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Background

Maintaining adequate situational awareness (SA) during flight is an integral aspect of
being able to maintain performance. SA has been defined as, “a person’s perception of the
elements of the environment within a volume of time and space, the comprehension of their
meaning and the projection of their status in the near future” (Endsley, 1995, p. 65). During
routine flight operations, circumstances can arise that reduce SA. Examples of circumstances that
may reduce or alter aviators’ SA include, but are not limited to, unanticipated changes in task
requirements and operational tempo, equipment failures, erroneous information presented, and
the environmental conditions, such as those that cause degraded visual environments (DVE)
(e.g., dust, fog, snow, glare, and darkness). The loss of accurate SA can reduce mission
effectiveness and is a common cause of accidents.

One method to increase aviator performance and SA is to provide aviators with
multisensory cueing systems that deliver cues through multiple senses, such as visual, auditory,
and tactile. Most cues that aviators receive during flight are visual. These include visual alerts
inside the cockpit (similar to a “Check Engine” light in an automobile), symbology depicting the
flight path, and environmental cues out-the-window (e.g., trees, towers). Auditory alerts are also
common in the cockpit, such as alerts indicating when malfunctions occur. However, to-date,
tactile cueing is not used within Army aircraft. With most of the cueing being delivered visually,
the likelihood of an aviator becoming visually overloaded is high. Therefore, the delivery of cues
to other senses could help distribute the cognitive resources being used to attend to the cueing.
The benefits of multisensory cueing on workload can be understood with Wickens’ multiple
resource theory (1980; 1984; 2002; 2008) that, in summary, posits that humans have different
“pools” of cognitive resources that correspond to different task domains, such as auditory and
visual. More than one task requiring resources from the same pool (e.g., all flight information
displayed visually) will increase cognitive workload. Alternatively, tasks utilizing resources from
different pools (e.g., some information presented visually, some auditorily) will “balance”
workload because resources from one pool are not depleted, thus reducing the likelihood of
overload. The ability to readily interpret and use information without becoming cognitively
overloaded then increases an individual’s SA (Wickens, 2002). Auditory and tactile sensory
modalities present a viable option for the delivery of cues and have already been established
within the literature to significantly reduce workload and improve performance on a variety of
tasks (e.g., Baldwin et al., 2012; Hancock et al., 2013; Hancock et al., 2015; Hopkins et al.,
2017; Kelley et al., 2012; Oskarsson et al., 2012).

Although distribution of cueing via multiple senses should aid in reducing aviators’
workload and increasing SA, there is also the potential to overload the aviator with too many
cues. As such, it is critical to identify which tasks to provide cues for and whether to provide the
cue using multiple modalities. For example, a low altitude cue could be delivered both visually
and auditorily. It is not only important to determine the right types of cues to utilize for
delivering important information, but also to pair the cue mechanism with the task. For example,
Hopkins et al. (2017) examined the delivery of cues using both auditory and tactile modalities
during a dual task of varying workload. The authors found that the benefits of auditory and
tactile cues for accuracy on a visual task depended on task type, where the auditory cues
impeded performance when the secondary task type was an auditory task. Along similar lines, a
meta-analysis of studies examining the use of tactile and visual information displays to improve
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task performance concluded that how the tactile cues were used (e.g., alerting, providing
orientation information) played a significant role in how they impacted behavior, and that tactile
cues paired with visual cues often yielded improved performance when compared to visual cues
alone (Prewett et al., 2012). In addition to determining how the environment needs to be
presented, determining the influence of individual differences in sensory capabilities on how that
information is used is key. For example, individuals may be more or less sensitive to tactile cues
delivered on the torso depending on body type (Tamé et al., 2019). These differences in
sensitivity thresholds can translate to differences in how (and if) these cues are perceived and
used during flight. Moreover, the sensitivity level of the cue itself may interact with differences
in sensory capabilities, as well as individual preferences, to further impact performance. For
example, tactile cues with a higher sensitivity level (tactile cues that are delivered more
frequently) may be more readily perceived by someone who is less sensitive to tactile cues.

The objectives of this study were to evaluate how different combinations of auditory and
tactile cueing sensitivity levels impacted aviator performance. Here we defined sensitivity as the
threshold for which a cue would be triggered. High sensitivity settings would result in a lower
threshold required for triggering a cue, such as a cue being triggered at 5-foot (ft) increments
versus 10-ft increments. Low sensitivity settings would result in the opposite, where higher
increments triggered a cue, such as the 10-ft increments. In addition to effects on performance,
we also evaluated how these settings affected workload and SA both during and after using the
system, and subjective impressions of the system’s usability after its use. Workload and SA were
assessed during flight through physiological and subjective measures. Physiological measures to
detect changes in aviator workload and likely loss of SA include cortical activity measured
through electroencephalogram (EEG), heart rate (HR), and heart rate variability (HRV)
measured through electrocardiogram (ECG), and various measures of eye activity, such as gaze
patterns and pupil diameter (for a review, see Borghini et al., 2014 and Brookhuis & de Waard,
2010). Additionally, subjective measures of workload and SA were used, to include the Crew
Status Survey (CSS) workload scale (Ames & George, 1993) modified into an Instantaneous
Workload Rating, the NASA Task Load Index (NASA-TLX) (Hart & Staveland, 1988), and the
Situation Awareness Rating Technique (SART) (Taylor, 1990). Inclusion of multiple measures
increases the likelihood of capturing subtle changes during tasks with performance and
psychophysiological measures, and the subject’s perspective at the completion of the task (de
Waard & Lewis, 2014). The impact of individual differences in sensory capabilities on the use
and perception of the different cueing modalities were assessed through various behavioral and
clinical tests (e.g., speech in noise assessment, vision assessment).

The following hypotheses were tested:

H1: By manipulating cueing sensitivities for combinations of auditory and tactile cueing
at different levels (e.g., tactile high sensitivity, auditory low sensitivity), the combination of low
tactile and low auditory cueing will result in overall improved flight performance.

H2: By manipulating cueing sensitivities for combinations of auditory and tactile cueing
at different levels (e.g., tactile high sensitivity, auditory low sensitivity), the combination of low
tactile and low auditory cueing will result in reduced workload and increased situational
awareness.



Hs: Evaluation of individual performance when cueing sensitivities match personal
preference compared to non-preferred cueing combinations will result in better performance at
the individual level.

Ha: Individual differences in sensory capabilities will affect performance, such that when
cueing sensitivity levels match sensory capabilities, performance will be improved.

Methods
Study Design

The study used a within-subjects design to assess the effects of cueing sensitivity
configurations on aviators’ flight performance, cognitive workload, and situational awareness.
There were two within-subjects factors: tactile sensitivity (high vs. low) and auditory sensitivity
(high vs. low). Specifically, we evaluated the following combinations of auditory (AUD) and
tactile (TAC) cueing: 1) low AUD + low TAC; 2) high AUD + low TAC; 3) low AUD + high
TAC; and 4) high AUD + high TAC.

Participants

Sixteen aviators, recruited from the local Fort Novosel, AL area, consented to participate
in the study. All participants were current and qualified pilots in the UH-60 helicopter and
possessed current DD-2292 up-slips indicating good health. Participants had a range of
experience flying the UH-60M, ranging from zero to 2000 hours (M = 687.19, SD = 758.32).
UH-60M hours were of interest here as that is currently the most advanced model of the UH-60,
and the configuration of the simulator used in this study. Flight hours within the past year,
regardless of airframe, ranged from 20 to 400 hours (M = 170.26, SD = 139.14).

Materials

Two separate systems were used to deliver multisensory cues. These included the
standard Army-issue communication earplugs (CEPs) (Communication and Ear Protection, Inc)
and the Tactile Situational Awareness System (TSAS) (Engineering Acoustics, Inc.). The CEPs
delivered the spatial audio sonifications for obstacle detection (further described below) and
were worn in combination with the headset used in the simulator. TSAS delivered tactile cues
through a waist belt and shoulder harness worn by the participant, and a seat cushion that
participants sat on.

Description of cueing.

The multisensory cueing system that was assessed in this study consisted of components
of the Integrated Cueing Environment (ICE). ICE was developed by researchers at the Army’s
Aviation and Missile Command (Godfroy-Cooper et al., 2019). ICE is a cueing system that
consists of three cueing components: visual, auditory, and tactile. Visual cueing in this study was
displayed on the traditional panel-mounted display. The entirety of visual symbology that makes
up ICE are provided in Appendix B. Two visual symbols that are of particular interest are
included here. These are the vertical speed indicator (Figure 1 below) and the vertical speed
“cup” (Figure 2 below). Both of these symbols provide the aviator with feedback regarding
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current vertical speed. These are important indicators of performance during the approach phase
of flight, which is the phase of flight where a majority of accidents occur (Payan et al., 2017).

Current vertical speed

(-100 ft/min for each
index mark)

Target vertical speed

Figure 1. Vertical speed indicator (VSI).

LZ @3 CALVERT

DIST 262 FT

I3 fcc ED) HOVER
ottom of “cup

is outlined green when
horizontal velocity is
within the desired
guidance tolerance.

2240 HAL

Figure 2. Vertical speed cup.



Auditory cueing includes spatial audio (described in detail in Godfroy-Cooper, 2018;
Miller, 2018; Miller, 2019) for obstacle detection and warnings, and auditory alerts for altitude,
heading, speed, drift, and power lines (summarized in Appendix B). Tactile cueing was provided

using the TSAS, which provides cues for obstacle detection, altitude, and airspeed. Cues
regarding the presence of obstacles were delivered using an obstacle threat space assessment,
which is described in Appendix B, Figures B14-B22. Cue sensitivities for this study were
manipulated for the following tasks: hover position keeping (TSAS), approach to hover/landing
(TSAS), and obstacle detecting (see Table 1 below).

Table 1. Description of Cue Settings

Task cued Modality High sensitivity settings Low sensitivity settings
Hover position _ 3-6 ft error - seat at 1 Hz 6-9 ft error - seat at 1 Hz
hold Tactile 6-9 ft error - shoulder at 2 Hz ~ 9-12 ft error - shoulder at 2 Hz
> 9 ft error - shoulder at 4 Hz > 12 ft error - shoulder at 4 Hz
Approach to _ 150-300 FPM - seat at 1 Hz 150-450 FPM - seat at 1 Hz
landing/hover Tactile 300-450 FPM - seat at 2 Hz > 450 FPM - seat at 4 Hz
> 450 FPM - seat at 4 Hz

Auditory | Small threat region Large threat region

Obstacle

detection

Tactile | Caution region only Caution region only

Note. ft = feet; Hz = hertz; FPM = feet per minute
Questionnaires.

Various questionnaires and survey instruments were used to evaluate individual
differences that may impact response to baseline data and performance outcomes. All
questionnaires and survey instruments, along with their descriptions, are presented in Table 2.

Table 2. List of Instruments and Descriptions

Description
The STQ is an 18-item self-report measure of sleep habits and
requires 3 minutes for completion. Research shows it to be valid (such
that it correlates with sleep diary information) and reliable across
repeated administrations (Monk et al., 2003). Key outcome measures
included sleep quantity (minutes) and wake after sleep onset
(minutes).
The STAI is used to measure anxiety (Spielberger et al., 1983). The
STAI is 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. Key outcome measures were total
score for state anxiety and trait anxiety.

Instrument
Sleep Timing
Questionnaire (STQ)

State-Trait Anxiety
Inventory (STAI)




Beck Depression
Inventory (BDI)

Depression symptoms were measured using the Beck Depression
Inventory-I1 (BDI-II; Beck et al., 1996). The BDI-II is a commonly
used 21-item, multiple-choice, self-report inventory that captures
affect, cognition, and physical symptoms of depression over the most
recent two-week period. Higher scores are correlated with greater
endorsement of depression symptoms. The key outcome measure was
the total score.

Karolinska
Sleepiness Scale
(KSS)

The KSS is a well-validated single item questionnaire that asks
subjects to rate how sleepy they feel at the moment (Kaida et al.,
2006). The KSS measures daytime sleepiness with higher scores
indicating greater daytime sleepiness. The key outcome measure was
subjects’ daytime sleepiness score.

Convergence
Insufficiency
Symptom Survey
(CISS)

The CISS is a 15-item questionnaire that asks participants to rate the
severity of symptoms consistent with convergence insufficiency
(Borsting et al., 1999). Specifically, participants rate 15 statements
about how their eyes feel when reading or doing close work on a
Likert-type scale from 0 (never occurs) to 4 (always). Key outcome
measures were total composite scores, with higher scores indicating
greater endorsement of symptoms characteristic of convergence
insufficiency and oculomotor functioning.

Shipley Institute of
Living Scale (SILS)

The SILS was designed to assess general intellectual functioning in
adults and adolescents, and to aid in detecting cognitive impairment in
individuals with normal original intelligence. Key outcome measures
were vocabulary, abstraction quotient, and combined total score.

Demographic
questionnaire

The demographic questionnaire allows subjects to provide basic
demographic information that includes rank, ethnicity, basic medical
information, career history (e.g., number of deployments), and
education history, in addition to flight experience. The key outcome
measures were age and flight experience.

Self-Assessment of
Training Survey

The Self-Assessment of Training Survey is a five-item survey that
was developed in-house. This survey uses a 10-point Likert scale and
asks the participant to indicate the extent to which they agree with a
statement where 1 = strongly disagree and 10 = strongly agree. Key
outcome measures were the participant’s level of knowledge
regarding various aspects of the advanced pilot cueing system.

NASA Task Load
Index (NASA-TLX)

The NASA-TLX is a questionnaire that measures subjective workload
(Hart & Staveland, 1988). The subject 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. Key outcome measures were the weighted total
workload score and scores for the six subscales.

Usability
Questionnaire

The usability questionnaire is an in-house-developed questionnaire
from the U.S. Army Combat Capabilities Development Command
(DEVCOM) Data Analysis Center that was used to assess the
usability of the different aspects of the advanced pilot cueing system.
Subjects were asked to rate how usable each element of the system is




by selecting from one of the following: not applicable, unsatisfactory,
very poor, poor, good, very good, or excellent. The key outcome
measure was the ranked order of preferred cueing.

Trust in Automation
Questionnaire

The trust in automation questionnaire is a questionnaire developed in-
house by the DEVCOM Data Analysis Center. This questionnaire was
used to assess subjects’ trust in the different aspects of the cueing
system. For each aspect of the cueing system, subjects were asked to
rate four statements using a 5-point scale ranging from “strongly
disagree” to “strongly agree.” The key outcome measure was
subjects’ trust in the cueing system.

Instantaneous Self-
Assessment of
Workload (ISAW)

Workload was measured in-flight by requesting participants to rate
workload using an adaptation of the ISAW Technique (Brennen,
1992; Jordan, 1992). In this adaptation, participants rated workload
using the Crew Status Survey Workload Scale (Ames & George,
1993) with ratings defined below. Workload ratings were visually
displayed in the out-the-window view and panel-mounted display.
Participants provided an initial rating and then were asked to provide
updated ratings as they felt their workload changed. A member of the
study team would also prompt for updated ratings. Ratings were
recorded by a member of the research team.

Ratings:

Nothing to do; no system demands

Light activity; minimal demands

Moderate activity; easily managed; considerable spare time
Busy; challenging but manageable; adequate time available
Very busy; demanding to manage; barely enough time
Extremely busy; very difficult; non-essential tasks postponed
Overloaded; system unmanageable; essential tasks undone;
unsafe

NogkrwnpE

Usability Metric for
User Experience
(UMUX)-LITE

The UMUX-LITE is a two-item rating scale that measures perceived
usability (Lewis et al., 2013). Participants rated each of the items
using a 7-point scale ranging from 1 “strongly disagree” to 7 “strongly
agree.”

Situation Awareness
Rating Scale

The Situation Awareness Rating Scale is an in-house-developed scale
from the DEVCOM Data Analysis Center and was used to assess
participants’ perceived internal and external situational awareness.
Participants were requested to rate internal and external situational
awareness using a 10-point scale that ranges from “high” (1-3),
“moderate” (4-6), “low” (7-9), to “none” (10). Internal awareness is
defined as the aircraft’s state and performance (e.g., heading, speed),
while external is defined as the visual scene or sensor image

(e.g., terrain slope, obstacles).

Situation Awareness
Rating Technique

The SART was used to measure situation awareness post-flight
(Taylor, 1990). The SART uses the following ten dimensions to
measure SA: familiarity of the situation, focusing of attention,




(SART)

information quantity, information quality, instability of the situation,
concentration of attention, complexity of the situation, variability of
the situation, arousal, and spare mental capacity. Participants rated
each dimension on a seven-point rating scale (1 = low; 7 = high)
based on their performance during the flights.

Sensory Capabilities Tasks

Three tasks were used to measure sensory capabilities. Each task represented one of the
sensory modalities to which cues were delivered (vision, audition, tactile).

Table 3. List of Sensory Capabilities Tasks and Descriptions

Task Description

Operational ~ The OBVA is used to evaluate color vision sensitivity, stereo vision acuity,

Based Vision and fusional range, which are all measures of visual accuracy that might be

Assessment  impacted by macular pigment density. The OBVA is a computer-based

(OBVA) battery of assessments interfaced with a remote control for data collection. A

high color contrast monitor is used for the color vision test. The stereo vision
test uses a standard monitor display to determine fusional range. Outcome
measures for this task include color vision, stereo vision acuity, and fusional
range.

QuickSIN The QuickSIN presents participants with sets of six sentences with five key
words per sentence in four-talker babble noise. The sentences presented are
pre-recorded signal-to-noise ratios (SNRs) that decrease in 5-decibel (dB)
steps from 25 (very easy) to 0 (extremely difficult). The SNRs used are 25,
20, 15, 10, 5, and 0, encompassing normal to severely impaired performance
in noise. The QuickSIN is scored by marking correct key words repeated
from each sentence. The SNR loss is calculated by subtracting the total
number correct from 25.5 and averaged from each set of sentences. The key
outcome measure for this task is the SNR loss value.

Tactile For this task, participants identified the location of a tactile stimulus,
Choice presented in one of eight locations on the torso. To challenge the ability to
Detection detect and localize the stimuli, participants wore noise-cancelling headphones
Task with white noise playing. The task required participants to indicate whether

the target was present and at which location. A vibration was randomly
delivered to one of the eight torso locations. A target stimulus was present in
80% of the trials (20% were “catch trials,” where the target is absent to
determine a false-alarm rate). When a stimulus occurred, participants were
asked to report the location at which they detected the target stimulus.
Participants indicated the location by selecting from a diagram of location
options displayed on the computer. Key outcome measures for this task
included location accuracy conditional on detection (accuracy in localizing
stimuli detected vs. missed) and accuracy within one tactor location.




Equipment
Flight simulator.

Data were collected using the U.S. Army Aeromedical Research Laboratory’s
(USAARL) NUH-60 research flight simulator. It consists of a simulator compartment containing
a cockpit, instructor/operator station, an observer station, and a six-degree-of-freedom motion
system. It is equipped with an Rsi CV10R dome and eight Barco FS40 projectors which simulate
natural helicopter environment surroundings for day, dusk, or night, and with blowing sand or
snow. A Dell Precision laptop receives information concerning changes in the aircraft/simulator
state parameters at a 60 hertz (times per second) capture rate. The spatial resolution is 1/256 of a
foot, and data files are reported to two decimal places.

Electroencephalogram (EEG).

EEG data were collected using the B-Alert X-24 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, T5, T6, O1, O2). Power spectral density (PSD) values were
computed using the automated algorithms provided through the B-Alert Live Software (B-Alert
Live, 2009). Prior to computing PSD values, artifacts were identified and removed using the
Advanced Brain Monitoring algorithms for artifacts associated with electromyography (EMG),
eye blinks, excursions, saturations, and spikes (B-Alert Live, 2009). PSD values evaluated in this
study were from the following frontal channels: Fpl, Fp2, F7, F3, Fz, F4, and F8, with values
averaged across each flight scenario as well as averages for phases of flight of interest to be used
in data analyses. The PSD frequency ranges included in this study were alpha (9-13 Hz), beta
(14-30 Hz), and theta (4-8 Hz).

EEG data were segmented by flight phase using the approach segment start and stop
times extracted from the simulator data files. These times were generated from the simulator’s
internal clock time, which does not synchronize with other clocks (such as the EEG computer’s
clock) as the simulator computer remains fully off-line, not connected to the internet. As such,
the research team entered markers into the EEG data when the simulator started and stopped
recording data. Next, we compared the total time (in seconds) of the simulator recording to the
time between EEG markers. This time difference ranged from 0.14 seconds to over 400 seconds.
Approximately 30% of the data had a time difference less than 5 seconds. Approximately 50% of
the data had a time difference less than 10 seconds. We opted to use the end (stop) marker to
align the data, with the assumption that the end marker for the EEG data collection occurred at
the same time the simulator stopped collecting data.

Eye tracking.

Data were collected using the Pupil-Core binocular headset (Pupil Labs, Berlin,
Germany). The Pupil-Core camera system utilizes small (0.5 centimeter [cm] x 1.5 cm) cameras
mounted on a lensless frame similar to eyeglasses. The cameras were positioned to a location 2-4
cm off each cheek, outside of the forward visual field so that they did not obstruct vision or
interfere with task performance. This camera system collected pupil-size, and gaze-position



information using an infrared, pupil-based, eye-tracking approach (Kassner et al., 2014). Prior to
data collection, a calibration, consisting of a series of dots or landmarks located in the primary
field of view of interest that appear to the participant one at a time was performed. The
participants’ responsibility is to fixate on each dot until it disappears and continue this process
through the matrix of fixation points. The visual landscape was collected using a forward-facing
camera, which was then matched to a reconstructed cockpit model, upon which the gaze-position
information was registered for fixation and gaze-pattern analysis.

Electrocardiogram (ECG).

ECG data were collected using the BioPac MP150 base unit with electrocardiogram
amplifier module (ECG100). Single-lead electrodes were placed on each of the participant’s
clavicles and one below the right pectoral area. Data were sampled at a rate of 1000 Hz. The raw
ECG data was imported from Biopac files and pre-processed using a 0.5 Hz high-pass
Butterworth filter and a 60 Hz powerline filter. The signal was then divided into 60-second
segments for feature extraction. R-peaks, representing ventricular depolarization, were identified
within each segment. Heart rate variability (HRV) was calculated by measuring the time
difference between consecutive R-peaks. HRV indices, such as the mean and standard deviation,
were then computed using these time differences.

Procedure

Participation in this study consisted of two parts. The first part included consenting,
screening, measuring of sensory capabilities, and training. The training portion of the study took
place over multiple visits, ensuring participants were familiar with the advanced cueing system
prior to beginning testing. The second part included completion of a series of simulated flights
where the flight environment was manipulated.

Participants were required to meet the following guidelines prior to data collection
activities: 1) avoid taking medications that cause drowsiness; 2) not consume alcohol or
sedatives 24 hours prior; 3) not consume nicotine 2 hours prior; and 4) not consume caffeine 16
hours prior. Participants were screened for compliance upon arrival at the laboratory using self-
report. There were no participants rescheduled due to noncompliance.

Part one - training/screening.

During part one, participants completed informed consent procedures. After written
consent was obtained, participants completed a series of electronic questionnaires consisting of
the demographics questionnaire, Sleep Timing Questionnaire, Beck Depression Inventory, State-
Trait Anxiety Inventory, Convergence Insufficiency Symptom Survey, followed by a hardcopy
Shipley Institute of Living Scale. Sensory capabilities were assessed using the Operational Based
Vision Assessment, QuickSIN, and the Tactile Choice Detection Task. Following this,
participants engaged in their initial training activities, followed by completion of the Self-
Assessment Training Survey regarding their comfort with the training received. Once proficiency
was reached, participants completed one final flight to practice ISAW ratings prior to the testing
session. All training was completed within the same week over the course of two days. Training
activities are described in Appendix C.
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Part two - simulated flight tests.

The second part of the study consisted of a series of tasks over the course of one day.
Upon arrival, participants completed the KSS to assess current level of sleepiness. Next, a
familiarization training in the simulator was conducted with a research pilot for a maximum of
two hours. No participants exceeded the time limit for familiarization training. Participants also
completed practice on the ISAW ratings. Following familiarization training, the physiological
recording devices were placed on the participants and baseline data was collected. Test flights
consisted of two routes with each including three flight scenarios featuring different missions (air
assault, resupply, medical evacuation [MEDEVAC]). These missions are listed below along with
the maneuvers performed during each mission (Table 4). Participants were instructed to maintain
airspeeds between 80 and 90 knots indicated air speed (KIAS) and to maintain altitude at or
below 300 feet above ground level (AGL). The research pilot provided verbal indications to the
participant in the event that the parameters were exceeded or were trending to become exceeded.

Table 4. Summary of Flight Mission Tasks

Mission Maneuvers
Air Assault VMC takeoff
VMC approach

Terrain flight
Shipboard operations

Resupply VMC takeoff
VMC approach
Terrain flight
Landing

MEDEVAC VMC takeoff
VMC approach
Rescue hoist operations
Landing

Note. VMC = visual meteorlogical conditions

Presentation of routes were varied across participants, while the order of missions
remained the same (i.e., air assault to resupply to MEDEVAC). Each route included one of four
workload manipulations (Table 5 below). The manipulations were presented in a
counterbalanced order across the cueing configurations to ensure participants did not become
complacent with repeated flights. The mission types were selected to reflect anticipated
operations of the Future Attack Reconnaissance Aircraft and Future Long-Range Assault
Aircraft, as described by Northrop et al. (2020).

This space is intentionally blank.
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Table 5. Workload Manipulations

Option number Manipulation Description

Option 1 Emergency malfunction/ Boost servo malfunction

procedure
Option 2 Weather Clouds and decreased visibility
Option 3 Co-pilot experience level Co-pilot low experience in UH-60M
Option 4 Airspeed Increased airspeed requirements

Note. The co-pilot was always the Research Pilot.

Each mission scenario lasted approximately 10 minutes, resulting in approximately 30-
minute routes. During each scenario, flight performance data (Table 6) and physiological data
were continuously collected. The ISAW ratings were collected throughout the duration of each
flight scenario. Additional subjective data (NASA-TLX, Usability Questionnaires, Situation
Awareness Rating Technique, UMUX-L.ite, and the Trust in Automation Questionnaire) was

collected at the end of each scenario.

Table 6. Simulator Variables Collected for Each Phase of Flight

Phases of flight

Outcome variable Units Definition
captured

RMSD heading Degrees Higher deviations = worse Takeoff, approach, hover,
deviation performance landing
RMSD lateral Feet (ft) Higher deviations = worse En-route
deviation performance
RMSD speed Knots (kts) Higher deviations = worse En-route, approach
Deviation performance
Time in VSI box Seconds (s) Increased amount of time = Approach

better performance
Time inspeed cup  Seconds (s) Increased amount of time = Approach

better performance
RMSD altitude Feet (ft) Higher deviations = worse Hover
deviations from performance
50 ft
Time in target Seconds (s) Increased amount of time = Hover

altitude box

better performance

Note. RMSD = root mean squared deviations

Results

Analyses were conducted using R version 4.2.1 (R Core Team, 2022; RStudio Team,
2022). The following packages were used for analyses: ImerTest (Kuznetsova et al., 2017),
rstatix (Kassambra, 2023), and tidyverse (Wickham et al., 2019). The identification and removal
of outliers are discussed within the descriptions of findings below. Unless otherwise stated in the
text, analyses were done using mixed-effects linear regression models, consisting of a fixed
effect of condition with a random intercept for each participant, to assess the effects of cueing
conditions. Total UH-60M flight hours were explored as a covariate in several of the models.

12



However, none found a significant relationship between condition and flight hours, so flight
hours were removed from the final models.

Hai: By manipulating cueing sensitivities for combinations of auditory and tactile cueing
at different levels (e.g., tactile high sensitivity, auditory low sensitivity), the combination of low
tactile (TAC) and low auditory (AUD) cueing will result in overall improved flight performance.

To evaluate this hypothesis, primary outcome measures from each of the following four
phases of flight, takeoff, en-route, approach, and hover (MEDEVAC missions only), were
evaluated separately.

Takeoff

The heading deviations dataset had a right-tailed distribution with overall mean and
median values of 3.39 and 2.91, respectively. To account for the skewed distribution, a square
root transformation of the dependent variable was completed. Cueing condition did not have a
statistically significant effect on heading deviations during takeoff, F(3, 173) = 1.29, p = 0.281.
Descriptive statistics for RMSD heading deviations are reported in Table 7 below.

Table 7. Takeoff Descriptive Statistics

Condition N Mean (deg) SD
High AUD/High TAC 46 3.70 2.93
High AUD/Low TAC 45 3.12 2.13
Low AUD/High TAC 49 3.10 2.36
Low AUD/Low TAC 48 3.63 1.91

En-Route

Separate models were used to assess the effects of cueing conditions on the two outcome
measures (lateral deviations and speed deviations). Regarding lateral deviations, there was right-
tailed distribution with overall mean and median values of 106 and 90, respectively. After three
outliers with values > 500 were removed, the overall mean and median values were 100 and 89,
respectively. To account for the skewed distribution, a log transformation was completed.
Regarding speed deviations, there was a right-tailed distribution with overall mean and median
values of 21.4 and 18.9, respectively. To account for the skewed distribution, a log
transformation was also completed. Cueing condition did not have a statistically significant
effect on lateral deviations, F(3, 297) = 0.28, p = 0.843 nor speed deviations,

F(3, 300) = 1.01, p = 0.391. Descriptive statistics for each are reported in Table 8 below.

Table 8. En-Route Descriptive Statistics

Lateral deviations Speed deviations
Condition N Mean (ft) SD N Mean (kts) SD
High AUD/High TAC 77 103 5540 78 22.6 8.38
High AUD/Low TAC 76 102 59.10 76 21.5 8.80
Low AUD/High TAC 81 98.7 50.50 82 21 8.58
Low AUD/Low TAC 78 96 48.60 79 20.7 8.61

13



Approach

Separate models were used to assess the effects of cueing conditions on the outcome
measures (heading deviations, speed deviations, time in VSI box, and time in speed cup).

Heading deviations had a right-tailed distribution with overall mean and median values of
7.5 and 4.8, respectively. After five outliers, with values > 50, were removed, the overall mean
and median values were 6.2 and 4.8, respectively. To account for the skewed distribution, a log
transformation of the dependent variable was completed. Cueing condition did not have a
statistically significant effect on heading deviations, F(3, 293) = 1.49, p = 0.217.

Speed deviations had a very slightly skewed distribution with overall mean and median
values of 18.9 and 18.2, respectively. There were no outliers. To account for the skewed
distribution, a log transformation of the dependent variable was completed. Cueing condition did
not have a statistically significant effect on speed deviations, F(3, 299) = 1.42, p = 0.238.

Time in the VSI box had a right-tailed distribution with overall mean and median values
of 11.5 and 8.3, respectively. After one outlier, with a value > 60 was removed, the overall mean
and median values were still 11.5 and 8.3, respectively. To account for the skewed distribution, a
square root transformation was completed. Cueing condition had a statistically significant effect
on time in the VSI box, F(3, 297) = 3.76, p = 0.011. A post hoc analysis, consisting of pairwise
comparisons of the cueing conditions, revealed the following effects of cueing condition:

e Time in VSI box was significantly longer in the Low AUD/Low TAC condition
than in the High AUD/High TAC condition, F(1, 141) = 4.19, p = 0.043.

e Time in VSI box was significantly longer in the Low AUD/High TAC condition
than in the High AUD/Low TAC condition, F(1, 142) = 4.59, p = 0.034.

e Time in VSI box was significantly longer in the Low AUD/High TAC condition
than in the High AUD/High TAC condition, F(1, 144) = 11.1, p = 0.001.

Time in the speed cup had a right-tailed distribution with overall mean and median values
of 17.3 and 13.4, respectively. There were no outliers. To account for the skewed distribution, a
square root transformation of the dependent variable was completed. Using data from both
segments, cueing condition did not have a statistically significant effect on time in the speed cup,
F(3,298) = 0.31, p = 0.820.

This space is intentionally blank.
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Table 9. Approach Descriptive Statistics

Heading Speed deviations Time in VSl box  Time in speed cup
deviations (deg) (kts) (s) (s)

Condition N Mean SD N Mean SD N Mean SD N Mean SD
High AUD/
HighTAC 74 632 498 77 2010 7.02 77 900 769 77 16.70 15.20
High AUD/
Low TAC 75 575 483 76 1770 7.02 75 10.60 829 76 17.70 15.30
Low AUD/
High TAC 82 580 432 82 1860 7.44 82 13.00 1160 82 1570 13.90
Low AUD/
LowTAC 78 6.86 550 79 1910 7.62 79 1260 1250 79 19.30 18.10
Hover

Separate models were used to assess the effects of cueing conditions on the outcome
measures (altitude deviations, time in target altitude box, and heading deviations).

Altitude deviations had a right-tailed distribution with overall mean and median values of
12.1 and 7.2, respectively. After two outliers, with values > 50 were removed, the overall mean
and median values were 9.6 and 7.1, respectively. To account for the skewed distribution, a log
transformation was completed. Cueing condition did not have a statistically significant effect on
altitude deviations, F(3, 35) =0.79, p = 0.508.

Time in the target altitude box had a right-tailed distribution with overall mean and
median values of 4.5 and 3.3, respectively. There were no outliers. Cueing condition did not have
a statistically significant effect on time in target altitude box, F(3, 37) = 0.49, p = 0.690.

Heading deviations had a right-tailed distribution with overall mean and median values of
16.0 and 12.4, respectively. After three outliers, with values > 45 were removed, the overall
mean and median values were 12.8 and 11.8, respectively. Cueing condition did not have a
statistically significant effect on heading deviations, F(3, 39) = 2.27, p = 0.095.

Table 10. Hover Descriptive Statistics

Time in target Heading deviations

Altitude deviations (ft)

altitude box (s) (deg)
Condition N Mean SD N Mean SD N Mean SD
High AUD/High TAC 10 7.36 4.11 11  3.29 3.50 11 13.10 9.47
High AUD/Low TAC 11 10.50 7.47 11 4.87 5.69 11 11.70 6.26
Low AUD/High TAC 13 8.49 5.27 14 3.64 3.25 11 9.05 5.72
Low AUD/Low TAC 14 11.50 11.40 14 6.02 6.36 14 16.40 8.23
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H2: By manipulating cueing sensitivities for combinations of auditory and tactile cueing at
different levels (e.g., tactile high sensitivity, auditory low sensitivity), the combination of low
tactile and low auditory cueing will result in reduced workload and increased situational
awareness.

To evaluate workload and situational awareness, the NASA-TLX, ISAW ratings,
Situation Awareness Rating Scale, and Situation Awareness Rating Technique were examined
using a repeated-measures analysis of covariance (ANCOVA). Flight experience (number of
UH-60M hours) was used as the covariate.

NASA Task Load Index

One outlier was removed prior to analysis. Results of the ANCOVA found no effect of
cueing condition on workload ratings, F(3, 39) = 0.77, p = 0.52.

Table 11. NASA-TLX Descriptive Statistics

Condition Mean SD
High AUD/High TAC 46.78 15.53
High AUD/Low TAC 4450 13.18
Low AUD/High TAC 40.28 14.88
Low AUD/Low TAC 43.61 14.70

Instantaneous Self-Assessment of Workload Ratings

These ratings were aggregated across phases of flight. The flights that included two en-
routes, approaches, and landings were combined into a singular metric. For the en-route ratings,
an effect of condition was found, F(3, 299.2) = 4.19, p = 0.006. Pairwise comparisons showed
ratings were significantly higher in High AUD/High TAC compared to Low AUD/High TAC,
and higher in each Low AUD/Low TAC and High AUD/Low TAC conditions compared to the
Low AUD/High TAC condition.

For the approach ratings, an effect of condition was found, F (3, 298.2) = 7.45, p < 0.001.
Pairwise comparisons found similar results to those during en-route where ratings were
significantly higher in High AUD/High TAC compared to Low AUD/High TAC, and higher in
each Low AUD/Low TAC and High AUD/Low TAC conditions compared to the Low AUD/
High TAC condition.

No significant effects of condition were found for the hover phase, nor a significant
interaction with flight hours, F(3, 34.3) = 2.31, p = 0.09.

For landing, an effect of condition was found, F(3, 234.2) = 6.92, p < 0.001. Pairwise
comparisons showed the same pattern of results as those of the en-route and approach results,
such that ratings were significantly higher in High AUD/High TAC compared to Low AUD/
High TAC, and higher in each Low AUD/Low TAC and High AUD/Low TAC conditions
compared to the Low AUD/High TAC condition.

16



Table 12. Instantaneous Workload Ratings Descriptive Statistics

High AUD/ High AUD/ Low AUD/  Low AUD/

High TAC Low TAC Low TAC  High TAC
Flight phase Mean SD Mean SD Mean SD Mean SD
En-route 272 127 255 100 242 100 229 094
Approach 3.39 1.38 312 1.07 320 109 283 0.98
Hover 409 181 366 120 361 136 350 1.35
Landing 373 164 352 123 373 126 305 1.18

Note. Scale ranged from 1 = nothing to do; no system demands to 7 = overloaded; system
unmanageable; essential tasks undone; unsafe.

Situation Awareness Rating

An ANCOVA was used to examine these ratings, which did not support an effect of cue
condition on internal situation awareness ratings, F(3,42) = 0.17, p = 0.91 nor for external
situation awareness ratings, F(3,42) = 2.03, p = 0.13. Overall, participants rated internal and
external situation awareness within the high to moderate ranges (see Table 13).

Table 13. Situation Awareness Rating Descriptive Statistics

Internal External
Condition Mean SD Mean SD
High AUD/High TAC 3.13 109 375 1.65
High AUD/Low TAC 356 103 456 155
Low AUD/High TAC 3.75 165 438 159
Low AUD/Low TAC 394 134 506 1.88

Note. The ranges for categorizing the ratings are as follows: 1-3 = high; 4-6 = moderate;
7-9 = low; 10 = none.

Situation Awareness Rating Technique

ANCOVASs were used to examine these ratings, and an effect of condition was found for
the complexity subscale ratings, F(3, 42) = 3.11, p = 0.04. Post hoc analyses did not yield any
significant differences between the conditions.

This space is intentionally blank.

17



Table 14. SART Descriptive Statistics

High AUD/ High AUD/ Low AUD/ Low AUD/
High TAC Low TAC HighTAC Low T TAC
Subscale Mean SD Mean SD Mean SD Mean SD

Instability 338 145 350 141 331 140 306 157
Complexity 369 166 3.63 150 325 144 313 154
Variability 391 147 394 177 363 141 319 122
Arousal 475 139 469 145 494 153 538 115
Concentration 481 117 469 135 494 153 538 1.09
Division 500 121 431 114 463 131 463 1.20
Spare mental 425 129 463 120 500 110 4838 1.09
Information 531 095 481 098 519 128 544 0.89
quantity

Familiarity 503 140 513 1.09 556 096 538 0.96

Note. Scale ranged 1 (high) to 7 (low).
Physiological Measures

In addition to evaluating the subjective measures of workload, physiological data were
evaluated as measures of workload. Only data collected during the approach segment were
evaluated as this segment of flight introduces the highest workload (Payan et al., 2017) and was
the only phase of flight where condition had an effect on performance. EEG measures examined
included: frontal theta, beta, and alpha values, as well as the beta-ratio.

Regarding frontal theta values, cueing condition did not have an effect,
F(3, 172) = 1.31, p = 0.272. Frontal alpha values also were not affected by cueing condition,
F(3, 172) = 2.32, p = 0.078. There was no effect of cueing condition on frontal beta values,
F(3, 172) =1.69, p = 0.171. Finally, the combination of these values into the beta-ratio also did
not yield a significant effect of cueing condition, F(3, 172) = 1.44, p = 0.233.

An effect of cueing was found with the ECG metrics. Two outlier data points were
removed from the analysis. Mean heart rate (beats per minute) was statistically significant,
F(3, 118) = 8.02, p < 0.0001. Pairwise comparisons found that mean heart rate was significantly
higher during the Low AUD/Low TAC compared to each of the remaining three conditions (see
Table 15 for summary statistics). Additionally, heart rate during the High AUD/Low TAC
condition was significantly lower than both the Low AUD/High TAC and High AUD/High TAC
conditions.

There was also an effect of condition on HRV means, F(3, 118) = 9.39, p < 0.0001. HRV
values in the Low AUD/Low TAC condition were significantly lower compared to each of the
remaining three conditions. Additionally, HRV values in the High AUD/Low TAC condition
were significantly higher than both the Low AUD/High TAC and High AUD/High TAC
conditions.
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Table 15. Descriptive Statistics for ECG Data

High AUD/ High AUD/ Low AUD/ Low AUD/

High TAC Low TAC High TAC Low TAC

M SD M SD M SD M SD
Heart rate 66.53 10.57 6485 1053 66.13 11.31 6853 11.14
HRV mean  924.97 150.88 950.52 161.57 932.19 149.28 897.98 143.05

From the eye tracking data, a significant effect of condition was found for two of the
three outcome variables. There was a significant effect of condition on fixation counts,
F(3, 172) = 3.30, p = 0.02. For fixation counts, there were more fixations in the High AUD/High
TAC condition compared to the Low AUD/Low TAC condition (see Table 16 for descriptive
statistics). However, the average duration of individual fixations was not significantly different
between conditions. There were also more fixations in both High AUD/Low TAC and High
AUD/High TAC compared to Low AUD/High TAC. There was also an effect of condition on
pupil diameter, F(3, 170) = 5.61, p = 0.001. Diameter was larger in the Low AUD/Low TAC
condition compared to the High AUD/Low TAC condition. Additionally, pupil diameter in both
Low AUD/High TAC and High AUD/High TAC were larger compared to the High AUD/Low
TAC condition.

Table 16. Descriptive Statistics for Eye Tracking Metrics

High AUD/ High AUD/ Low AUD/ Low AUD/
High TAC Low TAC High TAC Low TAC
M SD M SD M SD M SD
Fixation counts 23.64 1096 23.21 10.88 20.28 1058 20.98 10.49
Fixation duration (ms) 285.92 64.94 286.81 61.14 29573 58.12 291.86 58.26
Pupil diameter mean 3963 708 3681 7.81 4025 795 3936 7.01
Note. ms = milliseconds

Hs: Evaluation of individual performance when cueing sensitivities match personal
preference compared to non-preferred cueing combinations will result in better performance at
the individual level.

To evaluate whether individual preference for cueing combinations resulted in improved
performance when flying under that combination, first we evaluated the frequencies of preferred
combinations. Of the 16 participants, 13 preferred the combination of Low AUD/High TAC; the
remaining 3 participants each had different preferences (1 = High AUD/High TAC; 1 = High
AUD/Low TAC; 1 = AUD only).

Using only the data from the 13 participants whose preferred cueing method was Low
AUD/High TAC, the effect of condition on each of the outcome measures was assessed. The
goal was to see if using only participants whose preferred cueing method was Low AUD/High
TAC would change any of the results previously found when using all of the participants. To
complete a comparable analysis with the other cueing preferences, more participants would be
needed, thus no analyses were completed to look at those participants with regard to personal
preference. Additionally, only approach phase data were examined given this was the only phase
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that found significant results, with participants maintaining better performance related to vertical
speed in the Low AUD/Low TAC and Low AUD/High TAC conditions. The results of the mixed
effects regression model with condition and run as predictor variables are listed in Table 17
below. Those with a significant effect of condition are indicated with post hoc analyses reported
below.

Table 17. Mixed Effects Model Results

Outcome measure F(3, 235) p

RMSD lateral dev. 0.51 0.68
RMSD heading dev. 1.95 0.12
RMSD speed dev. 1.75 0.16
Time in VSI box (5) 3.58 0.01"
Time in speed cup (s) 4.29 0.01°

Note. “Post hoc analyses and descriptive statistics reported below.
Time in VSI Box

The post hoc analysis of the effect of condition showed that mean time in the VSI box
was significantly longer in the Low AUD/Low TAC condition compared to the High AUD/High
TAC condition, t(255) = 2.93, p = 0.02. These findings agree with the findings of using all
participants.

Time in Speed Cup

The post hoc analysis of the effect of condition showed that mean time in the speed cup
was significantly longer in the Low AUD/Low TAC condition compared to the High AUD/High
TAC condition, t(254) = 3.49, p < 0.01, and compared to the Low AUD/High TAC condition,
t(254) = 3.14, p = 0.01. This finding differed from that when all participants were used, which
resulted in no significant effects.

Ha: Individual differences in sensory capabilities will affect performance, such that when
cueing sensitivity levels match sensory capabilities, performance will be improved.

To evaluate whether differences in sensory capabilities affected performance, first,
correlations between the outcome flight performance measures and the outcome sensory
measures were conducted. Following this, a series of linear regression models were completed.
Each model included a single sensory metric as a covariate to examine the main effects of
condition and run.

Tactile Choice Detection Task

Two measures were calculated for this task: 1) percent correct responses, and 2) percent
correct responses within one tactor from the target tactor. Participants performed well on this
task, with response ranges for percent correct of 83% to 99% (M = 0.94, SD = 0.04) and even
higher for within one tactor, ranging from 98% to 100% (M = 0.99, SD = 0.006). Given the lack
of variability in the task, this measure was not used to evaluate the impact of sensory capabilities.
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QUICkSIN™

All 16 participants successfully completed the two QuickSIN™ lists. Average dB SNR
loss was -0.4375 (SD = 1.93) for all participants, suggesting better than normal speech in noise
understanding for the group. Participants performed better on list two when compared to list one
as indicated with a paired t-test, t(15) =4.69, p < 0.001. Linear regression models were
performed to evaluate the effect of SNR loss scores as a covariate while examining the main
effect of cueing condition on each performance metric. There was some evidence of this measure
improving the linear model to predict performance; however, none of these findings differed
from what was previously found without its inclusion.

OBVA

The following outcome measures were evaluated: stereo search near test threshold (near
test), and stereo fusion range threshold (horizontal break, vertical break, and vertical recovery).
The remaining variables for cone contrast (long wavelength cone and medium wavelength cone),
and stereo fusion range threshold horizontal recovery were not examined due to missing data. A
series of linear regression models were used with each OBV A measure as a covariate and
examined the main effects of condition and flight number. None of the outcome measures were
predictive of performance.

Usability
UMUX-L.ite.

Descriptive statistics for the UMUX-L.ite are reported in Table 19 below. Two conditions
had higher ratings of agreement, Low AUD/High TAC, and Low AUD/Low TAC.

Table 18. Descriptive Statistics for the UMUX-Lite

High AUD/ High AUD/ Low AUD/  Low AUD/
High TAC  Low TAC High TAC  Low TAC

Survey item Mean SD Mean SD Mean SD Mean SD

Q1. This cueing system’s 488 163 488 136 506 173 519 1.22
capabilities meet my requirements.

Q2. This cueing system is easy to
use.

494 129 475 148 488 159 481 117

Note. Ratings ranged from 1 (strongly disagree) to 7 (strongly agree).
Discussion

The present study sought to evaluate the utility of a multisensory cueing system on
aviators’ ability to maintain performance, their experience of workload, and its impact on their
SA. More specifically, the study sought to determine whether different combinations of auditory
and tactile cueing sensitivity levels impacted aviators’ performance and how they experienced
workload and SA across three flight mission scenarios. In addition, we were interested in
whether or not individual differences in sensory capabilities influenced outcomes. The usability
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of the cueing was also assessed for development purposes. Four hypotheses were evaluated in
this study.

Hi: By manipulating cueing sensitivities for combinations of auditory and tactile cueing at
different levels (e.g., tactile high sensitivity, auditory low sensitivity), the combination of low
tactile and low auditory cueing will result in overall improved flight performance.

In order to understand the impact of the cueing sensitivities across the flight scenarios,
we isolated the flight performance data based on phase of flight. This was due to the differences
in the types of tasks that aviators are engaged in throughout each phase. This resulted in the
following four phases of flight, which are also characteristic of most rotary-wing missions:
takeoff, en-route, approach, and hover (MEDEVAC missions only, with hover occurring in an
urban environment). From these data, only one flight performance metric was significant, and
that occurred during the approach portion of the flight. During the approach phase, time in the
VSI box, which aids in maintaining vertical speed during the approach phase of flight, showed
differences between cueing conditions. Here it was found that participants spent significantly
more time within these parameters for the Low AUD/Low TAC condition compared to the High
AUD/High TAC condition, as well as for the Low AUD/High TAC condition compared to each
the High AUD/Low TAC and High AUD/High TAC conditions. This suggests that for
maintaining approach performance related to vertical speed, the combinations of the Low
AUD/Low TAC and Low AUD/High TAC conditions are more effective for maintaining
performance parameters as compared to the High/High conditions. Given that the approach
phase of flight has frequently been identified as the phase of flight where a majority of accidents
occur (Payan et al., 2017), this finding provides insight regarding cueing recommendations to
make. However, further research using different flight scenarios would be needed to determine
whether these findings are practically significant and generalizable to different flight operations.

That none of the other performance measures were impacted by condition, with only
approach performance resulting in significant effects of cueing, is not entirely surprising. The
vertical speed information is most relevant during approach to landing and/or approach to hover,
when pilots often experience the highest workload. Additionally, there were a number of
obstacles present when participants were conducting their approach, and the obstacle cueing is
where the two modalities overlapped the most. It is, however, surprising that there were no
effects of condition during the hover phase of flight. This finding may be due to participants
experiencing a high workload regardless of the cueing configuration, as visual inspection of the
reported means show that for three of the four conditions, this phase of flight received the
highest ISAW ratings.

H2: By manipulating cueing sensitivities for combinations of auditory and tactile cueing at
different levels (e.g., tactile high sensitivity, auditory low sensitivity), the combination of low
tactile and low auditory cueing will result in reduced workload and increased situational
awareness.

Workload and SA were evaluated using both subjective evaluations and physiological
measures. Regarding the subjective workload ratings, no significant differences were found for
the NASA-TLX ratings. However, the aggregated ISAW ratings did yield significant differences
between conditions within several phases of flight. For each the en-route, approach, and landing
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phases, participants rated workload in the High AUD/High TAC condition significantly higher
than the Low AUD/High TAC condition. Workload ratings for the Low AUD/High TAC
condition in these same phases were also rated significantly lower than both the Low AUD/Low
TAC and High AUD/Low TAC conditions.

Physiological data can be used in conjunction with subjective ratings to evaluate
workload. Here, we focused solely on the physiological data recorded during the approach phase,
as that was the only phase where significant differences in performance were found. Historically,
EEG indices have typically been the most reliable for differentiating workload conditions
(Feltman et al., 2020). However, in this study, we found no effect of cueing condition on the
EEG measures during the approach phase of flight. Regarding the ECG data, heart rate and HRV
values suggest increased workload in the Low AUD/Low TAC condition compared to all other
conditions, and lower workload in the High AUD/Low TAC condition compared to both the
Low AUD/High TAC and High AUD/High TAC conditions. The pupil diameter results
supported these findings, with higher workload in the Low AUD/Low TAC condition compared
to the High AUD/Low TAC condition and lower workload in the High AUD/Low TAC
condition compared to the Low AUD/High TAC and High AUD/Low TAC conditions.

To better interpret these findings, it is useful to examine the subjective, physiological,
and performance results all together. In Table 19 below, we have included the pairwise
comparisons for each of these measures for just the approach phase of flight. To interpret the
table, the results within the cells are the comparison of the top row condition to the first column
condition. For example, in looking at the top row condition Low AUD/Low TAC and the first
column condition of High AUD/Low TAC, we can see that heart rate and pupil diameter were
higher in the Low AUD/Low TAC condition compared to the High AUD/Low TAC condition,
whereas HRV had the opposite effect.

This space is intentionally blank.
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Table 19. Summary of Outcomes for Approach Segment

Compared to Compared to Compared to Compared to
Low AUD/ High AUD/ High AUD/ Low AUD/
Low TAC High TAC Low TAC High TAC
Ttime in VSI box 1ISAW ratings TISAW ratings
TISAW ratings THR THR
'L%‘(,"V'f‘rl’i[é/ - THR |HRV |HRV
JHRV Tpupil diameter
fixation count
ltime in VSI box THR ltime in VSI box
High AUD/ |HR |HRV TISAW ratings
High TAC 1HRV i Tpupil diameter Tfixation counts
Tfixation count
IHR IHR ltime in VSI box
THRV THRV TISAW ratings
High AUD/  |pupil diameter  |pupil diameter IHR
Low TAC ) tHRV
Lpupil diameter
Tfixation count
LISAW ratings Ttime in VSI box ftime in VSI box
JHR LISAW ratings LISAW ratings
Low AUD/ tHRV Tfixation count ~ THR
High TAC JHRV )

Tpupil diameter

Tfixation count
Note. ttime in VVSI box = better performance; TISAW ratings = workload rated higher; THR is
related to higher workload; |HRV is related to higher workload; 1pupil diameter is related to
higher workload.

Looking at all significant comparisons, we see there are some inconsistencies between
the three measures. For example, in the comparison of the Low AUD/Low TAC condition to the
High AUD/ High TAC condition, we see better performance, but also higher ratings of workload
and increased heart rate with decreased HRV, which is also consistent with a higher workload.
Typically, it would be assumed that a higher workload would lead to worse performance
(Howard et al., 2021). However, in this case we may interpret this as increased engagement,
particularly taken together with the fact that SA ratings remained in the high to moderate ranges,
suggesting participants were aware of their environment. Thus, it can be interpreted that while
the aviators may have experienced an increase in workload, this was accompanied by good SA,
which ultimately lead to improved performance. Improved performance may result in safer flight
profiles, reducing the likelihood of aviation accidents.

In determining which condition resulted in the least workload and best performance, the
Low AUD/High TAC column suggests this condition is preferred. The lack of physiological
measures supporting a low workload in this condition may simply be due to the participants
being engaged throughout the study and exposure to various conditions. Alternatively, this
finding may also suggest that the differences in cueing conditions were subtle. Indeed, previous
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research using an earlier iteration of this cueing system concluded that additional cueing leads to
improved performance (Hartnett et al., 2020). However, this finding is also in line with recent
suggestions that a singular physiological metric for identifying workload is likely insufficient.
Additionally, there are many cases where increased workload is reflective of increased
engagement, which promotes improved performance.

Regarding the SA measures, there was no effect of condition on the SA ratings for either
internal or external SA ratings. Alternatively, the results of the Situation Awareness Rating
Technique found an effect of condition on ratings, but no significant effects were identified after
performing pairwise comparisons. This suggests a result similar to the previous paragraph where
just having the additional cues improves SA and there is not necessarily a clear difference
between the various conditions.

Has: Evaluation of individual performance when cueing sensitivities match personal preference
compared to non-preferred cueing combinations will result in better performance at the
individual level, and Ha: Individual differences in sensory capabilities will affect performance,
such that when cueing sensitivity levels match sensory capabilities, performance will be
improved.

Our evaluation of individual sensitivities did not yield any significant findings in
predicting performance under the different cueing combinations. Although SNR loss scores did
improve model accuracy for some measures, their addition did not change the overall findings
where they were not included. Further evaluation may be needed to determine whether SNR loss
or a similar hearing assessment would be beneficial in evaluating performance. Additionally, the
lack of findings related to individual sensory capabilities may be due to the screening that
already takes place to ensure aviators possess the necessary visual and hearing capabilities for
safe flight. In evaluating personal preferences, the majority of participants indicated a preference
for the Low AUD/High TAC configuration, which agrees with the subjective workload ratings
and performance results for the approach phase.

Limitations

The study is not without limitations. One limitation is how we aligned the physiological
data with the simulator data. At the time of this study, we did not have a method to perfectly
sync these data by recording them into a singular file. As such, we relied on “start” and “stop”
markers entered into the physiological data by a research technician to indicate when the flight
began and ended. This, of course, introduces human error. Additionally, we were limited in the
amount of time participants were able to train on the cueing system. Further training may have
yielded different results. The manipulation of the cueing sensitivities was also limited. We chose
to only manipulate one aspect of audio cueing, which was the obstacle avoidance cues, whereas
tactile cues were introduced for multiple tasks. However, given that there are already
standardized auditory cues for many of those tasks, such as altitude deviations, we chose to
reserve the manipulation of auditory cue sensitivity for only its novel application of obstacle
avoidance.

25



Conclusion

From this study we can conclude that cueing configurations featuring low auditory
sensitivity are preferred in terms of performance. Moreover, the majority of aviators indicated
preference of the Low AUD/High TAC configuration, which was also reflected in the ISAW
ratings and in the performance data. More specifically, the approach phase showed the only
significant differences for performance. Based on these flight scenarios, approach phase of flight
is where we can most effectively reduce aviation workload with the ICE multisensory cueing
system. Future studies should design flights to include more approach-like skills/tasks (and focus
less on take-off and en-route) to further evaluate and refine the cues to increase their utility.

While we collected physiological data as an additional measure of workload, the
physiological outcome measures did not necessarily reflect the same pattern of results.
Specifically, performance was found to increase during the approach phase, as measured by the
amount of time spent within the VSI box, for the two conditions featuring Low AUD. However,
in the Low AUD/High TAC condition, which demonstrated both improved performance and
lower workload ratings, the physiological data would suggest a higher workload. This may just
suggest that the aviators in the study were working hard during this phase of flight, but did not
reach the point of oversaturation, thus their physiological response may just reflect engagement
with the task (more engaged = better performance). The ISAW ratings for this phase of flight fell
within the two to four range, where the definition for a rating of four is, “busy; challenging but
manageable; adequate time available.” Therefore, it could be posited that the physiological
measures simply reflected that the aviators were indeed busy and being challenged, whereas the
performance measures reflected the ability to manage the challenge.
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Appendix A. Acronyms and Abbreviations

ANCOVA Analysis of covariance

AUD Auditory

CEPs Communication Earplugs

CSS Crew Status Survey

DVE Degraded visual environment

ECG Electrocardiography

EEG Electroencephalography

FPM Feet per minute

HR Heart rate

HRV Heart rate variability

Hz Hertz

ICE Integrated cueing environment
MEDEVAC | Medical evacuation

SA Situational awareness

TAC Tactile

TSAS Tactical Situational Awareness System
USAARL U.S. Army Aeromedical Research Laboratory
VMC Visual meteorological conditions

VS| Vertical speed indicator
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Appendix B. Overview of Cueing

Hover/Approach/Takeoff

(HAT) Symbology Page Enroute (Cruise)

* Used at low speeds Symbology Page
(typically below 40 * Used at high speeds
knots) ¢ Terrain image in

* Terrain image in background
background

Figure B1. Panel mounted display arrangement.

Target Heading Current Heading Heading to WP Roll Pitch
0 19NM WP Distance
Workload . 150 - 0. 19NM WP ETE
Rating MAA Mode
WP Name

Torque [%]

Flight Director Baro Alt [ft]

Radar Alt [ft]

Air Speed
Ground Speed Vertical
Target GS Speed
[knots] [each mark =
100 ft/min]
Horizon Line
105 HAL (Earth Ref.)
EGI Status . with Pitch
Time Digits [deg]
Date Aircraft Artificial
Reference Trim Ball Landing Height Above
(nose) (lateral accel.) Pad) Landing Point

Figure B2. Right display: enroute page.
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Roll Left

Drop =
Collective
ﬁ

Pitch
Up

[~

Roll On Target

Pitch

Raise Down

Collective

Roll Right ' Collective On Target
Figure B3. Flight director path guidance.

Note. Flight director strategy for pitch and roll:
* Think of aircraft reference symbol (W) as ownship longitudinal centerline.
* Think of flight director as the leader to be followed.
*  Move cyclic to fly the aircraft reference symbol (W) to the leader.

HTAWS Active

Note:
Helicopter Terrain
HTAWS Wr!en app.roach Awareness Warning
Not active gmdanc_e is ON, then System (HTAWS) is
HTAWS is turned OFF driven by pre-stored
— terrain elevation data
Normal ) possibly (but not
> 15 sec to impact guaranteed) updated
with sensor data.
. . Audio: None
Caution __( )__ <15 sec to impact Tactile: None
. < 10 sec to impact Audio: None
First Tactile: None
Warhing
Second < & secito impact Audio: “Pull-Up!
. Pull-Up!”
Warning Tactile: Seat Vibration

Figure B4. Flight path marker with helicopter terrain avoidance warning system (HTAWS)

caution/warning.
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Figure B6. Artificial hover point above landing point.
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Rear Tower (2)
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Figure B7. Artificial landing pad dimensions.
Two pointers
indicate the left and
the right engine
torqui [%] ) Torque
Split > 10 %

The bar is the
average output of
the two engines
Caution > 100%

*+ Yellow tape

» “Torque” audio

Green below 100%

Warning > 120%

* Red tape
+ “Over Torque”
audio

Figure B8. Torque.
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Rising
Ground
Scale

0 ft

25 ft

Target Alt

(
[_A_\

Altitudei Above Ground Level (AGL)

50 ft

EGI:NAV
21:35:59:0
12/20/2019

75 ft
Figure B9. HAT page symbols: altitude details.

Note. Voice synthesizer will say altitude at 100, 50, 40, 30, 20, and 10 feet.

Vertical Speed Tape

- Blue: Ascending
- Brown: Descending

- Yellow: Descending Caution

Current . l_?udti_?: “\S/:ertical Spe_gd Excessive”
Vertical . actile: Slow seat vibration
ertica + Trigger: Descending with

Speed :
ft/mi vertical speed > 360 fpm
(-100 ft/min and within 5 sec of impact
for each
index mark) - Red: Descending Warning
* Audio: “Pull Up! Pull Up!”
* Tactile: Fast seat vibration
+ Trigger: Descending with
Target vertical speed > 540 fpm
Vertical and within 5 sec of impact

Vertical speed indicator is
Speed driven by EGI

Figure B10. HAT page symbols: vertical speed details.

Note. Tactile cues were modified in this study based on sensitivity settings.
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+6 knots

+4 knots

+2 knots

+1 knot

0 knots

Figure B11. Horizontal velocity vector details.
x4 = +160 knots
x4 = +40 knots — Log 4
+10 knots =
Zero — See Next
Slide

-10 knots g
x4 = -40 knots — Log 4
X4 =-160 knots

Figure B12. HAT page symbols: green markers on guidance symbols.

This space is intentionally blank.
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LZ @3 CALVERT

Bottom of “cup”
is outlined green
when horizontal
velocity is within
the desired
guidance
tolerance.

“Qval” fills in green
when vertical
velocity is within
the desired
guidance
tolerance.

2240 HAL

LZ @3 CALVERT

CMD HEADING

Horizontal
Velocity Error
Highlighter

Vertical
Velocity Error
Highlighter

1697 HAL

Figure B14. Guidance with horizontal and vertical velocity error highlighters.
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Black Hawk Bumper RADARS, V=7.3 knots, W=64 ft, C=107 ft

Figure B15. Bumper radar scan: vertical, real vs. synthetic.

Note. The physical bumper radars are rigidly attached to ownship with fixed pointing directions
(the synthetic radars are perfectly gimballed).

360-degree (°) azimuth scan at two elevations: 0° and 12° (synthetic includes -12°).

4° azimuth x 12° elevation beam extent (black lines), 10.65 ft range/bin (cyan lines) (synthetic is
laser-like and continuous).

Minimum range during ground testing ~ 65 ft (dashed blue circle) (synthetic does not have a
minimum range).

Default spherical 0-knot Caution (yellow) and Warning (red) cueing regions shown.

60 knots Aircraft

Figure B16. Obstacle threat assessment.

Note. A static-obstacle threat assessment ranks radar hits in urgency. The obstacle threat space
cueing regions are fixed and spherical at low speeds and extend in the direction of the velocity
vector as speed increases. The two most urgent obstacles (Urgentl and Urgent2) within the threat
space are presented.
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Speed-Dependent Evolution of Threat Space

7.3 knots

Distance-Based

Caution = 80 ft
Warning = 37 ft

Time To Collision (TTC) Based

Caution = 6.5 sec
Warning = 3.0 sec

@@QBQQ

0 knots " 10 knots 20 knots 30 knots 40 knots 50 knots 60 knots

Small / Default Medium

y(n)

0 00
x(ft) x(ft)

Figure B17. Threat space shape.

Note. Two threat spaces based on cueing sensitivity (0 to 80 every 10 knots).
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Down Rejection Region

Figure B18. Threat space down inclusion.

Figure B19. Cueing multiple obstacles.
Note. Angular rejection: £ 45°

An azimuth angular region about the most-urgent hit to omit from the search for the second-most
urgent hit. Helps prevent multiple hits on the same obstacle and cueing the same region of space

twice.

This space is intentionally blank.
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154 ftor 12.5 sec

Figure B20. Power line database obstacle.

Note. Power line tower locations are stored in a database (they can also be detected by radar).
The nearest power line segment is selected for cueing.

Below 7.3 knots, the cue occurs 154 ft from blades, above 7.3 knots, the cue is presented with a
12.5 second TTC.

19w 135 i

Obstacle Frame” [esd
Y B R -
A2 o et W

TERRAIN LZ 01 FERRY 5o ‘ g r~ § : » 1 i o

Plan-View Obstacle Display (MFD) Perspective-View Obstacle Display (PFD)

* Threat Space obstacle(s) (+ ) and ownship- * The representation of the obstacle(s) is conformal
to-obstacle vector(s) are colored from yellow to the sensor beam geometry (4° in azimuth, 12°
Caution to red Warning in elevation for the inner rectangle)

* The width of the beam corresponds to the » OQuter rectangle looms based on threat level
resolution of the radar (4° in azimuth) «  The color transitions from yellow to red as a

» The velocity vector is represented by a cyan function of the threat level
line «  The FPM behavior matches the MFD velocity

vector

Figure B21. Bumper radar obstacle display: visual.

This space is intentionally blank.
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Perpendicular Trajectory | I Parallel Trajectory |

Electrical ‘B (+/-33 ft.) ——
m \ + Y m ——— =¥ =3
N c
154 ft
a ,
125s

b
Figure B22. Power line obstacle display: auditory.

Note. The power line cue enables at 154 ft or 12.5 seconds (> 7.3 knots). A recording of a power
line is used for the auditory icon. The icon’s spatial location is swept up and down the power
line.
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Appendix C. Description of Training

Training on the ICE cueing system took place over the course of two days when possible;
however, if a participant was unable to commit to two days of training, then procedures from
days one and two were combined. Training activities are summarized in the table below. The
initial training session consisted first of 90 minutes of slides with Flight Systems Branch research
pilots covering all aspects of the ICE system (visual symbology, audio cueing and tactile cueing).
After the slides were complete, a knowledge check was conducted. The participant then moved
on to the initial hands-on portion of the training where they would fly through three training
routes on a desktop trainer. The training routes were similar in duration and difficulty to the
those completed on the testing day. A research pilot and/or a member of the research team was
present to guide the participant through the route and answer any questions they had. Upon
completion of the training routes on the initial visit, participants would then complete the Self-
Assessment Training Survey to gauge their comfort and understanding of the various aspects of
the cueing system. Following the survey, the initial training visit ended, and participants returned
the next day to conclude the training portion of the study. On the second, training session, the
participant was offered the opportunity to review the training slides before moving into the
simulator to fly through the training routes an additional time with instruction from the research
pilot. Additional iterations of the training routes were completed, as needed, or requested. After
the participant completed sufficient training routes in the simulator, they completed a final novel
training route. During this route, the research pilot filled out the Research Pilot Training Survey
to document whether the participant was thoroughly trained to move on to the testing portion of
the study. All participants were cleared after completing the final training route. Upon
completion of the final training route, the participant flew an additional training flight to practice
Crew Status Survey (CSS) workload ratings with the scale provided as a reference. The
participant was instructed to update their workload rating throughout the duration of the route
and their previous workload rating was displayed on the panel-mounted display as well as on the
out-the-window view of the simulator. Participants completed the Self-Assessment Training
Survey and were then cleared to move on to the final testing session.

This space is intentionally blank.
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Table C1. Approximate Time Requirements for Activities

Activity Description Approximate time Team member  Session
Classroom Overview of slides  up to 90 minutes Research Pilot Initial
training/refresher (30 minutes for (refresher
for subsequent refresher) as needed)
Visits
Knowledge Understanding of 10 minutes Research Pilot All
check/evaluation basic symbology
Application of Application of EEG 45 minutes Technician Initial, final
EEG device to capture

cortical activation

patterns
Calibration of eye  Calibrate camera(s)  1-5 minutes Technician Initial, final
tracking system to eye movement
(glasses or desktop
mounted system)
Hands-on training  Fly 3-4 training 60-120 minutes Research Pilot or  All

scenarios using Technician

advanced pilot

cueing system
Self-Assessment Participant 2 minutes Technician All
Training Survey assessment of

comfort and

knowledge with

cues
Instantaneous Self- Participant Research Pilot or  Final
Assessment of assessment of Technician
Workload workload

manipulations
Total time anticipated Up to 5 hours
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