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Abstract. The Army has begun to develop the next generation of rotary-wing
aircraft, which will incorporate advanced automated systems. Military opera-
tions place a number of cognitive demands on pilots in addition to those seen in
commercial aviation. This paper reviews the essential issues in the design of
adaptive automation systems for military aircraft and discusses how adaptive
automation can utilize psychophysiological feedback to enhance safety and
performance.
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1 Introduction

As Army aviation begins to look towards the challenges of the next 30 to 40 years, it is
apparent that an increased reliance on technology will play a pivotal role. As the nature
of missions change from conflicts between nation states to isolated, independent
non-state actors, large-scale ground campaigns shift to smaller, tactical units, the
Warfighter of the future will need to be capable of independently handling multiple,
complex tasks.

In the civilian aviation sector, human-computer automation capabilities are ubiq-
uitous. Nearly every function in the planning and execution of air travel can be
accomplished through the use of sophisticated computer systems. Aviation in the U.S.
Army, which predominantly uses rotary-wing aircraft, has not yet incorporated the
same level of automation as the civilian sector, partially due to the unique situations in
which military pilots conduct operations. However, the Army is moving toward a
leaner, more capable adaptive force that increasingly requires multifunctional capa-
bilities to accomplish multiple goals with fewer personnel or resources. For aviators,
this will entail additional tasks to meet operational goals that will subsequently increase
cognitive demands. This paper will outline the complex nature of operating Army
aircraft and identify the need for future incorporation of new automated technology in
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keeping with the Army’s goal of preserving military superiority. The paper will also
highlight and discuss future research needs and directions to assist in meeting that goal.

2 Impact of Workload on Pilot Performance

Operating an Army aircraft in a deployed environment is a complex and highly
stressful task. The multifaceted nature of the tasks required places a high demand on
the pilot’s attention abilities and cognitive resources. Here, cognitive resources may be
thought of as pools of energy that can be utilized for receiving, interpreting, and/or
processing information for the purpose of achieving a task [1]. Throughout the duration
of a flight, the pilot remains oriented with regard to the aircraft’s location in space,
surveys the functioning of various systems within the aircraft, is aware of weather
conditions, communicates with others on board and on the ground, engages in airspace
surveillance for other aircraft and terrain, and keeps track of time-to-mission objectives.
The successful completion of a mission, such as bringing Soldiers to a specific location
or picking up injured Soldiers, requires the pilot to maintain constant awareness of
these aspects throughout the flight operation.

2.1 Factors Affecting Workload

The variety of information the pilot keeps within memory and awareness throughout
the flight is used to ensure adequate situation awareness (SA) [1]. The most widely
accepted definition of SA is that of Endsley [2], where SA is defined as “the perception
of the elements in the environment within a volume of time and space, the compre-
hension of their meaning, and the projection of their status in the near future” (p. 5).
The maintenance of SA throughout a flight ensures that the pilot is able to meet mission
objectives, as well as make timely and accurate responses to malfunctions or unex-
pected events. However, engaging in these tasks throughout the flight can increase the
workload experienced by the pilot, particularly during key portions of the flight, such
as takeoff and landing. While no agreed-upon definition of mental workload currently
exists, it can be broadly defined as a combination of task demands and the operator’s
ability to respond to them [3].

In general, monitoring the systems and the directional cues of the flight is a rela-
tively low workload task for the experienced pilot, requiring few resources, and the
pilot is able to easily maintain SA. In situations where the pilot’s workload is low and
SA is adequately maintained, the pilot has little to no problem responding to additional,
unexpected tasks, such as a change in flight path, by recruiting residual resources to
address the task. However, the level of workload experienced is influenced by a
multitude of factors throughout a flight. For instance, the pilot may be required to fly in
what is known as a degraded visual environment (DVE), which occurs when vision
outside the aircraft is degraded due to factors such as weather, nightfall, or dust clouds.
Flying in DVE conditions increases workload by requiring continuous monitoring of
instrument displays to maintain flight path due to the inability to use outside visual
cues. This can create a dangerous situation during critical periods of the flight such as
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taking off or landing the aircraft [4]. Pilots relying solely on information obtained from
instruments place high demands on their visual processing resources and can cause
them to engage in cognitive tunneling where they over-focus on certain information
while neglecting other information that may be pertinent to the flight [5]. Accidents
related to cognitive overload in DVE conditions have resulted in losses of over $100
million a year and a total of 600 lives between 2002 and 2012 [6].

Army pilots are further susceptible to performance decrements due to various
additional stressors resulting from operating in a deployed environment that are not
typically seen within civilian aviation populations, such as those related to the com-
plexity of the mission (e.g., mission planning, mission characteristics, mission uncer-
tainty) [7]. Furthermore, the majority of Army aviation combat missions occur
overnight. This increases the likelihood that a pilot will experience fatigue, which plays
an influential role in affecting cognitive state and available resources [8, 9]. Missions
occurring overnight cause the pilot to operate in opposition to his or her circadian
cycle, resulting in loss of sleep, greater fatigue, and an increased likelihood for errors
[10, 11]. Increased fatigue is also related to degraded working memory [12], which
may contribute to the loss of SA. To better characterize the performance effects of
engaging in multiple, concurrent tasks during flight, the multiple resource model [13] is
frequently used to describe the effects of the various task demands on performance.

2.2 Multiple Resource Model

The multiple resource model is based on Wickens’ multiple resource theory, which
postulates that when an individual is engaged in two or more tasks at one time, per-
formance on the tasks is dependent upon the extent to which the tasks elicit the use of
different resources across four dimensions (for an in depth review see [1, 13, 14]). The
multiple resource model of attention is based on the postulation of four dichotomous
dimensions of information processing that occur when engaged in tasks that require
attention. These dimensions include the “stages of processing,” “codes of processing,”
“perceptual modalities,” and “visual channels.” The model asserts performance is dic-
tated by the amount of overlap of resources nested within these dimensions, such that
tasks with little overlap will have little negative influence on performance but tasks with
greater overlap will have greater negative influence on performance.

Determining methods for reducing the negative effects of workload on pilots’
performance has been at the forefront of many research efforts [15, 16]. Much of the
research has pointed to the incorporation of automated technology within the cockpit as
a means to reduce workload by removing some of the tasks that the pilot must be
responsible for during flight. However, much of the incorporation of automated tech-
nology in the cockpit has occurred within commercial aviation settings, with a much
lesser extent into military aviation. As Army aviation moves forward, the incorporation
of more complex automated technology into the cockpit will be necessary to ensure
appropriate distribution of workload for the pilot.
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3 Automation

The introduction of automation into commercial aircraft contributed to reducing
accidents until the end of the 1990’s when the numbers began to level off [17]. While
automation assisted in the reduction of total number of mishaps, human error continues
to be the primary causal factor in accidents [18, 19]. This trend may indicate a tipping
point where the automation has become so complex it is potentially causing as much
hindrance as it is assistance. Early automation consisted of static automation that could
be turned on when needed and performed simple tasks such as maintaining heading and
altitude. As computational power increased, computers began to take on increasingly
complex functions previously reserved for the pilot. As the number of accidents began
to reduce, a change in the type of error also began to emerge.

3.1 Drawbacks of Automation

In modern commercial aircraft, the computer system is capable of conducting most of
the flight operations with the appropriate inputs from the pilot. For instance, Olson [19]
noted that pilots typically only assume control of the plane during take-off and landing,
the two most cognitively demanding tasks, while allowing the automated system to
perform the majority of the flight operations. This has led to the transition of the pilot’s
role from direct control of the aircraft to what has been called supervisory control [19].
Essentially, the pilot is primarily responsible for monitoring the computer system
controlling the aircraft by providing input and ensuring the system is performing as
expected. However, as pilots have assumed supervisory control, the number of errors
where the pilot neglects to act or adjust the computer system has subsequently increased
[20]. Once the operator offloads the responsibility of constantly monitoring system
performance, the operator’s ability to detect anomalies or potential errors decreases with
time, and this leads to underload, complacency, and reduced vigilance of system status
[21–23]. Previous research has shown this can become a critical problem because pilots
may begin to adopt an “expectations-based” monitoring approach where they begin to
limit monitoring of the system to expected indicators at the exclusion of other important
information [24].

Underload is of particular concern for future pilots as automation systems are being
created in a way to reduce the tasks in which the pilot is actively engaged in. Studies
have shown this can create problems in roles such as controlling an aircraft where
prolonged low workload conditions make it difficult for the pilot to transition to high
workload such as in situations where automation fails or unexpected events arise [25].
The low level of engagement contributes to the pilot having a diminished mental model
of how the computer system is controlling the aircraft. A mental model is the pilot’s
internal accounting of the state of the aircrafts instruments and current mode of all
systems. However, there is some debate if underload is a distinct state that can be
identified or if it is a reflection of other problems related to supervisory control [3].
Given the relatively small amount of research on this topic, additional studies will need
to be done to understand better the impact of underload. Determining if and how we can
measure underload will have a significant impact on the future design of automation
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systems. If evidence does support the existence of underload, it will become important
to identify the optimal workload range for the operator of a system. Automation may
also be used to increase workload, rather than just reducing it, in order to maintain safe
levels of engagement for the operator.

A recurring theme amongst issues with automation is the lack of communication or
miscommunication between the human operator and the computer system. If the aircraft
is being flown through supervisory control, it is crucial to be aware of the aircraft’s mode
(i.e., take off, landing, go around, etc.). Research has shown that automation can lead to
instances where the pilot is unaware of the mode of the aircraft leading to serious
consequences when the pilot attempts to intervene with the system [26, 27]. This
problem, referred to as mode error, can have numerous causes such as faulty operator
input to the system or switching modes due to issues unknown to the pilot. Another
negative outcome of extensive automation use is inert knowledge. According to Woods
et al. [28], this is when a pilot is unable to instruct the automated system how to perform
a maneuver or process, despite the pilot having the knowledge to do so. This again
highlights the need for designing a system that retains the human at its center by
ensuring timely and accurate communication between the pilot and computer.

Another product of increased automation capabilities is the additional information
that must be made available to the pilot to monitor and process. Since pilots still need
the ability to monitor the performance of the aircraft, any information presented on the
state of the automation system is additional data that must be observed and processed.
This can lead to the problem of information overload whereby the operator is unable to
identify problems or unable to recognize when the system is indicating errors because
of too much input taxing one sensory modality [19, 29]. The goal should be to find a
proper balance between providing the required information and displaying it in a way
that the pilot can easily access it when needed.

Collectively, the examples in this section underscore what could be considered a
workload reduction fallacy. Though not exhaustive, these issues shed light on a
potential causal factor for why safety improvement statistics have stagnated. Despite
the goal of automation being to reduce workload on the operator, a point exists where
the automation becomes so complex and overwhelming that it may no longer reduce
workload and instead create new cognitive demands on the pilot [26, 30]. Some
research has even led to the belief that some systems produce “clumsy automation” by
engaging or reducing automation at the moments it will have a negative impact on pilot
performance [28]. This may indicate a need for automation to flexibly include the
operator in the decision making process. Ideally, the automation system should be
responsive to the needs of the operator and provide feedback in a continuous fashion so
automation can be adjusted accordingly. Adaptive automation has been identified as a
more flexible means of using automated technology and has the potential to be feasibly
incorporated into aircraft technology.

3.2 Adaptive Automation

Adaptive automation has been defined as the “technological component of joint
human-machine systems that can change their behavior to meet the changing needs of
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their users, often without explicit instructions from their users” [31, p. 1008]. Adaptive
automation is able to adjust the behavior of the system through feedback received from
the user, the current task, and the environment in which it is operating in. The ability of
adaptive automation to assist in reducing operator workload was demonstrated in a
study by Wilson and Russell [32], where psychophysiological data was collected while
subjects engaged in an unmanned aerial vehicle task and an artificial neural network
was used to detect periods of high and low workload. When periods of high workload
were detected, the automation engaged, and it was found that performance significantly
improved. To ensure the optimal success of the incorporation of adaptive automation
within the Army aviation environment, several key aspects of automated technology
must be taken into consideration.

As demonstrated by Wilson and Russell [32], one proposed method of informing
adaptive automation systems is through psychophysiological feedback from the oper-
ator of the system. Psychophysiological feedback could be used to identify when the
operator is experiencing conditions that would benefit from increasing automation such
as high workload or reducing automation to prevent underload based on current
physiological and cognitive state levels throughout a flight. Although some reports
have been published, research applying real-time psychophysiological feedback within
the context of adaptive automation is still in its infancy stage. The following section
briefly outlines established indices of workload, as well as implications for their
incorporation into adaptive automation systems.

4 Psychophysiological Indices of Workload

Some of the more commonly used psychophysiological measurements of workload
include neuroimaging (e.g., electroencephalogram [EEG] [33]), transcranial Doppler
sonography [34], eye tracking [35], cardiovascular measures (e.g., heart rate, heart rate
variability, blood pressure [36]), and to a lesser extent, respiration [37], and electrodermal
activity [38]. Such measures are able to provide indications of the mental engagement of
the individual that correspond to changes in task demands. Psychophysiological mea-
sures of workload are appealing to incorporate into adaptive automation systems given
the ease of real-time data collection within operational settings the majority of them
provide [3].

While each of the previously mentioned measures is known to often provide rela-
tively reliable feedback and assessment regarding an individual’s cognitive state, several
problems associated with their use remains. One current problem is that the use of
multiple psychophysiological measurements can occasionally produce differing results
in regards to the workload experienced. A recent example of this is a study by Matthews
and colleagues [39] where they compared the sensitivity of various psychophysiological
indices (heart rate variability, EEG, cerebral hemodynamics, eye tracking) to differing
cognitive demands. They found that while the majority of the measures used demon-
strated sensitivity to task demands, the measures tended to be sensitive to either the task
type or dual tasking workload manipulation but not to both. The authors asserted that
this finding may suggest differential diagnosticity of the various psychophysiological
indices used. It may be the case that different psychophysiological indices indicate high
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workload for different types of tasks, which could assist in determining how to employ
automation to reduce the overload. For example, one study found that different indices
provided different information regarding performance changes [40]. Specifically, it was
found that heart rate measures were linked to overall task demands, whereas the EEG
measures were linked to increased demand during mental calculations.

Another concern for the incorporation of psychophysiological indices as a means to
inform automated systems is that of individual differences in psychophysiological
responses. Individual differences remain a concern for comparisons of psychophysio-
logical measures, with several researchers developing methodologies to compensate for
these differences [41]. However, further work is required to determine whether tech-
niques used to compensate for individual differences can be transferred into the
algorithms that would be required for adaptive automation systems [42]. Additionally,
the role of emotion in influencing several psychophysiological measures should be
taken into consideration [43], as well as the effects experience has on psychophysio-
logical measures [33].

In order for human-computer interfaces to take the next step into use in the
operational setting, computer systems will require the ability to monitor the cognitive
state of the operator in real time. The use of psychophysiological feedback is an
appealing choice since it has the ability to noninvasively and continuously monitor the
operator’s cognitive and physiological state. An intricate understanding of how these
psychophysiological indices apply to a pilot operating an aircraft could be the key to
the integration of adaptive automation in the cockpit.

5 Future Application of HCI to Army Aviation

The current fleet of Army aircraft has been in service for nearly 30 years. Advances in
engineering and technology have led to the development of a new generation of
rotary-wing aircraft under a program called Future Vertical Lift (FVL) [44]. In addition
to the increased capabilities from these innovative designs, the incorporation of
human-computer interface technologies is a near certainty. Automation has not been
widely used in the Army’s aircraft thus its implementation will require a substantial
amount of research to ensure these airframes meet military standards for use in an
operational environment.

As outlined in the previous section, adaptive automation can be an invaluable tool
for managing workload conditions in a complex work environment such as a cockpit.
By selectively initiating computer control of tasks based on the needs of the operator,
many of the shortfalls with static automation can be avoided. The majority of Army
pilots currently utilize manual controls to fly and manage their aircraft for a number of
reasons. One of the most important reasons is the unique and unpredictable environ-
ment military aviators must operate in. Maintaining SA is a top priority for these
individuals and the prospect of being “out of the loop” is not an option appealing to
many pilots. Design of adaptive automation systems for military aircraft should center
on establishing what criteria dictates when control of the aircraft resides with the
human or the automation.

Identification of Future Human-Computer System Needs 215



In order to maintain a human-centered aircraft, the adaptive automation should be a
fluid system that systematically isolates individual aviation tasks that can be shifted to
computer control to reduce the cognitive burden on a pilot. This would allow for a
sharing of tasks with the computer so that the pilot can maintain an accurate mental
model of the aircraft. This allows the pilot to maintain SA by understanding what the
aircraft is doing and how it is being affected by variables such as fuel, altitude, or
airspeed. Inherent within such a scheme is the question of how to remove and return
control to the pilot. There is the potential for military aviators delaying, or not utilizing,
automation even when available. This could result for two different reasons. Military
pilots, may falsely believe they have the skills to navigate out of a bad situation as was
the case in a crash off the coast of Florida in 2015 [45]. Second, in conditions where
pilots lose SA, they may be unaware that incorrect control inputs or faulty systems will
lead to an aviation mishap (i.e., unrecognized spatial disorientation). Given the
incredibly short window during which mishaps can occur, an essential feature of an
adaptive automation system would require the computer to take control of a high risk
task to ensure safe operation. This highlights an important feature of using psy-
chophysiological indices as an input for an adaptive automation system. These mea-
sures are obtained without effort or influence from the pilot, which allows the system to
address both of these issues by engaging when the pilot is unable to recognize the
situation at hand due to excessively high workload or loss of SA. The design of such a
system should be based on data indicating the operator is able to maintain SA of the
aircraft functions to prevent problems such as mode error. Given the high level of
cognitive demand, particularly in the visual and auditory dimensions, considerable
effort will need to be made in determining the most efficient way to facilitate com-
munication between the operator and computer.

Perhaps trickier than the question of when to initiate automation is the reverse role
of returning the responsibility for the task to the human operator. Assuming the
automation will only be initiated during high workload periods or when a number of
unexpected events occur, consideration needs to be given to how the pilot will be
informed of what functions were transferred to automation. If the pilot is unaware that
the adaptive automation is engaged, he or she may divert unnecessary resources to
managing the task being automated when there are few resources available. It is
conceivable that a specific order of tasks could be diverted in all situations, but this
likely would be troublesome because different situations would likely tax different
cognitive domains. An alternative may be that a continuous dialogue between the pilot
and computer be used as workload increases so that the operator can input which
functions the computer should select for automation. This has the advantage of keeping
the pilot informed of which tasks are under computer control until the workload
subsides. However, this scenario does not account for unexpected and sudden situa-
tions where a pilot becomes overloaded or disoriented.

As discussed previously in the paper, there is an abundant body of research linking
psychophysiological measures to workload (e.g., [33–36]). Research specific to avia-
tion maneuvers is sparse, particularly rotary-wing aircraft used in the Army, which will
require identifying performance measures for specific tasks and compiling evidence to
link those performance measures to the operator’s cognitive state. A key step in this
process will be to isolate specific aviation task/maneuvers and identify specific
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psychophysiological measures that can detect changes in workload for each of those
tasks. Building on the concepts from the multiple resource model, it is likely that some
aviation tasks can be performed in conjunction without an appreciable drop in per-
formance whereas others will have significant interference leading to performance
decrements. Since many of these tasks will draw on multiple cognitive dimensions, it is
important to determine the level of change in each psychophysiological measure for
each individual task. If psychophysiological measures will be used to quantify work-
load in initiating automation, it will require establishing a baseline for each aviation
task for future use in a decision matrix that decides whether or not a computer assumes
control. For example, eye-tracking can be used to identify a pilot’s reduced attention on
the altitude indicator due to a greater focus on other visual cues (i.e., the navigation
system) compared with the programmed and actual altitude. This could be one of the
variables that determine if the pilot is experiencing high workload and a loss of SA
which would trigger adaptive automation. Using an absolute value for altitude may not
be beneficial for automation in such a scenario because pilot experience also plays a
role. For instance, younger pilots focus on maintaining an exact altitude whereas
experienced pilots tend to allow for greater variation within an acceptable range
without constant monitoring. This example demonstrates why it will be essential to
ascertain baselines for isolated tasks through multiple psychophysiological and
instrumental inputs.

Since most tasks will consume cognitive resources from multiple dimensions of the
model, it will need to be experimentally determined which task pairings lead to
excessive workload. This type of data can be used to generate algorithms for designing
adaptive automation systems based on the psychophysiological indices and aviation
instruments. These algorithms would serve two main purposes. First, the criteria for the
determination of when adaptive automation should engage will need to be developed.
Given the variety of tasks that occur during flight, the aviator will most likely be
performing multiple functions when high workload conditions arise. In order to meet the
objective of automation reducing, rather than redistributing, the workload, it may be
necessary to establish which tasks the computer will control and which will remain in
the pilot’s control. In a military setting, there may be specific functions a pilot is
unwilling to relinquish control to a computer system. This work may need to include
military pilots during the design process to ensure the automation system is designed to
maintain operational effectiveness rather than distracting the pilot in an already stressful
event.

5.1 Conclusion

The FVL program will be responsible for the most significant changes to Army avi-
ation in decades. Current and emerging technological advances will provide capabili-
ties the majority of pilots have not seen before. Given the relatively infrequent use of
automation that currently exists in the Army, it will be critical to ensure any FVL
human-computer system design keeps the pilot as the central focus. The following are a
series of questions that will need to be addressed through research to ensure successful
implementation of automation in future Army aircraft:
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• What criteria should be used to determine when adaptive automation engages? Does
it need to be individualized?

• What are the most effective, reliable psychophysiological indices for measuring
workload and to which cognitive dimensions do they correspond?

• What psychophysiological indices of workload correspond to specific aviation
maneuvers? What criteria will be used to determine which maneuvers will be
transferred to the computer?

• Should the computer or the human decide when automation takes control? How
should this be communicated to the pilot?

• How will the system detect and avoid differing workload levels that are detrimental
to performance, including “underload” conditions?

• What psychophysiological indices correlate with reduced performance? What
combinations of pilot stressors alter the indices (e.g., fatigue, disorientation, etc.)?

The above list is by no means exhaustive of all the topics that will need to be
addressed. As research progresses, new questions and new methods will inevitably
arise. The collaboration between the research community and the military will need to
remain fluid in order to benefit from the innovative efforts that will come.
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