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INTRODUCTION 
The US economy is demanding unprecedented air travel in both domestic and international sectors. 

The FAA's annual traffic forecast indicates that the post-9/11 falloff in passenger numbers has bottomed 
out and that domestic air travel will increase by about 3.5% per year while international travel will 
increase by more than 4% per year (US Department of Transportation, 2005). Currently, there is stiff 
competition among air carriers as they attempt to attract and service increased numbers of customers 
while reducing operational costs. One potential method for accomplishing both of these objectives on 
international routes is to introduce the ultra-long-range (ULR) flights that have been enabled by new 
aircraft designs. Both Boeing and Airbus are presently marketing ULR aircraft. The Boeing 777-200LR is 
capable of connecting almost any two cities in the world nonstop, and can carry 301 passengers and their 
baggage for up to 9,420 nautical miles (17,445 kilometers) (Boeing, 2005). Similarly, the Airbus A340-
500 can fly 313 passengers over 8,650 nautical miles (16,000 kilometers) without stopping for 
maintenance or refueling (Wikipedia, 2005).  

Thus, it is now possible to offer passengers point-to-point international service without the delays 
imposed by refueling stops or changes in equipment. In fact, in November, 2005, United Airlines began 
flying directly from Chicago to New Delhi India, a 16-hour, non-stop route. Such flights benefit 
customers by permitting shorter overall transit times (by minimizing stops), and they benefit the airlines 
with lower fuel and maintenance costs. However, at the same time, ULR flights may pose problems in 
terms of aircrew performance and job satisfaction (and subsequent worker retention) because of fatigue-
related difficulties that extend well beyond those which have already been identified in more traditional 
types of aviation operations. ULR flight operations will create longer duty periods than those encountered 
in current domestic and international flights and will increase the demands for crews to work nonstandard 
and nighttime duty schedules. Without proper management, ULR operations may exacerbate the fatigue 
levels that have already been shown to impair safety, alertness, and performance in existing flight 
operations (Neri, 2005). As discussed in more detail below, such decrements can pose significant risks in 
the aviation environment. 

The Potential for Fatigue-Related Difficulties 

For some time, pilot fatigue has been a significant concern in the long-haul flight operations that 
already exist. NASA’s Aviation Safety Reporting System (ASRS) routinely receives reports from pilots 
blaming fatigue, sleep loss, and sleepiness in the cockpit for operational errors such as altitude and course 
deviations, fuel miscalculations, landings without proper clearances, and landings on incorrect runways 
(Rosekind et al., 1994). Surveys of pilots and aircrew members reveal that fatigue is an important concern 
throughout today’s 24/7 flight operations (Caldwell, 2005). Long duty periods obviously contribute to 
sleep deprivation, and working around the clock is complicated by circadian factors. Simply remaining 
awake and on the job for 18.5-21 hrs can produce performance changes similar to those seen with blood 
alcohol concentrations of 0.05-0.08% (Dawson & Reid, 1997), and it has been shown that flights longer 
than 10 continuous hours are at significantly greater risk for fatigue-related mishaps (Goode, 2003). 

Pilot fatigue is an insidious threat throughout aviation, but especially in operations involving sleep 
loss from circadian disruptions, increased sleep pressure from extended duty, and impaired arousal 
associated with night duty (Åkerstedt, 1995a). Aviator fatigue is associated with degradations in response 
accuracy and speed, the unconscious acceptance of lower standards of performance, impairments in the 
capacity to integrate information, and narrowing of attention that can lead to forgetting or ignoring 
important aspects of flight tasks (Perry, 1974). Fatigued pilots tend to decrease their physical activity, 
withdraw from social interactions, and lose the ability to effectively divide mental resources among 
different tasks. As sleepiness levels increase, performance becomes less consistent and vigilance 
deteriorates (Dinges, 1990).   
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Clearly, fatigue is a threat to flight safety. In fact, a recent consensus statement by a panel of experts 
concluded that fatigue was likely a causative or contributory factor in 10-20% of transportation mishaps, 
and that existing statistics (such as those reported below) likely present an underestimation of fatigue-
related problems (Åkerstedt, 2000). An NTSB study of major accidents in domestic air carriers from 1978 
through 1990 in part concluded that “. . . Crews comprising captains and first officers whose time since 
awakening was above the median for their crew position made more errors overall, and significantly more 
procedural and tactical decision errors” (NTSB, 1994, p. 75). Kirsch (1996) estimates that fatigue may be 
involved in 4-7% of civil aviation mishaps, and data from the U.S. Army suggest fatigue is involved in 
4% of Army accidents (Caldwell & Gilreath, 2002). Furthermore 25% of the Air Force’s night tactical 
fighter Class A accidents were attributed to fatigue between 1974 and 1992 (Ramsey & McGlohn, 1997), 
and over the past 30 years, it has been determined that approximately 8% of the Air Force’s total class A 
mishaps have been in part due to fatigue (Caldwell, 2005). Fatigue-related problems in aviation 
operations are primarily the result of extended duty periods, body-clock disruptions associated with non-
standard work schedules and time-zone crossings, and the requirement to work through circadian “low 
points.” 

Extended Work and Wakefulness Periods 

Extended duty times (work shifts that exceed 8 hrs) are already common in aviation, and ultra-long-
range flights will no doubt require additional hours on the job. Gander et al. (1998a) found that one 
sample of pilots involved in short-haul trips worked an average of 10.6 hrs per day, while another sample 
of long-haul pilots worked an average of 9.8 hrs per day (Gander et al., 1998b). Rosekind et al. (1994) 
indicated the duty times of long-haul pilots in one study ranged from 8.4 to 14.8 hrs per day. However, 
the important fact is that “duty time” fails to depict the duration of “time awake” which is of primary 
importance in determining crew alertness levels. No doubt, many of the pilots in the Rosekind et al. 
(1994) study were continuously awake for several more hours beyond the 8-15 hrs logged as “duty time” 
considering that commute times and other nonwork activities are not considered as “duty.” In fact, 
Gander et al. (1998b) found that the average period of wakefulness for the crews in one of her 
investigations was in excess of 20 hrs on outbound flight legs. Samel et al. (1997) reported similarly 
lengthy periods of continuous wakefulness in another sample of long-haul pilots.   

Note that in ultra-long-haul flight operations, extended flight duty periods and prolonged bouts of 
continuous wakefulness may be even more problematic. This is disconcerting in light of existing evidence 
that work shifts greater than 8 hrs have been associated with decrements in alertness and performance 
(Åkerstedt, 1995b; Hamelin, 1987; Morisseau & Persensky, 1994; Rosa, 1995; Rosa & Bonnet, 1993), 
and Samel et al. (1997a) have shown that pilot fatigue increases progressively as a function of flight 
length.   

Night Duty 

The potential impact of extended work hours in ultra-long-haul aviation must be considered in 
conjunction with the effects of working at times that are incompatible with the body’s internal circadian 
rhythms. Nightshift performance is generally poorer than daytime performance, and the sheer length of 
ultra-long-haul flights will necessitate that a large portion of these flights will occur at night. Monk and 
Folkard (1985) found a consistent pattern of impaired nighttime performance on a wide variety of non-
aviation tasks, and Åkerstedt (1995b) pointed out that the probability of accidents on highways, in 
industry, and in aviation is greater at night. Such scientific data have been substantiated by a number of 
high-profile catastrophes including the grounding of the Exxon Valdez, the explosion of the space shuttle 
Challenger, the crash of Korean Air flight 801, and the near meltdown at Three Mile Island. All of these 
were at least partially attributable to the fatigue associated with night work (Mitler et al., 1988; NTSB, 
1990; NTSB, 1999). 
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In existing long-haul flights, nighttime segments have been found especially vulnerable to cognitive 
lapses or “microsleeps”—brief periods during which sleep uncontrollably intrudes into wakefulness.  
Moore-Ede (1993) found that while microsleeps occurred in the simulator cockpit throughout the day, 
there also was a tenfold increase between the hours of 04:00 and 06:00, during which time pilots made the 
greatest number of errors. Wright and McGown (2001) found that while sleepiness of long-haul pilots 
increased during both daytime and overnight flights, the occurrence of sleep was more frequent on flights 
that departed late in the night compared to those that departed earlier. Many of the microsleeps were so 
short (less than 20 seconds) that the crewmembers may not have been aware of them. Rosekind et al. 
(1994) also found that long-haul flights, particularly those occurring at night, were plagued by a 
substantial increase in EEG micro-events as well as escalating decrements in vigilance and alertness. 

Additional Fatigue Factors 

As discussed above, long-haul aircrews are susceptible to fatigue due to a variety of factors, not the 
least of which are extended duty periods (with extended periods of wakefulness) and the requirement to 
work on nonstandard schedules. In addition, circadian disruptions from traveling across time zones, and 
sleep restrictions associated with short layovers (combined with sleep opportunities that are out of phase 
with normal body rhythms) can impair alertness and performance (Gander et al., 1998b). The avoidance 
of circadian disruptions and night work in conjunction with 18-22 hrs flight operations will be impossible 
because, after factoring in report times, preflight activities, and postflight debriefs, the 24-hr duty point 
nearly will be met or exceeded. Combining such work hours with cockpits that are highly automated and 
sometimes cramped, poorly ventilated, noisy, and dimly lit, can make pilots uniquely susceptible to 
fatigue (Battelle, 1998). The situation will be further complicated by the fact that efficacious fatigue 
countermeasures such as cockpit naps (Rosekind et al., 1994), and/or pharmacological interventions 
(Caldwell et al., 2000a; 2000b) may be unusable because of regulatory or other concerns. 

Summary 

Several investigations have indicated fatigue already is an issue for crews manning existing long haul 
flights. The already documented presence of EEG microsleeps while on trips lasting more than 8 hrs in 
duration (Cabon et al., 1993; Samel et al., 1997b; Rosekind et al., 1994; Wright & McGown, 2001) 
demonstrate that crew members flying the long flights already in service are suffering from cognitive 
difficulties while on duty (Belyavin & Wright, 1987; Ogilvie et al., 1989, 1991). Such data further 
suggest that ultra-long-range flights may be even more problematic, especially when such flights depart 
late at night. If ultra-long-range operations stretch flight duty periods beyond the ones currently 
encountered by aircrews, serious vigilance decrements may occur even if on-board bunk rest is employed, 
especially if the timing of the rest period is not carefully planned. For example, Signal (2005) found that 
while Boeing 777-200ER crews generally were unable to obtain restful in-flight bunk sleep, those who 
slept early rather than late during a 15-hour ultra-long-range flight received less sleep overall and 
subsequently suffered from poorer alertness prior to landing.  

OBJECTIVES OF THE CURRENT RESEARCH 

Thus far, the very few studies of ultra-long-range flights have been conducted in actual operational 
circumstances where there is little flexibility in terms of experimental control and measurement strategies 
(furthermore, almost none of the data from these investigations has been published to date). Thus, it is 
currently impossible to establish the degree to which ultra-long-range operations may exacerbate the 
fatigue-related problems that already have been identified in more typical aviation operations. Before 
conducting work on optimal countermeasures for this new realm of commercial aviation, it is first 
necessary to 1) document whether problems will exist (as expected), 2) whether the magnitude of any 
observed problems are significantly more severe than what would be expected in existing short-haul and 
long-haul operations, and 3) whether the scheduling of flights (i.e., daytime versus nighttime departures) 
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would be expected to exert substantial effects on crew alertness and behavior. These data are critical to 
form a baseline from which the effectiveness of prescribed fatigue countermeasures can be established. 
Therefore, the objectives of the current research are to: 

1) Establish the extent of performance and alertness decrements associated with 20 hrs on 
duty (with no fatigue countermeasures) 

2) Determine the extent to which performance and alertness are affected by daytime versus 
nighttime departures 

3) Evaluate the degree to which flight duration and departure time interact to affect pilots’ 
abilities to perform 

METHOD 

Participants 

Twenty commercial aviation pilots with current Class I physicals volunteered to participate in the 
present study between September 2004 and February 2005. Three participants were removed from 
analyses due to various criteria; therefore, N = 17 participants were analyzed. Participants were male, 
between the ages of 35 and 60 (M = 48 years, SD = 7.86), and were current Air Transport Pilots (ATP) or 
ATP pilots who had retired within the previous six months (see Table 1). The participants were from the 
long-haul pilot population flying the Boeing 737 (n = 1), 747 (n = 8), 757/767 (n = 6) and 777 (n = 2) 
with flight hours ranging between 3,500 – 34,000 hrs (M = 16,665.71 hrs, SD = 8,997.70). Pilots were 
compensated for their participation and were treated in accordance with “Ethical Principles of 
Psychologists and Code of Conduct” (American Psychological Association, 1992). Participants were 
recruited through the Subject Recruitment Office at NASA Ames Research Center. The Subject 
Recruitment Office distributed flyers to local airports and contacted previous qualified NASA 
participants. 

 
Table 1. Participant Demographics 

Participant ID Age Aircraft 
Certified 

Current 
Position in 

Aircraft 
Flight Hours 

Position in 
Study 

Departure 
Group 

A 45 747-400 First Officer 13,000 Captain AM 
B 36 757 First Officer 20,000 First Officer AM 
C 47 747-400 First Officer 13,200 Captain AM 
D 43 757,767 First Officer 15,000 First Officer AM 
E 35 777 First Officer 8,500 Captain PM 
F 54 757, 767 Captain 20,000 First Officer PM 
G 57 737 First Officer 6,100 First Officer AM 
H 50 757, 767 Captain 32,000 First Officer AM 
I 60 747-400 Captain 30,000 Captain AM 
J 44 747-400 First Officer 3,500 Captain PM 
K 58 747-400 First Officer 11,000 Captain PM 
L 54 747-400 First Officer 34,000 Captain AM 
M 47 757, 767 Captain 21,000 First Officer PM 
N 51 777 First Officer 8,500 First Officer PM 
O 38 757 First Officer 11,500 First Officer PM 
P 56 747-400 Captain 22,000 Captain AM 
Q 41 747-400 First Officer 14,000 Captain PM 
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Materials and Apparatus 

Pre-study assessments  
Prior to the participants’ arrival at the NASA Ames Research Center, participants were mailed wrist 

activity monitors and sleep/activity logs to collect data on sleep and wake activities. On the first day of 
the study at the research facility, participants filled out written questionnaires. 

Wrist activity monitors. To assess the sleep/activity rhythms of participants prior to their arrival, the 
Actiwatch (AW-64, Mini-Mitter, Bend, OR) wrist monitors were issued to each participant five to seven 
days prior to the on-site report date. The AW-64 is an accelerometer that generates and stores data based 
on physical movements (the sampling frequency is 32 Hz, and the data are segmented into one minute 
epochs). The monitors were attached to the non-dominant wrist with removable straps and were worn 24 
hrs a day, except during showers, swimming, or other activities likely to cause equipment damage. 
Actigraph data from the monitors were visually inspected along with activity logs to determine the 
amount of sleep participants obtained during the five to seven days immediately prior to the subjects’ on-
site report date. Once at the research facility, participants continued to wear the monitors until they were 
released from the study. 

Sleep/activity logs. To further confirm the data collected by the wrist activity monitors, a hand-held 
electronic device (Palm Pilot; Palm 5x, Palm, Inc., Milpitas, CA) consisting of questions about sleep and 
wakeup times, sleep quality, daytime activities, beverage consumption, alertness/sleepiness levels, 
medication (optional), and daytime naps was sent to the participants five to seven days prior to their on-
site report date. Participants completed the log/questionnaire at various times throughout the day. 
Participants continued to report on sleep quality and quantity after each rest period during the study. 

Background questionnaire. The 46-item background questionnaire was administered on the first day 
of the study at the research facility to collect information on sleep habits, caffeine usage, demographic 
information, and flight experience. This questionnaire was developed by the Fatigue Countermeasures 
Group, and it had been used in various studies in the past (Rosekind et al., 2000).  

Multivariate Apnea Index (MAP). The MAP questionnaire also was administered on the first day of 
the study. The MAP index (Maislin et al., 1995) consists of 13 items concerning sleep apnea-related 
symptoms, difficulty sleeping symptoms, excessive daytime sleepiness symptoms and narcolepsy-like 
symptoms (each of which is rated on a scale of 0-4). The results of this questionnaire were used to 
compute the apnea index, which indicates the likelihood of the presence of sleep apnea in each of the 
participants (these data were not used in the inclusion/exclusion criteria of participants). 

Morningness/Eveningness Questionnaire (MEQ). The MEQ (also administered on the first day of the 
study) is a 19-item questionnaire (Horne & Ostberg, 1976) used to assess whether participants normally 
feel most alert in the morning or the evening. Research has shown that one’s chronotype may have some 
impact on individual responsiveness to sleep deprivation. The data from the MEQ will be used in a future 
effort to identify predictors of fatigue vulnerability. 

Study assessments 
Immediately prior to, and during the study flights, various subjective, cognitive, physiological, 

operational, and behavioral tools were presented for assessment of participants. Post flight assessments 
occurred after the initial baseline/training day as well as after the ultra-long-range flight. 

Effort to Stay Awake (ESA). The ESA questionnaire is one item administered on the Palm Pilot, 
measuring the subjective effort made by the participants to stay awake throughout the flight. Participants 
were asked to identify on a four-point scale ranging from “very little effort” to “an extreme effort” as to 
how much effort it required of them to stay awake since the last test bout. 

Karolinska Sleepiness Scale (KSS). The KSS is a nine-point Likert-type scale of subjective sleepiness 
ranging from “1 = very alert” to “9 = very sleepy, fighting sleep.” Participants were asked to indicate on 
the Palm Pilot their sleepiness level during the last five minutes until answering the question. This scale 
has been shown to be sensitive to sleep loss and circadian rhythmicity (Åkerstedt & Folkard, 1997). 
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Visual Analog Scale (VAS). To evaluate the participants' subjective impressions about alertness, 
energy, confidence, anxiousness, irritability, jitteriness, sleepiness, and talkativeness, a modified version 
of the VAS, used by Penetar and colleagues (1993), was administered on the Palm Pilot. An adjective 
such as "anxious" or "sleepy" was placed over the center of a 100-pixel line with the words "not at all" 
appearing at the far left and “extremely” appearing at the far right. Participants were instructed to move 
the arrow to the point on the line that indicated how they felt at that moment. The scores for each VAS 
item consisted of the number of pixels from the left side of each line to the point at which the subject 
placed his mark. Each VAS produced eight scores for analysis. 

Psychomotor Vigilance Task (PVT). To assess the effects of long-duration flights on vigilance, the 
PVT (Dinges & Powell, 1985) was administered throughout the study while at the research facility. The 
PVT is a hand-held test that delivers a three-mm visual stimulus (a reaction-time counter) which requires 
the participant to make a pushbutton response within 1.5 seconds with interstimulus interval varying from 
one to 10 seconds. Participants were instructed to press the response button as rapidly as possible once the 
visual stimulus appeared; however, participants were cautioned against pressing the button too soon to 
avoid a "false start". Before and after each reaction time test, the PVT displayed a visual analog 10-point 
scale to assess subjective sleepiness. The total task duration for each PVT trial was 10 minutes. The 
number of performance lapses (trials in which the subject failed to generate a response) and reaction times 
during each PVT trial were analyzed. Prior research has shown that PVT is an excellent test for detecting 
performance impairments from hypovigilance, fatigue, or drowsiness (Dinges & Kribbs, 1991). 

Eyes-open EEG. To gain some objective indication of the level of physiological alertness/sleepiness 
associated with long-haul flights, a five-minute resting EEG (adapted from Cummings et al., 2000) was 
collected immediately following each PVT administration. Participants were instructed to relax, focus on 
a visual fixation point, and remain quiet while five minutes of eyes-open EEG were collected. Data were 
recorded from C3, C4, O1, O2, EOG-R, and EOG-L referenced to A1 and A2 (located behind ears) with 
submental EMG-1 referenced to EMG-2.  

Performance Evaluation and Effort Rating Scales (PEERS). The PEERS is a three-item scale (Dinges 
et al., 1992) presented at the end of each test battery on the Palm Pilot. The scales involve self-ratings of 
performance quality, motivation, and compensatory effort needed for the tasks just completed. The results 
of this test will be investigated in the near future and included in a future report. 

Flight simulator. The training, baseline, and ultra-long-range simulator flights occurred in the Boeing 
747-400 flight simulator in the Crew Vehicle Systems Research Facility (CVSRF) at NASA Ames 
Research Center. The high-fidelity simulator possesses full-motion capabilities that were not utilized for 
the current study due to safety concerns, as the pilots exited their seats during break times (there is a 
requirement that when the simulator is “on motion” everyone must be securely strapped into their 
respective seats). The simulator cockpit was equipped with video cameras and microphones that 
connected to the Experimenter Control Room, where researchers monitored participants continuously 
throughout the flights. 

Operational flight tasks. To examine the impact of long-range flights on actual flight performance, 
several operational events occurred during each flight. There were eight five-minute hand-flying sessions 
which were included during the cruise portion. In each of these segments, all pilots (with captains hand-
flying first) were required to hand-fly straight-and-levels during the cruise--the pilots turned off the auto-
pilot, auto-throttles, and flight director and attempted to maintain a steady heading, altitude, and airspeed 
during each. Additionally, there were two other manually-flown maneuvers. The captain hand flew the 
aircraft below 10,000 feet with only the flight director engaged and performed a 720º turn at an altitude of 
7,000 feet (while maintaining steady airspeed, altitude, and roll angle) and an ILS approach to landing 
(accurately tracking the localizer and glide slope).  

Behavioral monitoring. All simulator flights were video taped for quality assurance and for later 
review (if necessary). Research experimenters supervised the testing that took place at 90-min intervals 
throughout the study, and they periodically checked the impedances of physiological sensors and the 
proper operation of data-collection equipment. 



Polysomnography. Polysomnography, using EEG, EOG, and EMG, were recorded during the 
baseline and recovery sleep opportunities to evaluate sleep quality and quantity and during the ULR flight 
to assess alertness (e.g. the presence of microsleeps). Data were recorded via the same montage used for 
the eyes-open EEG test. The time constant for the EEG and EOG channels was 0.68 seconds, and the high 
filter was set at 35 Hz. For EMG, the time constant was .015 seconds and the high filter was set at 75 Hz. 
The 60 Hz notch filter was used as necessary. These data have not yet been analyzed, but when they are 
sent to a sleep specialist for review, the time of sleep onset and wakeup will be scored as well as 
percentages of time spent in stages 1-4 and Rapid Eye Moment (REM) sleep. In addition, overall sleep 
efficiency will be calculated. A subsequent report will outline the polysomnographic findings and 
compare these to the results obtained from the wrist activity monitors described earlier. 

De-brief interview. A 20-minute interview was administered at the end of the experiment to inform 
each individual participant of the purpose of the study and to collect information about his experiences 
during the study. The interview also provided an opportunity for the experimenters to address safety 
concerns following the participants’ release (i.e., to advise participants to avoid driving or operating 
complex machinery until full recovery from the sleep-deprivation testing). 

Design and Procedure 

Pre-study 
Volunteers were sent a participant package five to seven days prior to arriving at NASA Ames 

Research Center which included a wrist activity monitor (AW-64, Mini-Mitter, Bend, OR) a sleep/activity 
log (Palm 5x, Palm, Inc., Milpitas, CA), equipment instructions, flight documents, and a copy of the 
protocol and consent form. Participants were instructed to review the documents before arriving at the 
research facility and to begin collecting sleep/activity data immediately. Participants were asked to refrain 
from all forms of caffeine, nicotine, and alcohol starting on the first day at the research facility and 
continuing throughout the remainder of the protocol. To control for the intake of caffeine, sugar, 
melatonin, and other ingredients known to affect alertness or sleepiness, specific foods (e.g., caffeinated 
beverages, chocolate) were not provided to the participants once at the research facility.  

 
 
 
 
 
 
 
 
 

 
Figure 1. Baseline/Training Day Timeline 

Baseline/training 
The baseline/training day was designed to familiarize the participants with the test battery and 

simulator and to collect baseline data. All training was conducted in the CVSRF in either the Pilot 
Briefing room or the Boeing 747-400 simulator cockpit. For most of the experimental runs, 
baseline/training day occurred on Monday1. Participants arrived in the local area earlier on Sunday and 
stayed in a nearby local hotel Sunday night. On Monday morning, participants reported for in-processing 
at approximately 09:00. After completing the schedule outlined in Figure 1, participants were transferred 
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1 Except one experimental run which started the protocol sequence on Tuesday. 
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to the bed-rest facility separate from the CVSRF for baseline sleep. The baseline sleep period began at 
21:00 on Monday evening, and on Tuesday, the AM group was awakened at 06:45 and the PM group was 
awakened at 09:30. 

Pre-study assessments. At the start of the baseline/training day, following the IRB consent form 
briefing, the actigraphy and sleep/activity log data were extracted, and the equipment was returned to the 
participants. On the baseline/training day, a researcher reviewed with the participants the sleep/wake 
activity to verify sleep and wakeup times as well as other events. Also on the baseline day, participants 
were informed about the different types of data to be collected during the study. The pre-study 
questionnaires were completed at that time, and EEG electrodes were applied.  

Test battery training. Before the simulator training, an experimenter trained the participants on the 
test battery procedures and equipment. Each test bout lasted approximately 20 minutes and began with the 
Palm-Pilot based ESA, KSS, and VAS assessments. Participants were then instructed to perform the 10-
minute PVT and subjective sleepiness rating. At the end of the PVT, the participants returned to the Palm 
Pilot to focus on a fixation point during the five-minute eyes-open EEG evaluation. Afterwards, they 
completed the PEERS assessment. During the baseline/training day, a total of five test bouts (consisting 
of each of these tasks) were completed.  

Simulator training. Participants were familiarized with the simulator during their first exposure on the 
training/baseline day and trained to perform the maneuvers and tasks of interest during their second 
exposure on the same day. Given that participants were rated for different aircraft, the 747-400 rated pilot 
always functioned as the captain during the study and performed all takeoffs and landings. The first 
officer for each group maintained a glass cockpit rating and received training to perform all necessary 
functions required by the study. Participants received a briefing before each flight and were instructed to 
fly a normal, uneventful flight. During each flight, the captain was instructed to hand-fly the aircraft with 
auto-pilot and auto-throttles off during takeoff, landing, and when flying below 10,000 feet. 

For the training flight, the participants took off from SFO heading to LAX. After top-of-climb, the 
captain was instructed to perform a five-minute hand-flying session where he turned off the auto-pilot, 
auto-throttle, and flight director and attempted to maintain a steady heading, altitude, and airspeed. After 
top-of-descent, with auto-pilot off, the captain was instructed to complete a 720º turn (two 360º turns) 
before being diverted to OAK as an alternate airport. For the baseline flight, the participants took off from 
LAX heading to SFO. While enroute, after top-of-descent, the aircraft was again diverted, this time to 
ONT as an alternate airport. At the conclusion of each flight, the captain executed an ILS approach into 
the destination airport. 

Ultra-long-range flight 
Days two and three (Tuesday and Wednesday) of the study involved the ultra-long-range flight. The 

schedules for the AM and PM departure group are shown below (see Figures 2 and 3).  
AM departure group schedule. For the AM departure group, participants were woken at 06:45 on day 

two and began preparing for a flight departure at 10:57. All AM flights took off on time at 10:57 and 
landed at approximately 06:20 the following morning. The AM departure groups experienced a minimum 
of 24 hrs of sleep deprivation during the ultra-long-range flight (see Figure 2). 

PM departure group schedule. For the PM departure group, participants were woken at 09:30 on day 
two of the study, but their flight did not depart until approximately 22:57. The PM departure groups were 
allowed additional time in bed on day two to prevent participant attrition. Although the PM departure 
group did not fly until the evening, they performed the PVT at times consistent with the times at which 
the AM departure group was being assessed. However, they did not perform the subjective measures or 
the eyes-open EEG (their EEG electrodes were removed upon awakening from baseline sleep and were 
not reapplied until right before departure). To pass the time, participants in the PM group were allowed to 
watch television and movies, read books, play cards or games, or browse the Internet. Physical activity 
was kept to a minimum and naps were not permitted. All PM flights took off on time at 22:57 (on 
Tuesday) and landed at approximately 18:20 on Wednesday evening. The PM departure groups 
experienced a minimum of 34 hrs of sleep deprivation (see Figure 3). 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Ultra-Long-Range Flight Timeline for AM Departure Group 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Ultra-Long-Range Flight Timeline for PM Departure Group 
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Ultra-long-range flights. For both the AM and PM departure groups, the ultra-long-range flights were 
identical in terms of flight plan, testing sessions and break opportunities. The cockpit lighting and 
simulator environment were designed to replicate the real-world light exposure that would occur during 
an actual ultra-long-range flight. Specifically, lighting was standardized within each group so that all 
members of the AM group received the same lighting cues and all members of the PM group received the 
same lighting cues. To keep the simulated sunrise and sunset constant, the flight simulation was 
programmed to run on the same, specifically chosen calendar day (before the change to Daylight Saving 
Time) for each experimental run. During simulated nighttime hours, the simulator cabin, simulator bay, 
and pilot lounge lights were dimmed, and the natural light from the windows was blocked with a dark tarp 
to ensure that nighttime conditions were maintained throughout all testing (and breaks). 

Throughout the flight, participants were not allowed to sleep. To ensure that participants maintained 
wakefulness, an experimenter monitored, from the experimenter station, the eyes of each participant 
during the entire flight. If a participant’s eyes closed for longer than 90 seconds, the experimenter 
contacted the participant individually through the headset and asked the participant to please stay awake. 
All participants were responsive to this procedure. 

For all departure groups, participants were briefed on the flight plan from LAX to WSSS (Singapore) 
with the captain assigned the flying pilot for takeoff and landing. Air traffic control chatter was present 
during takeoff to top-of-climb and top-of-descent to landing; however, only datalink communication was 
allowed during the cruise portion of the flight when the participants completed position reports or 
requested a change in altitude. Instructions for test bouts, hand-flying sessions, and break opportunities 
were communicated by an experimenter over a head-set.  

While in the simulator, participants were instructed to begin each test bout at 90-minute intervals. 
Thus, there was a total of 14 test bouts during each 20-hour flight. After eight of these test bouts, during 
the cruise portion of the flight, participants were instructed to perform a five-minute hand-flying session 
with the captain flying first and the first officer flying second. Following each of the in-flight testing 
sessions, a researcher instructed the participants to take one of the following: (a) a five-minute stretch 
break (n = 5) to move about the cockpit freely, (b) a seven-minute snack/restroom break (n = 5) to exit the 
cockpit for the Pilot Lounge to use the restroom, and/or have a snack, or (c) a 20-minute meal break (n = 
2) to exit the cockpit and eat a meal in the Pilot Lounge. All breaks were taken separately so that one pilot 
always remained in command of the simulator. At the end of the flight, soon after top-of-descent, the 
captain was instructed to hold prior to the approach by performing a 720º turn. The captain was then 
diverted to a different runway before being cleared for ILS approach and landing. 

Recovery/post-flight.  
After the ultra-long-range flight, participants were transported back to the bed-rest facility, provided a 

meal if hungry and released for the recovery sleep opportunity. The recovery sleep opportunity for the 
AM group started at 07:00 and ended at 20:00 allowing for 13 hrs of recovery. The recovery sleep for the 
PM group started at 19:00 and ended at 09:00 allowing for 14 hrs of recovery.2 If a participant woke and 
stayed awake before the end of the sleep opportunity, an unscheduled additional test battery was 
requested within 15 minutes of awakening. All participants performed a final test bout at the end of the 
designated sleep opportunity and were then de-instrumented (EEG electrodes were removed). After a 
short de-brief interview, participants were released from the study and transported to a hotel, home, or 
airport. 

 
2 Note: at the beginning of the study both groups were allowed 14 hrs of recovery, but after the first two runs it was 
decided that the AM group should be allowed one hour less recovery at the bed-rest facility. This decision was based 
on the fact that after the initial sleep period, the AM participants tried to maintain themselves awake in order to be 
able to fall asleep at night and therefore, to align with the circadian clock. Consequently, they were transported to 
the hotel one hour earlier in order to prepare for the night sleep. 
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RESULTS 
To investigate performance and alertness changes during 20-hr ULR flights, a series of statistical 

analyses were performed on objective non-flight assessments (actigraphy and the Psychomotor Vigilance 
Task (PVT)) and subjective self reports (Pre-PVT sleepiness scale, the Effort to Stay Awake (ESA), the 
Karolinska Sleepiness Scale (KSS), and the Visual Analog Scale (VAS)) during baseline, flight and 
recovery phases of the study. In addition, analyses were performed on the flight performance data 
collected during the eight five-minute straight-and-level maneuvers and the 720º turn and the ILS 
approach maneuvers. These analyses investigated the circadian effects stemming from the different 
departure times and, if applicable, average performance changes from the baseline training sessions, to 
the flight period, to the post-recovery period. Note that the EEG data, which were collected to provide a 
physiological measure of alertness status, were found, unfortunately, to be overly contaminated with 
recording artifacts and, therefore, insufficient for analysis. 

To investigate the overall effects of departure time across study phases, a series of 2-way mixed 
effects model analyses of variance (ANOVA) were performed. There were two levels of the grouping 
factor (departure group: AM vs. PM) and three levels of the within-subjects factor (phase of study: 
baseline, ULR flight, recovery). When statistically-significant main effects or interactions occurred, test 
of simple effects, post-hoc contrasts and independent t-tests or F-tests were performed to pinpoint the 
exact nature of the effect.  

Following these evaluations, the higher-resolution effects of the ULR flight were assessed via an 
additional mixed-model ANOVA in which the grouping factor remained the same as above (departure 
group: AM vs. PM), but the within-subjects factor consisted of 14 levels (trials during the ULR flight: 
Trial 1 – Trial 14). Depending on the nature of statistically-significant effects, follow-up assessments 
consisted of either independent t-tests or trend analyses. 

When necessary, all ANOVA p-values were corrected for sphericity violations using Greenhouse-
Geisser epsilon adjusted degrees of freedom. For the post-hoc comparisons, corrections for alpha inflation 
were not applied at this stage due to the fact that when investigating issues related to flight safety, it is 
more conservative to potentially make a Type I error than to make a Type II error (Kirk, 1968). 

Actigraphy 

 The activity monitor worn by participants during the study, provided objective data of sleep time 
and wake activity as scored by the Actiware-Sleep software version 3.3 (Mini-Mitter, Portland, OR). As 
there were only two conditions in this data set (baseline sleep vs. recovery sleep), independent t-tests were 
performed. These analyses indicated there were significant differences in total sleep time between the two 
groups at baseline sleep (t(15) = -3.85, p < .01) and recovery sleep (t(15) = -7.09, p < .001). The PM 
group slept more during both baseline (M = 10.15, SD = 1.41) and recovery (M =11.57, SD = 2.06) 
compared to the AM group at baseline (M = 8.34, SD = 0.50) and recovery (M = 5.83, SD = 1.21). 

The differences in the total amount of sleep obtained by pilots during baseline may have been due to 
the testing schedule which allowed the PM group to sleep longer in order to minimize participant attrition 
(since the PM group arose in the morning but did not depart until almost 23:00). The significant 
differences in the total sleep time obtained by pilots during the recovery period may have been due to a 
combination of factors. Firstly, the PM group (who landed at approximately 18:30) had their sleep period 
during the night whereas the AM group (who landed at 06:30) had their recovery sleep period during the 
day. Thus, based on circadian factors alone, the PM group would have been expected to sleep more 
soundly during recovery. Secondly, due to the departure times, the PM group remained continuously 
awake for 34 hrs prior to recovery as opposed to the 24 hrs experienced by the AM group. Thus, when the 
time for recovery sleep occurred, the PM group was under greater homeostatic sleep pressure. 
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The Psychomotor Vigilance Task (PVT) 

The PVT allowed an examination of sustained-attention throughout the flights in that this test 
required participants to rapidly respond to visual stimuli appearing at random intervals. Table 3 shows 
when each trial was performed during baseline, flight, and recovery. 

 

Table 3. The Pacific Standard Times Corresponding to the Number of Trials (Test Bouts) for Each 
Experimental Period for AM and PM Departure Groups. 

AM departure PM departure 

Trial# Trial # 
within 
period 

Period Trial 
time 

Day  Trial# Trial # 
within 
period 

Period Trial 
time 

Day 

1 1 Baseline 09:50 1  1 1 Baseline 09:50 1 
2 2 Baseline 10:40 1  2 2 Baseline 10:40 1 
3 3 Baseline 14:20 1  3 3 Baseline 14:20 1 
4 4 Baseline 16:35 1  4 4 Baseline 16:35 1 
5 5 Baseline 21:00 1  5 5 Baseline 21:00 1 
6 6 Baseline 07:00 2  6 6 Baseline 09:52 2 
7 1 Flight 09:52 2  7 1 Flight 21:52 2 
8 2 Flight 12:30 2  8 2 Flight 00:30 3 
9 3 Flight 14:00 2  9 3 Flight 02:00 3 

10 4 Flight 15:30 2  10 4 Flight 03:30 3 
11 5 Flight 17:00 2  11 5 Flight 05:00 3 
12 6 Flight 18:30 2  12 6 Flight 06:30 3 
13 7 Flight 20:00 2  13 7 Flight 08:00 3 
14 8 Flight 21:30 2  14 8 Flight 09:30 3 
15 9 Flight 23:00 2  15 9 Flight 11:00 3 
16 10 Flight 00:30 3  16 10 Flight 12:30 3 
17 11 Flight 02:00 3  17 11 Flight 14:00 3 
18 12 Flight 03:30 3  18 12 Flight 15:30 3 
19 13 Flight 05:00 3  19 13 Flight 17:00 3 
20 14 Flight 06:25 3  20 14 Flight 18:25 3 
21 1 Recovery Early 

wakeup 
3  21 1 Recovery Early 

wakeup 
4 

22 2 Recovery 20:00 3  22 2 Recovery 09:15 4 

 



 Lapsing 
Across Phases of the Study. The ANOVA revealed a significant phase-by-departure interaction (F(2, 

28) = 8.15, p < .01) as shown in Figure 4. Tests for simple effects showed that the mean number of lapses 
for both the AM and PM groups were significant across phase (F(2, 16) = 3.93, p < .05 and F(1.15, 6.89) 
= 31.85, p = .001, respectively). Post-hoc contrasts showed that the AM and PM group displayed 
significant increases in lapses from baseline to flight (F(1, 8) = 15.70, p < .01 and F(1, 6) = 42.22, p = 
.001, respectively) but showed no significant difference between baseline and recovery (F(1, 8) = 0.11, 
n.s. and F(1, 6) = 0.64, n.s., respectively). Independent t-tests revealed a significant difference between 
the groups during the flight (t(14) = -2.57, p < .05). 

During the Flight. The ANOVA revealed a significant trials-by-departure interaction (F(13, 182) = 
11.95, p < .001) as shown in Figure 5. Tests for simple effects showed that the mean number of lapses for 
both the AM and PM groups were significant across trials (F(13, 104) = 10.69, p < .001 and F(13, 91) = 
8.95, p < .001, respectively). Post-hoc contrasts showed that the AM group displayed significant linear (p 
< .001) and quadratic (p < .01) trends whereas the PM group displayed only a quadratic trend (p < .01). 
Independent t-tests on individual trials indicated a significant increase in mean number of lapses for the 
PM group compared to the AM group on trials 3-8 and 11. Although lapsing between the groups was not 
significant near the end of the study, one can visually see in Figure 5 that the lapsing of the AM group 
was increasing as the PM group was decreasing. Thus, as expected, performance of both groups appears 
to coincide with the endogenous circadian rhythm. Additionally, the PM group was likely more 
compromised during their circadian “low points” because they had been awake for 10 hrs longer than the 
AM group.  
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Figure 4. Significant interaction between phase 
and departure group. Note that the PM group 
lapsed more during the flight than the AM 
group.  

 
 

Figure 5. Significant interaction between 
departure group and trials during the flight. The 
PM group lapsed more than the AM group on 
trials 3-8 (between 02:00– 09:00) and trial 11 
(14:00).



Median reaction times 
  Prior to conducting the mixed effects ANOVA on this data set, it was observed that there were 

baseline differences in performance between the two departure groups. Independent t-tests on the median 
reaction times revealed differences between the PM vs. AM groups during baseline (t(14) = 3.80, p < .01) 
even though efforts were made to avoid differences by randomly assigning pilots to the conditions of the 
study. These results indicate that the PM group was faster than the AM group prior to the study 
interventions. Therefore, instead of conducting the ANOVA on raw data, the analyses were conducted on 
change-from-baseline median reaction times. 

Across Phases of the Study. The ANOVA revealed a significant phase-by-departure interaction (F(2, 
28) = 3.94, p < .05) as shown in Figure 6. Tests for simple effects showed that the median reaction times 
for both the AM and PM groups differed across phases (F(2, 16) = 4.44, p < .05 and F(1.11, 6.66) = 
43.42, p < .001, respectively). Post-hoc contrasts on the AM and PM groups showed that both groups 
displayed significant increases in median reaction times from baseline to flight (F(1, 8) = 19.58, p < .01 
and F(1, 6) = 47.66, p < .001, respectively). However, only the PM group showed a significant increase in 
reaction times from the baseline to the recovery phase (F(1, 6) = 30.31, p < .01). Thus, the reaction time 
of the PM group increased from baseline measures despite 12 hours of recovery sleep. Independent t-tests 
revealed a significant difference between the groups during the flight (t(14) = -3.17, p < .01). 

During the Flight. The ANOVA revealed a significant trials-by-departure interaction (F(5.11, 71.55) 
= 10.08, p < .001) as shown in Figure 7. Tests for simple effects showed that the change in median RT for 
both the AM and PM groups were significant across phase (F(13, 104) = 12.32, p < .001 and F(13, 91) = 
7.70, p < .001, respectively). Post-hoc contrasts showed that the AM group displayed significant linear (p 
< .001) and quadratic (p < .01) trends whereas the PM group displayed significant quadratic (p < .01) and 
cubic (p < .05) trends. Independent t-tests revealed a significant difference between the AM and PM 
groups on trials 2-8. As mentioned earlier, while the PM group was slower during their circadian nadir 
(trials 2-8 at 00:00-10:00), the AM group exhibited similarly decreased performance at their circadian 
nadir (03:00-05:00) although there were no group differences at this point.  
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Figure 6. The PM group had a slower median 
reaction time during the flight compared to the 
AM group.  
 

Figure 7. The trials-by-departure interaction for 
median reaction times. The PM group was 
slower than the AM group during the first half of 
the flight (corresponding to their circadian 
nadir).  



Optimum response times (fastest 10% - change from baseline) 
As was the case with median reaction times, independent t-tests conducted prior to the mixed-effects 

ANOVA indicated a baseline difference between the groups on the fastest 10% of reaction times (t(14) = 
-5.37, p < .001). Therefore, the data analyzed consisted of change-from-baseline reaction times. 

Across Phases of the Study. The phase-by-departure ANOVA revealed a significant main effect of 
phase (F(2, 28) = 13.23, p < .001) but no main effect for departure group and no interaction. The phase 
main effect was due to an overall significant slowing (increase in response time) from baseline to flight 
(F(1, 14) = 28.21, p < .001) and from baseline to recovery (F(1, 14) = 8.34, p < .05) as depicted in  
Figure 8.  

During the Flight. The ANOVA revealed a significant trials-by-departure interaction (F(5.79, 81.06) 
= 7.58, p < .001). Tests for simple effects on the AM and PM groups showed that the change in optimum 
response times for both groups was significant across trials (F(13, 104) = 10.15, p < .001 and F(13, 78) = 
4.82, p < .001, respectively). Post-hoc contrasts showed that the AM group displayed significant linear (p 
< .001), quadratic and cubic trends (p < .05) whereas the PM group displayed significant quadratic and 
cubic trends (p < .05). The interaction was found to be the result of significant differences between the 
departure groups on trials 3-7 at which point the PM group was slower to respond than the AM group. In 
addition, visual inspection of these data (and the presence of a linear trend) indicated that as the flight 
progressed, the performance of the AM group slowed substantially as well (see Figure 9).  
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Figure 8. The fastest 10% of reaction times, 
changes from baseline levels, obtained from 
pilots across the three phases of the study.  
  

Figure 9. The fastest 10% RT, changes from 
baseline levels, obtained from pilots during the 
ULR flight. 

PVT Summary 
In general, the results showed that psychomotor vigilance performance (i.e., sustained attention) 

deteriorated as a function of both circadian and homeostatic factors for both groups. Specifically, for the 
PM group, both median reaction times and optimum responses decreased while the number of lapses 
increased during the first portion of the flight (during their circadian nadir), whereas the AM group 
experienced the greatest difficulties during the latter part of the flight (during their circadian nadir). In 
both groups, poorest performance generally occurred at night after a number of hours of continuous 
wakefulness. Note that prior to departure, the PM group had already been awake 10 hrs longer than the 
AM group. 

 The results also suggest that performance may not return to baseline levels after a single period of 
recovery sleep as seen in optimum response times in both the AM and PM departure groups and in 
median response times only in the PM departure group. 
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Subjective variables 

In order to investigate the subjective sleepiness as reported by pilots during the study the following 
variables were collected during baseline, the ULR flight, and recovery: Pre-PVT sleepiness scale, the 
Effort to Stay Awake (ESA) scale, the Karolinska Sleepiness Scale (KSS), and various moods scored 
using a Visual Analog Scale (VAS). The same statistical analyses were performed on these variables as 
were used for the PVT measures to investigate the effects of the different departure times across phases of 
the study and the higher-resolution impact of time-on-duty and time-of-day across the test trials during 
the cruise portion of the flight. As was the case earlier, the times used throughout the analyses are Pacific 
Standard times. The data analyzed are based on the responses of 17 participants. 

Pre-PVT sleepiness  
Across Phases of the Study. Pre-PVT sleepiness is a subjective measure of sleepiness (on a 10-pt 

scale) administered by the PVT device before the initiation of the vigilance task. The ANOVA on these 
data revealed a significant phase-by-departure interaction (F(2, 26) = 9.59, p = .001) as shown in Figure 
10. Tests for simple effects revealed that the mean sleepiness levels for both the AM and PM groups were 
significantly different across phases (F(2, 12) = 5.13, p < .05 and F(2, 14) = 34.72, p < .001, 
respectively). Post-hoc contrasts showed that the AM and PM groups displayed significant increases in 
sleepiness from baseline to flight (F(1, 6) = 15.39, p < .01 and F(1, 7) = 47.98, p < .001, respectively) but 
showed no significant difference between baseline and recovery (F(1, 6) = 1.30, n.s. and F(1, 7) = 0.73, 
n.s., respectively).  
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Figure 10. This figure shows the subjective 
ratings of “Sleepy?” obtained from pilots in the 
two departure groups from baseline, flight, and 
recovery phases.   
 
 

Figure 11. Subjective sleepiness obtained prior 
to performing the PVT during the ULR flight. In 
general the PM group felt significantly sleepier 
than the AM group on trials 2-9 (00:00 – 11:00) 
whereas the AM group suffered from a gradual 
increase in sleepiness across the in-flight trials. 

 
 
During the Flight. The ANOVA showed a significant trials-by-departure interaction (F(13, 143) = 

8.54, p < .001). Tests for simple effects indicated that the change in subjective sleepiness for both the AM 
and PM groups was significant across trials (F(13, 78) = 23.68, p < .001 and F(13, 65) = 5.88, p < .001, 
respectively). Post-hoc contrasts showed that the AM group displayed a significant linear trend (p < .001) 
whereas the PM group displayed significant quadratic (p < .001) and cubic trends (p < .01). Independent 
t-tests revealed a significant difference between the groups on trials 2-9. As shown in Figure 11, the PM 
group experienced the greatest sleepiness during the first half of the flight, whereas the AM group was 



most impaired during the second half of the flight. In both cases, these times corresponded to the groups’ 
circadian troughs.  

Effort to Stay Awake (ESA) 
Ratings of the Effort to Stay Awake were derived from a four-point scale item in which participants 

rated themselves from level “1 = very little effort (no problems staying awake)” to “4 = an extreme effort 
(could hardly stay awake).” These data were analyzed in the same fashion as the data from all other 
assessments (with the exception of the hand-flying flight data). 

Across Phases of the Study. The phase-by-departure ANOVA revealed only a main effect for phase 
(F(1.20, 18.06) = 9.24, p < .01). The phase main effect was due to the fact that participants in both 
departure groups expressed an increased effort to stay awake from the baseline phase to the flight phase 
(F(1, 15) = 76.21, p < .001) and from the baseline phase to the recovery phase (F(1, 15) = 6.31, p < .05). 
These results are depicted in Figure 12. 

During the Flight. The ANOVA revealed a significant interaction between trials and departure 
(F(5.58, 83.65) = 17.66, p < .001). Tests for simple effects on the AM and PM groups showed that the 
mean effort to stay awake for both groups was significantly different across trials (F(13, 104) = 14.39, p < 
.001 and F(13, 91) = 13.73, p < .001, respectively). Post-hoc contrasts showed that the AM group 
displayed significant linear (p < .001) and cubic (p < .01) trends whereas the PM group displayed 
significant quadratic (p < .001) and cubic trends (p < .01). Independent t-tests on each trial revealed 
significant differences between the groups on trials 3-8, 13 and 14. Overall, both groups’ effort to stay 
awake increased during the flight (referencing the first trial to the last). Interestingly, there was a reversal 
in ESA ratings prior to landing (between 05:00 and 06:25) when the AM group expressed greater 
difficulty remaining awake than the PM group; however, the magnitude of the increase in the AM group 
was not as large as that seen with the PM group earlier on. Once again, these effects are likely primarily 
attributable to the impact of circadian factors (and possibly some motivational confounds) since the 
respective difficulties in both groups corresponded to the groups’ circadian nadirs (see Figure 13).  
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Figure 12. Effort made to stay awake by the PM 
and AM groups across the phases of the study. 
Note the overall increase in effort from the 
baseline to the flight phase. 
 
 

Figure 13. Subjective assessment of effort 
required to stay awake throughout the flight for 
both the AM and PM departure groups. 
Generally speaking, the effort required to stay 
awake increased as a function of circadian 
factors with the major effort required throughout 
the night in both groups.  

 



Karolinska Sleepiness Scale (KSS) 
The KSS is a nine-point Likert type scale of subjective sleepiness ranging from “1 = very alert” to “9 

= very sleepy, fighting sleep”. As discussed earlier, the KSS was administered after the PVT during each 
test trial. 

Across Phases of the Study. The ANOVA revealed a significant phase-by-departure interaction 
(F(1.28, 19.26) = 4.09, p < .05). Tests for simple effects showed that the mean sleepiness ratings for both 
the AM and PM groups were significant across phases (F(2, 16) = 14.53, p < .001 and F(2, 14) = 16.83, p 
< .001, respectively). Post-hoc contrasts showed that the AM and PM groups displayed significant 
increases in sleepiness from baseline to flight (F(1, 8) = 35.38, p < .001 and F(1, 7) = 29.53, p = .001, 
respectively) but showed no significant difference between baseline and recovery (F(1, 8) =2.72, n.s., and 
F(1, 7) = .014, n.s., respectively). On average, the PM departure group was significantly more fatigued 
than the AM departure group during the ULR flight (t(15) = -4.86, p < .001). These effects are depicted in 
Figure 14. 

During the Flight. The ANOVA of the data collected across trials during the flight phase yielded a 
significant trials-by-departure interaction (F(4.88, 73.14) = 14.57, p < .001). Tests for simple effects 
showed that the change in subjective sleepiness for both the AM and PM groups were significant across 
trials (F(13, 104) = 21.53, p < .001 and F(13, 91) = 10.48, p < .001, respectively). Post-hoc contrasts 
showed that the AM group displayed significant linear (p < .001) and cubic (p < .05) trends whereas the 
PM group displayed significant quadratic and cubic trends (p < .001). Independent t-tests revealed 
significant differences between the two groups during trials 2-9 at which time the PM group rated greater 
levels of sleepiness than the AM group. However, subsequently, at trial 13, immediately prior to landing, 
there was a reversal of this effect in that the AM group expressed greater sleepiness than the PM group. 
Note that the most pronounced sleepiness within both groups occurred at the 05:00 testing time (during 
their circadian nadir). Observe in Figure 15 that while the PM group evidenced a more dramatic increase 
in sleepiness almost immediately after departure, the AM group suffered from a gradual but marked 
increase in sleepiness throughout the flight (as substantiated by the significant linear trend).  
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Figure 14. Sleepiness levels of the PM and AM 
groups across the three phases of the study as 
rated from the KSS. 
  

Figure 15. KSS sleepiness ratings during the 
ULR flight. The overall subjective sleepiness 
increased most during the respective night time 
for both groups. 

 



Visual Analog Scale (VAS) – Subjective Evaluations 
The VAS provided information on eight subjective states: alert/being able to concentrate, anxious, 

energetic, confident, irritable, jittery/nervous, sleepy, and talkative. The adjectives were placed over the 
center of a 100-pixel line with the words “not at all” appearing at the far left and “extremely” appearing at 
the far right. 

1. Alert/able to concentrate  
Across Phases of the Study. The ANOVA across study phases revealed only a significant main effect 

of phase (F(1.43, 21.46) = 6.16, p < .05) on ratings of being alert or able to concentrate. This was due to a 
significant difference from baseline to flight (F(1, 15) = 7.54, p < .05). There was no significant 
difference in ability to concentrate from baseline to recovery (F(1, 15) = 3.03, n.s.). This effect is shown 
in Figure 16.  

During the Flight. The ANOVA revealed a significant trials-by-departure interaction (F(4.05, 6.78) = 
5.08, p = .001). Tests for simple effects showed that the change in concentration levels for both the AM 
and PM groups were significant across trials (F(13, 104) = 7.62, p < .001 and F(13, 91) = 5.88, p < .001, 
respectively). Post-hoc contrasts showed that the AM group displayed a significant linear trend (p < .001) 
whereas the PM group displayed significant quadratic and cubic trends (p < .01). Independent t-tests 
revealed a difference between the two groups only on trials 4-7. As was the case with the other data 
analyzed thus far, the interaction was due to the fact that the AM group was more alert than the PM group 
for the first period of the flight, whereas there were no group differences in the second part. These effects 
are depicted in Figure 17. In addition, it should be noted that while the PM group once again showed the 
greatest fatigue in the first portion of testing, the AM group experienced a gradual but significant decrease 
in alertness as the flight progressed. In both groups, the major decline in alertness occurred at circadian 
“low points.” 
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Figure 16. Subjective ratings of being able to 
concentrate for both groups across the three 
phases of the study.   
 
 
 
 

Figure 17. Subjective ratings of being able to 
concentrate. The PM group showed a dramatic 
decline in alertness between 03:00 - 08:00 
followed by an increase at about 09:00. The AM 
group was more alert/being able to concentrate 
at the beginning of the flight (14:00 - 18:00) 
with a decline toward the end of the flight. 
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2. Anxious 
Across Phases of the Study. The phase-by-departure ANOVA revealed no differences between the 

two groups in anxiety ratings across the three phases as shown in Figure 18. 
During the Flight. The ANOVA performed on the individual testing trials within each flight, 

however, revealed a main effect for trials (F(2.97, 44.47) = 3.40, p <.05). Subsequent analyses of this 
main effect indicated a significant linear trend (F(1, 15) = 4.93, p < .05) that resulted from the fact that 
both groups became more anxious towards the end of the flight. This effect is shown in Figure 19. 
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Figure 18. Subjective ratings of feeling anxious 
made by the PM and AM groups across the three 
phases of the study.   

Figure 19. Subjective ratings of feeling anxious 
made by the two departure groups throughout 
the flight.

3. Energetic  
Across Phases of the Study. The ANOVA revealed a significant interaction between phase and 

departure (F(2, 30) = 4.42, p < .05). Tests for simple effects showed that the energetic ratings were 
significantly different across phases for the PM group (F(2, 14) = 13.81, p < .001) but not for the AM 
group (F(2, 16) = 1.31, n.s.). Post-hoc contrasts for the PM group showed that energetic levels displayed 
significant differences from baseline to flight (F(1, 7) = 24.55, p < .01) but showed no change between 
baseline and recovery (F(1, 7) = .001, n.s.). Thus, the interaction was due to a significant difference in 
energy levels between the groups during the ULR flight (t(15) = 6.04, p < .001). These effects are shown 
in Figure 20. 

During the Flight. The ANOVA performed on the individual trials during the flight revealed a 
significant trials-by-departure interaction (F(4.52, 67.80) = 7.50, p < .001). Tests for simple effects 
showed that the change in energy levels for both the AM and PM groups were significant across trials 
(F(13, 104) = 14.39, p < .001 and F(13, 91) = 8.84, p < .001, respectively). Post-hoc contrasts showed 
that the AM group displayed a significant linear trend (p = .001) whereas the PM group displayed 
significant linear (p < .05), quadratic (p < .001) and cubic (p = .001) trends. Although the AM group 
indicated greater overall energy than the PM group, analysis of the interaction showed that this was 
largely due to differences during trials 2-9 and during trial 11 (p <. 05). In each case, the AM group was 
significantly more energetic than the PM group, although as can be seen in Figure 21, the AM group 
gradually deteriorated throughout the flight. 

100

Baseline Flight Recovery

Phase

Su
bj

ec
tiv

e 
ra

tin
gs

(n
ot

 a
t a

ll-
--

ex
tre

m
el

y)

AM departure
PM departure



 

 21

 
 
 
 
 
 
 
 
 
 
 
 
 

Energetic
Energetic

0

10

20

30

40

50

60

70

80

90

100

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Trials

Su
bj

ec
tiv

e 
ra

tin
gs

(n
ot

 a
t a

ll-
--

ex
tre

m
el

y)

AM departure
PM departure

10:00        14:00        17:00        20:00        23:00        02:00        05:00       AM times
22:00        02:00        05:00        08:00        11:00        14:00        17:00       PM times

*Significant trials

Takeoff

*
* *

* *
*

* *

*

Landing

Figure 20. Ratings of subjective energy during 
the phases of the study, showing that the PM 
group was less energetic than the AM group 
during the flight. 

Figure 21. Subjective ratings of energy obtained 
from pilots during the flight.

 

4. Feel confident 
Across Phases of the Study. The phase-by-departure ANOVA revealed a significant interaction (F(2, 

30) = 4.15, p < .05). Tests for simple effects showed that the confidence ratings for both the AM and PM 
group changed significantly across phases (F(2, 16) = 3.63, p = .05 and F(2, 14) = 13.31, p = .001, 
respectively). Post-hoc contrasts for the AM group showed a trend for differences between baseline and 
flight (F(1, 8) = 5.08, p = .054) but not baseline and recovery (F(1, 8) = 0.17, n.s.). Contrasts for the PM 
group showed that confidence levels decreased from baseline to flight (F(1, 7) = 9.97, p < .05) and 
increased between baseline and recovery (F(1, 7) = 6.11, p < .05). Independent t-tests for each phase 
revealed a significant difference between the groups after recovery sleep only (t(15) = -2.97, p = .01). As 
shown in Figure 22, the PM group was more confident than the AM group following recovery sleep. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 22. Subjective ratings of feeling 
confident across the three phases of the study. 
The PM departure group was more confident 
after recovery sleep.   
 

Figure 23. Subjective ratings of confidence 
obtained from pilots during the ULR flight. The 
PM group felt more confident than the AM 
group at trial 13. 
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During the Flight. The ANOVA performed on the confidence ratings made during the individual 

trials throughout the flight revealed a significant trials-by-departure interaction (F(4.38, 65.64) = 4.29, p < 
.01). Tests for simple effects showed that the change in confidence levels for both the AM and PM groups 
were significant across trials (F(13, 104) = 5.36, p < .001 and F(13, 91) = 3.93, p < .001, respectively). 
Post-hoc contrasts indicated that the AM group displayed a significant linear trend (p < .01) whereas the 
PM group displayed a significant quadratic trend (p < .05). Independent t-tests which were conducted to 
explore the nature of the interaction revealed significant differences between the groups only on trial 13 
during the flight (t(15) = -3.03, p < .01). At this point, the gradual decrease in confidence experienced by 
the AM group placed their ratings lower than those of the PM group, the members of which were likely 
benefiting from a combination of circadian-related improvements and the knowledge that their 20-hr 
flight was almost complete. These effects are depicted in Figure 23.  

5. Irritable  
Across Phases of the Study. The phase-by-departure ANOVA revealed a significant main effect of 

phase (F(2, 30) = 6.37, p < .01) due to the significant changes in irritability from baseline to flight (F(1, 
15) = 10.66, p < .01). The contrast between baseline and recovery was not significant (F(1, 15) = 0.05, 
n.s.) suggesting that pilots’ irritability ratings returned to baseline levels after recovery sleep. The main 
effect of departure and the phase-by-departure interaction were not significant (see Figure 24).  

During the Flight. The trials-by-departure ANOVA revealed only a significant main effect of trials 
(F(3.05, 45.71) = 5.59, p < .01), but no departure main effect or trials-by-departure interaction. 
Subsequent analysis of the differences across trials indicated the presence of a linear trend (F(1, 15) = 
7.45, p < .05) which was primarily due to increased irritability at the very end of the flight (see Figure 
25). This may have been due to the fact that pilots were faced with an unexpected requirement to divert to 
another airport right before landing or the requirement to perform another test bout after completing the 
20hr ULR flight. 
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Figure 24. Subjective ratings of feeling irritable 
obtained from pilots across the three phases of 
the study.   
 

Figure 25. Subjective ratings of irritability. 
There were no differences between the two 
groups in feeling irritable but both groups 
became irritable at the last test bout immediately 
after landing.
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6. Jittery/Nervous 
Across Phases of the Study. The phase-by-departure ANOVA revealed no significant differences 

between the two groups across the three phases in terms of their self-ratings of jittery/nervousness. In 
addition, there was no interaction (see Figure 26).  

During the Flight. As was the case with the previous analysis, the trials-by-departure ANOVA 
revealed no significant main effects or significant interactions (see Figure 27). 

 

 23

 
 
 
 
 
 
 
 
 
 
 
 
  

Jittery/Nervous

0

10

20

30

40

50

60

70

80

90

100

Baseline Flight Recovery

Phase

Su
bj

ec
tiv

e 
ra

tin
gs

(n
ot

 a
t a

ll-
--

ex
tre

m
el

y)

AM departure
PM departure

Jittery/Nervous

0

10

20

30

40

50

60

70

80

90

100

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Trials

Su
bj

ec
tiv

e 
ra

tin
gs

(n
ot

 a
t a

ll-
--

ex
tre

m
el

y)

AM departure
PM departure

    10:00        14:00      17:00       20:00       23:00      02:00        05:00        AM times
    22:00        02:00      05:00       08:00       11:00      14:00        17:00        PM times

Takeoff

Landing

Figure 26. Subjective ratings of feeling nervous 
across the phases of the study.\ 
   

Figure 27. Subjective ratings of feeling nervous 
obtained from pilots during the ULR flight. 
There were no differences between the two 
groups.

7. Sleepy 
Across Phases of the Study. The phase-by-departure ANOVA revealed a significant interaction (F(2, 

30) = 7.88, p < .01). Tests for simple effects showed that the sleepiness ratings for both the AM and PM 
group changed significantly across phases (F(2, 16) = 12.72, p < .001 and F(1.11, 7.79) = 36.87, p < 
.001). Post-hoc contrasts for the AM group showed significant differences between baseline and flight 
(F(1, 8) = 21.22, p < .01) but not between baseline and recovery (F(1, 8) = 1.16, n.s.). Post-hoc contrasts 
for the PM group showed significant differences between baseline and flight (F(1, 7) = 18.88, p < .01) 
and between baseline and recovery (F(1, 7) = 7.58, p < .05). Thus, sleepiness ratings increased for both 
groups during the flight. After the 14-hr rest opportunity, the PM group’s sleepiness ratings decreased 
from baseline levels. 

During the Flight. The trials-by-departure ANOVA performed on sleepiness ratings collected during 
each flight revealed a significant trials-by-departure interaction (F(4.88, 73.17) = 10.57, p < .001). Tests 
for simple effects showed that the change in sleepiness levels for both the AM and PM groups was 
significant across trials (F(13,104) = 18.85, p < .001 and F(13,91) = 10.49, p < .001, respectively). Post-
hoc contrasts showed that the AM group displayed a significant linear trend (p < .001) whereas the PM 
group displayed significant linear (p < .05), quadratic (p < .001) and cubic (p < .01) trends. 

As observed in other alertness measures, the PM group was sleepier during the early portion of the 
flight (trials 2-7 and trial 9) whereas the sleepiness levels of the AM group progressively increased across 
the flight. Note the reversal in highest sleepiness levels at trial 13 between the groups, immediately prior 
to landing when the PM group was less sleepy than the AM group as shown in Figure 29. As was found 
with other measures, the PM group felt sleepier during the first half of the flight, but tended to improve 
somewhat as they emerged from their circadian nadir. In contrast, the AM group was more alert during 
the first half of the flight but expressed increased sleepiness throughout the night with a peak around 
05:00 (at which time they were actually sleepier than the PM group). These data show the impact of 
flying at night when circadian-driven alertness is low. 
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Figure 28. Subjective ratings of sleepiness 
across the three phases of the study. 
   
 
 

Figure 29. Subjective ratings of sleepiness 
obtained for both groups at intervals throughout 
the ULR flight. Note the initial increase in 
sleepiness within the PM group, whereas the 
AM group experienced a more gradual 
decrement from departure to landing. 

8. Talkative 
Across Phases of the Study. The phase-by-departure ANOVA revealed a significant main effect of 

phase (F(2, 30) = 5.57, p < .01) which was due to a difference from baseline to flight (F(1, 15) = 8.79, p = 
.01). However, ratings of talkativeness returned to baseline levels after recovery sleep as revealed by the 
contrast between baseline and recovery (F(1, 15) = 0.87, n.s.). There was no main effect of departure, nor 
was there an interaction between departure and phase. Figure 30 presents a graphic depiction of these 
data.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 30. Subjective ratings of talkativeness 
across the three phases of the study. 
   
 

Figure 31. Subjective ratings of talkativeness 
throughout the flight, showing that the AM 
group was significantly less talkative at trials 12 
and 13 than the PM group. 
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During the Flight. The ANOVA revealed no main effects; however, there was a significant trials-by-
departure interaction (F(5.20, 77.94) = 2.46, p < .05). Tests for simple effects showed that the change in 
talkative levels for the PM was significant across trials (F(13, 91) = 3.2, p = .001) but not for the AM 
group (F(13, 104) = 1.13, n.s.). Post-hoc contrasts suggest that the PM group displayed significantly 
higher order trends above cubic. Independent t-tests at each trial indicated that the PM group felt more 
talkative than the AM group toward the end of the flight, at trials 12 and 13, but that there were no group 
differences at other times (see Figure 31).  

 

Summary of subjective measures 
In general, the subjective data indicated that both groups of pilots became sleepier at night, and that 

this circadian effect was exacerbated by prolonged hours of continuous wakefulness. Although the PM 
group was most impaired during the first half of the flight, it should be noted that the AM group suffered 
a gradual decrement from departure to landing. In some cases, the AM group was less alert than the PM 
group at the end of the flight despite the fact that they had been awake for 10 fewer hours than the PM 
group at this point. 

 

Flight Performance 

 In an effort to identify operational measures which are sensitive to fatigue and to evaluate 
decrements attributable to sleepiness/tiredness in the simulator, pilots were requested to hand-fly the 
aircraft with automation disengaged during the performance of select maneuvers. The Captain hand-flew 
the aircraft below 10,000 feet for take-offs and landings and both the Captain and First Officer flew five-
minute straight and level segments during the cruise portion of the flight. One experimental run was 
cancelled from the PM departure group, and one pilot was removed due to non-compliance; therefore, the 
performance for nine runs (those flown by captains only) or 17 pilots (from maneuvers flown both by 
captains and first officers) were analyzed.  

Straight and level 
 The five-minute straight and level hand-flying sessions were analyzed to detect the possibility of 

actual flight performance changes across the ultra-long-range flight. The parameters analyzed were 
heading, pressure altitude, and indicated airspeed. Eight sessions were performed at the median times 
listed in Table 4. As previously discussed in the methods section, captains always flew the aircraft first, 
with the auto-pilot, auto-throttles, and flight director turned off. After the flight management system was 
re-engaged and the simulator flight path was in a steady state, the First Officer flew the hand-flying 
segments (again with the automation turned off). 3

 

 
3 The instructions prior to each hand-flying segment were as follows: “It is now time for a hand-flying segment. Please maintain 
a sterile cockpit. [Captain’s or First Officer’s name], please press your event marker [on the EEG recorder] then disengage the 
auto-pilot, flight director and auto-throttles, note the magnetic heading, move the heading bug out of view, turn to the nearest 5 or 
10 degree compass rose tic and fly that magnetic heading until further notice.”  
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Table 4. Median Time of Day the Eight Hand-flying Sessions  
Were Scheduled to Occur for the Departure Groups. 

Hand-flying Times 
Trial AM Departure PM Departure

1 12:55 00:55 
2 15:55 03:55 
3 18:55 06:55 
4 20:25 08:25 
5 21:55 09:55 
6 23:25 11:25 
7 00:55 12:55 
8 02:25 14:25 

 
 

 The trial start and end times were determined based on the times at which the autopilot was turned on 
and off. Once the actual start times were determined, the times were increased by 50 seconds to allow the 
pilot to stabilize the simulator on the nearest five or 10 degree heading. The end times were decreased by 
10 seconds to account for the time it took for the pilot to re-engage the flight director, auto-throttles, and 
auto-pilot. The root mean square (RMS) variation was analyzed with the assumed mean (or target value) 
being the altitude (rounded to the nearest 10 feet), airspeed and heading being flown at the start of the 
trial.  

Mixed-effects ANOVA for departure (AM vs. PM) and segment (1-8) were performed on the RMS 
data to compare performance changes across trials and across the different departure groups (AM vs. 
PM). There were no significant main effects of trial or departure and no interaction effects. Table 5 shows 
the results for the mixed-effects ANOVA for all hand-flying parameters, and as can be seen, there were 
no consistent patterns. Possible reasons for the failure to detect actual flight performance changes during 
trials in which PVT and subjective measures of attention and alertness demonstrated decrements are 
discussed in the next section.  

 
Table 5. Results for the mixed-effects ANOVA for the straight-and-level flight 

 Mixed-effects ANOVA 
 Trial Depart. Trial*Depart. 

Altitude F(3.30, 49.56) = 0.76 F(1, 15) = 0.05 F(3.30, 49.56) = 0.37 

Heading F(2.52, 37.85) = 1.98 F(1, 15) = 2.55 F(2.52, 37.85) = 1.18 

Airspeed F(3.66, 54.82) = 1.080 F(1, 15) = 0.86 F(3.66, 54.82) = 0.612 

Note: all results non-significant. 
 

720º turn 
 A 720º turn (two 360º turns) was performed by the Captain during the landing phase of the flight. 

Upon initiating the turn, the aircraft was at 7,000 feet and 220 knots, and the flight director was engaged 
while the auto-pilot and auto-throttles were disengaged. The Captain initiated the turns upon request from 
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ATC. 4 One flight for the PM departure group completed only one turn; therefore it was removed due to 
non-compliance leaving n = 3 flights for the PM group and n = 5 flights for the AM group. The Captains 
also performed a 720º turn during the training flight which was used as baseline data for comparison to 
the ULR flight performance. 

 Root mean square variation of altitude, airspeed and roll rate was used to estimate the pilots’ 
ability to control the aircraft during the turns. To calculate the RMS, the assumed mean altitude was 7,000 
ft, the assumed roll rate was zero (since the roll rate should not have changed once the roll angle was 
established), and the assumed mean airspeed was estimated individually for each participant by taking the 
average speed for the first 10 seconds of the analysis segment. Performance during the turns was analyzed 
from the time at which all pilots became stable on a bank angle to the time at which 240 seconds had 
elapsed. Data were analyzed for the two different times: 1) baseline and 2) end of the ULR flight. 

 A mixed-effects ANOVA with departure time (AM versus PM) as the between-subjects factor 
and time (Baseline flight versus ULR flight) as the within-subjects factor found no significant main 
effects nor interactions for altitude, airspeed, and roll rate (Table 6). The roll rate RMS showed a trend 
towards significance (p = .066) suggesting overall pilot performance may have improved from baseline 
(M = 0.84, SD = 0.28) to the ULR flight (M = 0.57, SD = 0.17). Given that only minimal training was 
provided to the pilots at the outset of the study, practice effects could have been a confounding factor in 
this analysis. Figure 32 shows all performance variables plotted. 

 
Table 6. Results for the mixed-effects ANOVA for the 720º turns 

 Mixed-effects ANOVA 
 Time Depart. Time*Depart. 
Altitude F(1, 6) = 0.13 F(1, 6) = 1.20 F(1, 6) = 0.52 
Airspeed F(1, 6) = 1.47 F(1, 6) = 0.15 F(1, 6) = 0.1 
Roll rate F(1, 6) = 5.04, p = .066 F(1, 6) = 0.53 F(1, 6) = 2.18 

Note: all results non-significant. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                      
4 The ATC command during the ULR flight was “NASA 125 HEAVY make two right orbits, runway change in progress, expect 
ILS DME approach to runway zero two right. Expect further clearance after completion of the turns.”  The ATC commands 
during the training session were “NASA 123 HEAVY make a left 360. We just had three aircraft make missed approaches and 
the RVR is now less than 600. Verify your alternate is Oakland.”  Followed by “NASA 123 HEAVY, continue making at least 
one more 360, I’ll be working on your clearance to Oakland.” 
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Figure 32. Altitude, airspeed and roll rate RMS variation during the two 360 turns performed at baseline 
and the ULR flight. 
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ILS Approach 
 Hand-flying performance while landing the aircraft was also examined. As a reminder, only the 

Captain hand-flew the aircraft below 10,000 feet, and the flight director was engaged while the auto-pilot 
and auto-throttles were disengaged. Nine experimental runs (five AM departures and four PM departures) 
were analyzed for baseline performance as well as the ULR flight performance. During the baseline 
flight, the pilots were cleared to land at the ONT 26R approach. Two baseline runs had missing or bad 
data; therefore, the training flights at the OAK 11 approach were used as baseline instead to avoid 
reducing the data set further. For the ULR flight, pilots were cleared for the ILS DME runway 02R 
approach. 

 Root mean square variation of the localizer deviation (deg) and glideslope (G/S) deviation (deg) 
were analyzed from G/S capture until the middle marker (MM) altitude of the runway was reached. The 
assumed means for the RMS variation calculations were zero for the G/S and localizer deviations. A 
mixed-effects ANOVA with departure group as the between-subjects factor and phase (baseline and ULR 
flight) as the within-subjects factor found a significant main effect of phase (F(1, 7) = 6.92, p < .05) on 
G/S deviation; however, this effect was due to a decrease in G/S deviation from baseline (M = 0.074, SD 
= 0.029) to the ULR flight (M = 0.051, SD = .021). There was no main effect of departure (F(1, 7) = 0.14, 
n.s.) and no interaction effect (F(1, 7) = 3.04. n.s.) for G/S deviations. Mixed-effects ANOVA on RMS 
variation of localizer deviation found no significant main effect or interaction (see Table 7). Figure 33 
shows the G/S and localizer deviations during the landing at baseline and at the ULR flight. 

 
Table 7. Results for the mixed-effects ANOVA for the landing 

 Mixed-effects ANOVA 
 Time Depart. Time*Depart. 
G/S deviation F(1, 7) = 6.92* F(1, 7) = 0.14 F(1, 7) = 3.04 
Localizer deviation F(1, 7) = 0.31 F(1, 7) = 3.48 F(1, 7) = 1.57 

*p < .05 
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Figure 33. Root mean square variation of glideslope and localizer deviations (deg) during G/S capture to 
the runway for the baseline and the ULR flights. 

 

DISCUSSION 
  The present investigation assessed the impact of ultra-long-duration simulator flights, departing at 

two different times of day, on the alertness and performance of 17 commercial aviators. Each of the 
flights was 20 hrs long. For the AM departure group, flights began at approximately 11:00 on the first 
day, persisted throughout the night, and ended at approximately 06:20 the following morning. For the PM 
departure group, flights started at approximately 23:00 on the night of the first day, persisted throughout 
the night and most of the following day, and ended at approximately 18:20 in the evening. Prior to the 
flight-testing periods, all volunteers obtained baseline sleep in a controlled environment, and they were 
awakened according to a prescribed schedule to prepare for their flight on the next day. Ingestion of 
caffeine was prohibited throughout the study. Immediately prior to and throughout each flight, alertness 
and performance were assessed at frequent and standardized intervals. The primary assessment metrics 
included a computerized test of sustained attention; several subjective questionnaires inquiring about 
various aspects of pilot status (i.e., alertness, sleepiness, effort, energy, etc.); and “hand-flying” tasks from 
which actual simulator flight-performance parameters were acquired. In general, the observed effects 
were quite consistent across the first two categories of tasks (vigilance and self-reports), but not for the 
operational “hand-flying” segments. 

Psychomotor Vigilance 

With regard to the vigilance assessments, the nighttime departure group experienced more overall 
attentional lapses and responded more slowly to incoming stimuli than the daytime departure group. The 
nighttime group, which departed after having already been awake for at least 13.5 hrs, was especially 
impaired during the first half of the flight, from approximately 02:00 until 11:00--the times at which 
homeostatic and circadian factors combined to produce particularly low levels of alertness (Åkerstedt, 
1995a, 1995b). The daytime group, which departed after having been awake only for about 3.5 hrs, 
evidenced much less impairment throughout the flight, although it was clear that towards the latter 
portions, their performance was suffering as well. Due to the experimental schedule (which was designed 
to mimic real-world operations), it was not surprising that the nighttime departure group experienced 
more difficulties due to the fact that even at the outset of the flight, their homeostatic sleep drive was 
greater than what was experienced by the daytime departure group. Note that the pilots who departed at 
23:00 remained awake for 34 continuous hours, whereas those who departed at 11:00 endured only 24 
continuous hours without sleep. Thus, when this high homeostatic drive for sleep in the PM group was 
combined with the influence of the circadian trough (which for this group also occurred early in the 
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flight), the nighttime departure group was more physiologically prone to on-the-job sleepiness at the 
outset.  

Such early alertness difficulties in the night group may have been further complicated by motivational 
factors. The pilots departing at 23:00 were, no doubt, mindful of the fact that their flight had only just 
begun when they first began experiencing significant sleepiness, and that many hours remained before 
they would be able to land (and obtain recovery sleep). Conversely, the pilots departing at 11:00 may 
have fared better because they were relatively uncompromised until much later in the 20-hr flight, and by 
this time, they at least were able to look forward to the fact that their testing period was almost at an end. 
Although it is clear that motivational factors alone cannot indefinitely overcome the effects of increased 
physiological sleepiness, it is a fact that “having the end in sight” can help stave off the impact of fatigue 
and, at least temporarily, boost performance (Catalano, 1973). 

Self-Rated Well Being 

The self-ratings of sleepiness/alertness clearly supported the results obtained from the vigilance task 
in that the nighttime departure group rated themselves as sleepier and less energetic overall in comparison 
to the daytime departure group. In addition, there were interactive departure-group-by-trial differences in 
self-ratings of the effort to stay awake and self-reports of sleepiness, alertness, energy, confidence, and 
talkativeness. The first four of these self ratings again highlighted the fact that the nighttime group was 
suffering from a more problematic convergence of homeostatic and circadian factors than the daytime 
group, particularly from as early as 01:00 until as late as noon. This is consistent with what is generally 
known about the characteristics of nighttime fatigue effects in long-haul pilots (Caldwell, 2005).  

The group-by-trial differences in the last two self ratings appeared to be a function more of circadian 
rather than homeostatic influences (although there likely were motivational contributions as well). In 
terms of these ratings, towards the end of the flight the nighttime departure group, who had previously 
been rating themselves as less confident and talkative than the daytime departure group, began indicating 
that they were experiencing more confidence and talkativeness than the daytime group around the time of 
landing. This likely was because they were at a “better” part of the circadian cycle at this point since the 
end of the flight coincided with early evening hours for the nighttime-departure group, whereas the end of 
the flight occurred in the early morning hours for the daytime-departure group. Also, there may have been 
a motivational contribution (the “end-spurt” phenomenon) which was more evident in the group which 
was experiencing less circadian-related, physiologically-based fatigue. It should be noted that there was a 
non-significant tendency toward a similar effect in the ratings of sleepiness and fatigue (mentioned 
earlier), and while this effect was not pronounced, it does suggest that although the daytime departure 
group may have been more alert than the nighttime departure group throughout the flight, they tended to 
be more impaired during preparations for landing. Clearly, across the majority of the measures collected, 
there was evidence that the daytime departure group suffered increasingly from the effects of fatigue as 
the flight progressed while the nighttime departure group tended to partially recover from their initial 
decrements. Thus, there are obviously different types of safety ramifications associated with the different 
departure schedules in ultra-long-range operations. On the one hand, the nighttime departure was more 
fatigued overall, but their most serious decrements were during the first half of the cruise portion—
perhaps a less-safety-critical phase of flight. On the other hand, although the daytime departure group was 
better off throughout most of the flight, their most serious decrements occurred around the time of 
landing—one of the more safety-critical times. 

Operational Performance 

The hand-flying straight-and-level segments which were inserted at eight different points throughout 
the 20-hr flights did not produce results consistent with what was observed on the other measures 
collected in this investigation. One interpretation of the lack of statistical significance in this regard could 
be that the pilots’ performance capabilities simply were not impaired by the lengthy flight simulation 
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periods; however, this would be inconsistent with the observed decrements in vigilance combined with 
reported increases in fatigue and sleepiness. An alternative explanation would be that the flight-
performance assessment strategy simply was not sensitive to the impact of pilot fatigue. It is this latter 
interpretation which at this point seems most likely correct for the following reason: although previous 
investigations have shown substantial fatigue-related decrements on short straight-and-level flight 
segments flown by sleep-deprived pilots (Caldwell et al., 2004; Caldwell and Roberts, 2000), it should be 
noted that these straight-and-level segments were typically a part of a lengthy series of other hand-flown 
maneuvers such as climbs, descents, and turns—which when combined, required the pilots to remain 
focused and engaged for a rather extended period of time (i.e., 50-60 continuous minutes). This is quite 
different from the procedures used in the current investigation, in which the straight-and-level segments 
essentially punctuated an otherwise boring operational task in which the aircraft was on auto-pilot and the 
cockpit crew was simply monitoring the progression of the flight. Since it is well known that sustained 
testing (such as that used in previous investigations) is more sensitive to the effects of sleep loss than 
short, intermittent testing bouts (which were more characteristic of the hand-flying segments used in this 
study), it is likely that task duration in and of itself may have been responsible for the lack of test 
sensitivity (Wilkinson, 1964). Furthermore, since the short hand-flying maneuver segments were inserted 
into an extended flight that was otherwise being managed by automated flight-control systems, it is 
possible that the novelty of these segments may have actually produced an alerting effect since they 
temporarily relieved the boredom associated with passive systems monitoring. In the future, our 
investigations of ultra-long-range flights will encompass a more involved hand-flying portion in which 
sustained attention is the key to maintaining accurate performance. This undoubtedly will enhance the 
sensitivity of the operational performance metrics. 

In addition to the performance of the straight-and-levels (flown by all pilots) during each flight, a 
subset of the pilots (captains only) completed a 720º turn and then an ILS approach prior to landing. 
Baseline versus end-of-flight performance on these two maneuvers was assessed. As was the case with 
the straight-and-level segments, neither of these latter maneuvers were adversely affected by fatigue, and 
in fact, there was evidence of some improvements from baseline to end-of-flight on both. This apparently 
was due to insufficient training to attain asymptotic levels of performance at the outset of the study. The 
result was that practice effects were not eliminated, and these practice-related improvements cancelled out 
the presumed fatigue-related decrements in performance capacity. To rectify this confound in future 
investigations, pilots will be more thoroughly trained prior to the experimental intervention regardless of 
whether or not they insist that training on routine flight maneuvers is necessary. 

Summary and Conclusions 

  The present study was intended to form “baseline” knowledge about the effects of fatigue in 
ultra-long-range flight operations against which the efficacy of proposed fatigue countermeasures could 
be judged. To date, although there have been limited operational studies of the impact of ULR flights, 
performance and alertness data have not yet been published, and even once these data are published, they 
will not illuminate the full extent of fatigue-related effects since rigorous experimental control is virtually 
impossible during actual in-flight operations in which commercial passenger routes are being flown.  

In general, the results of the present investigation indicated that unmanaged in-flight fatigue will 
markedly degrade the vigilance and alertness of aircrews simply due to the extended periods of 
wakefulness required for the conduct of extended-range 20-hr flights. In particular, the results of this 
study further indicate that the fatigue from prolonged wakefulness will interact significantly with the 
specific flight schedules being flown due to a combination of circadian and homeostatic influences. Pilots 
departing at night after having been awake since the previous morning will be at a greater initial 
disadvantage than pilots who depart earlier in the day; however, pilots departing in the morning shortly 
after having awakened will show progressive deteriorations that may place them at greater risk towards 
the end of the flight immediately prior to landing the aircraft. Thus, despite the fact that fatigue 
countermeasures such as on-board bunk rest may mitigate many of the fatigue-related effects observed in 
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this study when applied in the actual operational environment, airlines will nevertheless need to be 
mindful that scheduling practices which take into account what is currently known about human 
sleep/wake and alertness regulation, will impact the safety of both crews and passengers. 
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