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Summary

The next generation of rotary-wing aircraft are anticipated to have advanced capabilities
that will require aviators to fly for longer durations and impose a high demand in terms of
cognitive workload which will likely translate to increased prevalence of fatigued and
overloaded aviators in the cockpit. Considering the established link between fatigue, cognitive
workload, and the degradation of performance, which can ultimately pose a risk to safety and
mission success, an operator state monitoring (OSM) strategy is under development as a key
mitigation measure. Ideally, an OSM system would equip aviators with wireless, wearable
sensors that monitor physiological metrics continuously. This data is, theoretically, fed into a
processing algorithm using changes in physiology to predict when flight performance will
degrade. The system will then communicate with the aircraft to employ some level of adaptive
automation as a way to maintain performance. To-date, research has documented the
relationships between workload, fatigue, physiology, and performance. However, physiological
metrics, a resultant predictive algorithm, and interpretation of that output as it relates to
performance, has not been demonstrated under various combinations of workload level and
fatigue. The goal of this study was not to test a specific set of sensors for the purpose of OSM,
but rather to document how physiology responds under multiple stressors (fatigue and
workload), the consistency of those responses across a variety of tasks, and how those changes in
physiology can be interpreted with regard to predicted performance on operationally relevant
tasks. The findings supported a number of the physiological measures, especially pupil diameter,
with sensitivity to fatigue effects. The findings of this study demonstrate consistency of effects in
a laboratory setting with limited experimental control (e.g., nutrition and light exposure were
unregulated), on functional performance outcomes. Thus, OSM research can justifiably advance
to testing in more realistic and field environments.
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Introduction

Ongoing work within the military (e.g., Friedl, 2018; Feltman et al., 2022), as well as in
the civilian sector (e.g., Pagnotta et al., 2022) continues to pursue the goal of detecting changes
in pilots’ physical and mental states through the non-invasive measurement of physiological
indices such as electrocardiography (ECG), electroencephalography (EEG), electrooculography
(EOQG), actigraphy, and pupillometry. The overarching goal of operator state monitoring (OSM)
within U.S. Army aviation is to use information indicative of an operator’s state to drive the
aircraft’s automation, thus adapting to the operator’s needs. While much of the work completed
to-date has yielded promising results, many challenges remain. Specifically, the relationships
between observed physiological measures, detected degraded cognitive states, and performance,
have yet to be defined with respect to how they are effectively captured by current wearable
sensors. To maximize the utility of OSM within an operational setting, detecting when
performance is likely to be degraded, or has begun to degrade, is essential to the system making
use of this information, and ultimately engaging some form of adaptive automation. To-date, the
U.S. Army Aeromedical Research Laboratory (USAARL) OSM research efforts have focused on
cognitive workload (Feltman et al., 2021; Duffy & Feltman, 2023; Kelley et al., 2023; Feltman et
al., 2024; Vogl et al., 2025). These studies have supported the relationships between workload
and physiological measures as well as revealed data trends suggesting that physiological
measures can be used to predict changes in performance. However, realistic environments are
not limited to one stressor, one type of task, or within experimental control. Thus, in this study,
understanding the underlying relationships driving an OSM system was further evaluated with
the introduction of an additional stressor, fatigue.

Operator State Monitoring

While the concept of OSM may appear straightforward, the development of such a
system is highly complex. For the purposes of this study, consider a set of three broad areas
essential to OSM development, measurement, prediction, and interpretation (Table 1). This is by
no means an exhaustive presentation of the challenges and research questions involved in OSM
development. Also, the number of states that could be considered by this type of system is
extensive. We have chosen to focus on two stressors or states that have consistently been shown
to impact aviator performance as well as been identified as contributing factors to mishaps,
workload, and fatigue (e.g., Gaines et al., 2020; Wingelaar-Jagt et al., 2021). Thus, the remainder
of the discussion is limited to workload and fatigue.

This space is intentionally blank.



Table 1. Operator State Monitoring Concept Areas

Concept Research Questions Description
What observable variables are relevant?
Doqs t'e'c hnplogy SuPP Qrt measurement Physiological variables, estimates
feasibility in the cockpit? What aspects . .

Measurement e C of sleep quality and quantity,
of individual variability need to be demosranhics. health status
measured? What method is used to ETaphies,
process measurements?
State detection may estimate the

Is the system detecting a state (e.g., probability of an adverse state

Prediction fatigue)? Is the system predicting whereas performance prediction
performance? may estimate the probability of

degradation
How are measurements interpreted? o
.. L ) hresholds ft
Individually? In combination using a Criteria thresholds for oy
. - . measurements or algorithmic output
Interpretation predictive algorithm? How are natural L .
. = e to indicate when automation is to be
variations within an individual and emploved
between individuals controlled for? POy
Measurement.

To-date, considerable work has focused on measurement. Relationships between
physiological variables, workload, fatigue, and aviation performance have been evaluated for
decades yielding some consistent patterns (Table 2). Inconsistencies may be driven by
differences between experimental manipulations, operational definitions of variables, and
technology used for measurements, or represent aspects of the true nature of these relationships.
The key factor to consider, for this study, is that physiological outcomes manifest differently
under varied levels of workload and fatigue. However, in the majority of studies of workload and
fatigue, these stressors are studied in isolation leading us to the first research question: How do
these variables respond when measured under a combination of stressors? As can be seen in
Table 2, these physiological measures do not always manifest the same outcomes in the presence
of a singular stressor leading to inconsistent results across and within stressors. Eye fixations, for
example, have been documented to both increase and decrease in the presence of high workload.
Alternatively, pupil diameter has been shown to decrease during fatigue conditions and increase
in high workload conditions. Again, these inconsistencies may be driven by differences in the
studies, but they may also represent true differences in the nature of these relationships. Also, the
combined effect of these stressors may exacerbate physiological outcomes and/or performance

degradation.



Table 2. Physiological Responses to Workload and Fatigue Conditions

Physiological Measure Response During Fatigue

Response During High
Workload

Increases (Wilson & Eggemeir,

Heart Rate 2020) Increases (Unni et al., 2017)
Heart Rate Variability =~ Decreases (Stuiver & Mulder, Decreases (Delliaux et al.,
(HRV) 2014) 2019)

Pupil Diameter

Decreases (Morad et al., 2000)

Increases (Wanyan et al.,
2014)

Eye Fixation Duration

Increases (Marquart et al., 2015)

Increases (Feng et al., 2018);
Decreases (Tsai et al., 2007)

No. of Eye Fixations

Decreases (van Egmond et al.,
2022)

Increases (Van Orden et al.,
2001)

Increases (Soleimanloo et al.,

Decreases (e.g., Faure et al.,

Blink Count or Rate 2019) 2016)
(TEhEeté)WM Activity Increases (Heitmann et al., 2023)  Increases (Wu et al., 2017)
é:lgl(l;) Wave Activity 2D(§:2c;()3ases (Heitmann, et al., Decreases (Wu et al., 2017)
?Ee]‘;aG\;Vave Activity Increases (Heitmann et al., 2023) é%(;rgisle)se(ccrjehalg:lsl (?Iils.s,ain et
al., 2021)
Prediction.

As previously stated, many studies have evaluated the relationships between stressors and
physiological outcomes. This research is important to the foundation of an OSM system with
respect to chosen metrics; however, it does not provide practical information such as when
performance deficits are likely to occur. Ultimately, our understanding of the presence of an
adverse state is contingent on the degree to which that state translates to changes in performance.
Understanding these changes in performance is essential to determining whether there is an
increased risk of a mishap or mission failure. This leads us to a second research question: Are
changes in cognitive states that degrade performance detectable through physiological
measures? Establishing the degree to which physiological measures are indicative of an adverse
state that predicts performance levels is an essential component to OSM.

Interpretation.

In an OSM system, once the physiological measurements have been processed and yield
a predicted change in performance, those predictions must be compared against a criterion or
threshold to decide whether there is a meaningful risk to mission success. Individual differences
within and between individuals pose significant challenges to identifying critical thresholds that
can be broadly applied. For example, baseline fluid intelligence levels have been shown to
predict the degree of performance degradation following total sleep deprivation on a
conceptually-related fluid intelligence task (Kurinec et al., 2022). This suggests that one’s
normal level of functioning could potentially enhance resilience to sleep deprivation induced
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performance impairments. Potentially, monitoring performance elements and including them in
OSM algorithms may help account for these variations. Still, the question of what predicted level
of performance degradation should trigger intervention (e.g., adaptive automation) remains and
will require input from end-users. This key element of OSM development is beyond the scope of
the present study, but the results will inform future studies in this area.

Study Purpose

In this study, we evaluated physiological outcomes under varied levels of fatigue and
cognitive workload as well as performance on a number of tasks (including basic laboratory
tasks, operationally relevant laboratory measures [simulated marksmanship, aviation-related
tasks] and high-fidelity simulated flight). The study objectives were: 1) To evaluate changes in
physiological measurements and aviator performance under varied conditions of workload and
fatigue; and 2) to evaluate the consistency of those changes or patterns across a variety of tasks,
spanning cognitive function and functional performance outcomes. The impact of fatigue on
performance was measured over the course of a period of sustained wakefulness (34 hours sleep
deprivation). The fatigue manipulation employed has been shown to impact performance in past
research (e.g., Alhola & Polo-Kantola, 2007). Performance was repeatedly measured across the
study to identify the main and interaction effects of the stressors on performance and
physiological measurements. The physiological measurements were modeled as predictors of
performance changes in relation to the experimental conditions.

Methods

This study employed a repeated-measures, experimental design manipulating two
independent variables, fatigue, and workload. Participants experienced both low and high
workload conditions in each test session for all primary tasks (exceptions noted below). Fatigue
was manipulated in this study using a 34-hour period of sustained wakefulness, which has been
sufficient for inducing fatigue-related performance deficits in past research (e.g., Caldwell et al.,
2020). Participants completed two visits to USAARL, an initial and an extended visit. The initial
visit occurred at least one day but no more than one week prior to the extended visit. The
USAARL sleep suites can house two participants at a time thus most participants completed the
study in pairs (three participated individually). All testing was completed individually. Prior to
execution, this study was reviewed and approved by the U.S. Army Medical Research and
Development Command Institutional Review Board (protocol log number M-11076; USAARL
study number 2024-002).

Participants

Participants, recruited from Fort Rucker, AL, were 11 rated, U.S. Army, rotary-wing
aviators with a minimum of 200 flight hours, and currently cleared for flight duties. Participants
were in a leave status and monetarily compensated for participation ($1500). One participant
withdrew (due to fatigue-related discomfort) midway through the study, resulting in 10 complete
datasets. All participants were between the ages of 27 and 46 years (M = 34.60 years, SD = 6.90).
Participants were required to refrain from the consumption of: 1) stimulants (including caffeine)
for a minimum of 16 hours prior, and 2) alcohol and over-the-counter medications that may
induce drowsiness for 24 hours prior. Additionally, a minimum of 6 hours of sleep the night prior



to participation in the sustained wakefulness portion of the study, confirmed with actigraphy-
based sleep estimates, was required. Participants were also free of the following exclusion
criteria, as assessed by a study physician:

e Currently taking medications that induce drowsiness, such as prescribed or over-
the-counter antihistamines, affect cognitive function, or affect the physiological
parameters collected in this study (e.g., heart rate). Any self-medication was
assessed through self-report.

e Nicotine/tobacco use as it could negatively impact the results for these users to
abstain for the duration of the study as well as have negative medical side effects.

e Excessive, regular caffeine consumption (more than 600 milligrams per day) as it
could negatively impact the results for these users to abstain for the duration of
the study as well as have negative medical side effects.

e Female participants with known pregnancy, who test positively for pregnancy, or
refuse the urine test.

e Any history of psychological/psychiatric disorder.

e Any history of significant cardiovascular disease or hypertension.

e Any history of sleep disorders (e.g., sleep apnea)

Measures

Instruments and tasks used in this study are divided in four categories: questionnaires,
physiological measures, cognitive and laboratory tasks, and military functional tasks. In addition,
they are divided by frequency and timing of administration.

Single-administration questionnaires at initial visit.

Questionnaires completed during the initial visit were administered using hardcopies.

Demographics and personal history questionnaire.

The demographics and personal history questionnaire collected age, sex, ethnicity, flight
experience, education, handedness, and vision information. Additionally, the questionnaire
included screening questions relevant to eligibility (e.g., tobacco use, alcohol use, medical
conditions, medications, and caffeine use). This questionnaire was developed in-house and was
completed during the initial visit (Appendix B).

Beck Depression Inventory.

Depression symptoms were measured using the Beck Depression Inventory-II (BDI-II;
Beck et al., 1996). The BDI-II is a commonly used 21-item, multiple-choice self-report measure
that captures affect, cognition, and physical symptoms of depression over the most recent two-
week period. The outcome is a single score, where higher scores indicate greater endorsement of
depression symptoms. Threshold guidelines suggest scores of 0 to 13 indicate minimal
symptoms, 14 to 19 mild, 20 to 28 moderate, and 29 to 63 severe.



Raven’s Progressive Matrices.

The Raven’s Progressive Matrices (Raven, 2000) consists of 48 visual items requiring
participants to solve. Participants have 45 minutes to complete the assessment. The items
become progressively more difficult. This measure assesses abstract reasoning and fluid
intelligence. The outcome measure is a raw score converted into a standard score.

Single-administration questionnaires at onset of extended visit.
Questionnaires completed at the onset of the extended visit were done electronically.
Adult Attention Deficit/Hyperactive Disorder Self Report Scale Symptom Checklist.

The Adult Attention Deficit/Hyperactive Disorder Self Report Scale Symptom Checklist
(ASRS) contains 18 items and requires 2 minutes for completion. It was developed in
conjunction with the World Health Organization and the Workgroup on Adult Attention
Deficit/Hyperactive Disorder (Kessler et al., 2005) and is used as a screening tool with adult
patients. The items are consistent with the Diagnostic and Statistical Manual of Mental
Disorders, version IV criteria (American Psychiatric Association, 2000). The outcomes included
an inattentive subscale score, hyperactive subscale score, and a total score.

Sleep habits questionnaire.

The sleep habits questionnaire was developed in-house following readily available sleep
history questionnaires used in medical screenings (e.g., Stanford Health Care Sleep
Questionnaire). The items include questions to ascertain an individual’s typical sleeping patterns
(average amount of sleep, typical time in bed, typical wake time, average sleep latency, average
sleep disturbances) (Appendix B).

State-Trait Anxiety Inventory.

The State-Trait Anxiety Inventory (STAI) (Spielberger & Reheiser, 2004) 1s a widely
used 40-item, self-report anxiety inventory rated on a 4-point Likert-type scale that captures two
types of anxiety: state, or event-dependent anxiety, and trait, or persistent demonstrations of
anxiety as a personal characteristic. It was included for the purposes of this study to capture both
an individual’s short-term expression of anxiety (i.e., state anxiety) as restricted by directions in
the instructions asking participants to think only of the past two weeks, and an individual’s
enduring experiences of anxiety symptoms. Anxiety scores on the STAI are calculated by
reverse-coding select responses and then summing the total point values of the items, with higher
scores indicating higher levels of anxiety for both the state and trait subscales. The primary
outcome measures are state and trait scores.



Repeated-administration questionnaires.

Two questionnaires, administered electronically, were repeated at seven timepoints
throughout the extended wakefulness period to assess fatigue and mood. These timepoints,
labeled sessions, approximately corresponded with the following length of wakefulness:

Session 1: 1 hour of wakefulness
Session 2: 7 hours of wakefulness
Session 3: 12 hours of wakefulness
Session 4: 18 hours of wakefulness
Session 5: 23.5 hours of wakefulness
e Session 6: 29 hours of wakefulness

e Session 7: 31.5 hours of wakefulness

Karolinska Sleepiness Scale.

The Karolinska Sleepiness Scale (KSS) is a well-validated single item questionnaire that
asks participants to rate how sleepy they feel in the moment (Kaida et al., 2006). The KSS
measures daytime sleepiness with higher scores indicating greater daytime sleepiness.

Profile of Mood States — Short Form.

The Profile of Mood States — Short Form (POMS-SF) is a valid and reliable short version
of the POMS, a measure of psychological distress and mood (McNair et al., 1981). The POMS-
SF contains 35 items; in each an adjective is provided and the participant rates how much it
describes them using a 5-point Likert scale format (Curran et al., 1995). The POMS-SF was
administered to evaluate the degree to which sustained wakefulness impacted mood states. The
scale outputs 7 subscale scores: tension, anger, vigor, esteem-related affect, fatigue, depression,
and confusion. Additionally, a total mood disturbance score is computed by summing the scores
for the “negative” affect subscales (tension, anger, fatigue, depression, and confusion) and
subtracting the “positive” affect subscales (vigor and esteem-related affect).

Subjective workload assessments.

Two measures were used to assess workload associated with a subset of tasks. These
were both administered electronically.

Instantaneous Self-Assessment of Workload.

To assess workload manipulations during test sessions (simulated flights and USAARL
Multi-Attribute Task Battery [MATB]), participants were asked to rate workload using an
adaptation of the Instantaneous Self-Assessment of Workload (ISA) technique (Brennen, 1992;
Jordan, 1992). The workload ratings use those of the Crew Status Survey Workload Scale (Ames
& George, 1993), provided in Table 3. Participants were asked at one-minute increments to rate
their workload during simulated flights. If no response was provided, a “7” was recorded. An
alternate version with a 10-point scale was used during the USAARL MATB (Table 4).



Table 3. Instantaneous Self-Assessment of Workload Used During Simulated Flights

Level Description
1 Nothing to do; no system demands.
2 Light activity; minimal demands.
3 Moderate activity; easily managed; considerable spare time.
4 Busy; challenging but manageable; adequate time available.
5 Very busy; demanding to manage; barely enough time.
6 Extremely busy; very difficult; non-essential tasks postponed.
7 Overloaded; system unmanageable; essential tasks undone; unsafe.

Table 4. Instantaneous Self-Assessment of Workload Labels for the USAARL MATB

Level  Workload Spare Capacity Description

1

2 Underutilized Very Much Little or nothing to do. Rather boring.

3

4 Relaxed Ample More time than necessary to complete tasks.

Time passes slowly.
5
6 Comfortable Some The controller has enough work to keep him/her
stimulated. All tasks are under control.

7

8 High Very Little Certain non-essential tasks are postponed. Could
not work at this level very long. Controller is
working at their limit. Time passes quickly.

9

10 Excessive None Some tasks are not completed. The controller is

overloaded and does not feel in control.

National Aeronautics and Space Administration-Task Load Index.

The National Aeronautics and Space Administration (NASA)- Task Load Index (TLX)
(Hart & Staveland, 1988) is a questionnaire that measures participant workload. The participant
rates the previous task, in this case flight, on the following categories, using a 100-point scale:
mental demand, physical demand, temporal demand, performance, effort, and frustration. The
NASA-TLX then provides a total workload score and scores for the six subscales. This
instrument was completed following flight simulator, USAARL MATB, and n-back tasks.

Cognitive and laboratory tasks.
All tests were administered electronically.
Psychomotor Vigilance Task.

The Psychomotor Vigilance Task (PVT) (Loh et al., 2004) assesses sustained attention by
requiring participants to respond to a visual stimulus. The PVT provides the participant’s
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reaction time to responding to the stimulus. The PVT was administered using the Pison wrist-
worn device (Khitrov et al., 2014) for three minutes. At the onset of the task, participants made a
closed fist. When a light visual stimulus appeared, participants responded to the stimulus by
opening their hand. Participants reset for each trial by closing their fist. Participants’ reaction
time to acknowledging the stimulus was recorded, along with false starts and missed responses
(lapses). The PVT was completed at approximately the following times relative to a 0800-
wakeup time during the extended visit.

Session 1: 1 hour of wakefulness
Session 2: 7 hours of wakefulness
Session 3: 12 hours of wakefulness
Session 4: 18 hours of wakefulness
Session 5: 23.5 hours of wakefulness
Session 6: 29 hours of wakefulness

e Session 7: 31.5 hours of wakefulness

Laboratory and cognitive tasks repeated with four administrations.

There were four tasks, administered electronically, that were administered at four
timepoints throughout the extended wakefulness period. These were completed at approximately
the following times relative to an 0800-wakeup time during the extended visit:

Session 1: 4.5-5.5 hours of wakefulness

Session 2: 12.5-13.5 hours of wakefulness
Session 3: 20.5-21.5 hours of wakefulness
Session 4: 26.5-27.5 hours of wakefulness

Additionally, one task was administered at three time points. During all tasks, EEG,
EOG, and ECG were measured. Eye tracking was also measured during the USAARL MATB
and n-back tasks.

Stroop Task.

The Stroop task is a well-established cognitive test of selective attention (Macleod,
1991). In this task, participants are presented with color words, and must name the color that the
word is printed in and ignore the meaning of the word. Participants completed 10 trials of each
congruent and incongruent color-word pairs. Stroop effect interference was the key outcome
measure and is the mean difference in reaction time between congruent and incongruent trials.

Neurofit ONE.

The Neurofit ONE is an oculomotor assessment system that uses a desktop mounted
screen with an embedded infared-based camera system to isolate and record the eyes. This
system does require that the participant restrict their head movement with a chinrest to maintain
a stable image of the eyes. Participants then track a visual stimulus with their eyes only. The
primary outcome of interest is the “nfit” score, a composite oculometrics score that quantifies



functional health of neural circuitry and pathways (https://www.neurofit.tech/neurofit-one;
Liston & Stone, 2014).

Rapid Visual Information Processing Task.

The Rapid Visual Information Processing Task (RVIP) is a well-validated measure of
sustained attention (Bakan, 1959). In each trial, participants are presented with a sequence of
digits ranging from 2 to 9 in length and must detect “target” sequences within those presented.
Difficulty is manipulated using the length of the “target” sequence as well as the speed of the
sequence presentation (2 levels: slow [1,200 milliseconds (ms)], fast [600 ms]). Participants
completed six blocks of trials. During the task, EEG, EOG, and ECG were measured.

USAARL Multi-Attribute Task Battery.

The USAARL MATB serves as a basic multitasking simulation that engages operators in
a combination of four subtasks typical to aviation, system monitoring, target tracking,
communications, and resource management. This classic task battery, originally developed by
NASA, has been used in many studies (e.g., Bowers et al., 2014; Sato et al., 2020). The
USAARL MATB offers the same suite of four subtasks that have been utilized over the decades
but with additional customized features (see Vogl et al., 2024, for details).

To interact with the subtasks, the participants used a joystick and mouse to input their
responses. Participants were instructed to use their right hand for the mouse control and left for
the joystick control. Task demand was individually tailored based on participant performance
during a training session (see Appendix C for a full description). Participants completed five
trials within each of the four administration sessions. Performance for each of the USAARL
MATB subtasks was recorded for each simulation loop and a composite USAARL MATB score
was derived for each trial. Instantaneous workload ratings (every 30 seconds) were also collected
throughout completion of the MATB. For the purposes of this report, only the composite scores
are reported. At the end of each trial, the participant completed the NASA-TLX.

Domain-Specific n-Back Battery.

The multimodal n-back battery administers the classic n-back paradigm across different
cognitive domains varying by stimuli and presentation types (Wickens et al., 2002) (Figure 1).
The n-back paradigm is presented as a sequential memory task that asks participants to store and
update a series of data in their working memory. As participants are presented additional stimuli,
the participant is tasked with comparing the currently presented stimulus with the stimulus that
was presented #z iterations prior (Kirchner, 1958). Participants indicate that the comparison yields
a match by pressing the ‘Match’ button, or that the stimuli do not match by pressing the ‘Not
Match’ button. The task is adaptive in nature such that the » adjusts based on performance. For
each subtask within each session, the n would start at 1 in the first trial. If accuracy exceeded
80%, the n would increase in the next trial, if accuracy was below 50%, the » would decrease in
the next trial but not below an n of 1, and if the accuracy was between 50% and 80%, the n
would stay the same. Three, one-minute trials for each of the four subtasks were presented in
each session (12 minutes of testing total). The » value in the n-back task typically varies between
0 and 5, beyond which is outside of normal human performance limits (i.e., without extensive
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training).

Visual-Verbal n-Back

Visual-Spatial n-Back

Auditory-Verbal n-Back

Auditory Spatial n-Back

Perceived Sound Location

Perceived Sound Locations (1-5)

A , al ‘
‘:-é'” % -~ Q.O

O D) O (o §

Subject’s Head Subject’s Head

Figure 1. A depiction of the stimuli used in the multimodal n-back task battery featuring four
variations of the n-back paradigm.

The n-back sessions were completed at approximately the following times relative to a
0800-wakeup time during the extended visit.

e Session 1: 7.5-8 hours of wakefulness
e Session 2: 21.5-22 hours of wakefulness
e Session 3: 29.5-30 hours of wakefulness

Functional tasks.
Standard marksmanship task.

The weapons simulator used for this task is the Engagement Skills Trainer (EST) 2000, a
small arms training device used by the U.S. Army. As can be seen in Figure 2, a participant fires
from a lane (USAARL’s EST 2000 has a five-lane configuration) at “targets” which appear on a
projection screen at a distance of 26 feet (ft) 3 inches from the firing line. In the standard
marksmanship qualifying task, participants shoot at 40 targets presented sequentially using a rifle
(M4) that has been modified to use with the EST 2000 but maintain their form, fit, feel, and
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function. The targets vary in distance, from 50 to 300 meters. The scenario entails the participant
firing from three positions, prone supported, prone unsupported, and kneeling. The key
dependent variable is throughput (accurate shots per second). Qualification scores are defined by
number of hits: 36-40 for “expert,” 30-35 for “sharpshooter,” 23-29 for “marksman,” and less
than 23 is “unqualified.” During the initial visit, participants zeroed their weapon (i.e., aligned
the laser sensor to the equivalent of the mechanical weapon zero) and conducted a practice
session. The simulated marksmanship task was completed at approximately the following times
relative to an 0800-wakeup time during the extended visit:

e Session 1: 8-9 hours of wakefulness
e Session 2: 14.5-15.5 hours of wakefulness
e Session 3: 30-31 hours of wakefulness

Figure 2. EST 2000 set-up.
Flight simulator and flight tasks.

The USAARL NUH-60 flight simulator simulates a UH-60M aircraft and consists of a
simulator compartment containing a cockpit, visual display system, instructor/operator station,
control room observation station, and a six-degree-of-freedom motion system. The cockpit
includes all the UH-60M avionics, upper and lower console switches, power control quadrant
and circuit breakers. The visual display system consists of twelve image generator channels, a
ten-foot radius collimated optical display providing a 200 x 45 degrees field of view and two
chin displays. The visual system simulates the natural helicopter environment surroundings for
day, dusk, or night, with blowing sand or snow options for a degraded visual environment. At the
beginning of each session, the eye tracking system was calibrated for the participant.

Participants completed a total of eight flight scenarios over four sessions during the
extended visit. Two flight scenarios were completed during the flight familiarization block on the
initial visit. All scenarios were designed to include both “on-the-controls” flight performance
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measures (e.g., altitude) and additional tasks in the cockpit (e.g., fuel calculations) which were
graded as pass/fail by the research pilot to increase face validity of the sessions. These flight
scenarios were designed such that those in session 1 were comparable to those in session 3, and
session 2 to 4 (details to follow in results section). Routes and data collection forms are included
in Appendix D. The key outcome variables of interest were deviations from specified airspeed,
deviations from specified altitude, and rate of closure (speed at which aircraft approaches the
ground). The simulated flights were completed at approximately the following times relative to
an 0800-wakeup time during the extended visit:

Session 1: 2-3 hours of wakefulness
Session 2: 8-9 hours of wakefulness
Session 3: 24-25 hours of wakefulness
Session 4: 32-33 hours of wakefulness

Physiological measures.

Physiological measures (ECG, EEG, and eye tracking) were recorded during the
completion of the following tasks: Stroop, RVIP, USAARL MATB, n-back, and flight
simulation. Physiological data were recorded and synchronized with performance data using Lab
Streaming Layer (LSL).

At the beginning of each session, a one-minute baseline (n = 0) was collected using the n-
back display to control for luminance changes. For this baseline, participants selected “Match”
for each response as soon as each new stimuli appeared.

EEG.

EEG was recorded using the Advanced Brain Monitoring B-Alert X-24 (Advanced Brain
Monitoring, Carlsbad, CA) wireless wet electrode system with 20 channels corresponding to
scalp locations according to the International 10-20 system (frontal channels: Fpl, Fp2, F7, F3,
Fz, F4, F8; central channels: C3, Cz, C4, T3, T4; parietal and occipital channels: P3, POz, Pz,
P4, TS5, T6, O1, O2). See Appendix E for a description of data processing. Outcome measures
included power spectral density values (delta, 1-4 hertz (Hz); theta, 4-8 Hz; alpha, 8-13 Hz; and
beta, 13-30 Hz), workload-related metrics, calculations described in Appendix E, frontal
theta/alpha ratio, frontal beta/alpha ratio, parietal alpha power, global band activity.

ECG.

The Polar H10 is a chest strap ECG device that uses patented dry electrodes placed
within the chest strap itself to record a bipolar differential voltage between the electrodes into its
output electrocardiogram. The ECG is recorded with a sample rate of 200 Hz. Custom in-house
developed software was used to perform processing stages and compute the heart rate and R-R
intervals (distance between two consecutive R waves) for subsequent HRV analyses. See
Appendix E for ECG data processing description. Outcome measures included heart rate (beats
per minute [BPM]), three time-domain HRV measures (standard deviation of R-R intervals, root
mean square of successive differences in R-R intervals [RMSSD], percentage of successive R-R
interval differences exceeding 50 milliseconds [ms]), and one frequency-domain HRV measure
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(low-frequency to high-frequency ratio).
Eye tracking and pupillometry.

Eye tracking and pupillometry were measured using two systems. During the cognitive
and laboratory tasks, the Pupil Labs Pupil Core Binocular Headset was used, which consists of
three small cameras mounted on a lightweight eye frame, without lenses, that are worn on the
face like eyeglasses. A forward-facing camera records the visual scene in front of the person at a
rate of up to 200 Hz at a resolution of 1920 x 1080 pixels. Two smaller cameras positioned on
the frames and facing each of the participant’s eyes record each eye with an infra-red sensor at a
rate of up to 120 Hz and a resolution of 400 x 400 pixels. These images are processed by
calibrated computer vision algorithms which estimate both pupil diameter, eyelid position, and
the direction of gaze mapped to the forward-facing camera image in near-real-time.

In the flight simulator, the SmartEye ProDX system was used, which consists of an array
of four cameras mounted around the participant, each looking at the participant’s head at a
different angle to provide effective tracking over a much larger range of head positions compared
to remotely mounted systems that use only a single camera system. See Appendix E for data
processing. Outcome measures for both included pupil diameter and blink count; see Appendix E
for descriptions on how these were calculated.

Actigraphy measures.

Two devices were used to measure actigraphy, with one also including a version of the
PVT.

Actigraphy.

The Phillips actiwatch is a wrist activity monitor that collects human activity data and
yields data that, using a validated algorithm, estimates sleep latency, sleep quality, total sleep,
number of sleep bouts, mean length of sleep, number of immobile minutes, number of immobile
phases, and mean length of immobility. The actiwatch is an acceptable substitute for use under
circumstances where EEG is not possible to derive sleep estimates (e.g., Kilgore et al., 2009).

Pison Salus.

The Pison Salus device is a lightweight, wrist-worn device that contains electrodes that
record electromyography (EMGQG) data from five bipolar channels at a sample frequency of 1
kilohertz (kHz). The Pison sensor is a wearable wristband that uses EMG to detect electrical
signals in peripheral nerves that initiate hand and finger movements. It contains two electrodes in
contact with the inside of the wrist that record EMG signals, along with onboard processing for
signal conditioning and transmission. Data is streamed wirelessly to a mobile device for analysis.
Additionally, this device administers the PVT using hand motion (measured with EMG) as a
response mechanism.
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Procedure
Initial visit.

The duration of the initial visit was approximately 8 hours. During the initial visit,
volunteers were briefed on the study and given a tour of the sleep suites where they would be
staying during the extended visit. An investigator on the study team reviewed the consent form
with the volunteer(s) and if they chose to participate, participants then provided written informed
consent. Females were administered a urine pregnancy test. Next, participants met privately with
a study physician to complete the demographics (e.g., age, sex; military and aviation experience
such as number of deployments and flight hours) and personal history questionnaire to determine
eligibility. Once cleared for participation by the study physician, participants were enrolled in the
study and issued an actiwatch to wear for the duration of the study (including the period between
the initial visit and extended visit) and received training on operating the watch. Participants
completed practice and familiarization sessions with the cognitive and laboratory tasks
(including the Instantaneous Self-Assessment of Workload), flight simulator tasks, and on the
marksmanship trainer. Short breaks occurred between tasks and for lunch. Prior to release from
the initial visit, participants reviewed the requirements (e.g., restrictions on caffeine and alcohol,
what to bring) with a member of the study team.

Extended visit.

The extended visit duration was 46 to 49 hours (depending on length of recovery sleep)
with a period of 34-hours of sustained wakefulness. On the first day of the extended visit,
participants confirmed adherence to participation requirements with a member of the study team,
including review of the sleep estimates provided by the actiwatch and self-report. Participants
again met briefly and privately with the study physician to ensure continued eligibility. Once
cleared, participants began the 34-hour total sustained wakefulness phase of the study. During
this period, the order and timing of activities was maintained as closely as possible to ensure that
the experimental activities were administered on a consistent and repeating schedule. Technical
errors prevented exact timing and strict adherence to the study schedule, which is unsurprising
given the number of recording devices and pieces of equipment used concurrently. Participants
were always accompanied by a research team member for safety purposes as well as to ensure
they maintained wakefulness. Participants were provided meals three times each day and given
one-hour for physical training each day. They were allowed full access to the designated
laboratory space and gym equipment. During breaks, participants had access to caffeine-free
beverages and snacks. Following completion of the 34-hour sustained wakefulness period,
participants were allowed up to 13.5 hours of recovery sleep. Upon waking, the study physician
met briefly with each participant, provided counseling regarding sleepiness and safety, and
released them from the study.

Throughout the duration of the study, participants completed schedule blocks according
to Figure 3. Descriptions of the measures and durations of each block are provided in Table 5.

15



Initial Visit Extended Visit
6:00 Shower/breakfast/
7:00 recreation
Q&l
Shower/
8:00 Arrival breakfast
Flight simulator
R .. Screen/
9:00 Arrival/informed consent Initial Q & I
release
Medical screening Break
10:00
Cognitive and lab tasks Flight simulaor Cognitive and lab tasks
11:00 practice &
Lunch
12:00 Lunch Lunch
13:00 Flight familiarization iti Q&l
: g Cognitive and lab tasks -back
14:00 | Marksmanship calibration Marksmanship
Break
. Q&l Break
15:00 Release -back Q&l
16:00
Flight simulator and marksmanship Flight simulator
17:00
Dinner/shower
18:00 PT
19:00 Dinner/shower
&1
20:00 Q
21:00 Cognitive and lab tasks
22:00
Marksmanship
23:00
Recovery sleep
0:00 Recreation
1:00
&l
2:00 Q
3:00 .. . .
Cognitive and lab tasks (including short
4:00 break)
5:00
n-back

Figure 3. Study schedule. Q = questionnaires, | = instrumentation.
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Table 5. Descriptions of All Study Schedule Blocks

Block

Physiological
Measures

Tasks

Duration

Number of
Sessions

Initial
Visit

Informed consent
& medical
screening

NA

Demographics and
personal history
questionnaire
Raven’s progressive
matrices

60 to 90
minutes

1

Cognitive tasks
practice

NA

Stroop test
RVIP
Neurofit

30 minutes

Lab tasks practice

NA

USAARL MATB
tutorial and practice
trials

60 minutes

Flight
familiarization

NA

Simulated flight tasks
ISA

60 to 90
minutes

Marksmanship
calibration and
practice

NA

EST 2000 weapon
zeroing

EST 2000 practice round
of record fire

30 minutes

Extended
Visit

Initial
instrumentation

NA

Application of all
physiological devices
EEG impedance checks
Calibration of eye
tracking system
5-minute baselines for
each ECG and EEG

60 to 90
minutes

Instrumentation

NA

EEG impedance checks
Reapplication of
electrodes

15 minutes

Initial
questionnaires

NA

Profile of Mood States
Sleep habits
questionnaire

Beck Depression
Inventory

State Trait Anxiety
Inventory

Adult ADHD Self-
Report Scale Symptom
Checklist

20 minutes

Questionnaires

NA

Karolinska Sleepiness
Scale

POMS-SF

PVT (Pison watch)

10 minutes

Flight simulator

EEG
ECG
EOG
Pison watch
Eye tracking

2 simulated flight
scenarios

ISA (1-minute intervals
during flight scenarios)
NASA-TLX (following
each flight scenario)

60 minutes

Lab tasks

EEG
ECG
EOG
Pison watch

USAARL MATB task
series

ISA

NASA-TLX

60 minutes
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Eye tracking

Cognitive tasks EEG Stroop test 60 minutes 4
ECG
EOG RVIP
Pison watch
Eye tracking Neurofit
n-back EEG n-back task series 30 minutes 3
ECG ISA
EOG NASA-TLX
Eye tracking
Pison watch
Recreation, meals, NA Recreational activities Varied 10
& breaks (e.g., watch television,
ping pong, board games,
cards)
Marksmanship EEG Standard marksmanship 40 minutes 3
EOG qualification task
ECG
Recovery sleep NA Sleep in private bedroom Up to 13.5 1
hours

Note. NA = not applicable

Statistical Analysis and Quality Control
All data were inspected for impossible values and technical errors prior to analyses.

The study employed a repeated measures design manipulating workload and fatigue.
Prior to any analyses, data distributions and descriptive statistics were explored. Linear mixed-
effects models (LMMs) were used to assess main effects of fatigue and workload and an
interaction effect of fatigue and workload on performance outcomes, physiological measures,
and perceived workload levels. Family-wise error rate was controlled for by using a Bonferroni
correction for post-hoc pairwise comparisons, and all relevant p-values are corrected using this
approach. Specifications of analyses varied by task and are noted in the results.

Results and Discussion

Descriptive statistics on the questionnaires completed at the initial visit and sleep
estimates provided by the actiwatch for the time between the initial and extended visits are
provided in Table 6. Results of these measures do not suggest any problematic values/responses
with respect to inclusion/exclusion criteria and confounding factors.
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Table 6. Descriptive Statistics for All Questionnaires

Measure/Questionnaire n Mean (SD) Median
Flight Experience
UH-60 Hours 9 1471.11 (1433.83) 1000
CH-72 Hours 1 500 (NA) 500
AH-64 Hours 1 590 (NA) 590
TH-67 Hours 6 76.33 (13.006) 80
UH-72 Hours 7 648.57 (835.27) 120
OH-58 Hours 2 84.00 (90.51) 84
Raven’s Progressive Matrices
Standardized Score 11 114.00 (12.60) 116
STAI
State Score 11 24.91 (5.70) 23
Trait Score 11 26.27 (4.88) 25
ASRS
Total Score 11 20.64 (8.54) 18
Hyperactivity Score 11 10.27 (5.04) 11
Inattention Score 11 10.36 (4.41) 9
BDI
Total Score 11 1.18 (1.40) 1
Sleep Habits
Avg sleep latency - minutes 11 20.40 (14.80) 10
Avg sleep duration - hours 11 7.90 (0.84) 8
Avg sleep disruption - # of awakenings 11 3.11 (2.93) 2
Actiwatch
Sleep disturbances pre-extended visit 10 33.90 (10.96) 35.5
Sleep disturbances post-recovery sleep 8 35.25(11.82) 33
Sleep duration pre-extended visit 10 488.10 (119.72) 499
Sleep duration post-recovery sleep 8 626.13 (99.88) 641
Sleep latencies pre-extended visit 10 98.33 (216.27) 40.33
Sleep latencies post-recovery sleep 8 8.71 (13.81) 1.915

Note. SD = standard deviation

Fatigue Manipulation Check

In order to assess the efficacy of the sustained wakefulness period in inducing fatigue,
LMMs were conducted on outcomes from four assessments completed throughout the extended
visit; however, the number of administration sessions varied between assessments: KSS (7
sessions), PVT (7 sessions), POMS-SF (6 sessions), and Neurofit (4 sessions). All missing data
were due to technical recording errors. Results supported the fatigue manipulation across all
tasks (Table 7 and Figure 4). Specifically, KSS scores, PVT number of lapses, PVT mean
reaction time, and POMS-SF scores increased across sessions, whereas Neurofit scores

decreased.
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Table 7. Fatigue Manipulation Check Summary Results Presenting p Values (Effect Size [Partial
Eta Squared])

Task/Questionnaire & Fatigue (Session)
Outcome Measures
KSS

Score <0.001 (0.68)

PVT
Mean reaction time <0.001 (0.48)
Number of lapses <0.001 (0.46)
POMS-SF

Fatigue subscore <0.001 (0.70)
Total mood disturbance score <0.001 (0.73)

Neurofit

Nfit score 0.03 (0.51)
Note. Green shading indicates statistical significance.

This space is intentionally blank.
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Figure 4. Mean scores, reaction times, and lapses across sessions. Error bars represent standard
error of the mean.
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Fatigue Effects on Tasks without Workload Manipulations, and Physiological Metrics
Stroop Task.

LLMs were used to analyze these data in the context of a repeated measures design
(Table 8). Family-wise error rate was controlled for by using a Bonferroni correction for post-
hoc pairwise comparisons, and all relevant p values are corrected using this approach (13 tests).

Table 8. Stroop Task Results Summary of Main Effect and Interaction p Values (Effect Size
[Partial Eta Squared])

Metric Fatigue
Performance Metrics
Accuracy 0.93 (0.18)

Reaction Time 0.14 (0.26)
Physiological Metrics

Heart Rate (BPM) 1.00 (0.07)

HRV (RMSSD) 1.00 (0.11)

Pupil Diameter 0.007 (0.38)

Blink Count 1.00 (0.10)

Frontal Theta: Alpha 1.00 (0.12)

Frontal Beta: Alpha 0.75 (0.19)

Parietal Alpha 1.00 (0.17)

Global Alpha 0.75 (0.19)
Global Beta 0.03 (0.33)
Global Delta 1.00 (0.12)
Global Theta 0.15 (0.26)
Note. Green shading indicates statistical significance.

No effects of fatigue were seen on performance. Mean accuracy was stable across
sessions and exceeding 90%, suggesting that there may be a ceiling effect.

There were significant effects on physiological metrics, specifically pupil diameter and
global beta activity derived from EEG (Figure 5). Pupil diameter decreased as is expected with
increasing levels of fatigue from sessions 1 and 2 to sessions 3 and 4. Global beta activity,
however, tended to decrease relative to the first session which may be an indication of a practice
effect rather than indicative of a fatigue effect.

This space is intentionally blank.
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Figure 5. Main effects of fatigue on physiological outcomes during Stroop task execution. Error
bars represent standard error of the mean.

Marksmanship.

Nine participants had complete datasets and were included in the analysis (the excluded
participant did not yield any reliable data). Of those, 0 were “expert” during their first extended
visit test session, 2 were “sharpshooter,” 3 were “marksman,” and 4 were “unqualified.” An
LMM was used to evaluate the impact of fatigue (three sessions) on marksmanship performance
(throughput) which did not yield any significant results, p = 0.29. Considering that
marksmanship skill level was skewed toward the lesser skilled categories, a floor effect may
have masked any potential fatigue effects.

Workload and Fatigue Effects on Performance Qutcomes, Subjective Measures, and
Physiological Metrics

RVIP task.

LMMs were used to analyze these data in the context of a repeated measures design
(Table 9). Family-wise error rate was controlled for by using a Bonferroni correction for post-
hoc pairwise comparisons, and all relevant p values were corrected using this approach.

This space is intentionally blank.
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Table 9. RVIP Task Results Summary of Main Effect and Interaction p Values (Effect Size
[Partial Eta Squared])

Metric Workload Fatigue Workload *
Fatigue
Performance Metrics
Perceptual Sensitivity (d”) <0.001 (0.278) <0.001 (0.312) 1.00 (0.109)
Accuracy 0.001 (0.242) < 0.001 (0.346) 1.00 (0.027)
Reaction Time <0.001 (0.527) 0.002 (0.282) 1.00 (0.067)
Physiological Metrics
Heart Rate (BPM) 1.00 (0.028) 0.437 (0.172) 1.00 (0.055)
HRV (RMSSD) 1.00 (0.020) 0.305 (0.183) 1.00 (0.011)
Pupil Diameter 1.00 (0.001) 0.002 (0.306) 1.00 (0.025)
Blink Count 0.001 (0.244) 0.001 (0.318) 1.00 (0.011)
Frontal Theta: Alpha 1.00 (0.004) 1.00 (0.065) 1.00 (0.031)
Frontal Beta: Alpha 1.00 (0.003) 1.00 (0.090) 1.00 (0.011)
Parietal Alpha 0.005 (0.210) <0.001 (0.339) 1.00 (0.033)
Global Alpha 0.003 (0.227) < 0.001 (0.426) 1.00 (0.058)
Global Beta 1.00 (0.004) 1.00 (0.074) 1.00 (0.012)
Global Delta 0.118 (0.133) 1.00 (0.113) 1.00 (0.004)
Global Theta 1.00 (0.022) 0.072 (0.212) 1.00 (0.003)

Note. Green shading indicates statistical significance.

Performance measures.

Workload and fatigue main effects were seen with all three performance outcomes
(Figures 6 and 7). Specifically, accuracy, mean reaction time, and d’ were greater in the low
workload condition versus the high condition. While the decreased accuracy and d’ values in the
high workload versus low condition is in line with expectations, the slower mean reaction times
in the high condition may suggest that participants sacrificed accuracy for speed in response.
Alternatively, the fatigue effects were as expected with greater reaction times and reduced
accuracy and d’ values across sessions.

This space is intentionally blank.
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Figure 6. Main effects of workload on RVIP performance outcomes. Error bars represent
standard error of the mean.
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Figure 7. Main effects of fatigue (session) on RVIP performance outcomes. Error bars represent
standard error of the mean.

Physiological measures.

There were significant main effects of workload (Figure 8) and fatigue (Figure 9) on
parietal alpha activity derived from EEG, global alpha activity, and blink count. Pupil diameter
was significantly affected by fatigue only. The decreased alpha activity in the high versus low
workload condition are as expected, whereas the increased alpha activity in later sessions is not
as expected. The decreased blink count in high versus low workload is as expected given that the
RVIP workload manipulations are in the visual domain. Interestingly, blink count significantly
increased in comparison to the initial session aligning with expectations for a fatigue effect.
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Considering that reaction time was quicker in the high versus low workload condition
(inconsistent with expectations), it is possible that these unexpected findings in reaction time,
blink counts, and alpha brain activity (relative to fatigue) are a reflection of a confounding factor
(e.g., motivation, participant strategy, practice).
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Figure 8. Main effect of workload on physiological measures during RVIP execution. Error bars
represent standard error of the mean.
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Figure 9. Main effects of fatigue on physiological measures during RVIP execution. Error bars
represent standard error of the mean. Pupil diameter is heavily skewed to the lower end of the
acceptable range, a byproduct of the brightness of the monitors.

USAARL MATB.

LLMs were used to analyze these data in the context of a repeated measures design.
Participants’ workload levels in the experimental sessions are defined using feedback provided
during the training session. Unexpectedly, this feedback yielded two indistinguishable levels for
some participants, thus these two levels were collapsed in order to avoid inflating within-subjects
comparisons for these participants only. For the remaining participants, these levels were treated
as distinct. This hybrid approach preserved true workload distinctions while ensuring model
validity. Family-wise error rate was controlled for by adopting a Bonferroni correction for post-
hoc pairwise comparisons, and all relevant p values are corrected using this approach. Table 10
summarizes the results.
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Table 10. USAARL MATB Task Results Summary of Main Effects and Interaction p Values

(Effect Size [Partial Eta Squared])

Metric

Workload

Fatigue

Workload * Fatigue

Performance Metrics

Multitasking Efficiency

<0.001 (0.811)

<0.001 (0.201)

0.028 (0.176)

Composite Performance

<0.001 (0.708)

<0.001 (0.182)

<0.001 (0.283)

System Monitoring <0.001 (0.336)  0.502 (0.066) 0.148 (0.156)
Communications <0.001 (0.152)  0.003 (0.120) <0.001 (0.479)
Tracking <0.001 (0.872) < 0.001 (0.221) 1.00 (0.047)
Resource Management < 0.001 (0.585)  0.382 (0.069) 1.00 (0.064)
Subjective Metrics
ISA Scores <0.001 (0.759)  0.006 (0.129) 1.00 (0.131)
ISA Reaction Time 0.005 (0.146) 0.001 (0.151) 0.080 (0.186)
NASA TLX Composite < 0.001 (.556) 1.00 (0.040) 0.024 (0.179)
Mental Demand < .001 (.585) 1.00 (0.026) 0.005 (0.197)
Physical Demand < .001 (.332) 0.008 (0.111) 1.00 (0.121)
Temporal Demand < .001 (.619) 1.00 (0.030) 0.011 (0.189)
Performance < .001 (.378) 0.116 (0.083) 1.00 (0.098)
Effort <.001 (.477) 1.00 (0.020) 1.00 (0.091)
Frustration <.001 (.335) 1.00 (0.008) 0.471 (0.141)
Physiological Metrics
Heart Rate (BPM) 1.00 (0.028) <0.001 (0.297) 1.00 (0.034)
HRV (RMSSD) 0.024 (0.063) <0.001 (0.171) 1.00 (0.032)
Pupil Diameter 1.00 (0.042) <0.001 (0.220) 1.00 (0.033)
Blink Count 1.00 (0.043) 1.00 (0.051) 1.00 (0.028)
Frontal Theta: Alpha 1.00 (0.016) 0.229 (0.079) 1.00 (0.026)
Frontal Beta: Alpha 1.00 (0.023) 0.006 (0.119) 1.00 (0.025)
Parietal Alpha 0.021 (0.118) <0.001 (0.335) 1.00 (0.084)
Global Alpha 0.167 (0.094) <0.001 (0.212) 1.00 (0.071)
Global Beta 1.00 (0.058) 1.00 (0.041) 1.00 (0.047)
Global Delta 1.00 (0.028) 0.066 (0.093) 1.00 (0.044)
Global Theta 1.00 (0.017) 0.028 (0.103) 1.00 (0.031)

Note. Green shading indicates statistical significance.

Performance measures.

The main effect of workload was significant across all performance metrics, with

multitasking efficiency, composite performance, system monitoring, communications, tracking,
and resource management all demonstrating strong effects (all p values <.001, partial #?=.152-
.872). These large effect sizes are in line with the observed consistent degradation in
performance with increasing workload. In contrast, fatigue effects were seen on the multitasking
efficiency and communications subtasks, suggesting impairments in specific task components,
rather than global impairments, as fatigue accumulated. A significant workload * fatigue
interaction emerged for multitasking efficiency, composite performance, and communications (p
<.05, partial #?=.176-.479).
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Physiological measures.

Workload effects on physiological measures were significant for HRV (RMSSD) and
parietal alpha (p <.05), although the effect sizes were small to moderate (partial #?=.063-.118).
Follow-up comparisons for HRV showed that no post-hoc pairwise workload level comparisons
met the Bonferroni corrected criteria (all p values > .446), indicating that while workload
affected HRV overall, the effect was diffuse across levels. Similarly, post-hoc comparisons for
parietal alpha activity indicated no significant pairwise differences after correction (p > 0.05).
These results indicate that only some physiological markers were sensitive to workload changes,
though less robustly than behavioral or subjective indicators.

Fatigue showed particularly strong effects on physiological metrics (e.g., heart rate, HRV
(RMSSD), pupil diameter, parietal alpha, and global alpha, all p values <.001, partial #?=.171-
.335), highlighting these as sensitive indicators of prolonged sleep deprivation. Specifically,
post-hoc comparisons indicated that session 3 (20.5-21.5 hours of wakefulness) was associated
with significantly lower HR than all other sessions (all p values < .05), while sessions 1 and 2
exhibited the highest mean HR values. HR values decreased from session 2 to session 3 by
approximately 7 BPM across all workload levels. This fatigue-related suppression in heart rate
was robust and consistent regardless of workload condition. Post-hoc comparisons confirmed
that pupil diameter significantly decreased in sessions 3 and 4 compared to sessions 1 and 2.
Descriptive means showed a drop in pupil size of approximately 0.3—0.4 millimeters (mm) from
the first two to the last two sessions, consistent across workload levels. For parietal alpha
activity, multiple significant pairwise differences emerged; session 3 exhibited significantly
greater parietal alpha activity than sessions 1 (p <.001), 2 (p <.001), and 4 (p = .002), and
session 4 was significantly greater than session 2 (p <.001) and session 1 (p =.019). Overall,
parietal alpha increased significantly with fatigue level, peaking during session 3. Other EEG
measures, including frontal beta:alpha, global alpha, and global theta, also reflected fatigue-
related changes. Interaction effects were not present among the physiological metrics after
correction, suggesting that most physiological responses to workload and fatigue occurred
independently.

Physiological responses were the least uniformly sensitive across the domains compared
to performance and subjective metrics. Only two metrics, HRV and parietal alpha, showed
reliable workload effects after correction, and the effect sizes were small. This indicates that, at
least in the present task context, many physiological indicators may lack the resolution to detect
workload variations unless paired with more fine-grained or time series analyses. In contrast,
physiological sensitivity to fatigue was more pronounced. Heart rate, HRV, pupil diameter, and
multiple EEG bands (especially alpha-related activity) responded robustly to sleep deprivation
fatigue, consistent with neurophysiological models linking fatigue with cortical slowing and
autonomic dysregulation (Lal & Craig, 2002; Jap et al., 2009). Notably, interaction effects were
not present among physiological metrics, which may suggest that fatigue and workload modulate
physiology via separate pathways (autonomic versus cortical) rather than interacting together.
However, further analyses are needed to confirm this interpretation.
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Subjective measures.

Workload significantly influenced all subjective workload measures, including ISA
scores, ISA reaction time, and each NASA-TLX metric (all p values <.001, partial #?=.146-
.759), demonstrating large perceived changes in workload with increasing task load. Fatigue
effects were more nuanced. ISA scores, ISA reaction times, and the NASA-TLX physical
demand subscale were significantly affected by fatigue (p <.05), though effect sizes were small
(partial #?=.111-.151). Only three interaction effects emerged among the NASA-TLX scores
(total, mental demand, and temporal demand) with significant workload and fatigue interactions
(p <.05), but with modest effect sizes (partial #?=.179-.197).

Subjective workload ratings were broadly sensitive to both workload and fatigue, but the
drivers differed. All NASA-TLX and ISA-based measures increased reliably with workload,
mirroring participants’ perceptions of elevated cognitive demand as presented by the distinct
workload levels presented in the study. Fatigue effects were more subtle, reaching significance
only for ISA scores, ISA reaction time, and physical demand. Interestingly, only a few subjective
metrics showed interaction effects, and these were modest in size, suggesting that while fatigue
and workload may independently shape perceptions, their compounded effects are not always
additive. These results emphasize the need to interpret self-report metrics as reflecting distinct
experiential components of operator state rather than as simple proxies for performance decline.

n-back task.
LMMs were utilized to analyze these data based on workload (n-Level), fatigue (session),

and interaction effects. A Bonferroni correction was applied to control family-wise error rate.
Results are summarized in Table 11.

This space is intentionally blank.
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Table 11. n-Back Results Summary of Main Effect and Interaction p Values (Effect Size [Partial

Eta Squared])
Metric Workload Fatigue Workload *
Fatigue
Performance Metrics
d <0.001 (0.15) 0.005 (0.05) 1.00 (0.00)
Criterion 1.00 (0.01) 1.00 (0.00) 1.00 (0.00)
RT for Correct Responses <0.001 (0.10) 1.00 (0.01) <0.001 (0.10)
RT for Erroneous Responses <0.001 (0.14) 1.00 (0.04) 0.015 (0.06)
Subjective Metrics
NASA TLX Total Score <0.001 (0.17) 1.00 (0.02) 1.00 (0.02)
Mental Demand <0.001 (0.25) 0.013 (0.05) 1.00 (0.02)
Physical Demand 1.00 (0.00) <0.001 (0.12) 1.00 (0.00)
Temporal Demand <0.001 (0.12) 0.372 (0.03) 1.00 (0.00)
Performance 0.138 (0.04) 1.00 (0.02) 1.00 (0.00)
Effort <0.001 (0.10) 1.00 (0.01) 1.00 (0.02)
Frustration 1.00 (0.00) 1.00 (0.00) 1.00 (0.02)
Heart Rate (BPM) 1.00 (0.00) <0.001 (0.07) 1.00 (0.01)
HRV (RMSSD) 1.00 (0.00) 0.007 (0.06) 1.00 (0.00)
Pupil Diameter 0.431 (0.03) <0.001 (0.12) 1.00 (0.00)
Blink Count 1.00 (0.00) 0.004 (0.05) 1.00 (0.00)
Frontal Theta: Alpha 0.503 (0.03) <0.001 (0.13) 1.00 (0.01)
Frontal Beta: Alpha 1.00 (0.01) 0.003 (0.06) 1.00 (0.03)
Parietal Alpha 0.067 (0.04) <0.001 (0.09) 1.00 (0.02)
Global Alpha 1.00 (0.01) 0.011 (0.05) 1.00 (0.00)
Global Beta 1.00 (0.00) 1.00 (0.02) 1.00 (0.02)
Global Delta 0.353 (0.03) 0.038 (0.04) 1.00 (0.01)
Global Theta 1.00 (0.01) 0.163 (0.03) 1.00 (0.00)

Note. Green shading indicates statistical significance. RT = reaction time.

Performance measures.

Workload had a significant main effect on the performance metrics d-prime, reaction
time for correct responses, and reaction time for erroneous responses. However, there was no
impact of workload on criterion. Fatigue had a significant effect on one performance metric, d-
prime. Interestingly, there were significant interaction effects on two performance measures,
reaction time for correct responses and that for incorrect responses. Specifically, both reaction
times for correct and incorrect responses were faster for n = 1 trials in session 1 compared to

sessions 2 and 3 (Figure 10).
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Figure 10. Reaction times for correct (left) and incorrect (right) responses by n-level and session.

The results indicate that the performance metrics for the adaptive n-back task were
generally worse at higher n levels, which is consistent with previous literature (Brouwer et al.,
2012; Mehler et al., 2009). Specifically, d-prime decreased with higher levels of #n and the
reaction times for both correct and erroneous responses increased with higher levels of . Fatigue
also negatively impacted d-prime, which is consistent with previous findings that noted that
accuracy on the n-back decreased due to sleep deprivation (Lo et al. 2012, Martinez-Cancino et
al., 2015). The interaction shown is consistent with previous work indicating that the sharpest
decrease in reaction time occurs for the lowest 7 trials of the n-back when sleep deprivation
occurs (Martinez-Cancino et al., 2015). These findings indicate that the manipulation of
workload in this study was effective, and the impact of fatigue on performance is consistent with
the literature.

Physiological measures.

No workload main effects, nor interaction terms were significant on any of the
physiological measures recorded. There was a main effect of fatigue on all the physiological
measures, except for global beta, and global theta. It is possible that fatigue effects on physiology
overshadowed any workload effects or that sensitivity is such that a more fine-grained approach
(time-series analysis) is needed.

Subjective measures.

A workload main effect on NASA-TLX composite scores showed that scores increased
with difficulty level (n-Level). There was no main effect of fatigue (session) nor an interaction
on NASA-TLX total scores. When analyzing subscores, workload significantly impacted mental
demand, temporal demand, and effort whereas fatigue impacted physical demand and temporal
demand. No interaction effects were seen on any of the NASA-TLX subscores. The observed
differences in mental demand suggest that operators found the n-back more difficult when they
were more fatigued. However, the impact on physical demand is more likely a reflection of the
physical toll of fatigue rather than the physical demand of the n-back task itself.
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Simulated flight.
Workload manipulation check.

To evaluate whether the workload manipulations in the simulated flights effectively
induced changes to perceived workload, paired-samples #-tests were used to determine whether
mean NASA-TLX scores (subscale scores and total score) differed between high and low
workload flights measured following the first simulator flight session. From these, ratings on the
physical demand, effort, and temporal demand subscales were significantly different between
workload conditions (Table 12).

Table 12. NASA-TLX Paired-Samples ¢-Test Results for Session One, Significant Outcomes
Only

NASA-TLX t-value p-value High Workload  Low Workload
Subscale Mean (SE) Mean (SE)
Physical Demand 4.11 0.003 29.50 (3.91) 18.00 (3.00)
Effort 2.50 0.037 40.00 (6.75) 23.00 (3.59)
Temporal Demand 2.68 0.025 38.50 (4.35) 26.50 (4.95)
Total 3.02 0.014 30.83 (4.12) 22.08 (3.18)

Note. SE indicates standard error of the mean.
Overall results.

LMMs were used to analyze these data in the context of a repeated measures design.
Family-wise error rate was controlled for by using a Bonferroni correction for post-hoc pairwise
comparisons, and all relevant p values are corrected using this approach. Results are summarized
in Table 13. All measures were aggregated for the duration of the flights.

This space is intentionally blank.
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Table 13. Simulator Flight Results Summary of Main Effects and Interaction p Values (Effect

Size [Partial Eta Squared])

Metric Workload Fatigue Workload * Fatigue
Performance
Airspeed Deviations 0.61 (0.01) <0.01 (0.28) <0.001 (0.74)
Sessions 2 vs. 4
Rate of closure deviations 0.06 (0.13) 0.045 (0.14) <0.001 (0.69)
Sessions 1 vs. 3
Physiological Metrics
Heart Rate (BPM) 1.00 (0.002) <0.001 (0.196) 1.00 (0.020)
HRV (RMSSD) 1.00 (0.007) 0.009 (0.081) 0.295 (0.050)
Pupil Diameter 1.00 (0.000) <0.001 (0.113) 1.00 (0.021)
Blink Rate 1.00 (0.008) 1.00 (0.017) 0.066 (0.064)
Frontal Theta: Alpha 1.00 (0.001) < 0.001 (0.106) 0.004 (0.087)
Frontal Beta: Alpha 1.00 (0.003) 1.00 (0.010) 1.00 (0.011)
Parietal Alpha 1.00 (0.002) 279 (.050) 1.00 (0.017)
Global Alpha 1.00 (0.000) 1.00 (0.028) 1.00 (0.020)
Global Beta 1.00 (0.001) 1.00 (0.036) 1.00 (0.006)
Global Delta 1.00 (0.000) 0.675 (0.042) 1.00 (0.017)
Global Theta 1.00 (0.002) 1.00 (0.030) 1.00 (0.019)
Subjective Metrics
Mental Demand 0.305 (0.02) <0.001 (0.39) 0.585 (0.03)
Physical Demand ~ 0.724 (0.000) <0.001 (0.31) 0.106 (0.10)
Effort  0.966 (0.000) <0.001 (0.39) 0.073 (0.12)
Temporal Demand  0.603 (0.000) 0.004 (0.21) 0.032 (0.14)
Performance 0.383 (0.01) 0.607 (0.03) 0.20 (0.01)
Frustration 1.00 (0.00) .003 (0.22) 0.22 (0.08)
Total Score 0.63 (0.00) <0.001 (0.36) 0.22 (0.08)

Note. Green shading indicates statistical significance.

Performance measures.

Flight scenarios were designed such that performance outcomes in session 1 were

comparable to those in session 3, and session 2 to 4; resulting in two sets of flight data. Flight
scenarios, outcome measures, and comparisons are outlined in Table 14. LLMs were used to
evaluate effects of workload, fatigue, and the interaction of the two for each set. The primary
performance outcome for sessions 1 and 3 was the deviation from specified rate of closure while
airspeed and altitude deviations were used as the primary performance outcomes in sessions 2
and 4.
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Table 14. Summary of Flight Scenarios and Data Collected

Session Route Event# Workload Task Task Parameters  Qutcome(s)
Comparison Set #1
1 2 5 High LZ Rate of closure,  Rate of closure
Approach descend < 300 (RMSD)
(SMOKE) fpm
1 C 2 Low Load at PZ  Rate of closure,  Rate of closure
descend < 300 (RMSD)
fpm
3 3 2 High Ridgeline Rate of closure,  Rate of closure
Landing descend < 300 (RMSD)
(SMOKE) fpm
3 B 5 Low Landing Rate of closure,  Rate of closure
DVE descend < 300 (RMSD)
(SMOKE) fpm
Comparison Set #2
2 4 2 High Frequency  Adjust frequency, Airspeed
change maintain 4000’ deviation
MSL and 100 (RMSD)
KIAS Altitude
deviation
(RMSD)
2 E 4 Low Loitering Flight profile Airspeed
after takeoff is deviation
1500 MSL and (RMSD)
100 KIAS
4 5 3 High Redirect Flight profile Altitude
for LZ after takeoff is deviation
1500 MSL and (RMSD)
100 KIAS
4 D 4 Low Attitude Flight profile Airspeed
change after takeoff is deviation
3000’ MSL and (RMSD)
100 KIAS

Note. LZ = landing zone, PZ = pick-up zone, DVE = degraded visual environment, fpm = feet
per minute, MSL = mean sea level, KIA = knots indicated airspeed, RMSD = root mean squared
deviation.

For set number 1 (sessions 1 and 3), there was a main effect of fatigue (session), p =
0.045, partial #? = 0.14 and interaction effect between session and workload, p < 0.001, partial #?
=0.69, on rate of closure. Contrasts showed faster rate of closure (feet per minute) during high
workload at session 1, compared to low workload, session 3, (¢ (26) = -3.96, p = 0.0005). The
opposite was found for the low workload conditions, with a faster rate of closure in feet per
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minute during session 3 as compared to session 1 (¢ (26) = 6.76, p < 0.001) (Figure 11).
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Figure 11. Interaction effect of fatigue (session) and workload on rate of closure. Error bars
represent standard error of the mean.

For set number 2 (sessions 2 and 4), there was a main effect of fatigue (session), p =
0.003, partial 2= 0.28, and interaction effect between session and workload, p <0.001, partial
n?=0.74, on airspeed deviations. Contrasts showed greater airspeed deviations in session 2 high
workload vs. session 4 high workload, #(28.3) =4.37, p = 0.0002, whereas the opposite pattern
was seen in the low workload condition, with greater deviations in session 4 vs. session 2, #29.2)
=-8.66, p <0.0001 (Figure 12).
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Figure 12. Interaction effect of fatigue (session) and workload on airspeed deviations. Error bars
represent standard error of the mean.
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During the flights, participants completed additional tasks not on the controls which were
rated as pass/fail by the research pilots. To evaluate the effects of fatigue and workload on proper
task execution, the frequency of “unsatisfactory” ratings were calculated across each
participants’ flights. Then, an LMM was used to evaluate the effects of fatigue (session) and
workload (high vs. low), along with their interaction, on the frequency of unsatisfactory ratings.
The model included a random intercept for each participant to account for repeated measures.
There was a significant main effect of fatigue on the number of unsatisfactory ratings, F(3 ,63) =
5.19, p = 0.003. Compared to flight session 1, the number of unsatisfactory ratings were
significantly higher in session 2 (f = 0.80, SE =0.17, #(72) = 3.43, p = 0.001) and in session 4 (f
=0.50, SE=0.17, t(72) = 2.14, p = 0.04). The main effect of workload was not significant (p =
0.14), nor was there a significant interaction between fatigue and workload (p = 0.51). Figure 13
displays the estimated marginal means by session number and workload level. While there was
no significant interaction with workload, Figure 13 suggests a trend toward more unsatisfactory
ratings in the high workload conditions for sessions 2 and 4.
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Figure 13. Estimated marginal means by fatigue (session) and workload level for unsatisfactory
flight performance. Error bars represent standard error of the mean.

Flight performance overall was impacted by both workload and fatigue. In sessions 1 and
3, the prescribed rate of closure was 300 fpm, thus increasingly negative rates of closure are
“faster” and considered “stronger” performance. “Faster” is not uniformly “stronger”
performance but is considered as such in the routes used. There was an interesting interaction
effect such that, in session 3, participants had faster rates of closure during the low workload
session compared to high, whereas participants performed better in the high versus low workload
condition during session 1. The worst performance was seen in the high workload condition
during session 3, suggesting that fatigue exacerbated the effect of high workload. Alternatively,
the worst performance in session 4 (compared to session 2), was seen in the low workload
condition which may be an indication of a lack of engagement or motivation (participants were
observed nodding off during this session). The key takeaway from these findings is that, when
fatigued, performance can be negatively impacted regardless of level of workload and that
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“lower” level of workload may not be “better” than high workload levels.
Physiological measures.

Main effects of fatigue were seen with heart rate, HRV, pupil diameter, and the ratio of
frontal theta to alpha activity. Additionally, an interaction effect between fatigue (session) and
workload was evident on the ratio of frontal theta to alpha activity. No effects were seen with
respect to workload, however, which suggests that the workload manipulations were not strong
enough to elicit an effect in the analyzed event windows. Time-series analyses are likely needed
to truly evaluate the patterns with respect to workload interjections.

Subjective measures.

All NASA-TLX subscales except the performance subscale resulted in significant main
effects of fatigue, while the temporal demand score was the only one with a significant
interaction. Comparisons are provided in Table 15.

Table 15. Summary Statistics and Pairwise Comparison Results

Flight Session 1 Flight Session 2 Flight Session 3 Flight Session 4
Low High Low High Low High Low High
Workload ~ Workload = Workload Workload Workload Workload Workload Workload
Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Mental 33.90%b¢ 37.80%b¢ (51.10)*  (56.70)° 49.40° 56.10° 61.10° 57.20¢
Demand (19.30) (13.90) (18.00) (19.20) (11.60) (14.50) (17.60) (18.40)
Physical 18.90%b¢ 31.70%b¢ 44.402 32.802 42.80° 41.70° 52.20¢ 47.20¢
Demand (9.61) (10.90) (19.60) (21.50) (12.30) (10.90) (19.10) (23.30)
Effort 28.30%b¢ 41.703b¢ 60.60° 51.10* 53.30° 55.60° 62.80° (57.20) ¢
(15.40) (10.00) (17.20) (22.60) (21.20) (13.10) (15.40) (17.70)
Temporal 24.40bc 43.30 48.90* 54.40 46.70° 40.60 56.70 46.10
Demand (11.00) (19.70) (25.50) (24.20) (13.70) (14.70) (21.40) (13.40)
Performance 24.40 28.90 27.20 31.70 34.40 32.80 27.20 32.80
(18.80) (16.90) (21.10) (15.60) (18.10) (18.60) (11.50) (16.40)
Frustration 11.10® 16.702 18.90 27.20 27.80 20.00 35.60° 29.40%
(7.41) (13.50) (15.80) (29.30) (17.90) (11.70) (22.40) (14.70)
Total Score ~ 23.50b¢ 33.30b¢ 41.90* 42.30% 42.40° 41.10° 49.30° 45.00°¢
(9.53) (11.00) (13.10) (16.90) (11.60) (7.16) (14.40) (12.40)

Note. Values with matching superscripts within a row significantly differed by p < 0.05.

The distinctions in workload manipulations (the methodology used to induce workload
changes) likely contributed to the differences seen in subscores. Specifically, high workload
conditions involved engine fuel issues and an engine fire that likely placed greater temporal
demands on the participant compared to the low workload conditions where participants were to
calculate estimated time of arrival to the airfield and experienced a hydraulics failure. The
manipulation check was only done on two of the flight routes and a more detailed validation
study to evaluate the routes used is necessary to further evaluate the efficiency of these
interjections. These distinctions also highlight the importance of evaluation of NASA-TLX
subscores and not just the total score. Similarly, when considering the total NASA-TLX scores in
the first session, the values are fairly low compared to previous studies (e.g., Feltman et al.,
2021).
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Overall Discussion

The current study aimed to examine performance and physiological outcomes under
varied levels of fatigue (34-hours of sustained wakefulness) and cognitive workload on a series
of tasks spanning cognitive function and functional performance. All physiological measures
were synchronized and tasks spanned visual, auditory, and cognitive domains. The first objective
was to evaluate the main and interaction effects of fatigue and workload by task, which
ultimately served to meet the second objective, to establish consistencies across the tasks in order
to estimate robustness of the effects. When the task results are considered together, the strength
of the effects can be discussed agnostic of task and performance outcome type. Considering that
an OSM system will likely not be tailored to specific functional outcomes or even the same
operational conditions, determining which parameters are most sensitive to detecting the effects
of stressors will inform their utility in such a system.

Consistency of Fatigue and Workload Effects on Physiological Measures

Three main categories of physiological measurements (ECG, EEG, eye tracking) were
taken across five tasks spanning cognitive, marksmanship, and aviation-specific, functional
performance: Stroop (measuring selective attention), RVIP (measuring sustained attention),
multimodal n-back (sequential memory), USAARL MATB (simulated aviation-like multi-
tasking), and simulated flight (high-fidelity simulated flight routes). An overview of significant
effects seen across tasks demonstrates four key findings: 1) fatigue effects were seen with a
variety of physiological measures across all tasks, 2) pupil diameter showed sensitivity to fatigue
in all tasks whereas at least one measure in each category showed sensitivity to fatigue in the
majority of tasks, 3) workload effects were seen with at least one measure in each physiological
measures category but only on two tasks (RVIP, MATB), and 4) interaction effects were largely
non-existent with all physiological measures across all tasks.

This space is intentionally blank.
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Table 16. Overview of Main and Interaction Effects on Physiological Measures Across All Tasks

Physiological Measure Workload Effects Fatigue Effects (tasks) Workload*Fatigue
(tasks) Effects (tasks)
ECG

MATB

Heart Rate n-back
Simulated flight

MATB

Heart Rate Variability MATB n-back
Simulated flight

EEG

RVIP
Global Alpha Activity RVIP MATB
n-back
Global Beta Activity Stroop
Global Delta Activity n-back
Global Theta Activity B MATB
RVIP
Parietal Alpha hl}X"IFI])B MATB _
n-back
n-back
- Simulated flight
MATB
- n-back -
Eye Tracking

Frontal Theta: Alpha Simulated flight

Frontal Beta: Alpha

RVIP
n-back -
Stroop
RVIP
Pupil Diameter MATB
n-back
Simulated flight

Blink Count RVIP

Unsurprisingly, fatigue’s effects on performance were seen on most tasks with multiple
performance outcomes. Considerable research has shown the deleterious effects of fatigue in
numerous domains, particularly in aviation (e.g., Bendak & Rashid, 2020). However, the extent
to which fatigue impacted physiological measures and the consistency of such impacts suggests
that development of OSM systems should consider a variety of measures. Rather, numerous
physiological measures are sensitive to fatigue effects. Of particular note are the recurrent fatigue
effects seen on pupil diameter. Recall, pupil diameter response to high workload (increased
diameter) contrasts that to fatigue (decreased diameter) which could impact the accuracy of an
OSM system. A multi-sensor suite will ultimately be needed to circumvent ambiguity based on
one physiological measure. However, the findings here did not yield workload effects nor
interaction effects with pupil diameter, which could suggest any of the following: 1) fatigue
effects could simply mask workload effects, 2) the workload manipulations in this study were
insufficient in the context of 34-hours of sustained wakefulness to yield significant effects, 3)
workload effects are masked by environmental luminance, 4) temporal resolution in these
analyses are too imprecise, or 5) specificity of pupil diameter as a proxy of workload is
inadequate. Specificity has yet to be fully examined for any of these measures and will play a
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vital role in OSM effectiveness.

Workload effects on physiological measures were less robust than fatigue effects in this
study but were consistently seen across two of the tasks (RVIP, USAARL MATB). Workload
effects on performance were seen on three tasks (RVIP, USAARL MATB, n-back). It is worth
noting that the workload manipulation checks on the simulated flights with respect to the
perceived workload scores was positive but in comparison to similar studies, perceived workload
was relatively low (e.g., Feltman et al., 2021). As candidate sensors and measures are down-
selected for potential inclusion in an OSM system, it will be vital to consider not only sensitivity
to changes in workload (perceived or objective) but also performance. This will be an important
consideration for future studies as measures are chosen for inclusion and evaluated in terms of
utility when developing OSM algorithms.

Interaction effects were largely non-existent with all physiological measures across all
tasks; however, they were detected on performance of three tasks (RVIP, MATB, n-back). While
not specific to the overarching objectives of this study, these interactions on performance
highlight the complex nature of realistic environments where multiple stressors are present. For
example, workload level can be impactful above and below comfortable thresholds and these
thresholds are likely to shift when coupled with fatigue. This was highlighted in particular with
the USAARL MATB results, suggesting that in some cases, the detrimental effects of fatigue
may be exacerbated when facing a high workload (Matthews & Desmond, 2002). Further
evaluation of motivation and engagement indices will be important steps in understanding the
dynamic nature of optimal performance conditions.

Taken together, these findings reinforce the multidimensional nature of operator state
assessment. Performance metrics emerge as the most reliable markers of workload and fatigue
with partial overlap, subjective measures best capture workload, and physiological indicators
appear to be most sensitive to fatigue, but not to workload, under these task conditions. The lack
of consistent interaction between workload and fatigue may suggest that these factors primarily
impact operator states through independent cognitive and physiological mechanisms, rather than
additive or multiplicative effects. This independence aligns with neuroergonomic frameworks
highlighting distinct pathways, such as acute attentional demands versus cumulative
physiological depletion (Hancock & Warm, 1989; Matthews & Desmond, 2002). Practically, this
independence may necessitate separate assessment and management strategies for workload and
fatigue in operational settings, as each requires distinct interventions. These distinctions
highlight the importance of integrating complementary data streams for adaptive automation and
workload-sensitive systems, as reliance on any single indicator may fail to capture the nuanced
and dynamic nature of cognitive state changes.

Limitations

The current study was extremely complex from a logistical execution standpoint and the
research team chose to sacrifice some experimental control in order to provide a more realistic
scenario. Thus, nutrition, wake-up time at the start of the extended visit, and light exposure (e.g.,
use of cell phones, access to windows) were not controlled. Having controlled these factors may
have provided more explicit insight into the effects of interest. However, for an OSM system to
be useful, the effects to which it is sensitive will have to be large and robust (as were the fatigue
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effects demonstrated here). Not only are a number of human factors and individual differences
going to confound results and introduce error, but environmental factors will also compromise
the integrity of the sensors and recording devices. The simulator in this study is full-motion and
the sensors used here generally provided good quality data but the sensors were also monitored
closely and reapplied/adjusted as needed, which will not be possible in the field. Also, time of
day was manipulated in this study to a limited degree specifically with the simulated flights. A
broader range of test times should be included in future efforts.

Another important consideration in terms of limitations is that the flight routes and
manipulations were not directly evaluated and validated prior to inclusion in this study. Across
all flight studies, performance outcomes are challenging and workload manipulations are heavily
influenced by experience. While the routes included here were designed to include a variety of
cockpit tasks and outcome measures, they may not have been sufficiently challenging to elicit
workload effects. There is always a question of participant engagement in a simulator as well.
The participants know that they are safe and likely are not as motivated to perform as optimally
as in the aircraft. Lastly, workload and fatigue effects and interactions may have been masked in
this report given the aggregate nature of the analyses. Efforts are underway to conduct time-
series analyses and to evaluate predictive performance deficits using physiological measures.

Conclusions

Performance and physiological outcomes were measured under varied levels of fatigue
and cognitive workload on a series of tasks spanning cognitive function and functional
performance as part of the USAARL’s ongoing OSM research efforts. The findings show robust
and consistent effects of fatigue on physiological measures across the tasks, supporting the utility
of the measures in OSM research and system design. Moreover, these results demonstrate that
effective physiological monitoring can be achieved using a variety of physiological signals, as
several, including pupil diameter, are demonstrated here to be particularly sensitive to fatigue.
This suggests that a robust OSM system using multiple synchronized, physiological signals can
be effectively implemented with commercial grade wearable sensors. Finally, the findings of this
study demonstrate consistency of effects in a laboratory setting with limited experimental control
(e.g., nutrition and light exposure were unregulated) and on functional performance outcomes.
Thus, OSM research can justifiably advance to testing in more realistic and field environments.
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Appendix A. Acronyms and Abbreviations

ASRS Attention Deficit/Hyperactivity Disorder Self Report Scale
BDI Beck’s Depression Inventory

BPM Beats per Minute

ECG Electrocardiography

EEG Electroencephalography

EMG Electromyography

EST Engagement Skills Trainer

EOG Electrooculography

HRV Heart Rate Variability

Hz Hertz

ISA Instantaneous Self-Assessment of Workload
KSS Karolinska Sleepiness Scale

LMM Linear Mixed-Effects Model

LSL Lab Streaming Layer

MATB Multi-Attribute Task Battery

NASA National Aeronautics and Space Administration
NASA-TLX NASA-Task Load Index

OSM Operator State Monitoring

POMS Profile of Mood States

PSD Power Spectral Density

PVT Psychomotor Vigilance Task

RMSSD Root Mean Square of Successive Differences
RVIP Rapid Visual Information Processing Task
SD Standard Deviation

STAI State-Trait Anxiety Inventory

USAARL U.S. Army Aeromedical Research Laboratory
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Appendix B. In-house Developed Questionnaires

Participant #
Date
Demographics and Personal History Questionnaire
Do you have a current DD-2292 (cleared for flight duties)? .................. YES / NO

If you answered “No” to this question, please stop here, and return the questionnaire to personnel.

NICOTINE USE

Do you use tobacco products containing nicotine? ...........cccccviiiiieeeenennnns YES / NO
— including e-cigarettes, patches/gum, cigars, smokeless

If you answered “Yes” to this question, please stop here, and return the questionnaire to personnel.

PSYCHIATRIC CONDITIONS

Have you ever been diagnosed with a psychiatric illness? YES / NO
Have you ever been hospitalized for a psychiatric or psychological reason? YES / NO

If you answered “Yes” to this question, please stop here, and return the questionnaire to personnel.

Age Gender: Male Female

Ethnicity (if you prefer not to disclose, leave blank):

African American (non-Hispanic) Asian/Pacific Islander
Caucasian (non-Hispanic) Latino or Hispanic
Native American Other:

Handedness: Right Left Ambidextrous

Highest Level of Education Completed:

High School Some College Associate Bachelor’'s Graduate
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Do you have 20/20 uncorrected vision? Yes / No If No do you wear:

Glasses Contacts Both Neither

Do you have any other visual impairment(s), such as color blindness? YES / NO
If you answered “Yes” to the question above, please state the impairment(s) below:

ALCOHOL USE

On average, how many beers do you drink per week?
On average, how many glasses of wine do you drink per week?
On average, how many mixed drinks or shots do you drink per week?

MEDICATION USE

Are you currently taking any prescription drugs? .................oeee. YES / NO
If Yes, what?
For what?

Are you currently taking any over-the-counter drugs? ..................... YES / NO
If Yes, what?
For what?

Are you currently taking any vitamins or dietary supplements? ........ YES / NO
If Yes, what?
For what?
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Do you use caffeine products or over the counter supplements:

YES / NO

If yes, please indicate the type and frequency product is used. On an average day of use,
Please include number of times per day.

Product

Frequency
(e.g., occasionally,
monthly, weekly, daily)

Enter average amount
consumed on a day of use

Red Bull [8.46 oz], Coffee [8 0z],
Soda/Soft Drink [12 0z], or gum)

Caffeine products (e.g., NOS [16 0z],

Protein powder

Multi-vitamin

Other (Specify):

Number of deployments:

Total Length of Deployments Combined (months):

Time in military aviation career (months):

Please list the type(s) of aircraft you have flown during your current military career and the

approximate hours in each type:

Type

Hours (actual) Hours (simulator) Years Flown

SR I

What was the approximate amount of total on-the controls time (in hours) you received in the:

Last year

Last 90 days

Last 30 days
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To be filled out by Study Physician and Technician

STUDY PHYSICIAN

TECHNICIAN ADMINISTERING

MEDICAL HISTORY

Have you ever had, or do you now have: (Y=YES N=NO D=DON'T KNOW)

IF YES, obtain (1) Type; (2) Mo/Yr of occurrence; (3)Is it current?

Y N D.... Attention Deficit Disorder?

Y N D.... Neurocognitive Disorders (e.g., cognitive disabilities)?

Y N D.... Psychiatric Disorders (e.g., depression, anxiety, bipolar)?

Y N D.... Do you have normal, or corrected to normal, vision (or any eye trouble)?
Y N D.... Do you wear glasses or contacts?

Y N D.... Do you have normal hearing?

Y N D..... Rapid or Pounding heartbeat? (circle which)

Y N D..... High or Low blood pressure? (circle which)

Y N D..... Sleep disorders (e.g., sleep apnea)?

Do you have a current DD-2292 (cleared for flight duties)? .................

Have you consumed alcohol within the last 24 hours?.................. YES
Pregnancy test administered and negative? .................. YES NO
Reported more than 600 mg of caffeine per day? .................. YES
Nicotine user?................. YES NO

YES

NO

NA

NO

NO

Current medications affecting drowsiness, cognitive function, or physiological parameters of

the study?.................. YES NO

Eligible? (Study Physician initials)
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Participant #

Date
Sleep Habits Questionnaire

Please respond to the below questions regarding your sleeping patterns.
Typical bedtime: weekday weekend
Typical awakening time: weekday weekend
Typical hours in bed: hours
Typical hours of sleep: hours
Typical amount of time it takes to fall asleep: hours

Typical number of awakenings per night:

Time it takes to fall back asleep after wakening:

My sleep pattern is regular: yes no

| awaken early in the morning still tired but unable to return to sleep:

yes no
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Appendix C. USAARL MATB - Description of Workload Levels.

The individually-tailored task demand was controlled through modification of a pre-
generated parameter file that defined the frequency and magnitude of task events. The demand
levels were designed to span the spectrum of task demand, from extreme underload to extreme
overload. Each participant experienced five demand level trials that were scaled to their normal
demand level derived through the training process. During each session, the participant would
receive a counterbalanced trial of their normal demand level (established during the initial visit
practice session), their normal demand level + 3 demand levels (slightly under the defined just
noticeable difference identified in Vogl et al., 2025), and extreme high and low demand levels
designed to be over and under loading, respectively. This yielded a total of 20 trials across the 4
session times (i.e., 5 trials per session)
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Appendix D. Flight Routes and Data Collection Forms

SLEEP STUDY - Route 1 (IC 1, PPC 1)

Subject:

RP:

SET UP:
ICS: All pins down, 1 & 3-7 max volume, 2 1/2 volume; FPN: Route 1; INI: Empty 15700, Crew 600
EVENT MARK WHEN TRANSFERRING CONTROLS
EVENT| P* ACTION Response U/S REMARKS
1 RP |Calculate ETA, Fuel Req'd 10:00, 140 Ibs Event Mark Stop/Start
Notes:

2 RP |ENG 1 FUEL PRESS LOW [IAW FRC | |

Notes:
Pass controls if ENG OUT
3 RP |ENG 1 FIRE |IAW FRC | |WILL NOT OCCUR IF ENG 1 OUT
Notes:
Pass controls if ENG OUT
4 |Subject|Roll-On Landing [IAW ATM | DO NOT PROMPT
Notes:

... |
EVALUATION CRITERIA
ETE: +/- 1 minute; FUEL: +/- 100 Ibs, Time to Calculate
Eng #1 in XFD before ENG OUT (30 seconds)
Confirm, Request A/S 80 KIAS or less, EPCL - OFF, FIRE T - PULL, MAIN/RES (Underline)
Min SE A/S < Ground Speed < 60 KIAS, +/- 5 deg RWY alignment, descent <540 fpm
BRIEF
You are a Pl flying under the callsign FORGE25. You will execute all pilot on the controls/off the controls
duties and any actions directed by the RP.

AIWIN|—

You hoave just completed a single-ship passenger move to LZ Kingfisher. We are at the LZ preparing to
return to our home airfield.

Flight profile is 1500’ MSL and 100 KIAS unless otherwise directed/required by conditions.

Just a reminder — pay attention for the audio cues to provide your workload ratings. Questions?
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SLEEP STUDY - Route A (IC 2, PPC 2)

Subject:

RP:

SET UP:
ICS: All pins down, 1 & 3-7 max volume, 2 1/2 volume; FPN: Route A; INI: Empty 15700, Crew 600
EVENT MARK WHEN TRANSFERRING CONTROLS

EVENT| P* ACTION Response U/S REMARKS
1 Subject|Traffic Avoidance 30 right, 600'
Notes:
2 |Subject|Resume Own Nav |Resume | |
Notes:

Take controls at AACP1

3 RP [Calc ETA to Airfield | 6:00] [Cue at AACP1, Event Mark Start/Stop
Notes:

4 RP [#1 HYD FAIL NOBUP |[IAW FRC | |Force continued flight to the airfield
Notes:

Pass controls after EP Resolved
5 |Subject|Roll-On Landing [IAW ATM, FRC | [DO NOT PROMPT
Notes:

EVALUATION CRITERIA
Descend to 600", turn 30 deg right
Return to/hold 1500' and 100 KIAS
ETE: +/- 1 minute, Time to Calculate
BUP ON (Underline), Urgency (Possible)
40 KIAS < Speed < 60GS, +/- 5 deg RWY alignment, descent <540 fpm, no aerodynamic braking
BRIEF
You are a Pl flying under the callsign FORGE25. You will execute all pilot on the controls/off the controls duties
and any actions directed by the RP.

DB |WIN|[=

You are conducting a single ship training flight to an un-towered airfield to conduct traffic patterns.
Flight profile after take-off is 1500’ MSL and 100 KIAS unless otherwise directed/required by conditions.

Just a reminder — pay attention for the audio cues to provide your workload ratings. Questions?
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SLEEP STUDY - Route 2 (IC 2, PPC 2)

Subject:

RP:

SET UP:

ICS: All pins down, 1 & 3-7 max volume, 2 1/2 volume; FPN: Route 2; INl: Empty 15700, Crew 600

EVENT MARK WHEN TRANSFERRING CONTROLS

EVENT| P* ACTION Response U/s REMARKS

1 Subject|Gunfire; 3 o'clock Terrain Mask

Notes:

Take controls when EP starts

2 RP |Compressor Stall |IAW FRC | |Slow back for EP resolution

Notes:

Pass controls when EP resolved

3 |[Subject|Radar Threat [Terrain Mask | |[STAY OVER THE LAKE
Notes:

4 |Subject|Normal Approach [IAW ATM | |
Notes:

EVALUATION CRITERIA

200' AHO or below, obstacle avoidance, general flight plan routing

Reduce power, EPCL reduce (IDLE), EPCL FLY

200' AHO or below, obstacle avoidance, general flight plan routing

AIWIN|—~

Obstacle avoidance, appropriate alignment, appropriate rate of closure, descent <300fpm

BRIEF

You are a PI flying under the callsign FORGE25. You will execute all pilot on the controls/off the controls
duties and any actions directed by the RP.

You are conducting a single ship passenger movement from PZ Bluebird to LZ Eagle. This scenario will
take place in an enemy-threat environment. There have been unconfirmed reports of small recon teams

with radar weapon systems along our route.

Flight profile after take-off is 1500’ MSL and 100 KIAS unless otherwise directed/required by conditions.
DO NOT discuss specifics of 2800/2900 series tasks during these scenarios.

Just a reminder — pay attention for the audio cues to provide your workload ratings. Questions?
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SLEEP STUDY - Route B (IC 2, PPC 2)

Subject:

RP:

SET UP:
ICS: All pins down, 1 & 3-7 max volume, 2 1/2 volume; FPN: Route B; INl: Empty 15700, Crew 600
EVENT MARK WHEN TRANSFERRING CONTROLS

EVENT| P* ACTION Response u/s REMARKS
1 RP |Weigh (HVR), Hover Checks [18300, IAW ATM 0 KTS WIND, Event Mark Stop/Start
Notes:
Pass controls after climb out
2 |Subject|Missile Launch [Terrain Mask
Notes:
3 |Subject|Redirect LZ |Adjust Fit Profile | |WPT 033
Notes:
4 |Subject|Normal Approach [IAW ATM | |
Notes:

EVALUATION CRITERIA
GWT +/-500 Ibs; verify GWT, verify no exceedence of GWT, verify power for all manuevers
200" AHO or below, obstacle avoidance, general flight plan routing
Turn to waypoint as directed by RP, continue terrain flight
Obstacle avoidance, appropriate alignment, appropriate rate of closure, descent <300fpm

BRIEF

You are a Pl flying under the callsign FORGE25. You will execute all pilot on the controls/off the controls duties
and any actions directed by the RP.

AlWIN|—

You are conducting a three-ship passenger move from PZ Crow to LZ Skylark. This scenario will take place in
an enemy-threat environment. There have been confirmed reports of enemies conducting small-arms attacks
on aircraft traversing the area.

Flight profile after take-off is 1500’ MSL and 100 KIAS unless otherwise directed/required by conditions. DO
NOT discuss specifics of 2800/2900 series tasks during these scenarios.

Just a reminder — pay attention for the audio cues to provide your workload ratings. Questions?
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SLEEP STUDY - Route 3 (IC 4, PPC 3)

Subject:

RP:

SET UP:

ICS: All pins down, 1 & 3-7 max volume, 2 1/2 volume; FPN: No Route; INI: Empty 15700, Crew 600, Cargo: 1500

EVENT MARK WHEN TRANSFERRING CONTROLS

EVENT| P* ACTION Response | U/S REMARKS
0 RP |Left Traffic Pattern N/A JVMF Message Appears 2+00
Notes:
1 RP |JVMF, Fuel Reqd, ETA [Fuel, 9:03 | |Event Mark Stop/Start, Hospital WP34
Notes:

Pass controls before takeoff

2 |Subject|Ridgeline Landing [law ATM |

Notes:

3 [Subject|STAB AUTO MODE FAIL [law FRC | |

Notes:

4 |Subject|Routine Landing [lAw ATM | [DO NOT PROMPT STAB

Notes:

EVALUATION CRITERIA

ETE: +/- 1 minute; FUEL: +/- 100 Ibs, Time to Calculate

Obstacle avoidance, appropriate alignment, appropriate rate of closure, descent <300fpm

CMSSUS - As required (Underline), Auto Reset, 0 above 40 and full down below 40

AlWIN[=~]|O

Obstacle avoidance, app alignment, app rate of closure, descent <360fpm, STAB full down

BRIEF

You are a PI flying under the callsign FORGE25. You will execute all pilot on the controls/off the controls duties and any
actions directed by the RP.

You are on the 1st-Up MEDEVAC duty crew, conducting a training flight while on shift. You will be executing traffic
patterns at your home stagefield.

Just a reminder — pay attention for the audio cues to provide your workload ratings. Questions?
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SLEEP STUDY - Route C (IC 1, PPC 1)

Subject:
RP:
SET UP:
ICS: All pins down, 1 & 3-7 max volume, 2 1/2 volume; FPN: N/A; INI: Empty 15700, Crew 600
EVENT MARK WHEN TRANSFERRING CONTROLS
EVENT| P* ACTION Response uU/S REMARKS
1 RP |Calc Fuel, ETA 9:54, 136 JVMF 00+30, Event Mark Stop/Start
Notes:
Pass controls before takeoff
2 |Subject|Routine Landing [IAW ATM | |add 1400 Ib cargo after WOW at LZ
Notes:

3 RP |Dynamic Update/HVR Check [IAW ATM | |

Notes:
Pass controls after climb out
4  |Subject|Routine Landing |IAW ATM
Notes:

EVALUATION CRITERIA
ETE: +/- 1 minute; FUEL: +/- 100 Ibs, Time to Calculate
Obstacle avoidance, appropriate alignment, appropriate rate of closure, descent <300fpm
MTA, MGWT, GWT, HVR Q; verify GWT, no exceedence of GWT, power for all manuevers
Obstacle avoidance, appropriate alignment, appropriate rate of closure, descent <300fpm

BRIEF

You are a Pl flying under the callsign FORGE25. You will execute all pilot on the controls/off the controls duties
and any actions directed by the RP.

AlWIN|—

You are flying a supply route and have just dropped a group of passengers. You are preparing to RTB from
your current location.

Flight profile after take-off is 1500’ MSL and 100 KIAS unless otherwise directed/required by conditions.

Just a reminder — pay attention for the audio cues to provide your workload ratings. Questions?
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SLEEP STUDY - Route 4 (IC 3, PPC 2)

Subject:

RP:

SET UP:

ICS: All pins down, 1 & 3-7 max volume, 2 1/2 volume; FPN: Route 4; INI: Empty 15700, Crew 600

EVENT MARK WHEN TRANSFERRING CONTROLS

EVENT| P* ACTION Response U/S REMARKS
1 [Subject|ITO IAW ATM
Notes:
2 |Subject|Frequency Change |Acknowledge call | |
Notes:
3 |Subject|Altitude Change |Adjust ALT | |
Notes:

Pass controls after climb

4 RP |[DUAL GEN FAIL [IAW FRC | | Anticipate unusual att. recovery
Notes:

5 RP |Frequency Change |Adjust FMS | |
Notes:

END ROUTE AT WP*

EVALUATION CRITERIA

400 AGL prior to turn, announced ROC (min 230-260 fpm), announced climb airspeed

Climb to 5000

Request A/S 80 KIAS, GEN RESET, GEN OFF, APU ON OR EMER APU ON

AN~

Adjust freq as req'd

BRIEF

You are a Pl flying under the callsign FORGE25. You will execute all pilot on the controls/off the controls
duties and any actions directed by the RP.

You are conducting an IFR training flight. You have received the following clearance: cleared to Sonoma
County as filed (direct), climb and maintain 4000, departure frequency 121.35, squawk 0421. You are about
to conduct a diverse departure from your current location.

Flight profile after take-off is 4000’ MSL and 100 KIAS unless otherwise directed/required by conditions.

Just a reminder — pay attention for the audio cues to provide your workload ratings. Questions?
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SLEEP STUDY - Route D (IC 3, PPC 2)

Subiject:

RP:

SET UP:
ICS: All pins down, 1 & 3-7 max volume, 2 1/2 volume; FPN: Route D; INI: Empty 15700, Crew 600
EVENT MARK WHEN TRANSFERRING CONTROLS
EVENT| P* ACTION Response u/s REMARKS
1 |Subject|ITO IAW ATM
Notes:

Pass controls after climb out
2 RP |Level Off Checks | | |
Notes:

3 |Subject|Unusual Att Recovery |IAW ATM | |Attain during level off checks
Notes:

Emergency transfer after establishing unusual attitude
4  |Subject|Attitude Change |Adjust as reqd | |
Notes:

END ROUTE AT WP**
... |
EVALUATION CRITERIA
400 AGL prior to turn, announced ROC (min 230-260 fpm), announced climb airspeed
AHTTA
Climb to 5000'
Request A/S 80 KIAS, GEN RESET, GEN OFF, APU ON OR EMER APU ON
BRIEF
You are a Pl flying under the callsign FORGE25. You will execute all pilot on the controls/off the controls
duties and any actions directed by the RP.

AlWIN|=

You are conducting an IFR training flight. You have received the following clearance: cleared to
Mountain View direct, climb and maintain 3000, departure frequency 135.025, squawk 4612. You are
about to conduct a diverse departure from your current location.

Flight profile after take-off is 3000’ MSL and 100 KIAS unless otherwise directed/required by conditions.

Just a reminder — pay attention for the audio cues to provide your workload ratings. Questions?
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SLEEP STUDY - Route 5 (IC 2, PPC 2)

Subject:

RP:

SET UP:

ICS: All pins down, 1 & 3-7 max volume, 2 1/2 volume; FPN: Route 5; INI: Empty 15700, Crew 600
CARGO HOOK: NORM, COCKPIT, ARMED

EVENT MARK WHEN TRANSFERRING CONTROLS

EVENT| P* ACTION Response u/is REMARKS

1 RP |Allowable weight calc 4288 want OGE HVR capable, Mark Stop/Start

Notes:

Pass controls before take off

2 |Subject|Attach Load [IAW ATM | [15-20 feet over WP 36, 10 trigger
Notes:

3 |Subject|Redirect for ROZ |Adjust as reqd | [MAGNUS WP 32
Notes:

Take controls after redirect call

4 RP |Calculate Endurance |Time Remaining | |Mark Stop/Start

Notes:

Pass controls after calculations

5 |Subject|Drop Load [IAW ATM | [15-20 feet AGL

Notes:

EVALUATION CRITERIA

GWT +/- 500 Ibs, time to calculate

Stable hover 15-20 feet above load for 15 sec prior to "LOAD HOOK"

Fuel Burn, BINGO requirement, calculate fuel and time margins, time to calculate

AW IN|=

Stable hover 15-20 feet above LZ for 15 sec prior to releasing load (P* triggered)

BRIEF

You are a Pl flying under the callsign FORGE25. You will execute all pilot on the controls/off the controls duties
and any actions directed by the RP.

You are conducting a sling load operation moving a 3,400Ib blivet from your airfield to LZ Raven. All cargo hook
checks have been completed and the switches are configured as required. You will pick up the load at 15’

RADALT. The scenario will begin prior to picking up your cargo.

Flight profile after take-off is 1500’ MSL and 100 KIAS unless otherwise directed/required by conditions.
Reminder that with a sling load you are limited to 30 degree bank angles and 140 KIAS VNE.

Just a reminder — pay attention for the audio cues to provide your workload ratings. Questions?

63



SLEEP STUDY - Route E (IC 4, PPC 3)

Subject:
RP:
SET UP:
ICS: All pins down, 1 & 3-7 max volume, 2 1/2 volume; FPN: N/A; INI: Empty 15700, Crew 600, Cargo 1500
EVENT MARK WHEN TRANSFERRING CONTROLS
EVENT| P* ACTION Response u/s REMARKS
1 RP |Calculate Power, HVR Check |##, IAW ATM
Notes:
Pass controls before take off
2 |Subject|Terrain Flight [lAaw ATM | |
Notes:
3 [Subject|Hoist (50 AGL) [lAW ATM | |
Notes:
4 |Subject|Loiter | | |
Notes:
5 |[Subject|Hoist (50 AGL) [law ATM | |
Notes:
EVALUATION CRITERIA
1 MTA, MGWT, GWT, HVR Q (Stop/Start Mark); verify GWT, no exceedence of GWT, power for all manuevers
2 |200' AHO or below, obstacle avoidance, general flight plan routing
3 Hover over hoist WP at 50 AGL for 15 seconds, HDG +/- 10 deg, Alt +/- 5', Drift NTE 10'
4
5 [Hover over hoist WP at 50 AGL for 15 seconds, HDG +/- 10 deg, Alt +/- 5', Drift NTE 10’

BRIEF

actions directed by the RP.

height will be 50’.
Flight profile after take-off is 1500° MSL and 100 KIAS unless otherwise directed/required by conditions.

Just a reminder — pay attention for the audio cues to provide your workload ratings. Questions?

You are a Pl flying under the callsign FORGE25. You will execute all pilot on the controls/off the controls duties and any

You are a MEDEVAC crew responding to a hoist mission in the nearby mountains. All hoist checks have been completed.
You will drop off your medic, loiter, and then return to recover both them and the patient. Conditions dictate that the hover
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Appendix E. Physiological Data Processing Procedures and Descriptions
EEG Data Processing

EEG recordings were processed in fixed-duration windows to compute workload-related
spectral metrics and generate topographic scalp maps. Processing was implemented in MATLAB
using the EEGLAB toolbox functions readlocs and topoplot for channel montage handling and
scalp plotting. The pipeline proceeded as follows:

1. Channel Labeling and Montage Mapping
a. EEG channel data were provided in the order:
i. {'Fpl.'F7,F8,T4.,'T6','T5,'T3"'Fp2','01",'P3",'Pz"'F3",'Fz','F4','C4",
'P4''POZ','C3",'CZz',/O2','/EOG'}.
b. Standard 10-20 system electrode coordinates were loaded from the
EEGLAB standard-10-5-cap385.elp file using readlocs. Channels from the
input dataset were matched to their standard positions with a custom label-
matching function, ensuring accurate spatial mapping for topographic
plotting.
2. Window Segmentation
a. The continuous EEG signal was divided into non-overlapping time
windows of variable duration, based on events recorded in the flight
simulator. For each window, data segments from all channels were
extracted for feature computation.
3. Spectral Analysis
a. Power spectral density (PSD) estimates were computed using Welch’s
method (pwelch) with a 2-second Hamming window and no overlap. Four
canonical frequency bands were defined:
i. Delta: 1-4 Hz
ii. Theta: 4-8 Hz
iii. Alpha: 8-13 Hz
iv. Beta: 13-30 Hz
b. Mean band power was computed for each channel by averaging PSD
values across the corresponding frequency bins.
4. Workload-Related Metrics
a. The following features were derived from channel-specific band powers:
i. Frontal Theta/Alpha Ratio: Mean theta-to-alpha ratio across frontal
electrodes (Fpl, Fp2, F3, F4, Fz).
ii. Frontal Beta/Alpha Ratio: Mean beta-to-alpha ratio across the
same frontal electrodes.
iii. Parietal Alpha Power: Mean alpha power across parietal electrodes
(P3, P4, Pz).
iv. Global Band Powers: Mean beta, alpha, theta, and delta power
across all available channels.
5. Topographic Mapping (Figure E1)
a. Two spatial maps were prepared for each analysis window:
i. Alpha Map: Log-transformed alpha power across channels.
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ii. Theta/Alpha Ratio Map: Channel-wise ratio of theta to alpha
power.

b. When enabled, both maps were plotted using topoplot (EEGLAB) with
interpolated scalp shading and consistent color scaling and saved as PNG
files labeled by time window.

6. Output Structuring

a. For each time window, computed metrics were stored in a structured
array. Each element of the array corresponded to one analysis window and
contained all numeric metrics along with the time boundaries of that
window. This method allows for consistent quantification of EEG spectral
features related to cognitive workload, while also providing spatial
visualization through EEGLAB’s topographic plotting capabilities.

Alpha Power | 0-29 s Theta/Alpha Ratio | 0-29 s

Figure El. Example of EEG topographic plots.
ECG Data Processing

ECG recordings were processed in fixed-duration time windows (e.g., corresponding to
flight simulator events, during task performance) to extract heart rate (HR), HRV, and
morphological metrics. The analysis was performed using a custom MATLAB function with the
following steps:

1. Window Segmentation
a. The continuous ECG signal was divided into analysis windows
corresponding to the events occurring in the flight simulator.
2. Bandpass Filtering
a. Within each window, the raw ECG was zero-phase Butterworth
bandpass filtered (1-40 Hz, 4™ order) to attenuate baseline drift and
high-frequency noise while preserving the QRS complex morphology.
3. Artifact Detection and Masking
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a. Signal artifacts were identified using a 2-second moving standard
deviation. Samples exceeding a threshold of five times the median
moving standard deviation were marked as artifacts and set to NaN to
exclude them from peak detection and metric calculations.

4. R-Peak Detection

a. R-peaks were identified in the cleaned ECG signal using a peak-
finding algorithm (findpeaks) with a minimum inter-peak distance of
0.3 s (~200 BPM upper limit) and a minimum height threshold of 200
uV (a consistent value surpassed by peaks recorded with the Polar H10
system). This ensured robust detection of QRS complexes while
avoiding false positives from noise.

5. RR Interval Cleaning

a. Inter-beat (RR) intervals were calculated from consecutive R-peaks
and constrained to a physiologic range of 0.3-2.0 s (30-200 BPM). RR
intervals outside this range were discarded to reduce the impact of
spurious detections.

6. Heart Rate and Time-Domain HRV Metrics
a. From the cleaned RR intervals, the following metrics were computed:
i.  HR (BPM): 60 divided by the mean RR interval.
ii.  SDNN: Standard deviation of RR intervals, reflecting overall
HRV.
iii.  RMSSD: Root mean square of successive differences in RR
intervals, reflecting short-term HRV.
iv. pNNS50: Percentage of successive RR interval differences
exceeding 50 ms.
7. Frequency-Domain HRV Metric

a. Welch’s power spectral density estimate was applied to the RR series
to compute the ratio of low-frequency (LF: 0.04-0.15 Hz) to high-
frequency (HF: 0.15-0.40 Hz) power. This LF/HF ratio was used as an
index of parasympathetic and sympathetic system balance.

8. QRS Amplitude Measurement

a. For each detected R-peak, the QRS amplitude was calculated as the
difference between the R-peak amplitude and the preceding trough.
The mean QRS amplitude across the window was reported.

9. Handling Insufficient Data

a. Ifawindow contained fewer than two valid RR intervals after
cleaning, all metrics for that window were set to NaN to indicate
insufficient data for reliable calculation.

10. Visualization and Output (Figure E2)

a. When enabled, two-panel plots were generated for each window: (a)
raw vs. filtered ECG and (b) cleaned ECG with R-peak markers.
Figures were automatically saved as PNG files named according to the
participant ID, window index, and time range.

b. This processing pipeline provides a consistent, windowed approach to
ECG analysis, incorporating both time- and frequency-domain HRV
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metrics as well as morphological features, while mitigating the
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Figure E2. Example of two-panel plots displaying raw vs. filtered ECG and cleaned ECG with
R-peak markers.

Eye Tracking and Pupillometry Data Processing

Pupil diameter data from the left and right eyes were first preprocessed prior to

automated analysis. All values greater than 8 mm or less than 1 mm were removed to exclude
physiologically implausible measurements. Additionally, any samples with a data quality score
below 0.1 (a deliberately liberal threshold) were removed to eliminate low-confidence points
from subsequent analysis.

After initial cleaning, pupil data were processed using a custom MATLAB function with

the following steps:

1. Time Alignment and Reference Adjustment
a. Timestamps for left eye, right eye, and electrooculography (EOG) signals
were converted to column vectors and shifted so that all signals shared a
common zero-time reference corresponding to the earliest recorded
sample.
2. Down-sampling
a. To ensure computational efficiency and reduce high-frequency noise,
pupil signals sampled above the nominal sample rate for an eye tracking
system (e.g., 60 Hz for Smart Eye and 120 Hz for Pupil Labs) were down-
sampled to approximately 50 Hz.
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10.

11

12.

13.

. Median Filtering of Short Spikes

a. Short-duration spikes (~200 ms) were suppressed using a median filter,
reducing the influence of transient noise while preserving true pupil
responses.

EOG-Based Blink Detection

a. Blinks were identified using bandpass-filtered (0.5-8 Hz) EOG signals and
z-score thresholding. Blink onset and offset times were determined by
merging temporally close blink events and anchoring to peak deflections.
The number, duration, and amplitude of blinks were computed from the
EOG signal.

Time Span Synchronization

a. Left and right pupil time series were truncated to a common time span to
ensure consistent analysis across both eyes.

Mapping Blinks to Pupil Data

a. Blink periods detected in the EOG signal were mapped to corresponding
pupil timestamps for each eye.

Combining Eyes into a Single Signal

a. Left and right pupil data were interpolated onto a common time grid at the
pupil sampling rate and averaged, omitting missing values.

Blink-Related Data Removal and Gap Filling

a. Data 100 ms before and £200 ms after each blink were removed (set to
NaN) to eliminate blink-induced artifacts. Short gaps were filled using
linear interpolation, provided the gap duration was below a specified
maximum.

Correlation-Based Blink Refinement

a. A second pass identified additional blink artifacts by correlating EOG
deflections and pupil constriction patterns (EOG z-score > 1 and pupil z-
score < -1). Affected data segments were removed and short gaps
interpolated.

Velocity Filtering and Baseline Floor

a. Samples with absolute pupil velocity greater than 1 mm/s were removed,
as were filtered values below a 0.5 mm baseline floor. Short gaps were
interpolated.

. Frequency-Domain Smoothing

a. Pupil data were low-pass filtered at 4 Hz (zero-phase Butterworth filter) to
suppress high-frequency noise.

Metric Computation

a. Windowed pupil metrics were computed, including mean diameter, peak
diameter, standard deviation, blink count, blink rate, spectral unrest power
(0.05-1 Hz), and the ratio of low-frequency to high-frequency power
(0.05-1 Hz vs. 1-4 Hz). EOG-derived blink metrics were also reported.

Visualization and Output (Figure E3)

a. Ifenabled, time series plots of the left, right, and averaged pupil signals
were generated, overlaid with blink periods. Processed EOG traces with
blink onsets were also plotted. Figures were saved to the designated output
directory.
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b. This method integrates both spatial (binocular combination) and temporal
(artifact removal and smoothing) processing steps, with EOG-driven blink
detection ensuring robust artifact rejection. The resulting cleaned and
interpolated pupil time series enable reliable computation of
physiologically meaningful metrics.

Pupil | Mean=4.23 Peak=5 93 Blinks=16
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Figure E3. Example of EOG plots.
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