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This paper investigates the effects of different automation design philosophies for a helicopter navigation
task. A baseline navigation display is compared with two more advanced systems: an advisory
display, which provides a discrete trajectory suggestion; and a constraint-based display, which provides
information about the set of possible trajectory solutions. The results of a human-in-the-loop experiment
with eight pilot participants show a significant negative impact of the advisory display on pilot trajectory
decision-making: out of the 16 encountered off-nominal situations across the experiment, only 6 were
solved optimally. The baseline and constraint-based display both lead to better decisions, with 14 out
of 16 being optimal. However, pilots still preferred the advisory display, in particular in off-nominal
situations. These results highlight that even when a support system is preferred by pilots, it can have
strong inadvertent negative effects on their decision-making.

© 2022 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Automation often works best in clearly defined tasks. However,
during unanticipated or emergency situations [1], or when many
automation systems are available to the pilots in parallel [2], au-
tomation can actually increase the requirements on the system
operator or pilot. In unfortunate circumstances, automation can
even contribute to accidents, as has happened in the fixed-wing
domain [3]. While automation is certainly not the sole cause of ac-
cidents, unexpected automation reactions to unknown failures can
exacerbate the dependency on pilot judgement in these situations.
It is therefore required to scrutinise possible automation designs
for both their possible positive and negative effects.

This paper investigates automation support for the cognitive
task of navigational decision-making. The goal of this paper is to
analyse what kind of automation system best supports this pilot
task. Based on this analysis, recommendations for future helicopter
automation design are derived. To that end, this paper compares
two different automation design philosophies, advisory automation
support and constraint-based automation support.

Advisory automation focuses on a clearly defined task and pro-
vides one particular solution to it. This solution (e.g., a specific ma-
noeuvre, flight profile, or control strategy) is either communicated
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to the pilot or automatically implemented. Constraint-based au-
tomation takes inspiration from Ecological Interface Design (EID).
Ecological interfaces provide information about the controlled sys-
tem and its environment such that the constraints on possible
operator actions become easily apparent [4]. Crucially, it leaves
the decision-making task to the pilot. Visualised constraints can
be physical (e.g., avoiding flight into terrain or bad weather) or
procedural (e.g., staying above a predetermined safe altitude) [5].
EID principles have been only sparsely applied in the helicopter
domain, for example for shipboard landing [6] and obstacle avoid-
ance [7].

These two automation design philosophies manifest themselves
in the three different helicopter head-down navigation displays
that this paper investigates. A baseline display serves as an ex-
perimental baseline. It only shows the most necessary information
about the position of the helicopter, the target, and any naviga-
tional obstacles. The first experimental display is based on advisory
automation and provides one particular navigational solution to
the pilots. This solution circumnavigates obstacles and provides a
trajectory to the target. The second experimental display is based
on Ecological Interface Design principles and provides informa-
tion about the helicopter’s navigational capabilities and limitations,
without prescribing one specific solution. The inspiration for this
constraint-based display lies in a display that was originally de-
veloped in the context of air traffic control [8], based on in-flight
trajectory modification concepts developed by Mulder et al. [9].

1270-9638/© 2022 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Automated trajectory generation algorithms can rely on many
different data sources: obstacle databases [10], the fuel cost of
prospective trajectories [11], or the acoustic footprint of prospec-
tive trajectories [12]. Without going into detail, none of the afore-
mentioned algorithms take all existing data into account. Rather,
they focus on specific data subsets, relevant to the mission. That
means that even if a trajectory determination algorithm considers
all data that are deemed relevant for the mission, there is always
the chance that other influences outside of the envisioned opera-
tional envelope require a manual change of trajectory. Detecting
the departure from the operational envelope of the automation
system is the responsibility of the pilots — the automation system
is unable to react to data it is not programmed to consider.

This analysis, and the operational boundaries that all automa-
tion systems possess, highlight the crucial role of the pilots and
their capability of adaptively reacting to situations. When the en-
countered situation lies outside of the scope of the automated
system, or if an error prohibits the automation from working cor-
rectly, it is the pilots’ responsibility to react to the situation and
ensure the continued safety of the vehicle and the environment.
This paper aims to provide insight into whether the use of the out-
lined automation design philosophies can support or hinder these
adaptive pilot decision-making processes.

It would be unfeasible to try to design and evaluate systems
that try to incorporate all the different kinds of data listed above
or faults that may occur. However, it is also not necessary, as every
automation system will have a specific operational envelope and
can encounter situations outside of this boundary. The experiment
of this paper reproduces and analyses this key characteristic: the
experimental displays are designed within a particular operational
envelope. They are subsequently subjected to situations inside and
outside of this envelope. This enables the analysis of the pilots’
reactions to both expected and unanticipated situations in a clearly
defined context and how different automation design philosophies
affect the pilots’ decision-making.

This paper is structured as follows. Section 2 contains back-
ground information pertaining to helicopter navigation support
systems. Section 3 describes the baseline navigation display and
both experimental displays. Afterwards, an analysis of possible
control strategies is performed in Section 4. The experimental
setup is described in Section 5. The experiments’ results are pre-
sented in Section 6 and discussed in Section 7, including recom-
mendations for future research and automation design. Section 8
provides a conclusion to this paper.

2. Background

Top-down navigation displays are part of those electronic flight
instrument systems that belong to second generation flight decks,
which were introduced on a large scale with the Airbus A320
and the Boeing 747-400 [13]. On a navigation display, a multitude
of information can be displayed, for example terrain and traffic
data [13], heliport/heliport locations, restricted airspace and way-
points [14], or weather and obstacle data [15]. Coupled with a
flight management system, a navigation display can provide infor-
mation about waypoints and courses selected by the pilots [13].
Helicopter flight management systems, in particular, can offer
mission-specific functions like automated flight pattern generation
or the up- and down-link of flight plans with external sources [13].

Past work on helicopter navigation support systems includes
the work of Haisch et al. [15], who describe the functionality of
an envisioned adaptive route-planning algorithm. At the press of
a button, a route from the current position to the mission target
is calculated, taking into account data covering terrain, obstacles,
topography, aerodromes, airspace, navigation, weather, and heli-
copter performance. When the system detects an additional ob-
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stacle, for example an additional bad weather area, the course is
modified to evade the new obstruction. The calculated courses of
this system seem to be made up of multiple straight legs between
a small number of waypoints, i.e., no curved trajectories are pro-
posed. The pilot can accept the proposed plan and “activate” it, or
disregard it and insert a manual course with a joystick in the in-
terseat console.

Takahashi et al. [16] performed an experiment that is similar
to the one proposed in this paper. They investigated three differ-
ent levels of automation support while performing a mission: fully
coupled autonomy, additive control, and piloted decoupled attitude
command. Trajectories to selected waypoints or landing sites were
computed taking into account real-time obstacle data, and could
either directly be implemented by the autopilot system or commu-
nicated to the pilot via head-down, panel-mounted displays. The
focus of the experimental validation lied on the vehicle behaviour
during mode transition and the manual control of the aircraft in
the different modes.

Some current developments in pilot navigation support focus
on the use of devices that are separated from the main avionics
system of the helicopter, so-called Electronic Flight Bags (EFB). De
Bernardi and Ferroni [17] describe Leonardo’s EFB system Skyflight
Mobile. The pilots are being made aware of possible terrain col-
lisions, restricted airspace, warnings, and restrictions prior to the
mission. Roos and de Reus [18] analyse the use of tablet-based
EFBs in the helicopter cockpit, especially investigating effects on
flight- and mission-safety induced by an additional, feature-rich
tool in the cockpit. Based on available task load restrictions, the
tablet could only be used in low-workload mission phases like
cruise or holding. EFBs are not applicable to the continuous single-
pilot operation envisioned in this paper.

The functionalities of the experimental displays in this exper-
iment are not new. They are based on the extensive capabilities
of currently operational systems, or those under research. How-
ever, by comparing different automation approaches, this paper
will provide a deeper understanding of the interaction between au-
tomation and pilots, and what the impact of these interactions are.

3. Display design
3.1. Operational envelope

The operational envelope of all described displays is defined as
the completion of a predetermined flight-plan, taking into account
to-be-avoided weather areas, fuel constraints, and the track dis-
tance of the chosen trajectories. The goal of the navigation display
is to support the following operator goals:

1. Perform a predetermined flight plan, which includes flying to
the target waypoints in the order defined in the flight plan
and hovering at each waypoint for ten seconds.

2. For each part of the flight plan, determine and execute a tra-
jectory that is safe (i.e., does not enter weather areas) and
efficient (i.e., in the constraints of this experiment, uses the
path with the shortest track distance).

3. Provide predictions about the fuel use of the remaining flight
plan legs.

The task of the pilots can be separated into two categories: 1)
the manual flying task, which comprises hovering at each target
and following the selected waypoints while avoiding bad weather
areas; 2) the cognitive planning task, which comprises the selec-
tion of a suitable route to the next target and the evaluation of the
remaining fuel with respect to the remaining legs.

A constraint is placed on the complexity of paths that will
be supported by the experimental displays: only so-called “one-
turn” trajectories between targets are supported. This means that
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Fig. 1. Baseline navigation display representation of flight plan, including obstacles
(red circles) and three targets (grey circles). The colours and line widths of the
display have been adapted for better readability. (For interpretation of the colours
in the figure(s), the reader is referred to the web version of this article.)
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Fig. 2. Left: fuel gauge for reserve fuel and fuel assigned to legs one, two, and three,
shown at different stages of an example mission. Right: one-turn trajectory to com-
plete the example mission.
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at most one intermediate waypoint is placed between the ownship
position and the next target. Each trajectory between two targets
also contains at most one intermediate waypoint. When following
this kind of trajectory, the pilots need to perform at most one in-
termediate turn per flight leg. Fig. 2 (right) shows an example of
a one-turn trajectory, containing zero turns between the ownship
position and first target, one turn between the first and second
target, and zero turns between the second and the third target.

This particular constraint on path complexity is chosen for a
reason. A path with one intermediate waypoint is the first log-
ical step between the most simple, direct path and more com-
plex paths. Further steps to increase complexity would encom-
pass increasing the number of intermediate waypoints, including
curved/non-straight segments, and introducing time and altitude
constraints. In this experiment, the border of the operational en-
velope is placed on the lower end of path complexity. This is done
to enable the participating pilots to quickly understand the system
boundaries and to swiftly learn to identify more complex path so-
lutions outside of these boundaries.

Increasing the operational envelope to more complex trajecto-
ries would require the pilots to “think outside of an increasingly
larger box”. While this might increase the experiment realism, it
would also require substantially more training and familiarisation
with the proposed automation systems and the scenario. In ad-
dition, if it can be shown that certain automation systems have
inadvertent negative effects in a straightforward navigation sce-
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nario where more complex trajectories are easily conceivable, it
can be assumed that these negative effects are only exacerbated
in more complex scenarios with less simple solutions and unclear
system boundaries.

3.2. Baseline display symbology

The baseline navigation display utilised in this experiment
shows a top-down representation of the outside world, see Fig. 1.
The ownship aircraft is shown at its bottom edge. Target waypoints
and bad weather areas are shown as small grey circles and larger
red circles, respectively. Fig. 3 shows the rendering of the outside
world as it is shown to the pilots in the simulator, depicting target
waypoints one (red ground markings at the bottom of the figure)
and two (red ground markings in the distance, only visible on the
left-hand side of the figure) of the utilised example experiment
course.! The current leg, which comprises reaching the next target
from the ownship position, is called “active leg”.

By pressing the “initialise” button on the cyclic stick, the pilots
can trigger the calculation of the distance between themselves and
the next waypoints (ignoring any obstacles which might be in the
way). This distance is then shown next to the targets in the navi-
gation display. The shortest, direct path from the ownship position
to the remaining target waypoints is presented in magenta.

To identify a safe and efficient route, the pilots can only use
the provided spatial information about the ownship position, the
target position, and the position of any obstacles. The displayed
direct route and distances can serve as a basis for the fuel estima-
tion task. However, any deviations from the shortest path are not
considered by the display. The pilots are required to estimate the
additional travel distance themselves.

3.3. Fuel display

In every display condition, a fuel gauge shows pilots the re-
maining fuel which is planned for each leg and the remaining
reserve fuel, see the lowermost fuel gauge on the left-hand side
of Fig. 2. The remaining fuel is measured in track kilometres. It is
computed by initially defining all fuel reserves in terms of track
distance and continuously subtracting the sum of flown trajectory
track distance from it. This allows the direct comparison of avail-
able fuel reserves to navigational distances, which is required for
the experimental task. This fuel reserve calculation method is cho-
sen to simplify the experimental task for the participants. At the
same time, it is sufficient to introduce track efficiency considera-
tions into the experiment. It does not consider the impact of flying
at different velocities, which would change the consumed fuel per
distance flown, or the fuel consumption during hover.

During the mission, the fuel “container” that is currently being
emptied is highlighted. The leg-specific container contains enough
fuel to complete the leg without any deviations from the shortest
path: every deviation due to obstacles requires the use of reserve
fuel. When the leg-specific fuel container is empty, reserve fuel is
consumed. Subsequently, the reserve fuel gauge is highlighted.

Fig. 2 depicts the fuel gauge at different times during an ex-
ample mission, when following the shown trajectory. The reader
is advised to start at the bottom of this figure. At the beginning,
at the lowermost position, all containers are full. After performing
the first leg (i.e., after flying from the initial position to the first
target), the corresponding container is empty. As there were no
major course deviations necessary, the reserve fuel container is al-
most full. After performing the second leg (i.e., flying from the first

1 Bad weather areas do not have a graphical representation in the simulation.
Rather, the default visibility of 1,500 m is gradually reduced to 100 m when entering
an area designated as bad weather.
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Fig. 3. Rendering of the experiment course, looking from target 1 red ground markings at the bottom of the figure to target 2. Left: increased visibility to highlight the second
target waypoint. The oval is inserted to highlight the target and is not visible during the experiment. Right: actual visibility employed during the experiment (1,500 m).

KM 6.9#+0.0

Fig. 4. Area covered by evaluation grid (201 times 101 points, grey); the black el-
lipse denotes the outermost possible locations of intermediate waypoint between
ownship position (bottom centre) and target (top centre), given the remaining fuel.

to the second target), the second container is empty, and a non-
negligible amount of reserve fuel has been used. This is caused by
the fact that some deviation from the direct route was necessary
to avoid entering bad weather areas. The remaining reserve fuel is
displayed in kilometres on the left. At the end of the course, all
three leg-specific containers are empty. In this example, the leg-
specific fuel was sufficient to complete the last leg, with 2.6 km of
reserve fuel remaining.

3.4. Trajectory determination and evaluation algorithm

Both experimental displays rely on an algorithm that deter-
mines all one-turn trajectories to the target and evaluates the
determined trajectories with respect to safety (entry into bad
weather) and efficiency (fuel consumption). When the calculation
of these data is triggered, the area between the ownship position
and the target position is first divided into a grid of 201 (lateral)
times 101 (longitudinal) point locations. The lateral expansion of
the grid is chosen such that it covers all possible one-turn trajec-
tories between the current ownship position and the target. Fig. 4
shows the evaluation grid in grey.

Afterwards, for each point location, it is determined whether
following a trajectory through this intermediate waypoint satis-
fies the safety requirement of not entering any weather areas. If
the trajectory is safe, it is evaluated with respect to the length
of the resulting trajectory. The length of the resulting trajectory is
compared to the theoretically optimal, direct trajectory length. The
shorter the trajectory is, the more efficient it is.

The result of this algorithm is a grid of location points, each
with a binary safety value (safe/unsafe) and a numerical efficiency
value (additional travel distance, compared to theoretical opti-
mum). These data are used both by the advisory and constraint-
based display, as described below.

3.5. Advisory display

The advisory display shows the same information as the base-
line display. However, when the “initialise” button on the cyclic
stick is pressed, the most efficient and safe intermediate waypoint
of the previously computed grid is selected. Then, a trajectory is

plotted from the ownship position, through the location point,
to the target location. The resulting path and distances are then
shown on the display, as is visible in Fig. 2.

The advisory display provides the pilots with a safe and optimal
one-turn route to reach the target. The additional track distance re-
quired to follow the computed path is shown next to each target.
This additional track distance directly relates to the remaining re-
serve fuel: when this trajectory is followed precisely, the reserve
fuel will be reduced by the indicated amount when reaching the
respective waypoint.

3.6. Constraint-based display

The constraint-based display provides pilots with graphical in-
formation about all possible collision-free, one-turn trajectories to
reach the current target. It also shows the remaining manoeuvre
capabilities for future legs, taking into account the remaining re-
serve fuel. As is shown in Fig. 5 on the left-hand side, multiple
ellipses are shown around the direct flight path between the own-
ship position and the next target. Flying a one-turn trajectory with
a turning point on the first ellipse results in an additional travel
distance of one kilometre. Each following ellipse represents one
additional kilometre of travel distance. Through the size of the
ellipses, the pilots can estimate the additional distance that is re-
quired to complete the respective path. A highlighted area denotes
the locations of all possible collision-free turning points in the ac-
tive leg.

For the currently active leg, ellipses are shown at additional
travel distances of 1 km, 2 km, 3 km, and 4 km. Within this area,
the pilots can manually set a turning waypoint. By pressing the
“select” button on the cyclic stick, the pilots can cycle through the
ellipses of the current leg, as shown in Fig. 5 on the left. By turn-
ing the helicopter, the pilots can aim the nose of the helicopter at
a certain point on the selected ellipse, see Fig. 5 in the middle. The
pilots can select the intersection point of the ownship orientation
and the selected ellipsis by holding the “select” button, as shown
in Fig. 5 on the right. The distance to the currently active target
is then re-calculated, considering the selected turning point. (Note
that the distance between future target points is still the shortest
direct distance, pilots can only manipulate the active leg.)

For future legs, only one ellipse is shown. The size of this el-
lipse depends on the remaining fuel reserve, reduced by the fuel
requirements of the selected course in the current leg. As such, the
constraint-based display supports the selection of a safe and opti-
mal route to reach the current target. For subsequent targets, its
support is weaker: it only shows the maximum extra track dis-
tance that the remaining fuel allows — intermediate ellipses are
not shown.

4. Control strategy analysis
Fig. 6 depicts a Decision Ladder (DL), based on work by Ras-

mussen [19], for the path planning task. Possible control strate-
gies afforded by the displays “move” through the DL, cover-
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Fig. 5. Selecting a specific waypoint by interacting with the constraint-based display. Left: ellipses and area for safe turning point is shown. Middle: second ellipse is selected,

helicopter is rotated to choose turning point. Right: turning point is selected.
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Fig. 6. Decision Ladder for the path planning task, showing the control strategy without shortcuts (1) and five control strategies with “automation-enabled shortcuts” (2) -

(6).

ing Skill-Based Behaviour (SBB), Rule-Based Behaviour (RBB), and
Knowledge-Based Behaviour (KBB).

4.1. Path planning strategies

Strategies (1) and (2) can be used regardless of the employed
display. Strategy (1) comprises every step on the decision lad-
der, requiring knowledge-based reasoning and decision-making
throughout the process. After initiating the path planning process
“activation”, the visible obstacles are identified, and their location
and size are evaluated with respect to the ownship and target po-
sition. Then, possible solution paths are determined and evaluated.
Based on the task-specific goals (safety, efficiency), one solution is
chosen. This solution is then translated into an intermediate way-
point between the ownship position and the target, defining the
selected path. Lastly, the chosen path needs to be implemented by
the pilots by performing certain standard flying manoeuvres.

Strategy (2) is the first strategy that uses a rule-based “short-
cut” in the DL. When evaluating possible solutions, the pilots might
decide to choose the first viable route they encounter, neglect-

ing part of the efficiency evaluation and only focusing on safety.
The rule can be formulated as: “if a safe route is identified, then
immediately implement this route and stop searching for alterna-
tive routes”. In this case, the path determination, evaluation, and
selection step is shortened, but at the possible expense of track
efficiency.

Strategies (3) and (4) are enabled by the constraint-based dis-
play. With this display, after recognising the existence of an ob-
stacle, the pilots can trigger the calculation and visualisation of all
safe one-turn solutions. The pilots can immediately skip to a future
step. In case of Strategy (3), they can use a “knowledge leap” to
immediately skip to the path evaluation step: all safe possible one-
turn paths are already calculated. The selection of the optimal path
is supported through the ellipses, too, by visualising the additional
track-distance of the possible turning points in one-kilometre in-
crements. To choose the optimal path, the pilots need to determine
the waypoint that is closest to the direct connection between the
ownship position and the target, i.e.,, the safe waypoint that has
the smallest additional track distance. After determining this way-
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point, they can manually insert this waypoint into the navigation
display.

The constraint-based display enables a second, larger shortcut,
described in Strategy (4): instead of evaluating each proposed so-
lution to choose the optimal route, the pilots can decide to choose
the first available, safe solution. In this case, they choose and man-
ually insert an arbitrary waypoint in the safe area. This rule-based
shortcut will ensure a safe trajectory, but not an optimal one. It
can be described by the following if-then clause: “if the constraint-
based display provides any safe one-turn trajectories, arbitrarily
select one solution and immediately implement it.”

Strategy (6), enabled by the advisory display, provides the
largest rule-based shortcut. As soon as the pilots identify the need
to perform the path-planning task, they trigger the automatic path
planning system. This will automatically insert a safe and optimal
one-turn waypoint into the navigation display. The pilots only need
to implement the proposed route. This shortcut can be described
as “if it is not possible to directly fly to the target, trigger the auto-
matic path planning system and implement the suggested route.”

The advisory and constraint-based displays encourage certain
control behaviours and shortcuts. Their impact on the decision-
making process of the pilots depends on how prone pilots are to
follow these shortcuts. How frequently do the pilots check the pro-
vided shortcuts for errors, and how frequently do they reflect on
the requirements for the shortcuts to work? On the one hand, re-
lieving the pilots of some cognitive work through shortcuts could
lead to an increased mental capacity to evaluate and reflect on
the current course of action. On the other hand, utilising short-
cuts that skip the evaluation of the chosen trajectory by the pilots
themselves could lead to a decrease of the level of scrutiny the
suggested trajectories are subjected to.

The answers to these questions heavily depend on the mind-
set of the pilots. Are they expecting errors and unsafe system
behaviour, or do they generally accept the provided shortcuts? In
this experiment, while they were warned that additional obstacles
might appear, it was not an emphasised element of their briefing.
It can be reasonably assumed that they were mostly focused on
the normal performance of the task, utilising the provided support,
without questioning the provided automation support at every
step of their thought process. This expectation is later translated
into hypotheses.

4.2. Reacting to additional weather

To simulate situations that lie outside the operational bound-
ary of the automation systems, obstacles can appear mid-run that
remain undetected by the algorithm. This requires the pilots to de-
tect this additional obstacle (and, when using any of the displays,
the display malfunction) and perform all tasks themselves. To elab-
orate: the obstacles will still be shown on the navigation display
if they affect the currently active leg, but both the automatic path
calculation of the advisory display and the area of safe interme-
diate waypoints of the constraint-based display will be calculated
without this particular obstacle. These events will enable the anal-
ysis of the robustness of the displays towards system malfunction.
The right-hand side of Fig. 7 depicts an experiment course that
contains an additional bad weather area that appears when enter-
ing leg 2. Fig. 8 shows how an undetected obstacle appears on the
display when using the advisory display (left) and the constraint-
based display (right).

The appearance of such an obstacle can cause a previously cho-
sen trajectory to become unsafe. The realisation that a chosen
trajectory is unsafe occurs during the “obstacle locations evaluat-
ed” step in the DL. Any strategy that provides shortcuts within or
around this step is susceptible to undetected obstacles impairing
the safety of the current leg. These are Strategies (3), (4), and (6).
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Fig. 7. Left: first experiment course design with a 2-turn solution at leg 2. Right:
second experiment course design with an additional weather area appearing in leg
2 shown in grey.

KM 10.2+2.1

Fig. 8. Flawed display support by the advisory (left) and constraint-based (right)
display when an additional weather area appears.

Strategies (1) and (2) can always be employed by the pilots.
They are not susceptible to obstacles that appear mid-run. As long
as the pilots recognise all present obstacles when they initiate the
planning task, the path planning strategy and the safety and effi-
ciency of the chosen path are not impaired.

Both Strategies (3) and (4) are vulnerable to undetected obsta-
cles, as the calculated safe trajectories do not take this additional
obstacle into account. The pilots are required to recognise the mal-
function and manually adapt the suggested paths. As soon as the
pilots recognise the additional obstacle, they have two options.
First, they could decide to neglect the additional information of the
constraint-based display completely and solely rely on the baseline
data representation. In this case, they would change from Strat-
egy (3) or (4) to the baseline Strategies (1) or (2). Second, they
could decide to utilise those parts of the constraint-based display
that are still valid, i.e., the additional track distance ellipses. This
behaviour is represented as Strategy (5).

Strategy (5) is a fallback strategy for the constraint-based dis-
play, in case an undetected obstacle appears. In this case, the spa-
tial representation of possible intermediate waypoints is no longer
valid: some of the suggested trajectories will intersect the unde-
tected obstacle. However, the pilots can still utilise the ellipses
indicating additional track distances to manually evaluate a trajec-
tory with respect to its additional fuel cost. This remaining display
function can be represented as a shortcut within the “evaluate op-
tions” block in the DL.

The large shortcut of Strategy (6) is most susceptible to unde-
tected obstacles, as pilots are not required to analyse and integrate
the provided spatial information of the display in any way. To
detect the error, they need to consciously analyse the proposed
solution for any obstacle intersections. If the proposed solution is
unsafe, there is no way of “fixing” this display error. Therefore, the
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Fig. 9. A possible 2-turn solution (added in black), afforded by the gap between the obstacles, when viewed with the baseline (left), advisory (middle), or constraint-based
(right) display. Both the advisory and constraint-based displays only suggest suboptimal routes around both weather areas.
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Fig. 10. SIMONA Research Simulator at Delft University of Technology.

pilots need to disregard the display suggestions entirely and use
either Strategy (1) or (2).

4.3. Insufficient fuel discovery strategies

The baseline display does not provide any support to estimate
the additional distance that is necessary to avoid obstacles. The
task of estimating this extra distance and connecting it to the re-
maining reserve fuel is left to the pilots.

The advisory display provides distance estimations for every
target. If, in the planning phase, the additional distance is larger
than the remaining reserve fuel, a completion of this trajectory is
no longer possible. If an additional weather area appeared, the pro-
vided information is no longer accurate.

The constraint-based display provides support to discover insuf-
ficient fuel while planning the next leg. After selecting a trajectory
in the current leg, the ellipses around future legs shrink to reflect
the change in available reserve fuel (see Fig. 5). In this example,
the ellipses in legs two and three do not intersect with weather
areas and the course can be completed with the remaining reserve
fuel. However, if the ellipses around future legs do not afford any
trajectory solutions, i.e., if they would intersect with weather areas
on both sides, the remaining reserve fuel will not be sufficient to
complete the corresponding leg. In case of an additional appearing
bad weather area, this information can still be used by the pilots.

5. Experimental setup
5.1. Scenario

The pilots are tasked to complete a predetermined flight plan
which includes three target waypoints per experiment run, see
Fig. 1 for an example. At each target, the pilots are asked to hover
in place for ten seconds.

The path to the target waypoints (but not the target points
themselves) can be obstructed by circular bad weather pockets
(red), which must be evaded. The pilots are asked to approach

each target waypoint as fast as possible and without entering bad
weather areas, not exceeding a maximum speed of 100 kt.

During each experiment run, the helicopter possesses a certain
amount of reserve fuel (measured in travel distance, four kilome-
tres per run). If the pilots expect to run out of reserve fuel before
reaching the next target, they need to detect this and abort the
mission at the current position (by telling “mission control”, i.e.,
the experiment conductor).

It is of particular interest to investigate the effect of the em-
ployed displays on pilot decision-making during situations that
do not neatly fall into the operational envelope of both displays
(namely, the assumption that one-turn solutions are close to the
optimal solution). To this end, two more complex obstacle arrange-
ments are introduced.

In most cases, the one-turn solutions proposed by the dis-
plays are close to the optimal trajectory. However, depending on
the location of the weather, there can be trajectories between
waypoints that are more efficient than one-turn solutions, see
Fig. 9. The suggested one-turn solutions lead completely around
both obstacles, as shown by the advisory display (middle) and the
constraint-based display (right). However, the most efficient route
leads through the gap between the obstacles. This route is not de-
tected by the support displays.

In addition to these more optimal 2-turn solutions, some ad-
ditional bad weather pockets will appear for a small number of
active legs and will not be recognised by the experimental displays.
An appearing obstacle will always change the direction of the op-
timal trajectory: if, before the obstacle’s appearance, the shortest
trajectory leads around the left side, the shortest path will after-
wards lead around the right side and vice versa.

5.2. Apparatus

The experiment took place in March 2021 in the SIMONA
Research Simulator (SRS) [20] at Delft University of Technology,
shown in Fig. 10. The outside visuals with a field-of-view of 180°
by 40° are collimated, appearing at an infinite distance to the
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pilots. The simulator windows resemble a fixed-wing cockpit, ob-
structing any downward view. For the given navigation task and
the very large hover area this field-of-view limitation did not ap-
pear to play a detrimental role to the ability of the pilots to control
the helicopter.

The participants used a helicopter cyclic stick, a collective stick,
and pedals to control the model, which is an analytical model
based on a Messerschmitt-Bolkow-Blohm Bo105 Helicopter [21].
The trigger of the cyclic stick served as the “initialise” button, a
button close to the resting position of the right-hand thumb served
as the “select” button. The motion system of the simulator was
deactivated. The additional motion cues were expected to have a
negligible influence on the cognitive task of decision-making in a
navigation scenario. The added immersion was deemed insufficient
to justify the added complexity and experiment duration which
follows from the use of the motion system.

5.3. Participants

Eight helicopter pilots with varying experience (minimum Pri-
vate Pilot License (PPL), approximately 100 flight hours) partici-
pated in this experiment. Five participants had a private helicopter
pilot licence (PPLH), three participants had a commercial or more
advanced helicopter licence. Average flight hours per participants
amounted to 1,500 hours, with a standard deviation of 1,850 hours.
Before the experiment, pilots could accustom themselves with the
controls, the model, each experiment condition, and the experi-
mental procedure.

5.4. Independent variables

The experiment utilised a within-participants design, each par-
ticipant performed each condition. The independent variables of
this experiment are display (baseline, advisory, constraint-based)
and situation at the second leg of each course (more optimal 2-
turn, undetected weather). These situations correspond to the two
“more complex” obstacle arrangements described above. Each ex-
perimental course contains one of these obstacle arrangements, see
Fig. 7.

Each course is flown with each display, resulting in six experi-
mental runs per pilot. To avoid the recognition of the same course,
the course elements are rotated between displays. This does not
change the distances or obstacle location relative to the leg ori-
gins and targets. The experimental setup is therefore treated as
a “within subject” design, even though there are technically six
different courses. The order of experiment conditions is changed
between pilots, to create a balanced experiment setup.

5.5. Dependent measures

Dependent measures comprise of decision-making, measured
through the trajectory decision the pilots make; safety, measured
via the number of “unsafe” fuel predictions (i.e., overestimating
own capabilities); workload, measured via the subjective NASA-
TLX, given to the pilots after each condition [22]; situation aware-
ness, measured via the subjective scale Situation Awareness Rating
Technique (SART) [23], likewise given to the pilot after each exper-
iment condition; and pilot preference, measured through a ques-
tionnaire given to the pilots at the end of the experiment.

Decision-making and safety ratings are collected per leg and
are analysed as such. Therefore, an experiment run always con-
tains one data point for the first, nominal leg and one data point
for the situation encountered at the second leg (2-turn possible or
additional weather). The third leg is excluded, as some pilots were
able to complete the third leg with the remaining fuel in some
runs, but most pilots were not.
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Workload and situation awareness ratings are collected per run.
They therefore always contain at least one nominal leg and one
situation at the second leg as the basis for the subjective rating.
The comparative ratings for the NASA-TLX are only collected once
per display, so three times in total. The weights are then applied
to both runs with the same display.

5.6. Control variables

Control variables comprise the simulator setup, task, the utilised
helicopter model, the baseline navigation display elements, and the
instrument panel.

5.7. Data processing

Given the relatively small number of eight participants, only
conservative, non-parametric test statistics are used. To compare
numeric measures, non-parametric two-way Friedman tests or,
when analysing data subsets with only one independent variable,
one-way Kruskal-Wallis tests are employed. To compare binary
measures, Cochran-Q tests, as implemented in MATLAB by Jos,?
are utilised. All employed tests analyse the difference between
multiple test attempts. A significant test result suggests that the
observed differences are not based on random chance.

The data are treated on a “per course” basis. The course iden-
tifier is either C1, which is the experiment course with a possible
2-turn solution, or C2, which is the experiment course with an ad-
ditional weather area appearing at leg 2.

Tests are performed at an initial significance value of o = 0.05.
The initial test takes all data of one course (either C1 or C2) into
account. In this arrangement, the first independent test variable is
display (baseline, advisory, constraint-based), and the second inde-
pendent variable is leg number (leg 1, leg 2), which corresponds to
nominal and off-nominal situations (again, either 2-turn possible
or additional weather).

Post-hoc tests on subsets of the data are performed with a sig-
nificance value of £, where n is the number of subset tests. In
most cases, n is equal to 5, when five subset tests are performed:
three to analyse the effect of situation for each of the three sep-
arate displays and two to analyse the effect of display for each
of the two situations. This Bonferroni-correction is carried out to
achieve a significance value of o = 0.05 for the combined post-hoc
tests, accounting for the increased number of tests on the same
data [24, p. 67]. Without this correction, the significance of the
performed post-hoc tests would be overestimated.

5.8. Hypotheses

In nominal situations (legs without a possible 2-turn solu-
tion or additional weather), the advisory display will lead to the
best trajectory decisions (i.e., go left or right around weather).
The constraint-based display also enables good decision-making in
these cases, but not as fast and direct as the advisory display.

The detection of two-turn solutions decreases when utilising
the advisory display. The detection of these “unconventional” solu-
tions takes place in the “determine, evaluate, select solution” block
in the DL, Fig. 6, which is completely skipped with the advisory
display in nominal situations, Strategy (6). With the baseline and
constraint-based displays, the pilots are more involved with the
spatial aspects of the prospective trajectories, which will lead them
to detecting the two-turn solutions more often.

2 Jos (10584) (2021). COCHRAN Q TEST (https://www.mathworks.com/
matlabcentral/fileexchange/16753-cochran-g-test), MATLAB File Exchange. Re-
trieved March 29, 2021.
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Fig. 11. Amount of optimal pilot decisions course C1 and course C2 (left), eight decisions per condition; subjective pilot ratings workload and situation awareness (right), a

high rating indicates a large workload/good situation awareness, and vice versa.

During legs with additional bad weather areas appearing, the
constraint-based display will lead to the best trajectory decisions,
as parts of it can still be used to judge prospective trajectories
according to DL Strategy (5). Both the advisory and baseline display
will lead to worse decisions, as both displays can only rely on DL
Strategies (1) or (2).

It is expected that pilots prefer the advisory display in nominal
situations and the constraint-based display in off-nominal situa-
tions. This outcome would reflect results obtained in the fixed-
wing domain [25].

6. Results

One pilot repeatedly hit the physical limits of the control in-
ceptors, resulting in inconsistent helicopter model behaviour. This
caused the participant to change the given fuel predictions. The re-
sults of this participant are therefore only included in the decision-
making category, as this specific dependent measure is expected to
be independent from the encountered model behaviour changes.
The results of this pilot have been omitted in all other dependent
measures. This behaviour was not caused by significantly lower or
higher flight experience; the participant had comparable experi-
ence to other participants who did not cause this model behaviour.

6.1. Pilot decision-making

The number of optimal pilot decisions is shown in Fig. 11 (left).
In this experiment, optimal pilot decisions are defined as follows:
in case of possible 2-turn solutions, the optimal pilot decision is
defined as “discovering” this hidden, more optimal solution and
performing it, i.e., flying through the gap between the two weather
areas. In case of additional weather, the optimal pilot decision is
defined as choosing the shorter route around the weather area. All
other trajectory decisions are defined as not optimal.

Considering course C1, there is a significant effect of display
(x2(2) = 8, p < 0.05) and of situation on pilot decision (x%(1) =
4,5, p < 0.05). The number of optimal decisions when using the
advisory display significantly drops when encountering the possi-
ble 2-turn solution at leg 2, corroborated by a significant effect of
display in leg 2, x2(2) = 10.3333, p < 0.01. Only 2/8 pilots chose
the more optimal two-turn solution with the advisory display,
compared to 8/8 with the baseline and 7/8 with the constraint-
based display.

Analysing course C2 reveals a similar picture. Across all data,
there is a significant effect of display (x%(2) = 8, p < 0.05) and
of situation (x2(1) = 4, p < 0.05) on pilot decision. Analysing leg
2 separately reveals no significant effects of display (x2(2) = 8, p
= 0.018). However, there is a clear trend of worse decisions with
the advisory display when encountering additional weather areas.
Only 4/8 pilots chose the optimal route around the weather areas,
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Fig. 12. Pilot opinion on aspects of display support: “The display supported...”. The
end of the respective question is shown to the left of each plot, possible answers
are shown at its bottom. The number of answers in each category is shown on top
of each coloured bar.

the other pilots chose the less optimal direction suggested by the
advisory display.

Fig. 12 shows the questionnaire results covering the perceived
display support for the sub-tasks of path planning, weather recog-
nition, and the reaction to additional weather areas. The only sig-
nificant effect can be observed for the path planning task: the
employed display significantly affected the answer to this question
(H(2) = 9.9884, p < 0.01). Both the advisory and constraint-based
display have higher ratings than the baseline display.

This result seems to contradict the previous results, which high-
lighted the negative effect of the advisory display on the quality of
trajectory decisions. There are multiple possible explanations for
this apparent discrepancy. First, the pilots might have rated the
theoretical, abstract capability of the displays to support their path
planning instead of the actual improvement they could observe
during the experiment. It appears only logical that additional infor-
mation, be it advisory or constraint-based, should have supported
the pilots in planning prospective trajectories. This could explain
why both displays have been rated higher than the baseline dis-
play.

A second possible explanation could be that the pilots did not
rate the display support with regards to improved decision-making
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Table 1
Pilot fuel over- and underestimations for Course C1, for the next leg and for the
remaining course. Displays: baseline (B), advisory (A), constraint-based (C).
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Table 2
Pilot fuel over- and underestimations for Course C2, for the next leg and for the
remaining course. Displays: baseline (B), advisory (A), constraint-based (C).

Leg leg 1 leg 2 leg 3 Leg leg 1 leg 2 leg 3

Display B A C B A C B A C Display B A C B A C A C

overestimated leg capabilities 0 0 0 0 0 0 1 0 1 overestimated leg capabilities 0 o0 0 0 3 1 0 0 0

underestimated leg capabilities o o0 O 0 O 0 1 0 0 underestimated leg capabilities o 0 o0 1 0o 0 0 0 0

leg estimation true 7 7 7 7 17 7 5 7 6 leg estimation true 7 7 7 6 4 6 7 7 7

overestimated course 3 0 3 1 0 2 X X X overestimated course 5 7 7 0 3 2 X X X
capabilities capabilities

underestimated course 0 1 1 0 1 1 X X X underestimated course 0o 0 0 0 0 0 X X X
capabilities capabilities

course estimation was true 4 6 3 6 6 4 X X X course estimation true 2 0 0o 7 4 5 X X X

outcomes, but rather decision-making convenience. Both display
variants provide shortcuts in the decision-making process that the
baseline display does not offer. The pilots also might have been
oblivious to the fact that their chosen trajectory was non-optimal,
which can lead to the subjective perception that the provided dis-
play support was useful, even though it was not.

It seems like the advisory display has a detrimental effect on
pilot decision making when encountering off-nominal situations.
These worse decisions affected the safety values discussed in the
later sections, as the chosen trajectories were less efficient and re-
quired more fuel than the optimal route.

6.2. Safety

Two different fuel predictions were made by the pilots. They
needed to predict whether the remaining fuel is sufficient to com-
plete the next leg, and they needed to predict whether the remain-
ing fuel is sufficient to complete the whole course. Tables 1 and 2
show the number of over- and underestimations given by the pi-
lots, separately per course, leg number, and display.

To determine the safety of the pilots’ fuel predictions consider-
ing the next leg, three possible outcomes are considered. First, the
pilots could overestimate their fuel capabilities. In this case, they
predicted that they could finish the next leg, but they ran out of
fuel before doing so. For course C1, no significant effects are ob-
served, p > 0.05. Both the baseline and constraint-based display
caused one overestimation in the third leg.

When encountering additional weather in course C2, the num-
ber of overestimations increases from zero to four. This is sub-
stantiated by a significant effect of situation on the number of
overestimations, x2(2) = 8, p < 0.05. There is no significant ef-
fect of display on the number of overestimations, x2(2) = 4.6667,
p = 0.097. However, a clear trend is visible. Most overestimations
took place when using the advisory display (3/7), followed by the
constraint-based display (1/7). The difference between the baseline
and the advisory display is particularly striking, as the advisory
display contains all information of the baseline display, as well.
Still, in this situation, having access to more information through
the advisory display led to worse decisions. All three overestima-
tions took place when the pilots chose the less optimal direction
of circumnavigation, i.e., made a non-optimal trajectory decision.

The second outcome occurs when pilots underestimate their
capabilities. In this case, they judge their fuel as insufficient to
complete the next leg, even though the remaining fuel would ac-
tually be sufficient to complete the shortest one-turn solution to
the next target. No significant effects can be observed. Pilots un-
derestimated their capabilities twice with the baseline display. It is
important to note that underestimations are not necessarily wrong,
but can also be a sign of caution. It is possible that the pilots re-
alised that the fuel is theoretically sufficient to complete the leg,
but their previous experience taught them that they typically re-
quire a certain additional amount of fuel per leg.

10

The third outcome occurs when the prediction is accurate at
the beginning and true in the end, i.e., the pilots neither overes-
timated nor underestimated their capabilities. For course C1, there
is a significant effect of leg number on the number of true pre-
dictions, x%(2) = 6, p < 0.05. Three wrong estimations took place
in leg 3: two overestimations (one with the baseline, one with the
constraint-based display) and one underestimation (with the base-
line display).

For course C2, there is a significant effect of leg number (x%(2)
= 10, p < 0.01). Five wrong estimations occurred during leg 2,
when the additional weather area appeared. One of these was an
underestimation with the baseline display. The remaining wrong
estimations were overestimations: three with the advisory, one
with the constraint-based display. While the test statistic is not
significant, H(2) = 6, p = 0.050, there seems to be a trend of a
larger number of wrong estimations when using the advisory dis-
play in this situation.

The pilots were also asked to predict their capability of com-
pleting the remainder of the course, at the beginning of leg 1 and
leg 2. Considering full-course overestimations in course C1, there is
a significant effect of the employed display (x2(2) = 6, p < 0.05).
The baseline display caused four, the constraint-based display five
overestimations, while the advisory display caused none. In situa-
tions without additional bad weather, the advisory display seemed
to be very helpful in determining the remaining course capabili-
ties.

Naturally, there is a significant number of overestimations in
leg 1 of course C2, compared to the second leg, x2(1) = 14, p <
0.001. These are caused by the not yet visible additional weather
areas in leg 2. In this case, the pilots were acting on incomplete in-
formation and were unable to provide accurate estimations. Across
both legs, the effect of display is significant, too (x2(2) = 84, p <
0.05). However, analysing only leg 2 reveals no significant effects
of display, H(2) = 4.6667, p = 0.097. The advisory display caused
three, the constraint-based display two overestimations. The base-
line display caused none.

Full-course underestimations happened rarely: twice with the
advisory, twice with the constraint-based display. No significant ef-
fects are observed.

When pilots neither overestimated nor underestimated their
full course capabilities, their prediction was true. For course Cl,
no significant effects are observed, p > 0.05 for every variable. For
course C2, both display (x2(2) = 8.4, p < 0.05) and leg number
(x2(1) = 14, p < 0.001) have a significant effect. As previously
explained, the small number of correct estimations in leg 1 is ex-
plained by the additional weather area that would appear at leg 2.
At leg 2, the baseline display caused zero wrong predictions, while
the advisory display caused four and the constraint-based display
caused two. The differences are not significant, H(2) = 4.6667, p =
0.097.

Fig. 12 shows the questionnaire results covering the fuel reserve
estimation support of the displays. The advisory and constraint-
based displays are rated significantly higher than the baseline dis-
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Fig. 13. I felt confident using the display. In general (left); without

play (H(2) = 14.1411, p < 0.001). Again, this difference is not
visible in the objective experiment metrics, where each display
contributed equally to some false predictions. In this case, hav-
ing the additional information of the advisory or constraint-based
display might have increased the pilots’ confidence in their predic-
tions, or decreased the required workload, without influencing the
prediction accuracy.

6.3. Workload and situation awareness

The NASA-TLX workload rating is shown in Fig. 11 on the right-
hand side. No significant effects are observed. There seems to be
a slight trend of a lower workload rating with the advisory dis-
play in 2-turn courses, which would be in line with the hypothesis.
Considering all conditions, however, the subjective workload seems
largely independent from both situation and display. The situation
awareness ratings are shown in the same Fig. 11. No significant ef-
fects are observed. There is a small trend of an increased situation
awareness rating in 2-turn situations with the advisory display,
mirroring workload ratings.

6.4. Pilot preference

Pilot preference was determined through questionnaires, as
shown in Fig. 13. Both display (x2(2) = 11.9433, p < 0.005) and
situation (x%(2) = 6.6141, p < 0.05) significantly impact the ap-
proval rating. In general, pilot preference was largest for the ad-
visory display. In nominal situations, all displays were preferred
equally, no significant effect can be observed (H(2) = 3.5, p =
0.1737). However, in cases with additional bad weather, the results
diverge. Analysing the displays separately, encountering additional
bad weather reveals a trend of decreasing preference rating of the
baseline display (H(2) = 4.4842, p = 0.1062). Both the constraint-
based display (H(2) = 3.0054, p = 0.2225) and the advisory display
(H(2) = 0.5832, p = 0.7471) retain their high ratings.

This result is surprising, as the advisory display is in fact the
least helpful in these situations, purely based on the information it
provides. The trajectory advice it gives in these situations is obvi-
ously wrong (and the pilots were aware of this) and the suggested
direction leads to a larger circumnavigation manoeuvre. Nonethe-
less, particularly in these situations, pilots preferred the “wrong
advice” of the advisory display both over the minimal but correct
information of the baseline display and over the partly wrong, but
still usable information of the constraint-based display. This result
is in stark contrast to the hypothesis as well as to the other de-
pendent measures.

7. Discussion

The most important finding of this experiment is the influence
of the employed automation system on the decision-making of
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the participating pilots. Results show that employing the advisory
display significantly and negatively impacts the pilots’ decision-
making process in both off-nominal situations: a possible two-turn
solution and an additional appearing obstacle. Critically, most pi-
lots were unaware of their worse decisions, in particular during sit-
uations with possible two-turn solutions. A few pilots commented
mid-run on their decision (e.g., “I think I should have gone the other
way.”, “Why did I fly this way around? I think through the middle would
have been faster.”) and some more pilots made references to “wrong
suggestions” in the final questionnaire.

When encountering additional bad weather, the advice was al-
ways obviously wrong, as it crossed through an additional weather
area. However, even in these situations, pilots were inclined to
follow the direction of the suggested trajectory. This might be ex-
plained through a “priming” effect of the previously correct and
still visible trajectory suggestion. To change their opinion about
which direction to fly, the pilots were required to abandon the
convenience of control Strategy (6) (and the large shortcut through
the DL) and use Strategies (1) or (2). Being used to a nicely pre-
sented solution through the advisory display, they might have been
inclined to utilise Strategy (2), choosing the first viable solution,
instead of utilising the more mentally demanding Strategy (1),
choosing the optimal solution. Being aware of the incorrectness
of the large shortcut through the DL, the pilots might have been
primed to select a control strategy that still provides the largest
shortcut possible, without violating the safety requirements. By
utilising this shortcut, they (possibly subconsciously) sacrificed tra-
jectory efficiency for a quicker trajectory determination control
strategy.

In this case, the first viable solution seems to be influenced
by the still visible, albeit wrong, advisory suggestion. The solution
that is closely related to this wrong suggestion is the trajectory
that follows the same direction and just incorporates an additional
track around the newly appeared obstacle. Half of the pilots imple-
mented this suboptimal trajectory.

The pilots preferred the direct trajectory suggestion of the
advisory display, in particular in situations with additional bad
weather, where this advice was clearly wrong. At first glance,
this seems to be a contradiction: in situations where the advice
was clearly wrong, pilots preferred the display even more. Con-
versely, the baseline and constraint-based display were rated less
favourably, even though the information of the baseline display
was not influenced by the additional weather area and most of
the constraint-based information was still usable. Clearly, the dif-
ferences in approval rating are not based on the usability of the
provided information alone.

In general, the way in which the question is posed in the ques-
tionnaire might have caused a difference. Even though there was
no (baseline) or little (constraint-based) difference in support be-
tween situations with and without additional bad weather, pilots
might have felt inclined to rate the displays worse in situations
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with additional bad weather. This might have been the case be-
cause this situation theoretically presented a complication in de-
termining the next trajectory. In case of the advisory display, this
negative effect might have been counteracted by the natural “con-
venientness” of a nicely presented trajectory suggestion, even if
the suggestion was wrong. As previously discussed, this wrong
suggestion could have acted as a primer to determine the “next
best” solution quickly and without the requirement to completely
change the control strategy and put more cognitive effort into it.

The constraint-based display did not cause significant differ-
ences in dependent measures, when compared to the baseline dis-
play. In terms of decision-making, there were only two instances of
“wrong” trajectory decisions. Pilots commented on a variety of ad-
vantages and disadvantages of the constraint-based display. Some
examples include:

e “The display is hard to learn and use, caused by the novelty of the
data type and representation”

e “The data is appreciated, but using it correctly causes a lot of work-
load”

o “It gives a lot of information, but you must calculate and do too
much.”

The pilots appreciated the goal of the display and commented
on the theoretical usefulness of the information. However, using
the display correctly was hard to learn and caused high workload.
Consequently, usage of the display differed between pilots. Some
pilots used the display extensively, setting “test waypoints” to the
right and left of obstacles to support their decision-making. Con-
versely, some pilots did not set intermediate waypoints at all and
only utilised the information about additional travel distance sig-
nified by the ellipses. In addition, some pilots commented on the
usefulness of the “future leg constraints”, whereas other pilots did
not use this information. In conclusion, it seems like this display
concept may have potential, but it requires further improvement
in terms of data representation, caused workload, and training.

This experiment clearly shows the disadvantages of subjec-
tive ratings of situation awareness and system preference. When
analysing situation awareness, it is impossible for the participants
to judge the amount of information they did not perceive or un-
derstand. They might have the subjective sense of perceiving and
understanding all necessary information, as they are, obviously,
not aware of all the information they did not perceive. This might
be a reason for the relatively high values of SART ratings for the
advisory display: the pilots are presented with an easy-to-follow
suggestion, which causes a sense of solving the situation quickly
and efficiently. Consequently, the subjectively reported SART rat-
ings are high. However, the pilots are, at this moment, not aware of
the existence of a more efficient trajectory. While this might have
been caught by more objective measures of situation awareness,
the subjective scale in this experiment has no way of incorporat-
ing this “unknown unknown”.

Subjective measures of system value or acceptance can be mis-
leading, as seen in this experiment. The advisory display led to
the worst decisions but was most favoured by the pilots. It is un-
clear whether the pilots preferred the advisory display despite the
worse decisions, or because they were unaware of the negative
impact on their decision-making. It is therefore important to con-
sider the state of information the pilots have while judging their
system preference: does it incorporate the pilots’ performance, or
is it solely based on convenience? This is exceptionally important
when designing new displays for actual operation: the convenience
or ease-of-use of an automation system clearly does not correlate
with the quality of its support and the resulting system perfor-
mance and safety.
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This is not a new result. The possible downsides of automation
have been discussed extensively [1,26]. However, it is important to
analyse and discuss these general findings while taking into con-
sideration the actual system design and characteristics. In case of
this experiment, it is important to consider the typical human-
machine interface of helicopters and how its characteristics could
influence the effect of automation systems.

In this experiment and in many helicopters that are used pri-
vately and commercially, pilots are required to fly “hands-on” the
vast majority of a mission. As such, they have little to no capac-
ity to use intricate touch-screen functions or other mechanisms
that would require them to let go of one of the control incep-
tors. Because they are required to manually control the vehicle, it
is conceivable that this human-machine system is increasingly sus-
ceptible to ironies of automation that discuss trust in automation
and automation reliability, as described by Bainbridge [1]. As the
manual workload of controlling the (typically unstable) helicopter
is already high, any form of automation function that reduces the
requirements on the pilots’ mental capacities might be strongly ap-
preciated.

This is particularly true for the advisory display of this exper-
iment: it completely solves the trajectory determination task for
the pilots, greatly reducing the strain on their cognitive resources.
Therefore, pilots might be inclined to accept the suggested solu-
tion even if it could theoretically be (or actually is) wrong. The
results of this experiment indicate that even when the suggested
solution is clearly wrong, it can still be appreciated as a “start-
ing point” for the determination of the next trajectory. Conversely,
the constraint-based display places more requirements on the cog-
nitive resources of the pilots. In these cases, even if the provided
information is theoretically useful, the pilots might rather not use
it and rely on the easier usage of baseline display information. This
effect might have been exacerbated by the relatively short training
time for both the advisory and constraint-based display functional-
ities. Pilots are naturally familiar with using a baseline navigation
display, but all additional functionalities were novel, and their ap-
propriate use needed to be learned. This effect possibly impacted
the pilots’ performance with both experimental displays.

Lastly, the requirements of continuously controlling the heli-
copter might impair the capacity of pilots to analyse the response
of the used automation systems and to examine their behaviour
in search for inconsistencies. It is conceivable and supported by
the results of this experiment that pilots differentiate between dif-
ferent degrees of accepted automation failure. 6/8 pilots accepted
less efficient trajectories when encountering possible two-turn so-
lutions, resulting in worse mission efficiency. However, only 4/8
pilots accepted flawed suggestions when encountering additional
weather, the rest of the pilots invested more cognitive resources
to modify their decision. Lastly, none of the pilots followed a
flawed suggestion into a bad weather area: analysing and correct-
ing the automation suggestion always took preference over impair-
ing safety.

8. Conclusion

This paper experimentally compared a baseline, advisory, and
constraint-based helicopter navigation display. The eight partici-
pating helicopter pilots preferred the advisory display, even in sit-
uations where its advice was wrong. The advisory display caused
the most suboptimal trajectory decisions, in particular in situations
that afforded a more efficient trajectory without introducing ad-
ditional navigational hazards. The complex information that the
constraint-based display provided was appreciated by the pilots.
However, this did not result in improved decision-making and the
pilots commented on the difficulty of learning and utilising the
display. The negative impact of the advisory display was clearly



D. Friesen, C. Borst, M.D. Pavel et al.

visible and warrants intense scrutiny for future system designers
to avoid these negative influences of future automation systems in
actual operation. Pilot remarks have highlighted the potential of
the constraint-based display of this experiment to better inform
pilots decisions. However, its data representation and the required
high workload to correctly use it barred it from being more useful
than the baseline display.
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