sleep end. Simple effect 

tests show that the end of sleep was significantly later in the rested condition during day 

1 (06:35 versus 05:28, p = .0169), 2 (07:46 versus 05:21, p = <.0001) and 3 (07:42 versus 

06:10, p = .0014), see Figure 4-40. The end of sleep was not significantly different between 

conditions during day 4 (p = .6396).  

Figure 4-40 LS-Means Estimates of  Sleep End for the Interaction: Condition x Day 

 

In the rested condition, simple effect tests show that the end of sleep during day 1 (06:35) 

was significantly earlier than the end of sleep during day 2 (07:47), 3 (07:42) and 4 

(07:50). In the non-rested condition, the end of sleep was significantly later during day 4 

(07:37) compared with day 1 (05:28), 2 (05:21) and 3 (06:10). All other simple effect tests 

that compared the end of sleep between different levels of condition and day were not 

significant (see Table 4-24).  
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Table 4-24 Simple Effect Comparisons for Condition x Day for Sleep End 

Simple Effect Level  Day Day Adj P 

Non-rested 1 2 .7650 

Rested 1 2 .0094  

Non-rested 1 3 .1267 

Rested 1 3 .0161  

Non-rested 1 4 <.0001 

Rested 1 4 .0076  

Non-rested 2 3 .0957 

Rested 2 3 1.000 

Non-rested 2 4 <.0001  

Rested 2 4 1.000 

Non-rested 3 4 .0008  

Rested 3 4 1.000 
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Time in bed  

The interaction between condition and day was significant for time in bed. Simple effect 

tests found that time in bed was significantly shorter in the non-rested condition during 

day 2 (505 min versus 453 min, p = .0181) and 3 (506 min versus 445 min, p= .0064), see 

Figure 4-41. However, it was not significantly different between different levels of 

condition for day 1 (p = .0669) and 4 (p = .7556).  

Figure 4-41LS-means Estimates of Time in  Bed for the Interaction: Condition x Day 

 

In the non-rested condition, simple effect tests found that time in bed during day 4 (9 

hours 2 minutes) was significantly longer than day 1 (7 hours 19 minutes), 3 (7 hours 33 

minutes) and 3 (7 hours 25 minutes). In the rested condition, time in bed during day 4 (8 

hours 56 minutes) was significantly longer than day 1 (7 hours 59 minutes). All other 

simple effect tests that compared time in bed between different levels of condition and 

day were not significant (see Table 4-25).
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Table 4-25 Simple Effect Comparisons for Condition x Day for Time  in  Bed 

Simple Effect Level  Day Day Adj P 

Non-rested 1 2 1.000 

Rested 1 2 .4520 

Non-rested 1 3 1.000 

Rested 1 3 .4289 

Non-rested 1 4 <.0001  

Rested 1 4 .0150  

Non-rested 2 3 1.000 

Rested 2 3 .9660 

Non-rested 2 4 <.0001  

Rested 2 4 .2617 

Non-rested 3 4 <.0001  

Rested 3 4 .4367 

 

4.8.3 The Effect of Condition on Time Since Sleep   

This section includes analysis and results for the following research question:  

Q8: Does time since sleep differ between the non-rested and rested condition? 

4.8.3.1 Analysis  

Table 4-26 lists results for the effect of condition and order on time since sleep. 

Descriptive statistics for the variables mentioned in Table 4-26 are included in Section 

4.8.1.3. 
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Table 4-26 Dependent and Independent Variables Included within Analyses. 

Dependent variable  Independent variable  DF F-value  P(F) 

Time Since Sleep at the Start of the pre 
Simulated Flight PVT Test a 

Condition  1,14 41.24 <.0001  

 Order 1,14 1.26 0.2805 

Time Since Sleep at the Start of the post 
Simulated Flight PVT Test a 

Condition  1,14 36.51 <.0001  

 Order 1,14 0.81 0.3845 

Time Since Sleep at the Start of the Simulated 
Flight a b 

Condition  1,14 40.07 <.0001  

 Order 1,14 0.94 0.3476 
a Number of observations used: 32/32; b Interaction Condition x Order removed from the final model as it 
was not significant. 

 

4.8.3.2 Results 

After controlling for order, time since sleep was significantly shorter in the non-rested 

condition for the pre simulator PVT test (estimated mean = 10 hours 3 minutes versus 11 

hours 45 minutes), the simulated flight (estimated mean = 10 hours 21 minutes versus 11 

hours 54 minutes) and the post simulator PVT test (estimated mean = 11 hours 54 

minutes versus 13 hours 28 minutes).  

4.8.4 Comparing Non-baseline and Baseline Sleep Periods  

This section includes analysis and results for the following research question: 

Q9: Does sleep timing and duration differ between non-baseline and baseline sleep 

periods? 
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4.8.4.1 Analysis  

Table 4-27 lists results comparing total sleep in 24hrs, sleep start, sleep end and time in 

bed between baseline and non-baseline sleep periods. Descriptive statistics for the 

variables mentioned in Table 4-27 are included in Section 4.8.1.2. 

Table 4-27 Results of mixed model ANOVAS for the effect of Non-baseline and Baseline 
Sleep periods on Sleep Related Variables.  

Dependent variable  Independent variable  DF F-value  P(F) 

Total Sleep in 24hrs a b Baseline versus Non-baseline sleep period  1, 154 3.40 .0670 

Sleep Start a c Baseline versus Non-baseline sleep period 1, 156 5.47 .0206  

Sleep End a, b, d Baseline versus Non-baseline sleep period 1, 155 9.53 .0024  

Time in Bed a b Baseline versus Non-baseline sleep period  1, 157 4.67 .0321  

a Number of observations used: 168/168; b Includes one outlier; c Includes three outliers; d REFL SQRT 
transformation applied to normalise distribution. 

 

4.8.4.2 Results 

For baseline sleep periods, the start (23:18 versus 22:54) and end of sleep (07:31 versus 

06:42) was significantly later and time in bed was longer (8 hours 53 minutes versus 8 

hours 4 minutes) than for non-baseline sleep periods. However, total sleep in 24 hours 

was not significantly different between non-baseline and baseline sleep periods (7 hours 

24 minutes versus 7 hours 45 minutes).  
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4.9 Subjective Ratings of Fatigue, Sleepiness and Sleep Quality 

4.9.1 Test Details 

4.9.1.1 Subjective Ratings of Fatigue, Sleepiness before Main Sleep Periods 

and Subjective Ratings of Fatigue, Sleepiness and Sleep Quality 

following Main Sleep Periods 

Ratings of fatigue and sleepiness were recorded before and following main sleep periods 

and ratings of sleep quality were recorded following main sleep periods during days 1 - 4 

before simulated flights. The distribution for each subjective rating is presented in Figure 

4-42 (fatigue start main sleep), Figure 4-43 (sleepiness start main sleep), Figure 4-44 

(fatigue end main sleep), Figure 4-45 (sleepiness end main sleep) and Figure 4-46 (sleep 

quality). Table 4-28 lists the mean, standard deviation, median and range for each 

subjective rating. 

Figure 4-42 Fatigue before Main Sleep Periods grouped by Condition and Day  
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Figure 4-43 Sleepiness before Main Sleep Periods grouped by Condition  

 

Figure 4-44 Fatigue following Main Sleep Periods grouped by Condition  
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Figure 4-45 Sleepiness following Main Sleep Periods grouped by Condition  

 

Figure 4-46 Sleep Quality ratings following Main Sleep Periods grouped by Condition  
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4.9.1.2 Subjective Ratings of Fatigue, Sleepiness and Sleep Quality in Baseline 

and Non-baseline sleep periods 

During the flight duty period, 117 non-baseline and 51 baseline sleep periods were 

identifi ed. The distribution of fatigue and sleepiness ratings before and following main 

sleep periods and sleep quality ratings following main sleep periods is outlined in Figure 

4-47 and Figure 4-51. Table 4-29 lists the mean, standard deviation, median and range. 

Figure 4-47 Fatigue before Main Sleep Periods grouped by Sleep Period  
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Figure 4-48 Fatigue following Main Sleep Periods grouped by Sleep Period  

 

Figure 4-49 Sleepiness before Main Sleep Periods grouped by Sleep Period  
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Figure 4-50 Sleepiness following Main Sleep Periods grouped by Sleep Period  

 

Figure 4-51 Sleep Quality ratings at the end of Baseline and Non-baseline Sleep Periods  
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4.9.1.3 Fatigue and sleepiness ratings prior to and following simulated flights  

Fatigue and sleepiness ratings were recorded immediately before and following each 

simulated flight. The distribution of variables is presented in Figure 4-52 (fatigue ratings) 

and Figure 4-53 (sleepiness ratings). Descriptive statistics including the mean, standard 

deviation, median and range are presented in Table 4-30. 

Figure 4-52 Fatigue Ratings during Simulated Flight s grouped by Condition and Timing      
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Figure 4-53 Sleepiness  Ratings during Simulated Flights grouped by Condition and 
Timing   
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4.9.2 The Effect of Condition and Day on Fatigue, Sleepiness and 

Sleep Quality   

This section includes analysis and results for the following research question: 

Q10: Do subjective fatigue and sleepiness ratings, prior to and following main sleep 

periods, and subjective sleep quality ratings, following main sleep periods, differ 

between the non-rested and rested condition? 

4.9.2.1 Analysis 

Table 4-31 lists results for the effect of condition and day on ratings of fatigue, 

sleepiness and sleep quality. If main effects were significant, post hoc t tests were 

used to make pairwise comparisons between levels of the significant effect(s). If 

interactions were significant, simple effect analyses were undertaken to determine 

the effect of a fixed effect at individual levels of the other fixed effect. Descriptive 

statistics for the variables mentioned in Table 4-31 are outlined in Section 4.9.1.1.  
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Table 4-31 Results of Mixed Model ANOVA for the Effect of Day and Condition on 
Subjective  Ratings of Fatigue, Sleepiness and Sleep Quality  

Dependent variable  Independent variable  DF F-value  P(F) 

Fatigue Start Main Sleep a b c Day 3, 87.4 3.38 .0219  

 Condition  1, 28.9 1.49 .2326 

 Day x Condition  3, 87.4 3.10 .0308  

Sleepiness Start Main Sleep a b d e Day 3, 91.2 1.61 .1918 

 Condition  1, 29.9 0.69 .4128 

Fatigue Main Sleep End b c e f Day 3, 91.7 4.49 .0055  

 Condition  1, 30.3 5.29 .0285  

Sleepiness Main Sleep End b f g Day 3, 87.1 3.19 .0276  

 Condition  1, 30.5 4.83 .0357  

 Day x Condition 3, 87.1 3.56 .0174 

Sleep Quality b, e, h, i Day 3, 90.8 5.92 .0010  

 Condition  1, 30 0.92 .3458 
a Number of observations used: 126/128; b Compound Symmetry covariance structure; c includes 1 
outlier; d REFL SQRT transformation applied to normalise distribution; e the non-significant (NS) 
interaction Condition x Day was removed from the final model; f Number of observations used: 
124/126; g excludes 2 outliers; h Number of observations used: 125/128; i SQRT transformation 
applied to normalise distribution. 
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4.9.2.2 Results 

Fatigue at the Start  of Main Sleep Periods  

The interaction between condition and day was significant. Simple effect tests show 

that ratings of fatigue, at the start of the main sleep period during day 4 were 

significantly higher (p = .0210) in the non-rested condition (estimated mean = 5.43) 

compared with the rested condition (estimated mean = 4.75), see Figure 4-54.  

Figure 4-54 LS-means Estimates for Fatigue Start Main Sleep for the Interaction: 
Condition x Day 

 

Table 4-32 shows that in the non-rested condition, ratings of fatigue at the start of 

sleep during day 4 (estimated mean = 5.43) were significantly higher than day 1 

(estimated mean = 4.37). 
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Table 4-32 Simple Effect Comparisons for Condition x Day for Fatigue at the Start of 
the Main Sleep Period  

Simple Effect Level  Day Day Adj P 

Non-rested 1 2 .1645 

Rested 1 2 1.000 

Non-rested 1 3 .1428 

Rested 1 3 1.000 

Non-rested 1 4 .0004  

Rested 1 4 1.000 

Non-rested 2 3 .8023 

Rested 2 3 1.000 

Non-rested 2 4 .0825 

Rested 2 4 1.000 

Non-rested 3 4 .1222 

Rested 3 4 1.000 

Sleepiness at the Start of Main Sleep Periods  

The interaction between condition and day was not significant. In the reduced 

model, condition and day did not contribute to significant differences in sleepiness 

ratings at the start of sleep.  

Fatigue at the End of Main Sleep Periods  

The interaction between condition and day was removed from the model as it was 

not significant. Independent of day, ratings of fatigue at the end of the sleep period 

were significantly higher in the non-rested condition (estimated mean = 3.40) 

compared with the rested condition (estimated mean = 2.83). Fatigue was 

significantly lower following the main sleep period during day 4 (estimated mean = 

2.77) compared with day 1 (estimated mean = 3.65), see Table 4-33. 
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Table 4-33 Simple Effect Comparisons of Fatigue Ratings at the End of Main Sleep 
Periods for different Levels of Day  

Day Day Adj P 

1 2 .0828 

1 3 .1819 

1 4 .0032  

2 3 .6974 

2 4 .4908 

3 4 .3378 

 

Sleepiness at the End of Main Sleep Periods 

The interaction between condition and day was significant for sleepiness ratings at 

the end of the main sleep period. Simple effect tests showed sleepiness ratings were 

significantly higher in the non-rested condition during day 2 (5.06 versus 3.43, p = 

.0033) and 3 (5.07 versus 3.62, p = .0093), see Figure 4-55. The difference in 

sleepiness ratings was not significant during day 1 (p = .4831) or 4 (p=.9301).  

Figure 4-55 LS-means Estimates for Sleepiness at the End of Main Sleep Periods for 
the Interaction: Condition x Day 
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In the non-rested condition, simple effect tests showed that sleepiness was 

significantly lower during day 4 (3.64) compared with day 3 (5.07), 2 (5.06) and 1 

(4.75), see Table 4-34. 

Table 4-34 Simple Effect Comparisons for Condition x Day for Sleepiness at the End 
of Main Sleep Periods during Days 1 - 4.  

Simple Effect Level  Day Day Adj P 

Non-rested 1 2 1.000 

Rested 1 2 .1920 

Non-rested 1 3 1.000 

Rested 1 3 .4241 

Non-rested 1 4 .0479  

Rested 1 4 .4336 

Non-rested 2 3 1.000 

Rested 2 3 1.000 

Non-rested 2 4 .0087  

Rested 2 4 1.000 

Non-rested 3 4 .0087  

Rested 3 4 1.000 

 

Sleep Quality  

The interaction between condition and day was removed from the model as it was 

not significant. Sleep quality ratings were not significantly different between levels 

of condition. Post hoc t tests showed that ratings of sleep quality were significantly 

higher during day 4 (untransformed estimated mean = 2.67) compared with day 3 

(untransformed estimated mean = 3.43), see Figure 4-56 and Table 4-35. 
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Figure 4-56 Untransformed LS -means for Sleep Quality for Different Levels of Day 

 

Table 4-35 Simple Effect Comparisons of Sleep Quality for  Different Levels of  Day  

Day Day Adj P 

1 2 .6894 

1 3 .6894 

1 4 .0008  

2 3 .8234 

2 4 .0229  

3 4 .0161  
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4.9.3 The Effect of Non-baseline and Baseline Sleep Periods on 

Fatigue, Sleepiness and Sleep Quality  

This section includes the analysis and results for the following research question: 

Q11: Do fatigue, sleepiness and sleep quality ratings differ between non-baseline 

and baseline sleep periods? 

4.9.3.1 Analysis 

Table 4-36 lists the results for the effect of non-baseline and baseline sleep periods 

on ratings of fatigue, sleepiness and sleep quality. Descriptive statistics are included 

in Section 4.9.1.2. 

Table 4-36 Results of mixed model ANOVA for the Effect of Non-baseline and 
Baseline sleep periods on Subjective Ratings of Fatigue, Sleepiness 
and Sleep Quality  

Dependent variable  Independent variable  DF F-value  P(F) 

Fatigue Start Main Sleep a b c Sleep Period g  1, 153 6.64 .0109  

Sleepiness Start Main Sleep a b Sleep Period g 1, 152 1.16 0.2823 

Fatigue End Main Sleep a c d  Sleep Period g 1, 153 6.57 .0113  

Sleepiness End Main Sleep a d e Sleep Period g 1, 153 1.97 .1628 

Sleep Quality d f Sleep Period g 1, 152 2.56 .1112 
a Number of observations used: 166/168; b REFL SQRT transformation applied to normalise 
distribution; c includes 1 outlier; d LOG transformation applied to normalise distribution; e includes 2 
outliers; f Number of observations used: 165/168; g Levels of sleep period include non-baseline and 
baseline sleep periods.   

 

4.9.3.2 Results 

Fatigue ratings at the start and end of main sleep periods were significantly different 

between non-baseline and baseline sleep periods. In baseline sleep periods, fatigue 

ratings were significantly lower at the start (untransformed estimated mean = 4.51 
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versus 4.86) and end (untransformed estimated mean = 2.82 versus 3.27) of main 

sleep periods. Sleepiness ratings before and following the main sleep period and 

sleep quality ratings following the main sleep period were not significantly different.  

4.9.4 The Effect of Condition, Timing and Order on Fatigue and 

Sleepiness before and following Simulated Flights 

This section includes analysis and results for the following research question: 

Q12. Do fatigue and sleepiness ratings across each simulated flight differ between 

the non-rested and rested condition? 

4.9.4.1 Analysis 

Table 4-37 lists results for the effect of condition, timing and order on ratings of 

fatigue and sleepiness. If interactions were significant, simple effect analyses were 

undertaken to determine the effect of a fixed effect at individual levels of the other 

fixed effect. Descriptive statistics for the variables mentioned in Table 4-37 are 

outlined in Section 4.9.1.3.   
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Table 4-37 Results of mixed model ANOVA for the Effect of Condition, Timing and 
Order on Subjective Ratings of Fatigue and Sleepiness before and 
following Simulated Flights  

Dependent variable  Independent variable  DF F-value  P(F) 

Simulated Flight Fatigue a b Condition  1, 37.4 41.27 <.0001  

 Timing 1, 37.4 13.63 .0007  

 Order 1, 37.4 0.61 .4412 

 Condition  x Timing 1, 38.6 4.39 .0427  

Simulated Flight Sleepiness c d Condition  1, 43.3 18.94 <.0001  

 Timing 1, 43.3 8.83 .0048  

 Order 1, 43.3 2.18 .1471 
a Number of observations used 59/61; b Excludes 3 outliers; c Number of observations used: 62/64; d 

Interaction Condition x Timing removed from the final model as it was not significant. 

 

4.9.4.2 Results 

Simulated Flight Fatigue  

The interaction between condition and timing was significant. Simple effect tests 

show that pre simulated flight fatigue ratings were significantly higher (p = .0034) 

in the non-rested condition (estimated mean = 4.31 versus 3.55) compared to the 

rested condition. In addition, fatigue ratings following simulated flights were 

significantly higher (p = <.0001) in the non-rested condition (estimated mean = 5.34 

versus 3.83) than the rested condition, see Figure 4-57.  
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Figure 4-57 LS-means Estimates for Fatigue before and Following Simulated Flights 
for the Interaction: Condition x Timing  

 

Simple effect tests showed that fatigue ratings in the non -rested condition were 

significantly higher (p = .0001) post simulated flight compared with pre simulated 

flight ratings (estimated mean = 5.34 versus 4.31). The difference between pre and 

post simulated flight fatigue ratings in the rested condition were not significantly 

different.    

Simulated Flight Sleepiness  

The interaction between condition and timing for sleepiness ratings was removed 

from the model as the effect was not significant. In the reduced model, sleepiness 

ratings were significantly higher in the non-rested condition (estimated mean = 5.68 

versus 4.31) compared to the rested condition. In addition, sleepiness was 

significantly higher following simulated flights (estimated mean = 5.46 versus 4.53) 

compared to ratings before simulated flights. 
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4.9.5 The Effect of Sleep Related Variables on Fatigue and Sleepiness  

This section includes analysis and results for the following research question: 

Q13. Are subjective ratings of fatigue and sleepiness across simulated flights 

associated with cumulative sleep debt, time since sleep, or total sleep time? 

4.9.5.1 Analysis 

Table 4-38 lists results for the effect of cumulative sleep debt, time since sleep at the 

start of the simulated flight and total sleep in 24hrs and 48hrs on ratings of fatigue 

and sleepiness before and following simulated flights. Descriptive statistics for the 

variables mentioned in Table 4-38 are included in Section 4.8.1.1 and Table 4-39 

shows the direction of association between dependent and independent variables.  
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Table 4-38 Results of Mixed Model ANOVA for the Effect of Sleep Related Variables 
on Subjective Ratings of Fatigue and Sleepiness before  and following 
Simulated Flights  

Dependent variable  Independent variable  DF F-value  P(F) 

Pre Simulated Flight Fatigue a Cumulative Sleep Debt 1, 27.7 7.35 .0114  

 Total Sleep in 24hrs 1, 26.5 14.08 .0009 

 Time Since Sleep at the Start of 
the pre Simulated Flight PVT Test 

1, 25 4.25 .0497  

Pre Simulated Flight Fatigue a b Cumulative Sleep Debt 1, 25.5 5.44 .0279  

 Total Sleep in 48hrs 1, 23 4.94 .0363  

 Time Since Sleep at the Start of 
the pre Simulated Flight PVT Test 

1, 25 0.31 .5851 

Pre Simulated Flight Sleepiness a b Cumulative Sleep Debt 1, 25.2 6.35 .0185  

 Total Sleep in 24hrs 1, 24.3 8.62 .0072  

 Time Since Sleep at the Start of 
the pre Simulated Flight PVT Test 

1, 27.4 0.45 .5088 

Pre Simulated Flight Sleepiness a Cumulative Sleep Debt 1, 25.4 5.71 .0246  

 Total Sleep in 48hrs 1, 23.3 1.58 .2212 

 Time Since Sleep at the Start of 
the pre Simulated Flight PVT Test 

1, 25.5 0.15 .7024 

Post Simulated Flight Fatigue a  Cumulative Sleep Debt 1, 25.7 3.00 .0951 

 Total Sleep in 24hrs 1, 24.7 2.36 .1373 

 Time Since Sleep at the Start of 
the post Simulated Flight PVT 
Test 

1, 24.8 7.00 .0139  

Post Simulated Flight Fatigue a  Cumulative Sleep Debt 1, 25.70 3.23 .0842 

 Total Sleep in 48hrs 1, 22.5 6.45 .0185  

 Time Since Sleep at the Start of 
the post Simulated Flight PVT 
Test 

1, 22.6 10.03 .0044  

Post Simulated Flight Sleepiness c   Cumulative Sleep Debt 1, 23.1 5.28 .0309  

 Total Sleep in 24hrs 1, 22.7 9.32 .0057  
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4.9.5.2 Results 

Cumulative Sleep Debt  

Cumulative sleep debt was significantly associated with pre simulated flight fatigue 

ratings and both pre and post simulated flight sleepiness ratings (see Table 4-38). 

For pre simulated flight fatigue ratings, each one hour increase in cumulative sleep 

debt, resulted in an increase in model estimates of 0.16 units in the model which 

accounted for total sleep in 24hrs, and an increase of 0.15 units in the model which 

accounted for total sleep in 48hrs. Similar increases were found for pre and post 

simulated flight sleepiness ratings, as summarised in Table 4-40. Cumulative sleep 

debt was not significantly associated with post simulated flight fatigue ratings. 

Table 4-40 Model Estimates for Subjective Ratings of Fatigue and Sleepiness in 
Models that have a Significant Association between Subjective Ratings 
of Fatigue or Sleepiness and Cumulative Sleep Debt  

Dependent Variable  Model Estimate  Model which includes:  

Pre Simulated Flight Fatigue 0.16 Total Sleep in 24hrs 

Pre Simulated Flight Fatigue 0.15 Total Sleep in 48hrs 

Pre Simulated Flight Sleepiness 0.24 Total Sleep in 24hrs 

Pre Simulated Flight Sleepiness 0.25 Total Sleep in 48hrs 

Post Simulated Flight Sleepiness 0.26 Total Sleep in 24hrs 

Post Simulated Flight Sleepiness 0.29 Total Sleep in 48hrs 

  

Time Since Sleep 

Time since sleep was significantly associated with fatigue ratings recorded before 

simulated flight in the model which accounted for total sleep in 24hrs and all models 

which included ratings of fatigue and sleepiness (see Table 4-38) following 
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simulated flights. For each additional hour of wakefulness, the pre simulated flight 

fatigue rating estimate in the model which accounted for total sleep in 24hrs 

decreased by 0.24 units. Similar decreases were found for fatigue and sleepiness 

ratings following simulated flight, as summarised in Table 4-41. Time since sleep 

was not significantly associated with pre simulated flight fatigue ratings in the 

model which accounted for total sleep in 48hrs or pre simulated flight sleepiness 

ratings.  

Table 4-41 Model Estimates for Subjective ratings of Fatigue and Sleepiness in 
Models that have a Significant Association between Subjective Ratings 
of Fatigue or Sleepiness and Time Since Sleep 

Dependent Variable  Model Estimate  Model which includes:  

Pre Simulated Flight Fatigue -0.24 Total Sleep in 24hrs 

Post Simulated Flight Fatigue -0.5 Total Sleep in 24hrs 

Post Simulated Flight Fatigue -0.48 Total Sleep in 48hrs 

Post Simulated Flight Sleepiness -0.65 Total Sleep in 24hrs 

Post Simulated Flight Sleepiness -0.48 Total Sleep in 48hrs 

Total Sleep in 24hrs  

Total sleep in 24hrs was significantly associated with pre simulated flight fatigue 

and sleepiness ratings and post simulated flight sleepiness ratings (see Table 4-38). 

For each additional hour of sleep during the previous 24 hour period, pre simulated 

flight fatigue rating estimates decreased by 0.64 units. Similar decreases were found 

for pre and post simulated flight sleepiness ratings, as summarised in Table 4-42. 

Total sleep in 24hrs was not significantly associated with post simulated flight 

fatigue ratings.   
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Table 4-42 Model Estimates of Fatigue and Sleepiness in Models that have a 
Significant Association between Subjective Ratings of Fatigue or 
Sleepiness and Total Sleep in 24hrs  

Dependent Variable  Model Estimate  Model which includes:  

Pre Simulated Flight Fatigue -0.64 Total Sleep in 24hrs 

Pre Simulated Flight Sleepiness -0.79 Total Sleep in 24hrs 

Post Simulated Flight Fatigue -1.01 Total Sleep in 24hrs 

 

Total Sleep in 48hrs  

Total sleep in 48hrs was significantly associated with pre simulated flight fatigue 

ratings and post simulated flight fatigue and sleepiness ratings (see Table 4-38). For 

pre simulated flight fatigue ratings, for each additional hour of sleep during the 

previous 48 hour period, model estimates decreased by 0.20. Similar decreases 

were found for pre and post simulated flight sleepiness ratings, as summarised in  

Table 4-43. Total sleep in 48hrs was not significantly associated with pre simulated 

flight sleepiness ratings.  

Table 4-43 Model Estimates of Fatigue and Sleepiness in Models that have a 
Significant Association between Subjective Ratings of Fatigue or 
Sleepiness and Total Sleep in 48hrs  

Dependent Variable  Model Estimate  Model which includes:  

Pre Simulated Flight Fatigue -0.20 Total Sleep in 48hrs 

Post Simulated Flight Fatigue -0.29 Total Sleep in 48hrs 

Post Simulated Flight Sleepiness -0.43 Total Sleep in 48hrs 
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and in day three compared with day 2. When compared with day 3, cumulative sleep 

debt was significantly lower during day 4.  

Time since sleep was significantly shorter in the non-rested condition when 

compared with the rested condition at the start of the pre simulated flight PVT, the 

start of the simulated flight and the start of the post simulated flight PVT.  

Compared with the rested condition, total sleep in 24hrs was significantly shorter 

in the non-rested condition during days 1 and 2. In the non-rested condition, total 

sleep in 24hrs was significantly longer during day 4, compared with day 3.  

Total sleep in 48hrs prior to the simulated flight was not significantly different 

between the non-rested and rested condition.  

The start of sleep was significantly later in the rested condition, compared with the 

non-rested condition during days 2 and 3 and it was significantly earlier in the 

rested condition during day 1 compared with day 2.  

The end of sleep was significantly later in the rested condition, compared with the 

non-rested condition during days 1, 2 and 3 and it was significantly earlier during 

the rested condition during day 1 compared with day 2. In addition, it was 

significantly earlier during the non-rested condition during day 3 compared with 

day 4.  

Time in bed was significantly shorter during the non-rested condition during day 2 

and 3. In addition, it was significantly shorter during the non-rested condition 

during day 3, when compared with day 4. 

The effect of non-baseline and baseline sleep periods on sleep related variables:  
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During baseline sleep periods, the start and end of sleep was significantly later, and 

time in bed was significantly longer. However, total sleep over the 24 hour period 

starting at 12:00 was not significantly different when compared with non-baseline 

sleep periods. 

Subjective Ratings of Fatigue, Sleepiness and Sleep Quality  

The effect of condition and day on subjective ratings of fatigue, sleepiness and sleep 

quality:  

Ratings of fatigue at the start of sleep were significantly higher in the non-rested 

condition during day 4. However, there were no significant differences in fatigue 

ratings between days in either the non-rested or rested condition.  

Ratings of sleepiness at the start of sleep were not significantly different between 

the non-rested and rested condition or between different levels of day.  

Ratings of fatigue at the end of sleep were significantly higher during the non-rested 

condition and although fatigue ratings were significantly different between 

different levels of day, there were no significant differences in meaningful 

comparisons.  

Subjective sleepiness ratings at the end of sleep were significantly higher in the non-

rested condition during days 2 and 3, and in the non-rested condition, sleepiness 

ratings were significantly higher during day 3, compared with day 4.  

Sleep quality was not significantly different between the non-rested and rested 

condition, however, it was significantly higher during day 4, compared with day 3.  
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The effect of non-baseline and baseline sleep periods on subjective ratings of fatigue, 

sleepiness and sleep quality:  

During baseline sleep periods, ratings of fatigue were significantly lower during 

both the start and end of sleep. Sleepiness and sleep quality did not differ 

significantly between levels of condition. 

The effect of condition, timing and order on subjective ratings of fatigue and sleepiness 

before and following simulated flights:  

The interaction between condition and timing was significant for pre and post 

simulated flight ratings of fatigue. Fatigue ratings were significantly higher in the 

non-rested condition and following simulated flight. Sleepiness ratings were 

significantly higher in the non-rested condition compared and were significantly 

higher following  simulated flight.  

The effect of sleep related variables on pre simulated flight and post simulated flight 

subjective ratings of fatigue and sleepiness:  

An increase in cumulative sleep debt was associated with a significant increase in 

ratings of fatigue and sleepiness. Time since sleep was associated with a significant 

decrease in pre simulated flight ratings of fatigue in the model which accounted for 

total sleep in 24hrs and a significant decrease in post simulated flight ratings of 

fatigue and sleepiness. An increase in total sleep in 24hrs was associated with a 

significant decrease in fatigue and sleepiness ratings prior to the start of simulated 

flights and post simulated flight ratings of sleepiness whereas. An increase in total 

sleep in 48hrs was associated with a significant decrease in ratings of fatigue prior 

to the start of the simulated flight and a decrease in both ratings of fatigue and 

sleepiness following flight.  
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CHAPTER 5 RESULTS: PSYCHOMOTOR VIGILANCE 

TASK   

5.1 Overview  

This chapter presents findings from the analysis of PVT test data collected before 

and following each simulated flight. Analysis focused on the influence of sleep 

related factors on PVT performance. In addition, the influence of condition (non-

rested or rested), flight order (first or second simulated flight) and test timing (pre 

simulated flight or post simulated flight) was investigated. Analyses and results are 

grouped by research question.  

5.2 Research Questions 

The following research questions are addressed.  

Question 1. Does PVT performance differ between the non-rested and rested 

condition? 

Question 2. Does PVT performance change across the simulated flight? 

Question 3. Does PVT performance differ between the first and second simulated 

flight? 

Question 4. Is PVT performance associated with sleep related variables? 

Question 5. Is PVT performance associated with subjective ratings of fatigue and 

sleepiness?  
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5.4 The Effect of Condition, Timing and Order on PVT Performance 

This section includes analyses and results for the following research questions:  

Q1. Does PVT performance differ between the non-rested and rested condition? 

Q2. Does PVT performance change across the simulated flight?  

Q3. Does PVT performance differ between the first and second simulated flight?  

5.4.1 Analysis 

Table 5-3 summarises the linear mixed model results for the effect of the non-rested or 

rested condition, the pre-flight or post-flight test timing and the first simulated flight or 

second simulated flight order on the PVT variables response speed, fastest 10% of 

responses and slowest 10% of responses. The interaction between condition and timing 

was not significant for any of the PVT variables examined and was therefore removed 

from final models. Figure 5-2, Figure 5-3 and Figure 5-4 show LS-means estimates for PVT 

variables grouped by timing and condition. 
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Table 5-3 Results of mixed model ANOVA for the Effect of Condition, Timing and Order on PVT Performance.   

Dependent Variable  Independent Variable  DF F-value  P(F) 

PVT Response Speed a d Condition  1, 45 1.42 .2396 

 Timing 1, 45 3.05 .0877 

 Order 1, 45 3.26 .7302 

Fastest 10% of Responses a d Condition  1, 45 0.07 .7990 

 Timing 1, 45 1.03 .3153 

 Order 1, 45 0.96 .3321 

Slowest 10% of Responses b c d  Condition  1, 43.9 3.09 .0858 

 Timing 1, 43.9 0.52 .4755 

 Order 1, 43.9 0.48 .4936 
a Number of observations used: 64/64; b Number of observations used: 63/63; c one outlier removed; d the interaction CONDITION x TIMING was not significant, 
therefore was removed from the final model. 
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5.4.2 Results 

PVT response speed, fastest 10% of responses, and slowest 10% of responses did not 

differ significantly between the pre and post simulated flight in either the non-rested or 

rested condition. A trend was observed where the LS-mean estimate for each PVT variable 

was slower following each simulated flight however this effect was not statistically 

significant. In addition, there was no effect of simulated flight order on PVT response 

speed, fastest 10% of responses or slowest 10% of responses. 

Figure 5-2 Estimated PVT Response Speed by Condition and Timing  

 

Figure 5-3 Estimated Mean Fastest 10% of Responses by Condition and Timing  
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Figure 5-4 Estimated Mean Slowest 10% of Responses by Condition and Timing  

 

5.5 The Effect of Sleep Related Variables, Fatigue and Sleepiness on 

Psychomotor Vigilance Task Performance 

This section includes analyses and results for the following research questions:  

Q4. Is PVT performance associated with sleep related variables?    

Q5. Is PVT performance associated with subjective ratings of fatigue and sleepiness? 

5.5.1 Analysis 

Table 5-4, Table 5-5 and Table 5-6 summarise linear mixed model results for the effect of 

sleep related variables and ratings of fatigue and sleepiness on PVT variables. Table 5-7 

shows the direction of association between dependent and independent variables.
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Table 5-4 Results of Mixed Model ANOVA for the Effect of Sleep Related Variables and 
Subjective Ratings of Fatigue and Sleepiness on PVT Response Speed  

Dependent Variable Independent Variable DF F-value P(F) 

Pre-Simulator PVT Response Speed a Cumulative Sleep Debt 1, 26.7 0.13 .7230 

 Time Since Sleep 1, 24 0.24 .6298 

 Total Sleep in 24hrs 1, 26.8 0.82 .3743 

 Pre Simulated Flight Fatigue 1, 26.4 0.24 .6314 

Pre-Simulator PVT Response Speed a Cumulative Sleep Debt 1, 26.9 0.57 .4557 

 Time Since Sleep 1, 21.6 0.08 .7838 

 Total Sleep in 24hrs 1, 26.8 2.08 .1611 

 Pre Simulated Flight Sleepiness 1, 20.1 0.10 .7508 

Pre-Simulator PVT Response Speed a Cumulative Sleep Debt 1, 24.1 0.00 .9967 

 Time Since Sleep 1, 20.7 0.33 .5700 

 Total Sleep in 48hrs 1, 26.2 8.98 .0059 

 Pre Simulated Flight Fatigue 1, 25.2 0.38 .5444 

Pre-Simulator PVT Response Speed a Cumulative Sleep Debt 1, 25.2 0.06 .8015 

 Time Since Sleep 1, 20.7 0.25 .6230 

 Total Sleep in 48hrs 1, 24.2 10.95 .0029 

 Pre Simulated Flight Sleepiness 1, 24.5 0.01 .9082 

     

Post-Simulator PVT Response Speed b Cumulative Sleep Debt 1, 24.4 0.09 .7707 

 Time Since Sleep 1, 15.7 2.52 .1322 

 Total Sleep in 24hrs 1, 22.9 0.45 .5087 

 Post Simulated Flight Fatigue 1, 22.8 7.12 .0138 

Post-Simulator PVT Response Speed b Cumulative Sleep Debt 1, 25 0.06 .8109 

 Time Since Sleep 1, 15 1.08 .3159 

 Total Sleep in 24hrs 1, 21.1 0.90 .3530 

 Post Simulated Flight Sleepiness 1, 18.8 4.70 .0431 

Post-Simulator PVT Response Speed b Cumulative Sleep Debt 1, 24.4 0.39 .5374 

 Time Since Sleep 1, 16.7 0.84 .3734 

 Total Sleep in 48hrs 1, 24.7 1.13 .2974 

 Post Simulated Flight Fatigue 1, 22.4 3.82 .0632 

Post-Simulator PVT Response Speed b Cumulative Sleep Debt 1, 25 0.39 .5392 

 Time Since Sleep 1, 15.1 0.05 .8310 

 Total Sleep in 48hrs 1, 24.8 1.55 .2248 

 Post Simulated Flight Sleepiness 1, 19.5 1.84 .1905 
a Number of observations used: 32/32; b Number of observations used: 30/32. 
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Table 5-5 Results of mixed model ANOVA for the effect of sleep related variables and 
subjective ratings of fatigue and sleepiness on Fastest 10% of PVT 
Responses 

Dependent Variable Independent Variable DF F-value P(F) 

Pre-Simulator Fastest 10% of Responses a   Cumulative Sleep Debt 1, 25.1 0.01 .9249 

 Time Since Sleep 1, 25.6 0.01 .9406 

 Total Sleep in 24hrs 1, 25.1 2.74 .1101 

 Pre Simulated Flight Fatigue 1, 26.9 0.10 .7499 

Pre-Simulator Fastest 10% of Responses a   Cumulative Sleep Debt 1, 26.7 0.05 .8257 

 Time Since Sleep 1, 23.5 0.01 .9101 

 Total Sleep in 24hrs 1, 26.9 3.79 .0620 

 Pre Simulated Flight Sleepiness 1, 23.4 0.41 .5298 

Pre-Simulator Fastest 10% of Responses a   Cumulative Sleep Debt 1, 22.9 0.04 .8493 

 Time Since Sleep 1, 22.5 0.09 .7718 

 Total Sleep in 48hrs 1, 25.7 18.00 .0003 

 Pre Simulated Flight Fatigue 1, 26.6 0.18 .6781 

Pre-Simulator Fastest 10% of Responses a   Cumulative Sleep Debt 1, 24.4 0.06 .8129 

 Time Since Sleep 1, 22.1 0.14 .7155 

 Total Sleep in 48hrs 1, 24 19.28 .0002 

 Pre Simulated Flight Sleepiness 1, 26.1 0.14 .7066 

     

Post-Simulator Fastest 10% of Responses b c   Cumulative Sleep Debt 1, 24.6 0.04 .8494 

 Time Since Sleep 1, 16.2 1.96 .1800 

 Total Sleep in 24hrs 1, 23.1 0.13 .7222 

 Post Simulated Flight Fatigue 1, 22.9 3.47 .0755 

Post-Simulator Fastest 10% of Responses b d  Cumulative Sleep Debt 1, 24.8 0.32 .5739 

 Time Since Sleep 1, 14.5 0.96 .3429 

 Total Sleep in 24hrs 1, 20.8 0.59 .4512 

 Post Simulated Flight Sleepiness 1, 18.4 4.93 .0392 

Post-Simulator Fastest 10% of Responses b c   Cumulative Sleep Debt 1, 24.7 0.23 .6391 

 Time Since Sleep 1, 16.5 0.73 .4037 

 Total Sleep in 48hrs 1, 24.9 1.14 .2953 

 Post Simulated Flight Fatigue 1, 21.7 1.56 .2255 

Post-Simulator Fastest 10% of Responses a b   Cumulative Sleep Debt 1, 24.9 0.74 .3985 

 Time Since Sleep 1, 12.3 0.09 .7656 

 Total Sleep in 48hrs 1, 25 1.04 .3170 

 Post Simulated Flight Sleepiness 1, 16.2 1.99 .1777 
a Number of observations used: 32/32; b Number of observations used: 30/32; c REFL SQRT transformation 
applied to normalise distribution; d SQRT transformation applied to normalise distribution.  
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Table 5-6 Results of Mixed Model ANOVA for the Effect of Sleep Related Variables and 
Subjective Ratings of Fatigue and Sleepiness on the Slowest 10% of  PVT 
Responses  

Dependent Variable Independent Variable DF F-value P(F) 

Pre-Simulator Slowest 10% of Responses a   Cumulative Sleep Debt 1, 23.6 0.01 .9159 

 Time Since Sleep 1, 26.8 0.02 .8950 

 Total Sleep in 24hrs 1, 23.4 0.83 .3708 

 Pre Simulated Flight Fatigue 1, 25.9 2.15 .1550 

Pre-Simulator Slowest 10% of Responses b c   Cumulative Sleep Debt 1, 24.8 0.31 .5832 

 Time Since Sleep 1, 24.9 0.19 .6658 

 Total Sleep in 24hrs 1, 25.2 4.65 .0409 

 Pre Simulated Flight Sleepiness 1, 25.5 0.03 .8571 

Pre-Simulator Slowest 10% of Responses a   Cumulative Sleep Debt 1, 20.9 0.06 .8110 

 Time Since Sleep 1, 25.3 0.01 .9403 

 Total Sleep in 48hrs 1, 24.3 6.83 .0152 

 Pre Simulated Flight Fatigue 1, 26.6 2.56 .1214 

Pre-Simulator Slowest 10% of Responses a   Cumulative Sleep Debt 1, 22.4 0.31 .5844 

 Time Since Sleep 1, 25.1 0.09 .7663 

 Total Sleep in 48hrs 1, 23.5 10.48 .0036 

 Pre Simulated Flight Sleepiness 1, 26.7 0.52 .4766 

     

Post-Simulator Slowest 10% of Responses d   Cumulative Sleep Debt 1, 23.9 0.00 .9923 

 Time Since Sleep 1, 16.3 0.04 .8390 

 Total Sleep in 24hrs 1, 23.2 0.07 .7996 

 Post Simulated Flight Fatigue 1, 23.2 2.34 .1396 

Post-Simulator Slowest 10% of Responses d   Cumulative Sleep Debt 1, 24.8 0.01 .9295 

 Time Since Sleep 1, 15.4 0.05 .8254 

 Total Sleep in 24hrs 1, 21.3 0.13 .7229 

 Post Simulated Flight Sleepiness 1, 18.9 1.10 .3081 

Post-Simulator Slowest 10% of Responses d   Cumulative Sleep Debt 1, 24.1 0.03 .8733 

 Time Since Sleep 1, 17.3 0.08 .7773 

 Total Sleep in 48hrs 1, 24.3 1.01 .3246 

 Post Simulated Flight Fatigue 1, 23.3 0.97 .3340 

Post-Simulator Slowest 10% of Responses d   Cumulative Sleep Debt 1, 24.8 0.00 .9553 

 Time Since Sleep 1, 16.2 0.65 .4334 

 Total Sleep in 48hrs 1, 24.4 1.49 .2344 

 Post Simulated Flight Sleepiness 1, 21.4 0.21 .6552 
a Number of observations used: 32/32; b Number of observations used: 31/32; c one outlier removed; d 

Number of observations used: 30/32. 
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5.5.2 Results 

Cumulative Sleep Debt and PVT Performance  

Cumulative sleep debt was not significantly associated with any of the PVT variables in 

tests before and following simulated flights. In 10 of 12 models which examined the 

relationship between pre-simulator PVT performance and cumulative sleep debt, a non-

significant trend was observed for PVT performance to decline with greater sleep debt. 

The opposite (non-significant) pattern was observed for post-simulator PVT 

performance, which in 10 of 12 models appeared to increase as cumulative sleep debt 

increased. 

Time Since Sleep and PVT Performance  

Time since sleep was not significantly associated with any PVT variables in tests before 

and following simulated flights. In 9 of 12 models which examined the relationship 

between pre and post simulator PVT performance and time since sleep, a non-significant 

trend was observed for PVT performance to decline with an increase in time since sleep.  

Total Sleep in 24 hrs  and PVT Performance  

Total sleep in 24hrs was significantly associated with the slowest 10% of responses 

before each simulated flight in the model which accounted for sleepiness, but not in the 

model which accounted for fatigue. With each additional hour of sleep in the previous 

24hrs hour, the slowest 10% of responses increased by 0.1788 responses per second. 

Aside from this result, total sleep in 24hrs was not significantly associated with other PVT 

variables. A non-significant trend was identified in models that examined the relationship 

between pre-simulator PVT performance and total sleep in 24hrs where PVT 

performance increased with an increase in total sleep in 24hrs. The opposite (non-
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significant) pattern was observed for post-simulator PVT performance which appeared 

to increase as total sleep time decreased.  

Total Sleep in the Previous 48 hour Period and PVT Performance  

There was a significant association between sleep in the previous 48 hours and PVT 

performance at the start of the simulator flight. With every additional hour of sleep in the 

previous 48 hours, PVT response speed increased by 0.1126 responses per second in the 

model which accounted for subjective fatigue, and by 0.1197 responses per second in the 

model which accounted for sleepiness. Similar increases were found for the fastest and 

slowest 10% of responses. 

Table 5-8 Model Estimates for PVT Variables in Models that have a Significant Association 
between PVT Performance and Total Sleep in 48hrs  

Dependent Variable  Model Estimate  Model which 
includes:  

Pre-Simulator PVT Response Speed 0.1126 Fatigue 

Pre-Simulator PVT Response Speed 0.1197 Sleepiness 

Pre-Simulator Fastest 10% of Responses 0.1157 Fatigue 

Pre-Simulator Fastest 10% of Responses 0.1519 Sleepiness 

Pre-Simulator Slowest 10% of Responses 0.0939 Fatigue 

Pre-Simulator Slowest 10% of Responses 0.1122 Sleepiness 

 

There was no significant association with PVT performance at the end of the simulated 

flight, however in all 6 models, a non-significant trend was observed for better PVT 

performance with more sleep obtained in the previous 48 hours.
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Ratings of Fatigue and PVT Performance  

Post simulated flight fatigue was significantly associated with PVT response speed 

in the model which accounted for total sleep in 24hrs (but not in the model that 

included total sleep in 48hrs). For each one unit increase in fatigue, PVT response 

speed decreased by 0.1756 responses per second. For the five non-significant post-

simulator models, a trend (non-significant) was observed for reduced PVT 

performance with an increase in fatigue.  

Ratings of Sleepiness and PVT Performance  

Post simulated flight sleepiness was significantly associated with both PVT response 

speed and the fastest 10% of responses following simulated flights in the model 

which accounted for total sleep in the previous 24 hours (but not in the model that 

included total sleep in the last 48 hours). For each one unit increase in sleepiness, 

PVT response speed decreased by 0.0937 responses per second and the fastest 10% 

of responses decreased by 0.087 responses per second. Aside from this result, 

ratings of sleepiness were not significantly associated with any other PVT variable. 

A trend (non-significant) was observed where an increase in subjective sleepiness 

results in a decrease in PVT performance in the four non-significant post-simulator 

models.   

5.6 Summary 

The effect of condition, timing and order on PVT performance  

PVT performance was not significantly different between the non-rested or rested 

condition. It did not change significantly across simulated flights, and it was not 

significantly influenced by the order in which the simulated flights were flown. A 
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were lower (after accounting for total sleep in the previous 24 hours). Although not 

significant, PVT performance at the end of simulated flights appears to be faster 

when ratings of fatigue and sleepiness are lower.  
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Roll in Climb: The standard deviation of the absolute difference between roll and 

flight director roll order.  

 

Airspeed go around: The standard deviation of the absolute difference between 

airspeed and commanded airspeed.  

 

Pitch go around: The standard deviation of the absolute difference between pitch 

and flight director pitch order.  

 

Roll go around: The standard deviation of the absolute difference between roll and 

flight director roll order.  

Autopilot usage status 

Autopilot  engagement altitude following take off: The lowest altitude where the 

autopilot  was engaged following take off.  

 

Autopilot  engagement altitude following go around: The lowest altitude where the 

autopilot  was engaged following go around.  

 

Autopilot  disengagement before landing: The lowest altitude where the autopilot 

was disengaged prior to landing.  

 

The time taken to re-engage the autopilot : Time taken to re-engage the autopilot 

following an un-commanded autopilot disconnection.   
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Details on dependent variable transformation are included as a footnote in the 

applicable model results table. Where transformations were undertaken, 

differences in parameter estimates from the transformed model were not reported, 

however relative relationships were. 

6.3.3 Test Details 

A total of 16 simulated flights were flown with eight flights flown during the non-

rested condition and eight flights flown during the rested condition. Simulated flight 

data and brief/ debrief video files were available from all simulated flights. Table 

6-1 includes descriptive statistics for times associated with the start of recording, 

taxi, liftoff, initial climb, go around, go around checklist, autopilot usage, touchdown, 

engine shutdown, as well as flight duration and recording duration. Table 6-2 

includes descriptive statistics for the duration between liftoff and initial climb, go 

around and autopilot  usage. The dataset which included values relating to the time 

taken to re-engage the autopilot included 15 autopilot  re-engagements from 16 

flights80 and the autopilot engagement altitude following go around dataset included 

14 autopilot  re-engagements from 16 flights81. Outliers were checked and retained 

in the dataset if the observation was operationally feasible. To help determine 

operational feasibility, it was necessary to determine if the outlier was in keeping 

with the intent of the simulated flight data measure.  

 

 
80 One flight crew did not re-engage the autopilot  following the un-commanded autopilot 
disconnection scenario. The autopilot  was re-engaged after the go around but before landing.  
81 One flight crew conducted a go around above 1000ft. This go around was excluded from the go 
around dataset.   
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6.3.3.1 Initial Climb  

Performance measures were collected during the initial climb between 300ft and 750ft. 

The initial climb dataset started at 300ft to allow comparison with the go around dataset 

which also started at 300ft. Figure 6-1 and Figure 6-2 illustrate that the wind component 

during initial climb differed by departure location with an 11kt tailwind recorded in 

Christchurch and a 9kt headwind recorded in Wellington, as planned. Location was 

therefore included as an independent variable in statistical analyses to determine if 

variation in initial climb measures was attributable to differences in tailwind. Descriptive 

statistics for dependent variables are outlined in Table 6-3 and box plots86 for airspeed 

(see Figure 6-3), pitch (see Figure 6-4) and roll during climb (see Figure 6-5) show 

variation in these measures.  

Figure 6-1 Wind Component between 300ft and 750ft departing Christchurch  

 

 
86 A constant y-axis scale is used for the three box plots to illustrate the magnitude of variation between 
measures.   
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Figure 6-2 Wind Component between 300ft and 750ft departing Wellington  
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Figure 6-3 Box plot of Airspeed in Climb  grouped by Condition and 50ft Altitude Bin  
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Figure 6-4 Box plot of Pitch in Climb  grouped by Condition and 50ft Altitude Bin  
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Figure 6-5 Box plot of Roll in Climb  grouped by Condition and 50ft Altitude Bin  
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Figure 6-6 Box plot of Airspeed Go Around  grouped by Condition and 50ft Altitude Bin  
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Figure 6-7 Box plot of Pitch Go Around  grouped by Condition and 50ft Altitude Bin  
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Figure 6-8 Box plot of Roll Go Around  grouped by Condition and 50ft Altitude Bin  
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6.3.3.3 Autopilot  Status 

Descriptive statistics for autopilot status measures are outlined in Table 6-5. Histograms 

show the distribution of values for autopilot engagement altitude following take off (see 

Figure 6-9), autopilot engagement altitude following go around (see Figure 6-10), 

autopilot disengagement before landing (see Figure 6-11), time taken to re-engage the 

autopilot  (see Figure 6-12) and autopilot usage during flight (see Figure 6-13). Two values 

were excluded from datasets that included either time taken to re-engage the autopilot87, 

or autopilot engagement altitude following go around88.. 

Figure 6-9 Distribution of Autopilot Engagement Altitude Following Take off  

 

 

 

 
87 A value of 885.4 seconds was excluded. This crew did not immediately re-engage the autopilot  following 
the un-commanded autopilot  disconnection. 
88 A value of 2892ft was excluded as this represents the altitude that the autopilot  was re-engaged (885.4 
seconds following the un-commanded autopilot disconnection) while the aircraft was flying downwind 
prior to its second approach.  
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Figure 6-10 Distribution of Autopilot Engagement Altitude Following Go around  

 

Figure 6-11 Distribution of A utopilot Disengagement before Landing  
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Figure 6-12 Distribution of Time Taken to Re-engage the Autopilot  

 

Figure 6-13 Distribution of Autopilot Usage During Flight  
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6.3.3.4 Go Around Checklist 

Descriptive statistics for each go around measure are outlined in Table 6-6 and 

histograms show the distribution of values for time taken to complete the go 

around/missed approach procedure (see Figure 6-14) and the time taken to initiate the 

go around (see Figure 6-15).  

Figure 6-14 Distribution for Time Taken to Complete the Go around/ Missed Approach 
Procedure  
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Figure 6-15 Distribution for the Time Taken to Initiate Go around  
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Customised event  Scenario 

The altitude at 5DME on approach Speed restriction 

Altitude when airspeed is stable during approach  Speed restriction  

The glideslope deviation at 8DME on approach Height restriction  

The altitude at 8DME on approach Height restriction 

Altitude when re capturing the glide slope while approaching CHC Height restriction  

Altitude when go around is initiated Go around 

6.4.1 Results: Simulated Flight Protocol Compliance 

Focus is placed on identifying where flown simulated flights deviated from the planned 

simulated flight protocol. Deviations would likely be caused by the simulator instructor 

deviating from the planned simulated flight protocol or because the researcher did not 

account for other possible sub scenarios. 

6.4.1.1 Flight Characteristics  

Descriptive statistics for flight characteristic variables are grouped by location and are 

detailed in Table 6-9 and Table 6-10. The difference between the requested flight 

characteristic variable value and the average recorded value was calculated for variables 

associated with flight characteristics. Differences that varied by more than one unit of 

measurement include: 

-  weight at start (CHC-WLG: +20kg, WLG-CHC: +15kg) 

- wind direction during take off (WLG-CHC: -1 deg C)  

- wind direction at 2000ft during climb (WLG-CHC: +21 deg C) 

- wind speed at 2000ft during climb (CHC-WLG: +4.61knots, WLG-CHC: +6.96knots) 

- wind direction and speed during cruise (CHC-WLG: +1 degree / +2.72knots, WGL-

CHC: -2 degrees / +2knots) 

- wind direction at 2000ft during descent (CHC-WLG: +1 deg C, WLG-CHC: -1 deg C) 
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6.4.1.2 Flown Simulated Flight Protocol Scenarios  

The role of the simulator instructor was to configure the simulated flight (flight 

characteristics) and to initiate scenarios at the correct time and this role is therefore key 

to ensuring that the flown simulated flight reflected the planned simulated flight. 

Although sub scenarios were included within the planned simulated flight protocol, these 

were not required during any of the simulated flights. Where applicable, each customised 

event includes a footnote which indicates if the simulator instructor or the flight crew 

were responsible for ensuring that the flown simulated flight reflected the planned 

simulated flight protocol.  

Scenario: Tailwind During Climb  

Descriptive statistics are detailed in Table 6-11 and Table 6-12. Each customised event 

within these tables includes a footnote which indicates if the simulator instructor or the 

flight crew were responsible for ensuring that the flown simulated flight reflected the 

planned simulated flight protocol. During departure from Christchurch, the aircraft was 

required to pass NUBKA at or above 2000ft and during departure from Wellington, the 

aircraft was required to pass TAXUP at or above 4000ft. In Christchurch, a 7kt headwind 

was requested at surface level and in Wellington, a 7kt headwind was requested at 2000ft. 

Intervention by the simulator instructor was required to ensure that a 11kt tailwind was 

present at 500ft in Christchurch and at 2500ft in Wellington. In both locations, the 

required change in wind direction was 100 degrees and the change in wind velocity was 

5kts. Time available for this change was in the vicinity of 23 seconds in Christchurch and 

19.7 seconds in Wellington. For flights that departed from Christchurch, the requested 

wind velocity and direction at 500ft was achieved (see Figure 6-18). The average tailwind 

component was 11.8 knots at 500ft (see Figure 6-20) and 13.6 knots at 2000ft (see Figure 

6-22). For flights that departed Wellington, three flights did not have the requested wind 

direction at 2500ft (see Figure 6-19) and one flight did not have the requested tailwind 
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component at 2500ft (see Figure 6-21), however, this was achieved by 2750ft. At 4000ft, 

all flights had the requested tailwind component (see Figure 6-23). For departures from 

both Christchurch and Wellington, although wind direction was constant once the 

requested value was achieved, wind speed (and subsequently, tailwind component) 

continued to increase, see Figure 6-24 (Christchurch) and Figure 6-25 (Wellington). The 

increase in wind speed was consistent for all flights. Four of eight flights achieved the 

constraint altitude at Christchurch and all flights achieved the constraint altitude at 

Wellington.  
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Figure 6-18 Altitude where Wind Velocity and Direction is 240M/15kts departing 
Christchurch  

 

Figure 6-19 Altitude where Wind Velocity and Direction is 300M/15kts departing 
Wellington  
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Figure 6-20 Wind Component at 500ft departing Christchurch  

 

Figure 6-21 Wind Component at 2500ft departing Wellington  
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Figure 6-22 Wind Component at 2000ft departing Christchurch  

 

Figure 6-23 Wind Component at 4000ft departing Wellington  
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Figure 6-24 Wind Component between 500ft and 2000ft for Flights that Departed from 
Christchurch  

 

Figure 6-25 Wind component between 2500ft and 4000ft for Flights that Departed from 
Wellington  
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Scenario: Ice Accretion  

The purpose of the ice accretion scenario was to facilitate the collection and analysis of 

measures that relate to the completion of checklists associated with flight in icing 

conditions and ice accretion. In icing conditions or during ice accretion, checklists are 

required to be completed at the following times:  

- Entering icing conditions 

- At first visual indication of ice accretion, and as long as atmospheric icing conditions 

exist 

- When leaving icing conditions 

- When the aircraft is visually verified clear of ice 

The simulator instructor was responsible for ensuring that environmental conditions 

during the simulated flights reflected those outlined within the planned simulated flight 

protocol. Flight crews were responsible for initiating the appropriate checklist at the 

correct time, which they did. Customised events which relate to scenario compliance (as 

opposed to checklist compliance) are outlined in Table 6-8 and Table 6-13 and include 

descriptive statistics for those definitions. Differences in the duration of flight in icing 

conditions and ice accretion are illustrated in Figure 6-26, Figure 6-27, Figure 6-28 and 

Figure 6-29. All crew during all flights completed the required icing checklists. 
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Figure 6-26 Ice Accretion Duration during Climb  

 

Figure 6-27 Ice Accretion during Descent 
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Figure 6-28 Duration of Atmospheric Icing Condition s During Climb  

 

Figure 6-29 Duration of Atmospheric Icing Condition During Descent 
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Figure 6-30 Altitude  when the Un-commanded Autopilot Disconnection Occurs  
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Scenario: Go Around  

The simulator instructor was responsible for ensuring crew received a go around 

instruction at 300ft during their first approach and flight crew were responsible for 

complying with the go around instruction. Descriptive statistics associated with 

customised events are detailed in Table 6-17. Fifteen flight crew conducted a go around 

that complied with the go around scenario. One flight crew conducted a go around above 

2000ft, this go around was excluded from analysis. Figure 6-33 illustrates that all go 

arounds that complied with the go around scenario, were initiated below 300ft.  

Figure 6-33 Lowest Altitude Above Aerodrome Level During Go Around  

 

 












































































































































































































































































































































































































































































































