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Abstract
Research on fatigue often involves foundational research in service of addressing real-world

problems. In the research discussed in this paper, we discuss this interplay between basic and

applied science to highlight the contributions of basic science to informing policy and decision

making to reduce risk and improve safety in this domain.We describe three areas of research—

ground combat, flight operations, and fatigue countermeasures—where laboratory studies pro-

vide critical evidence regarding the causes and consequences of fatigue in applied settings, and

discuss the role of that research in addressing real-world challenges. We close by offering

some thoughts on the relationship between basic and applied research in this domain, and

the synergistic potential between research on sleep loss and cognitive neuroscience.
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Sleep loss has pronounced impacts on cognitive functioning, which have been dem-

onstrated in a myriad of studies spanning many decades. At the same time, research

exposing the deleterious effects of inadequate sleep has informed the development of

laws and policies intended to mitigate the risks to safety and health, particularly in

the transportation industry. In many cases, research is conducted explicitly to assess

existing or potential regulations to appropriately manage and mitigate the risks

associated with inadequate sleep.

Progress in Brain Research, Volume 246, ISSN 0079-6123, https://doi.org/10.1016/bs.pbr.2019.03.022

© 2019 Elsevier B.V. All rights reserved.
177

https://doi.org/10.1016/bs.pbr.2019.03.022


In our research, this entanglement proves advantageous. In multiple areas of

investigation, foundational research is leveraged to assist in answering specific ques-

tions of interest. As more is learned about the cognitive neuroscience of sleep and

sleep loss, better countermeasures and fatigue risk mitigation strategies will emerge

to improve safety and health, even as the 24/7 demands of modern society continue to

encroach upon time for sleep.

The outline of the current article is as follows. First, we discuss some of the

relevant empirical and theoretical literature related to sleep and sleep loss. We then

discuss several lines of research oriented around different research applications that

create distinct challenges for managing fatigue risk. We then close by offering some

thoughts on the relationship between basic and applied research in this domain, and

the synergistic potential between research on sleep loss and cognitive neuroscience.

1 Background
Cycles of greater and lesser activity tied to the 24-h day are ubiquitous in life on

earth. From single-celled organisms to plants and animals, virtually all life on our

planet exhibits a circadian rhythm. Among animals, low activity periods are associ-

ated with sleep. This suggests that sleep is deeply enmeshed in our biology. Despite

some notable exceptions (e.g., Rattenborg et al., 2000), animals tend to exhibit

whole-body sleep, though the timing of sleep varies across species (e.g., nocturnal

versus diurnal), as does the amount of sleep required for normal functioning.

Humans are naturally diurnal, and research suggests a need for an average of about

8h of sleep per day to maintain optimal cognitive functioning (e.g., Hirshkowitz et al.,

2015). Debates persist regarding the specific function, or functions, of sleep (e.g.,

Fogel and Smith, 2011; Rial et al., 2007; Schmidt, 2014; Vertes and Siegel, 2005).

However, the empirical literature has conclusively demonstrated that cognitive

functioning is degraded significantly in humans by as little as one night without sleep

(e.g., Williamson and Feyer, 2000). In addition, there is clear evidence that the

negative impacts of inadequate sleep on cognition and performance accumulate over

time, potentially leading to substantial decrements even when some sleep is obtained

on a daily basis (e.g., Van Dongen et al., 2003).

Precisely what aspects of cognitive functioning are impacted by sleep loss, and to

what degree, are currently areas of significant interest in the sleep research commu-

nity. Early studies of sleep loss documented performance declines in a range of tasks

(e.g., Dinges and Kribbs, 1991). However, theoretical accounts at the time were lim-

ited to generalizations. For instance, two early theories claimed that the impact of

sleep loss on cognition was to produce “cognitive slowing” in one case, and

“lapsing” in the other. These theories reflected the behavioral results on various

tasks, which showed increases in response times on subject-paced tasks, with more

substantial breakdowns in experimenter-paced tasks (e.g., Durmer and Dinges, 2005;

Williams et al., 1959).

Both the cognitive slowing and lapse theories adopt the perspective that sleep

loss produces a general decrement in cognitive functioning that impacts
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performance similarly across tasks. More recent research by Van Dongen et al.

(2004), however, indicates a more complex reality. In this research, Van Dongen

et al. demonstrated that the degree of decline exhibited by an individual relative to

others on one task is not indicative of their relative decline on an unrelated task.

That is to say, an individual could be the most severely impaired on one task, while

simultaneously being the least impaired on another task. The results of Van Dongen

et al. (2004) have been interpreted to suggest that the impact of sleep loss is on

specific components of cognitive functioning, and that the magnitude of that im-

pact can vary both across individuals and across components of cognition within an

individual.

This theoretical perspective fits nicely with what we know about the neurophys-

iology of sleep and circadian rhythms. A long history of research has established the

ventrolateral preoptic area (VLPO) and the suprachiasmatic nucleus (ScN) in the

hypothalamus play critical roles in sleep homeostasis and circadian rhythms, respec-

tively (e.g., Klein et al., 1991; Lu et al., 2000; Sherin et al., 1996). These structures

have broad projections in the brain, including throughout the cortex (Gaus et al.,

2002; Sherin et al., 1996; Watts et al., 1987). In most neurologically grounded

theories of human cognition, areas of the cortex play central roles in cognitive func-

tions including perception, attention, memory, and reasoning (e.g., Anderson, 2007;

Goldman-Rakic, 1988; Miller, 2000). In addition, most theories propose that those

functions are realized through an architecture that is modular to at least some degree

(e.g., Anderson, 2007; Robbins, 2017). Given such a structure, variations in the

projections to different areas within an individual could produce variability in

the magnitude of cognitive impairment associated with sleep loss. Differences in

the overall pattern of connections for different individuals could explain the results

described in Van Dongen et al. (2004), assuming that tasks rely differentially on the

various cognitive capacities.

Individual differences extend beyond the cognitive consequences of fatigue. In-

dividuals also vary along dimensions like morningness-eveningness and motivation

in the context of particular tasks. These differences can have significant influences

on the decrements that are observed when individuals become fatigued as well.

This also creates challenges for extending laboratory findings to applied settings.

In many sleep studies, careful screening is done to maximize the ability to detect

fatigue-related changes in performance. It is typical to exclude participants because

of more extreme scores on morningness-eveningness questionnaires, regular caf-

feine consumption, sleep disorders, and other concerns.

Although screening participants makes sense from the perspective of statistical

power and experimental control, it raises questions about how the results apply to

the broader population. To further complicate this issue, in many domains various

factors related to sleep and resiliency to sleep loss may cause individuals to be sys-

tematically “selected out” of career paths either because of screening procedures or

as a result of self-selection. Because of all of these issues associated with individual

differences, the population to whom laboratory results are being applied may not be

representative of either the general population or individuals who may be most

impacted by policies stemming from sleep research.
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The next three sections provide examples of the interplay between basic and

applied research in three different contexts. The first context involves military

ground combat operations, which often require critical decision making under con-

ditions of sleep restriction and high stress. The second focuses on U.S. Air Force

mobility operations, a 24/7 activity that frequently requires long periods without

sleep, circadian desynchrony, and poor sleep conditions. Finally, we give some con-

sideration to various forms of countermeasures that are available to mitigate the

impacts of sleep loss and circadian desynchrony in circumstances where they are

unavoidable.

2 Effects of sleep related fatigue on ground combat
operations
Operational success and survival for warfighters depend on their abilities to perform

well around the clock in potentially deadly encounters, drive vehicles safely in chal-

lenging conditions, report what they observe and do, and interact successfully with

noncombatants despite extended work hours and inadequate, irregular sleep (Vila

and Samuels, 2010). United States military deaths across Operation Iraqi Freedom

(OIF) and Operation Enduring Freedom (OEF) have been remarkably consistent

across both theaters of operation resulting from hostile actions (79%), accidents

(13%), and other non-hostile/non-accident causes (8%) (DeBruyne, 2018). This sec-

tion discusses how the existing sleep research can inform efforts to reduce the oper-

ational risks associated with full spectrum warfare, and where the gaps in the current

research appear to be.

A large body of scientific research makes it clear that fatigue related to sleep

restriction tends to interfere with precisely those brain functions that are most impor-

tant for making morally charged decisions in dynamic and stressful situations, sus-

taining alertness while driving motor vehicles, observing and recounting incidents

accurately, and interacting with people effectively (Durmer and Dinges, 2005;

Killgore, 2010). Sleep loss affects a broad range of skills associated with decision

making, including insight, risk assessment, innovation, communication, and mood

control (Harrison and Horne, 2000). In fact, brain imaging studies demonstrate that

lack of sleep has a disproportionate effect on the prefrontal cortex—the “executive”

region of the brain where problems are solved and prioritized according to moral and

situational criteria, and where consequences are considered and responses are

planned and coordinated. This suggests that even though tired warfighters may still

be able to perceive a great deal about a situation because some parts of their brains

are functioning well, they will be less likely to make sound decisions about what to

do. Recent studies also suggest that they may be more likely to make hasty moral

decisions and engage in riskier behavior (Killgore et al., 2005, 2007).

The crucial roles played by warfighters do not make them immune to fatigue’s

effects. According to both laboratory studies and field observations (James, 2015;

James and Vila, 2015; Killgore et al., 2007), decision making is degraded by sleep
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loss, which reduces vigilance, the ability to think clearly, handle complex cognitive

tasks, and solve problems. Basic skills (e.g., marksmanship, operational driving and

patrol activities) rely heavily on abilities that are acquired through rote training, rep-

etition to ingrained automatic responses, or unhurried rational-analytic approaches to

choosing from alternative courses of action. These basic skills tend to be degraded by

sleep loss (Koslowsky and Babkoff, 1992; Williamson and Feyer, 2000). The impact

of sleep loss is likely to be even greater on the highly nuanced skills and expertise that

warfighters and other occupations employ in emergency situations. Operational re-

sponses in stressful, rapidly evolving and complex situations characterized by am-

biguity, high-risk, and personal threat require great expertise to avoid catastrophic

outcomes (Hammond, 2000; Perrow, 1984), and to apply rules of engagement

quickly in complex and volatile settings (Ericsson and Smith, 1991; Khaneman

and Klein, 2009; van den Bosch and Riemersma, 2001). Sleep loss degrades both

routine decision-making skills and the ability to apply expertise in critical field sit-

uations. It also diminishes critical abilities to modulate mood and arousal, especially

in highly emotional confrontations and when being assaulted (Pilcher and Huffcutt,

1996; Poissonnet and Vernon, 2000; Roman et al., 2006).

Research from James and Vila (2015) on the impact of fatigue on operational

driving performance showed that those who work at night had significantly larger

lane deviations when tested in a driving simulator. Even more alarming, both work-

ing nights and suffering from sleep deprivation significantly increased the risk of col-

lisions. They also found that common fatigue measures such as the Psychomotor

Vigilance Task (PVTa) and the Karolinska Sleepiness Scale (KSSb) both predicted

driving performance degradation. These findings are consistent with a large body of

research focusing on the dangers of drowsy driving.

2.1 Fatigue and interpersonal interactions
Less is currently understood about the impact of fatigue on routine patrol activities,

such as interacting with local peoples and decisions to use deadly force. Although the

sudden, arousing surge of adrenaline associated with uncertain or high-threat en-

counters increases alertness, it also may decrease thresholds further for both moral

decision making and risk avoidance, which are already impaired by sleep loss

(Killgore et al., 2005, 2007). Recent research from James et al. (2018a,b) suggests

that fatigue associated with night shift works impairs police ability to de-escalate

volatile encounters—a skill that has clear relevance to warfighters.

aThe PVT is a well-validated and simple reaction-time task with high-stimulus density. It measures

participants’ ability to sustain attention (Lim and Dinges, 2008) and is the most widely used objective

research measure of sleep-related fatigue.
bThe KSS is a brief, well-validated self-report assessment of subjective sleepiness on a scale from 1

(extremely alert) to 9 (extremely sleepy—fighting sleep) which also is widely used in sleep research

(Kaida et al., 2006).
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How awarfighter behaves toward people each time he or she encounters them can

have huge consequences for mission effectiveness (Goffman, 1969). Social interac-

tions reflect dynamic systems, in which each actor tries—with more or less

success—to assess the probable consequences of the actions they employ in order

to influence others in the encounter and guide its course toward a desired outcome

(Bakeman and Gottman, 1986). Military operations such as counter-insurgencies,

peace-keeping operations, and humanitarian missions are especially delicate situa-

tions that require warfighters to anticipate other people’s responses to their actions,

read cues from civilians, respond in accordance to mission objectives, monitor their

own emotional responses, attempt to control civilians’ emotional states, and tailor

responses based on feedback received. Successful navigation of this highly compli-

cated social context requires a great deal of emotional intelligence and is made even

more complex during volatile or potentially volatile encounters.

Social encounters become increasingly difficult to understand, control, and

predict as more variables—such as stress or fatigue—are added into the equation

(Klinger, 2004, 2005; Perrow, 1984). This can lead to increased volatility during so-

cial interactions and raises the probability of an unforeseen or unforeseeable catas-

trophe (McCann and Selsky, 1984). Catastrophic outcomes in social encounters at

the micro level become unforeseeable when the increased volume, speed, and coher-

ence of information flowing through the social system overwhelms the cognitive and

perceptual abilities that actors in the encounter need to assess what’s going to happen

next and how best to respond (Eagleman, 2011; Eubank and Farmer, 1990; Holland,

1992; Mitchell, 2009; Vila, 2010). This is a complex task and how sleep loss impacts

this critical skill is not well understood.

As pioneering Stanford University sleep researcher William C. Dement said,

“Not only is fatigue associated with individual misery, but it can also lead to coun-

terproductive behavior. It is well known that impulsiveness, aggression, irritability

and angry outbursts are associated with sleep deprivation.” (In Vila, 2000, pg. xiv).

The regions of the brain responsible for executive functions such as moral decision-

making and impulse control tend to be affected the quickest by fatigue (Belenky

et al., 1998). Arguably, these functions are also the most important for warfighters

on patrol, especially given that “rules of engagement” may grant warfighters the

authority to use coercive and deadly force.

To examine the impact of sleep-related fatigue on warfighters’ (using police

officers as a proxy) ability to successfully interact with civilians, James and col-

leagues used high definition video scenarios to access social interactions (James

et al., 2018a,b). Of the scenario observations investigated, 24% (133) resulted in

cooperative outcomes, 19% (107) resulted in neutral outcomes, and 57% (319)

resulted in deadly outcomes. Day-shift participants were more likely to have scenar-

ios end cooperatively (F¼4.81; df¼3549; P <0.01) than officers assigned to other

shifts. Participants assigned to the day shift were able to prevent a deadly outcome a

majority (56%) of the time, compared to night shift participants (39%). However,

prior fatigue measured by both PVT and KSS did not predict performance on its

own, suggesting a complex relationship between situational factors intrinsic to night

shift work (e.g., higher crime) and increased fatigue due to circadian disruption and
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sleep restriction. Their participants also wore wrist worn activity monitors (Fatigue

Science Inc. Readibands v3) that produced a SAFTE (Sleep, Activity, Fatigue, and

Task Effectiveness) Fatigue Model score (Hursh et al., 2004); these scores however

did not predict performance degradation in participants’ ability to interact with the

simulators, nor did they predict their shooting performance.

2.2 Fatigue and decisions to shoot
Warfighters, like police officers, are often required to make difficult and complex

decisions regarding the use of deadly force in the midst of fluid, vague, and

emotionally-charged situations (Kleider et al., 2009). An experienced army officer

described the decision to use deadly force, “The dynamics of a deadly force encoun-

ter … requires the Soldier to first recognize the threat, then choose the appropriate

level of response for the threat, and finally implement that response, all in a matter

of seconds” (Netherland, 2006). It is critical that we understand the impact of

sleep-related fatigue on these decisions.

Computerized high-fidelity force-option simulators are used extensively by

several branches of the military including the U.S. Army, Navy, and Marine Corps

(Fong, 2006). High fidelity simulators that use realistic, engaging, and arousing high

definition video scenarios provide trainees with the opportunity to efficiently acquire

experience in a shorter time period than field experience alone would allow. Unlike

traditional marksmanship training and ground combat tactics training, which tend to

use repetition to ingrain automatic responses or rational analytic approaches to

choosing the appropriate response to tactical threats, these simulators help build

the skill sets necessary to apply rules of engagement quickly in complex, realistic

settings (van den Bosch and Riemersma, 2004).

Studies show that officers are able to override implicit biases and even demon-

strate “counter bias” (James et al., 2016) in decisions to shoot. Studies also indicate

however that people make hastier moral decisions and engage in riskier behavior

when fatigued (Killgore et al., 2005, 2007). The possibility also exists that the

desire to appear unbiased and exercise fairness in use of force decision making is

degraded by fatigue. There is some evidence to suggest that fatigue does in fact

impair people’s ability to overcome implicit racial biases (Correll et al., 2007). For

example, in 1990, Bodenhausen tested subjects’ stereotyping at various points of their

circadian rhythm, and found that subjects judged the guilt of non-white defendants

more harshly than white defendants—but only during subjects’ circadian lows

(Bodenhausen, 1990). Furthermore, Govorun and Payne (2006) found that when

(non-police) subjects performed a long and taxing cognitive task (the “Stroop” task)

immediately preceding their Weapons Identification Task (WIT), they displayed sig-

nificantly more racial bias than non-cognitively exhausted subjects.

More recently, Ma et al. (2013) conducted two studies to test whether “fatigued”

participants displayed greater levels of racial bias in decisions to press “shoot” or

“don’t shoot” using Correll’s first-person shooter task (FPST) than participants in

the control group (Correll et al., 2002). The first study was on the impact of cognitive

depletion, or fatigue accumulated from repeated effort on a cognitive test, on
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performance on the FPST in a sample of college undergraduate students from the

University of Chicago. The researchers used the same Stroop task as Govorun

and Payne (2006), and found that subjects were marginally quicker (although not

significantly so) to shoot in the cognitively depleted group. Of greater interest, how-

ever, was their statistically significant finding that subjects in the cognitively de-

pleted group showed more racial bias in their decisions to shoot than control

subjects (they were quicker to press “shoot” for armed black suspects than armed

white suspects and quicker to press “don’t shoot” for unarmed white suspects than

unarmed black suspects). Although these findings are interesting, cognitive deple-

tion from doing a lengthy mental task is a measure of mental fatigue, and is arguably

an inadequate measure of the type of extreme physical fatigue brought about by in-

sufficient sleep and/or having to sleep during the day, routinely experienced by

warfighters—or how it affects their performance in a potentially violent encounter.

Ma and colleagues’ second study (Ma et al., 2013) came closer to examining the

impact of sleep loss on decisions to press “shoot” or “don’t shoot.” There they tested

224 new police recruits on Correll’s FPST, and also measured the amount of sleep the

recruits received the night before testing (by self-report). They found there was no

interaction between self-reported sleep and racial bias in reaction time to press

“shoot,” but that recruits who reported less sleep the night before had increased racial

bias in their shooting errors than recruits who reported more sleep the night before. In

other words, participants who reported less sleep were more likely to incorrectly

press “shoot” for unarmed black suspects and press “don’t shoot” for armed white

suspects than participants who reported being well rested.

In a study (n ¼80) using high fidelity force simulators (like those use in military

training), James et al. (2017) found that across a total of 1517 scenarios, officers

tested in a “fatigued” condition mistakenly shot a total of 33 unarmed suspects

(4.3%), compared to a total of 23 unarmed suspects (3.1%) within the rested condi-

tion. This difference in error rates between condition however, was not significant at

the P <0.05 level. When examining reaction time to shoot, they reported that offi-

cers in the fatigued condition shot marginally quicker (1.14s, sd¼0.06) than those in

the rested condition (1.21s, sd¼0.06), however, this result was not significant at the

P <0.05 level. Despite nonsignificant findings, the trend in this study indicates a po-

tential lowering of the threshold required to make a decision to use deadly force un-

der fatigued conditions—consistent with other studies in this field and highly

relevant to warfighter decision making.

3 Applying computational modeling to fatigue risk
management in air operations
In addition to the core mission of the U.S. Air Force’s Air Mobility Command

(AMC) to provide global mobility and sustainment for America’s armed forces,

AMC also plays a crucial role in humanitarian support and disaster response around

the world. These are broad responsibilities that require the capacity to support
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operations or emergencies anywhere in the world in a matter of hours. In this kind of

domain, fatigue is unavoidable. As a result, it is imperative that the associated risks

be managed appropriately to minimize the likelihood of errors and accidents that

could jeopardize mission outcomes.

Because of the need for safe and effective operations, planning for mobility op-

erations includes careful evaluation of risks, including those related to fatigue. One

way that fatigue risk is evaluated is with software called the Fatigue Avoidance

Scheduling Tool (FAST). Embedded within FAST is a biomathematical model that

produces estimates of effectiveness based upon a history of sleep and activity (Hursh
et al., 2004). The model is based on a substantial empirical literature exploring the

impact of sleep restriction and deprivation on cognitive performance. The tool is

used broadly in the transportation industry to develop schedules to reduce the like-

lihood of errors and accidents (e.g., Deanis study were et al., 2007).

Despite its strong empirical foundations, FAST does not provide a complete so-

lution to fatigue risk management. Theoretical questions remain regarding how to

best capture the dynamics of effectiveness as a function of the interacting influences

of time awake, circadian rhythms, and sleep history, among other factors (e.g.,

McCauley et al., 2013). Moreover, fatigue stemming from inadequate sleep and cir-

cadian rhythm disruption remains a significant issue. A recent review indicated that

fatigue-related incidents cost the Air Force over $2 billion over the last 15 years, in-

cluding a disproportionate number of the most severe mishaps (Class A; Gaines

et al., 2019).

McCauley et al. (2013) provide evidence that improvements in estimates of ef-

fectiveness are possible, especially in the context of inadequate and irregular sleep.

However, even if improved models are developed that track fluctuations in effective-

ness over time with greater fidelity, two general challenges remain in applying bio-

mathematical models to fatigue risk management. The first is practical. Models of

fatigue make assumptions about the dynamics of sleep and wakefulness based upon

laboratory studies that may not generalize to many real-world environments. This

includes the issues mentioned in the introduction, as well as factors like sleep quality

and the restorative value of sleep, both of which are hard to assess outside the

laboratory.

In addition to the models themselves, practical issues also extend to challenges

like compliance with sleep/wake schedules that are developed to mitigate fatigue

risk. In many respects, such schedules are idealistic. However, the realities of life

and the operational environment will often interfere with the goals of obtaining sleep

during scheduled periods of time. In aviation, maintenance, weather, pop-up require-

ments, and other factors can all disrupt a carefully constructed plan for mitigating

fatigue risk. These are in addition to factors not directly related to flying that may

also impact sleep. Adapting schedules in real-time based on fatigue is often not

an option when the missions are critical and the operational tempo is high.

The second general challenge in applying biomathematical models to fatigue risk

management is that they are not sensitive to the context in which they are applied.
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That is to say, FAST may estimate effectiveness to be at 60 (high risk) or

80 (approaching moderate risk). However, the model is unable to provide an assess-

ment of how those estimates translate into specific risks in particular operational con-

texts. Low effectiveness at some stages of flight (e.g., cruise) may ultimately be less

risky than moderate effectiveness at some other stage (e.g., approach). Currently,

tools are lacking to provide context sensitive assessments like this.

At the United States Air Force Research Laboratory (AFRL), research is under-

way that attempts to address these gaps. The goal is to create a capacity to simulate

human cognition and performance in specific tasks, allowing for estimates of

fatigue risk that are sensitive to the task and the particular context

(Gunzelmann et al., 2015). A critical foundation for our research is the model from

McCauley et al. (2013), which is mentioned above. The model produces a numer-

ical estimate based upon a sleep-wake history, which is scaled to predictions re-

garding the number of lapses in a 10-min PVT task. In the paper, the model’s

output is compared to a number of studies that include sleep deprivation, various

levels of sleep restriction, and shift work scenarios. In all cases, the model tracks

observed performance in human subjects in terms of the number of lapses commit-

ted in the 10-min PVT.

Despite the capacity to capture dynamic changes in lapsing behavior in the PVT,

the McCauley et al. (2013) model retains some of the important limitations of other

biomathematical models in the literature. Specifically, the model does not represent

either the task environment or the specific cognitive processes involved in the task.

For this reason, applying the model to another context involves scaling the model’s

outputs to whatever the dependent measure of interest is in that new task. This char-

acteristic of biomathematical models led Dinges (2004) to conclude, “Most current

models of fatigue and its effects on performance appear to be more descriptive curve-

fitting, than theoretically driven, hypothesis-generating, data-organizing, mathemat-

ical approaches” (p. A182). Dinges goes on to suggest that a critical need in the area

is “cognitive modeling components of performance changes likely during fatigue,

and perhaps also a computational model component for the behavioral and physical

structure of the task to be performed” (p. A182). In our research, we are developing

models of the former, which we are linking to simulated task environments that pro-

vide the latter.

Central to this research is our use of a simulation-based system that comprises a

general theory of human cognition and behavior, referred to as a cognitive architec-

ture. Not only do models developed in a cognitive architecture specify a set of cog-

nitive functions that collectively represent human cognition, but these models

include mechanisms that allow them to interact directly with computer-based task

environments to produce quantitative performance predictions. As a result, the per-

formance of the model will be sensitive to the structure of the task, in terms of both

the cognitive and the physical requirements. In the remainder of this section, we will

describe this aspect of our research in more detail, and demonstrate how it extends

the explanatory and predictive potential of the biomathematical models.
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3.1 Cognitive architectures and models of sleep and fatigue
Cognitive architectures have been developed and matured over the last 40 years to

represent unified accounts of the capacities and limitations of human cognition

(Anderson, 1983, 2007; Laird, 2012; Newell, 1990; Sun, 2006). Cognitive architec-

tures specify representations that can be used to encode knowledge, a set of infor-

mation processing mechanisms to encode, store, and manipulate that knowledge,

and mechanisms to interact with the external environment.

In our research, we use the cognitive architecture called ACT-R, which stands for

Adaptive Control of Thought—Rational (Anderson, 1983, 2007). The current ver-

sion of the architecture consists of a set of modules which represents specific cog-

nitive capacities. For instance, central cognition is implemented as a module that

stores and uses procedural knowledge, which is represented by rule-like structures

called productions that specify actions to be taken when particular situations exist

in the current context. In this system, actions can be perceptual (e.g., shift attention

to the gray box), cognitive (e.g., retrieve the sum of the numbers 4 and 3), or motor

(e.g., click the green button). Multiple actions can be initiated by a single production.

The current context in ACT-R is represented by the contents of a set of limited-

capacity buffers that hold the information processing products of the modules. For

instance, the declarative knowledgemodule contains fact-based information.When a

request is made to this module, an item is retrieved by making it available in the re-

trieval buffer. Similarly, when attention is shifted to an item in an external display,

the encoded representation of that item is placed in the vision module’s visual-object

buffer. There are other modules with analogous buffers associated with audition, mo-

tor action, and higher-level cognition (i.e., goal maintenance), among others.

Anderson (2007) contains a more detailed description of the architecture.

In ACT-R, cognition progresses through a series of cycles where the current con-

tents of the buffers are used to identify candidate actions, one of those actions is se-

lected, and subsequently is executed. Importantly, only a single production is

selected and executed on a given cycle, creating a serial bottleneck in cognitive pro-

cessing. At the same time, there is massive parallelism in ACT-R as well. Different

modules can be active simultaneously, and the processing that occurs within a given

module is often assumed to be parallel as well.

Integrated with the structure of ACT-R are quantitative mechanisms that control

the speed and accuracy of cognitive processing. For instance, the cycle of activity

occurring in the procedural module, called a production cycle, is parameterized to

take 50ms by default in ACT-R. Retrieving information from declarative memory

takes a variable amount of time, determined by the activation of the knowledge. Ac-

tivation, in turn, is computed separately for each piece of knowledge based upon its

unique history of use (recency and frequency; see Anderson and Lebiere, 1998, for

details). The mechanisms and parameters in the architecture have been derived from

the extensive empirical literature that has documented the capacities and limitations

of human cognition and performance across a wide range of domains. These have

been validated in hundreds of research efforts that have applied ACT-R to an
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assortment of tasks assessing various aspects of cognitive functioning (e.g.,

Anderson, 2007; Anderson and Lebiere, 1998; Anderson et al., 2004).

Despite the long history of research in cognitive architectures, it is only recently

that critical issues like sleep and circadian rhythms have been considered (e.g.,

Gunzelmann et al., 2009b; Walsh et al., 2017). This is because the overwhelming

majority of models developed and validated in psychology and cognitive science em-

body an implicit assumption that the cognitive system is operating efficiently and

effectively in pursuing task goals. Unfortunately, this assumption is tenuous in lab-

oratory contexts, and there are numerous factors that routinely modulate cognitive

performance outside the laboratory. This gap in theories in the cognitive sciences

has driven our recent investments in developing mechanisms to account for the im-

pact of factors like fatigue.

There are other, analogous efforts led by our lab and others that are developing

formal mechanisms to represent the influences of other cognitive modulators, or

stressors (Gluck and Gunzelmann, 2013). These efforts include models that imple-

ment the impact of emotions (Gratch and Marsella, 2004; Marsella et al., 2010),

changes in cognition related to environmental chemicals (Fisher et al., 2017), and

the influence of physiological factors on cognitive processing (Dancy, 2013;

Dancy et al., 2015). All of these efforts are intended to create a more comprehensive

representation of human cognition that generalizes to the complex, dynamic world

beyond the laboratory.

A significant focus of our research in this area has been to develop and validate a

computational model to account for performance changes observed in the PVT

(Dinges and Powell, 1985) as a consequence of sleep loss and circadian rhythms

(Gunzelmann et al., 2009a,b; Walsh et al., 2017). Our model is able to perceive

the stimulus when it appears on the screen and make (virtual) button presses that gen-

erate individual response times on the task. By simulating many 10-min PVT bouts,

we can generate predictions about the full response time distribution in the task and

account for how performance shifts with time awake and circadian rhythms.

Critical to our account is the integration of existing biomathematical model pre-

dictions of alertness. They reflect what is understood about the dynamics of alertness

related to time awake, circadian rhythms, and other factors like light exposure (see

Van Dongen et al., 2004 for a review). As noted above, however, these models are

limited in their capacity to make performance predictions. When applied to the PVT,

they are typically fit to the number of lapses committed in a 10-min PVT session

(e.g., McCauley et al., 2013; Van Dongen et al., 2004). However, by coupling the

predictions of these models with parameters in a cognitive architecture that influence

the speed and accuracy of cognitive processing, more comprehensive predictions are

possible. For instance, as described in Walsh et al. (2017), our model is able to gen-

erate complete response time distributions that correspond closely to human perfor-

mance across a broad range of conditions involving sleep restriction, sleep

deprivation, and circadian desynchrony. In addition, the ACT-R model can be tai-

lored to account for individual differences in performance, both in terms of baseline

performance and the impact of sleep loss. This provides a more detailed account of
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performance changes associated with fatigue, as well as a methodology for under-

standing the underlying changes to cognitive processing that are responsible for

the observed degradations in performance.

Accounting for these additional details related to the causes and consequences of

fatigue on performance is one benefit of integrating biomathematical models of alert-

ness with a cognitive architecture. An even more important advantage for applying

these models outside the laboratory is that cognitive architectures offer a built-in ca-

pacity for generalization. By integrating a biomathematical model of alertness into

the cognitive architecture, performance predictions can be generated in other tasks

simply by incorporating the appropriate knowledge to perform them. In our research,

we have been able to generate performance predictions in other tasks, without addi-

tional parameter fitting, including changes in response time for a dual task paradigm

called the psychological refractory period (Gunzelmann et al., 2009a), lane deviation

in driving (Gunzelmann et al., 2011), and execution of carefully controlled instru-

ment flight maneuvers in a remotely piloted aircraft task (Gunzelmann and

Gluck, 2009).

The research discussed so far has focused on integrating the current understand-

ing of the role of sleep and circadian rhythms on effectiveness and alertness, as

reflected in existing biomathematical models, with cognitive architectures reflecting

state of the art theories of the mechanisms of human cognition. More recently, we

have extended this research to include the effects of cognitive fatigue—time on task

and the vigilance decrement—on performance (e.g., Veksler and Gunzelmann,

2018). Veksler and Gunzelmann (2018) demonstrated that the same disruptions in

cognitive processing we proposed to account for the deleterious effects of sleep loss

can also account for cognitive fatigue effects. In other research, we have explored the

effects of fatigue on declarative knowledge, including learning (Halverson et al.,

2010) and retrieving (Gunzelmann et al., 2012), as well as the impact of fatigue

on other cognitive capacities (e.g., Moore and Gunzelmann, 2013).

Returning to the start of this section, the focus of this research is to provide new

opportunities for fatigue risk management in military settings. Fatigue is unavoid-

able in high-tempo, 24/7 operations. Even though fatigue is considered explicitly

in planning and execution by Air Mobility Command, the risks are frequently ac-

cepted due to the criticality of the missions. Creating a capability to simulate the ef-

fects of fatigue provides an opportunity to identify specific risks to mission

effectiveness. This can be used during the mission planning process to identify tac-

tics and procedures that optimally balance mission requirements and risk.

In the longer term, the hope is that computational models that integrate these ef-

fects can be used in the design of systems, so that fatigue risk mitigation is “baked

into” the design process (Gunzelmann et al., 2015). By understanding how human

cognition and performance degrade under the pressure of fatigue—from time awake,

circadian desynchrony, and time on task—systems can be developed that are more

robust to the specific kinds of errors that become most likely when operators become

fatigued. This capability is especially important in domains where operators will rou-

tinely perform while fatigued due to the nature of the environment.
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Other research is being pursued at the Air Force Research Laboratory to integrate

mechanisms that characterize the impact of pharmaceutical substances on cognitive

performance (Fisher et al., 2017), including the interacting effects of countermea-

sures and the deleterious effects of fatigue. This research is related in some ways

to research by the Army to develop mathematical models of the combined effects

of fatigue and caffeine (e.g., Ramakrishnan et al., 2014). By understanding those

interacting dynamics, and the consequences for mission effectiveness, it will be pos-

sible to better estimate when such countermeasures should be implemented, and

when to implement them, to produce maximal benefit during critical mission stages.

The role of countermeasures in fatigue risk management is discussed in detail in the

next section.

4 Countermeasures to reduce the deleterious effects of
sleep loss
The effects of inadequate sleep on health, performance, and safety have been recog-

nized for decades (Grandner, 2017; Mullins et al., 2014; Quan and Barger, 2015). In

military environments, as well as other occupations such as emergency responders

and medical personnel, it is necessary in many instances to stay awake and perform

essential tasks in order to accomplish the mission, even when adequate sleep is not

possible. When lives are at risk if the mission fails, like many of the example contexts

described above, people are likely to continue to work without proper rest. It is under

these conditions that countermeasures help alleviate declines in performance and

alertness. While the first action is to plan for time to sleep, when circumstances

do not allow adequate sleep, alertness countermeasures are available to help people

maintain alertness and performance for short periods of time until the opportunity for

sleep occurs. In addition, aids to help obtain sleep when circumstances prevent ad-

equate sleep (e.g., shift work, jet lag, and environmental factors) may be useful in

some situations.

Countermeasures fall into at least three categories: behavioral, environmental,

and pharmaceutical. The choice of countermeasure depends on several factors, in-

cluding mission, policies, and population. Review of the benefits and detriments as-

sociated with each option will provide the individual with information needed to

make the appropriate choice to manage alertness and performance under difficult cir-

cumstances whether one is trying to stay alert or obtain sleep.

Behavioral options tomaintain alertness andperformance duringwork hours include

obtaining adequate nightly sleep, taking rest breaks, and napping. The best way to avoid

fatigue is to obtain adequate sleep on a regular basis. Some ways to do this include

employment of good sleep habits and behavioral strategies such as stimulus control,

relaxation, and cognitive therapies (Haynes et al., 2018; Morin, 2011). Rest breaks

can temporarily improve or sustain performance especially during long, boring, and te-

dious tasks (Blasche et al., 2017; Dababneh et al., 2001; Heslegrave and Angus, 1985).
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In many cases, breaks can include engagement in physical activity and/or social

interactions which break the boredom and help maintain alertness (Matsumoto

et al., 2002). Research has also shown that rest breaks can reduce the risk of acci-

dents. Data from an industrial setting showed that frequent, short breaks (e.g.,

10min each hour) reduced the risk of an accident immediately following the break

compared to that seen at the beginning of the work period (Tucker et al., 2003).

When adequate sleep has not occurred prior to a work period, properly scheduled

naps can provide a boost to alertness and performance in some circumstances

(Lumley et al., 1986; Martin-Gill et al., 2018; Takeyama et al., 2005). In the

aviation environment, a 40-min cockpit nap improved alertness and performance

compared to a group of pilots who did not take the nap during the low work-load

portion of the flight (Rosekind et al., 1994).

Environmental options to increase alertness and performance generally focus on

light exposure. Decades of research have shown that light exposure, particularly in

the blue-wave length, increases arousal and can improve performance, especially in

tasks requiring sustained attention (Boubekri et al., 2014; Fisk et al., 2018; Viola

et al., 2008). Research indicated that blue light can be as effective in maintaining

alertness and performance in drivers during a 4-h in-car driving test as 200mg of

caffeine (Taillard et al., 2012). In addition, properly-timed exposure to light can

aid in adapting to a new schedule or to a time zone change (Fisk et al., 2018). How-

ever, when trying to sleep, reducing light, particularly the blue light emitted from

electronic devices such as phones and e-readers, can reduce the alerting effect gen-

erally seen with light exposure (Burkhart and Phelps, 2009).

When all efforts to employ good sleep habits and engage in recommended behav-

ioral and environmental countermeasures are not adequate to maintain alertness and

performance, pharmacological countermeasures may be an alternative choice. While

this countermeasure may not be available to all occupations, it may be for others.

There are several pharmacological options to help one obtain sleep when

behavioral techniques are not adequate. Melatonin, over-the-counter sleep aids,

and prescription sleep medications are choices to consider. Melatonin, a

naturally-occurring hormone, is often used to aid sleep and is available over the

counter in the United States. While its effects are highly variable among individuals,

it can increase sleepiness (Dollins et al., 1993; Lieberman et al., 1984). However, its

ability to aid sleep is limited since its mechanism of action works mainly on the cir-

cadian system rather than as a central nervous system depressant as do hypnotics

(Hardeland, 2009). Melatonin will best address the issues associated with attempting

to sleep outside the biological night such as occurs during shift work and travel

across time zones. When administered at the appropriate time, it can aid resynchro-

nization of circadian rhythms in some individuals (Liira et al., 2015; Williams et al.,

2016; Xie et al., 2017). While there have been decades of research on the effects of

melatonin on sleep and circadian rhythms, the research regarding its effect on health

is lacking, leaving much to be learned about its long-term effects (Posadzki

et al., 2018).
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Over-the-counter sleep aids can be purchased easily in the United States. Most

contain antihistamines such as diphenhydramine and/or doxylamine which have se-

dating qualities (Mendelson, 2011). While these medications produce drowsiness,

they are not as effective as prescription medications at inducing sleep

(Richardson et al., 2002). In addition, they typically have carry-over effects which

may affect next-day alertness and performance due to their long half-life (Katayose

et al., 2012; Ringdahl et al., 2004). Nevertheless, they provide an option for those

who want a non-prescription alternative to prescription medications when one

may not obtain adequate sleep otherwise.

Sleep aids may also be prescribed by a physician and can optimize sleep quality

and duration. These medications are controlled substances and the one prescribed is

generally chosen based on the characteristics of the hypnotic and the patient’s situ-

ation. When sleep maintenance is an issue, long- to medium-acting hypnotics (e.g.,

temazepam, extended-release zolpidem) are potential choices. Sleep maintenance is

usually an issue when attempting to sleep during the day as after working a night shift

or when traveling west across time zones (Caldwell et al., 2003; Greenblatt et al.,

2005; Paul et al., 2004; Simons et al., 2006). When sleep initiation is the issue as

when one is attempting to sleep earlier than the biological sleep time, a short-acting

hypnotic may be useful. Popular choices to aid sleep in this circumstance are zolpi-

dem and zaleplon which have rapid onset and short half-lives, leading to reduced

post-sleep sedation, particularly when compared to the longer-acting hypnotics

(Caldwell and Caldwell, 1998; Dooley and Plosker, 2000; Whitmore et al., 2004).

When sleep opportunities are limited and the need to sustain alertness and per-

formance are unavoidable, alertness-enhancing substances may be an option. While

not a replacement for adequate crew-rest planning and not a substitute for restorative

sleep, there are situations in which alertness aids can enable workers to temporarily

overcome sleepiness.

One of the easiest to obtain and most popular alertness aids is caffeine, consumed

in the form of coffee, sodas, teas, and energy drinks to increase alertness and perfor-

mance (Lieberman et al., 2002; Snel and Lorist, 2011). Research shows that caffeine

consistently improves mood, reaction time, and vigilance in jobs that are long and

monotonous, including highway driving (Carvey et al., 2012; Reyner and Horne,

1997, 2000). When individuals are deprived of sleep, caffeine in doses ranging from

200 to 600mg can improve both alertness and performance (Carvey et al., 2012;

Lieberman et al., 2002; Penetar et al., 1993; Smith, 2005; Wesensten et al., 2002).

When regular caffeine consumption occurs, evidence indicates that higher

doses are needed to have the same effect as would occur in naı̈ve or low-dose

users (Brunye et al., 2010). In these cases, prescription alertness aids such as

modafinil or armodafinil may be used to effectively offset fatigue effects. Both

these medications are indicated for the treatment of excessive daytime sleepiness

associated with sleep disorders such as shift work sleepiness disorder, narcolepsy

or obstructive sleep apnea (Czeisler et al., 2005). Modafinil’s effects on alertness

and performance led to research investigating its influences during long hours of

wakefulness (Caldwell et al., 2000, 2004; Lagarde and Batejat, 1995; Wesensten

et al., 2002). Due to these positive effects on alertness and performance and its
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minimal side effects, including a low potential for abuse, modafinil is approved

for limited use in U.S. military operations (Caldwell et al., 2009).

Since the efficacy and operational use of modafinil has been established, recent

research focused on extending the knowledge of modafinil and how it may be used in

operational settings. One such study investigated the effects of modafinil combined

with caffeine on performance. While the sample size in this investigation was small,

evidence showed that the combination of 200mg of caffeine combined with 200mg

of modafinil did not improve performance above either substance alone. Subjective

ratings of sleepiness showed the most effect from the combination of these two alert-

ness aids, particularly during the circadian nadir (Caldwell et al., 2016).

Another study combined 200mg modafinil with a 2-h nap to determine the syn-

ergistic effects of these two countermeasures. The objectives of this study were two-

fold: (1) determine if the combination of modafinil with a nap improves performance

above that of napping alone, and (2) determine if modafinil decreases sleep inertia

which occurs upon awaking from a nap. The combined effects of napping and mod-

afinil showed limited benefits above napping in isolation (Schroeder et al., 2017).

The study also showed that modafinil had no impact on sleep inertia (Huber

et al., 2017).

In addition to investigating the combined effects of alertness countermeasures,

another study investigated whether modafinil affects performance differently,

depending on whether the person was susceptible or resistant to the effects of sleep

deprivation. Preliminary analyses indicated that in a sustained-attention task, those

individuals identified as fatigue vulnerable benefited more from 200mg modafinil

than those individuals identified as fatigue resistant (Caldwell et al., 2019). Further

analyses will determine whether this trend holds for other cognitive tasks.

Before the approval of modafinil in military operations, dextroamphetamine was

authorized by the U.S. military during certain types of missions for specific occupa-

tions such as aircrew and special operations (Caldwell et al., 2009). In sleep-deprived

individuals, dextroamphetamine improves alertness and performance over that of

placebo as well as caffeine and either better or equivalent to that of modafinil

(Caldwell, 2001; Mitler and Aldrich, 2000; Newhouse et al., 1992; Pigeau et al.,

1995; Wesensten et al., 2004). However, due to the side effect profile, most opera-

tions choose to prescribe modafinil over dextroamphetamine. The U.S. Navy has re-

moved dextroamphetamine from its approved list of medications.

Laboratory research has provided a significant degree of understanding of how

various countermeasures impact cognitive performance in fatigued individuals.

Many specific countermeasures have been shown to be effective in a variety of lab-

oratory and applied contexts, providing a useful toolkit of options for managing fa-

tigue and minimizing the associated risks. However, the particular countermeasures

that will work most effectively in any given context will depend on the nature of the

environment, the particular stresses that interfere with adequate rest, and the mission

requirements. These considerations are complex, and so additional research is

needed to understand the complex interactions to maximally benefit performance.

However, this is a case where the substantial foundation available will facilitate mak-

ing these insights. We comment more on this interplay in the conclusion.
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5 Conclusion
The research described in this paper covers a wide range of approaches to under-

standing and mitigating the effects of fatigue on cognitive performance. Much of

the research is fundamental in nature—carefully controlled laboratory studies that

have been conducted to understand basic principles and mechanisms. However, even

that research is often influenced by pressing needs for reducing fatigue-related risks

in real-world settings. It can be the case that these dual motivations creates tension in

the research between advancing our understanding of basic phenomena and addres-

sing serious issues in society. In our case, however, we view the interaction of these

motivations to be beneficial. Real world relevance helps to refine research questions

and orient theory development in directions that provide explanatory power outside

the laboratory. Meanwhile, rigorous laboratory experimentation helps to expose

some of the nuances associated with fatigue and its impact on human cognitive per-

formance, allowing the research to bring more detailed and meaningful information

to bear on decision making in applied settings.

Stokes (1997) has written about understanding scientific research as a function of

these motivations. He proposed a 2�2 matrix that classifies research according to

whether it is motivated by (1) the goal of advancing fundamental knowledge and

(2) the goal of addressing important applied problems. Typically, researchers will

emphasize either theoretical or applied goals. However, the interplay between basic

and applied motivations in research on fatigue positions the field in a research space

that Stokes referred to as Pasteur’s Quadrant, which he defined as “use-inspired basic

research” (Stokes, 1997).

We see the potential of interactions between basic and applied research in under-

standing fatigue, and in mitigating the potentially catastrophic consequences of fa-

tigue on human performance across an array of applied settings. Despite discussing

divergent application areas in the sections above, the research questions trace back to

a surprisingly consistent set of fundamental issues. In all cases, solving real-world

challenges requires that we better understand how sleep-wake histories influence

the efficiency and effectiveness of processing and performance across a number

of specific components of cognition. The goals are oriented toward increased

safety and improved mission effectiveness, regardless of the domain of activity.

Though the appropriate fatigue risk management strategies will vary depending

on the domain and the situation, the decisions leverage the same underlying scientific

foundation.

In research on air operations, it is critical to understand the consequences of fa-

tigue for attention and perceptual-motor performance, but also the consequences for

decision making, memory, and problem solving. That research is leveraging theories

developed within the cognitive science community that has resulted in software-

based theories of human cognition. These cognitive architectures simulate the

information processing mechanisms as well as perceptual-motor interaction with

the external environment. They provide a means of linking our theoretical under-

standing of fatigue that has emerged from many decades of empirical study with

quantitative predictions of the likely impact on performance in more complex,

naturalistic task environments.
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In ground operations, the situation becomes more complex in some ways. Social

interactions rely on subtle knowledge and understanding of culture, and verbal and

non-verbal communication. Though these ultimately rely on many of the same fun-

damental cognitive mechanisms, the ways in which those capacities are being

employed are very different. Warfighters can experience extreme levels of adrena-

line and “fight or flight” sympathetic responses while on operations. Translating

from basic fatigue research to an applied setting in this context is made even more

difficult by the interplay between cognitive deficits due to sleep loss and circadian

disruption and the effects of extreme arousal. The impact of fatigue also needs to be

considered in the post-arousal setting. Little is known about this interaction yet the

consequences for operational success and potential loss of life are high.

Managing and mitigating fatigue risk through the use of countermeasures, in turn,

relies on an understanding of the capacities and limitations of cognitive processing,

but adds the additional complication of needing to understand how various counter-

measures influence those mechanisms. Research in this area has shown great promise

in reducing fatigue effects, but in many cases it has also exposed the enormous com-

plexity we face in developing strategies for reducing fatigue risk. It remains the case

that countermeasures do not provide substitutes for sleep, and pharmaceutical coun-

termeasures often come with side effects that make them undesirable as routine ways

to address fatigue issues. This area, in particular, stands to experience substantial

gains as our understanding of the relationships between neural and cognitive pro-

cesses improves.

The literature on sleep loss, fatigue, and alertness is vast. It encompasses

empirical studies examining changes in behavior in a multitude of tasks, neuropsy-

chological studies of changes in neural function and activity with extended time

awake, and explorations of numerous countermeasures to reduce the negative

consequences for performance. Across this literature, it is universally accepted that

adequate sleep is necessary to maintain optimal functioning. The technological

advances of modern society have created a reality that presents challenges and

impediments to obtaining the rest that is needed. As society evolves, somust our under-

standing of sleep and fatigue, as well as our approaches to minimizing the risks asso-

ciated with inadequate rest. In this paper, we have reviewed examples of basic and

applied science that continues to build our foundational understanding of these issues,

as well as how that understanding can be leveraged to address real-world challenges.
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