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Current aircraft flight deck interfaces donot provide informationonhowaperformance-altering failure constrains

an aircraft’s flight envelope. As a result, it is difficult for flight crews to plan maneuvers in order to reach navigation

targets. This study presents the results of the conceptual development of constraint-based interface symbology that

aims to address this issue. The proposed symbology is designed to integrate with both the primary flight display and

navigationdisplay.A small-scale, pilot-in-the-loop experiment (N � 9)was conducted to assess the effectiveness of the
used symbology in terms of flight performance and pilot usability. A simplified dynamic model with an asymmetric

flight envelope was used to purposefully manipulate various levels of damage severity and corresponding flight

envelopes. Results show that although the modifications to the primary flight display generally did not show

statistically significant improvements, presenting flight envelope constraints as a reachable navigation envelope on

the navigation display generally did do so for severe failures. The visualized envelope occasionally resulted in

improved tactical control decisions at reduced workload levels. A future study involving a lager sample size and

increased simulation realism should substantiate the discovered results.

I. Introduction

TODAY, the task of flying an aircraft is predominantly done by

means of interacting with the on-board automated systems or

autopilot. In certain events such as engine failures, control surface

failures, or structural damage, pilots will need to re-evaluate the

conditions under which they are operating. They may need to deter-

mine a new mission objective and adjust their control strategy

accordingly.

The pilot’s mantra here is “aviate, navigate, communicate” [1],

summarizing the tasks that need to be performed in their order of

prioritization. That is, first, make sure that the aircraft regains

and maintains stable flight. Then, derive a strategy to reach the

(newly formulated) destination state, and only then inform other

stakeholders of the issue at hand. In commercial aviation, “aviate”

and “navigate” tasks in failure conditions are usually allocated to

the captain and first officer, respectively.

Performance-altering events cause changes in the safe flight

envelope,makingmaneuvers thatwere safe to executewith a nominal

flight envelope, dangerous or even impossible [2–4]. This compli-

cates a flight crew’s ability to both aviate and navigate. A direct result

of changes in the safe flight envelope is that the flight crew may

become unaware of the limits of the impaired flight envelope. This

poses challenges in terms of maintaining control of the aircraft, but

also in understanding implications on higher-level goals such as

trajectory planning and landing.

When control is regained after an initial upset, the issue that
remains is finishing the (new) mission objective in the safest way

possible. However, being able to fly an aircraft does not necessarily
imply that one is able to successfully navigate an aircraft to a target

state as well [5]. In the presence of performance-altering failures, like
those that result in asymmetric left and right turn maneuverability,

control actions need to be carefully planned and executed to prevent
one from leaving recoverable regions of the flight envelope [2]. Note

that in this paper, the scope of navigation is limited to the planning
and execution of (a sequence of) control inputs that bring the aircraft
into a desired state toward a navigational target (e.g., make a left or

right turn, at a certain roll angle, to align the aircraft with the runway
localizer plane).
Existing research contains proposals for flight deck interfaces such

as fully automated emergency replanning and landing systems [6],

planner modules that involve the pilot to select the best candidate
from a set of trajectories defined by the automation [7–11], as well as

interactive planners that require the pilot to interact with the planner
module by iteratively adjusting and reviewing a landing plan [12].

The benefit of such automated solutions is that they alleviate the
pilot’s cognitive effort required to formulate a solution, thereby

freeing up valuable cognitive resources for completing other tasks.
As articulated in the Ironies of Automation [13,14], the downside of
such an approach is that pilots may experience difficulty in 1) under-

standingwhy the system proposed a specific solution, 2) judging the
validity of the solution, and 3) hypothesizing what alternative sol-

utions exist. Especially in abnormal situations unanticipated in the
design of the automation, pilots are generally regarded as creative and

adaptive problem solvers who can save the day under such difficult
situations, as witnessed in the Hudson River landing [15]. To facili-

tate adaptivity and creativitywithin safe bounds, pilots require proper
information.
In recognition of these human–automation interaction issues,

research is also considering providing visual (and even haptic [16])

information to pilots about flight envelope limitations using augmen-
tations on existing flight displays [2,17–19]. These studies go beyond

thevisual cues that portray flight envelope constraints typically found
on current operational flight displays (e.g., stall speeds andmaximum
speeds marked on the speed tape). Instead of additional interface

enhancements that present single optimized solutions that pilots are
expected to follow (e.g., flight director guidance), visualizations that

present boundaries and margins for safe control actions aim to give
pilots more flexibility in deciding the best course of action. The

majority of such visualizations focus on supporting either control
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(i.e., maintain stability) or navigation (i.e., long-term route plan-
ning) tasks in both nominal and off-nominal flight conditions. How-
ever, as “aviate” and “navigate” tasks take place at different time
scales, it remains unclear how to best support pilots in situations
involving asymmetric maneuvering limits in roll and yaw axes. In
such situations, it may be important to communicate information that
allows pilots to relate the impact of critical short-term maneuvering
information (e.g., attainable roll rates and angles) on medium-term
reachable navigation states (e.g., ground-referenced flight directions
and positions). In this work the definition of the maneuvering
envelope from [3,20,21] is used, which can be analytically derived
using nonlinear reachability analysis given a model of the system
dynamics.
The goal of this paper is to introduce new visualizations geared

toward providing critical aviate and navigate information resulting
from asymmetric flight envelopes. Here, the emphasis lies on detailing
the visualizations and gaining empirical insights into their usefulness
in terms of both flight and human performance measures by means of
an exploratory human-in-the-loop experiment. For this purpose, a
simplified asymmetricmaneuvering envelope in the roll and yaw axes,
resulting from asymmetric dynamic aircraft behavior, was developed
that allowed us to purposefully manipulate various levels of damage
severity. This work therefore may complement previous and similar
research efforts (e.g., [22,23]) by providing another design example,
along with empirical insights, that can guide the aviation industry in
developing more informative pilot-support displays. This paper is
structured as follows: Section II describes the theoretical motivation
underpinning this study. Section III presents the dynamic model that
was used along with its design considerations, and Sec. IV describes
the interface development process. Section V details the design of
human-in-the-loop experiment that was conducted, and Sec. VI
describes the experiment’s results. Discussion, recommendations, and
conclusion sections complete this paper.

II. Theoretical Motivation

A. Flight 1862

This research is motivated in part by El Al Flight 1862 (Flight
1862), a Boeing 747-200 freighter flight in which the two starboard
engines detached from the wing shortly after takeoff [5]. The
separated engines also inflicted damage upon the starboard wing’s
leading edge and hydraulics systems, rendering multiple control
surfaces (among which the outboard ailerons) inoperable. A sche-
matic overview of the failure mode is shown in Fig. 1.

The original investigation mentioned that at higher angles of
attack, the difference in lift between the left and right wings would
increase as a result of the right wing leading edge damage. Therefore,
increasing the angle of attack would generate a right-wing-down
rolling moment [25].
At the final stage of the flight, the angle of attack was increased,

most likely in order to reduce the descent rate. This led to a further
increase in drag on top of the already higher-than-nominal drag
caused by the sideslip angle, as well as an additional decrease in
speed. This probably caused the pilots to increase the engine thrust.
This series of events led to a large right-wing-down rolling moment
due to the asymmetric lift distribution, the asymmetric thrust, and
reduced right-hand inboard aileron effectiveness. At this point, con-
trol of the aircraft was lost [25].
Inspection of Flight 1862’s Digital Flight Data Recorder (DFDR)

data indeed revealed that yoke deflections of up to 60 deg out of
80 deg were required in order to maintain straight flight [26]. As a
result of the aileron deflection limits, roll-rate performance suffered.
An independent investigation by the Netherlands Aerospace Labo-
ratory (NLR) andDelftUniversity of Technology (TUDelft) revealed
that, in hindsight, control could have beenmaintained bymaintaining
a higher airspeed, resulting in more control authority and higher
maneuverability [26].
While Flight 1862’s failure mode posed a significant challenge for

the flight crew in terms ofmaintaining control, the failure also heavily
affected the aircraft’s maneuvering and navigation capabilities. The
flight crew had no other means for developing an understanding of
these capabilities besides observing the aircraft’s response to their
control inputs. In fact, one of the decisions that stood out was that the
crew decided to land on Runway 27††with a tail/crosswind approach
instead of the runway in use, Runway 06. Runway 06 offered a
headwind approach and was likely easier to navigate to.
We may never be able to fully understand all factors in the

decision-making process of the flight crew, and therefore we do not
know whether the best possible decision was made in terms of run-
way selection and navigation planning. With the available avionics
(displays), the information available to the flight crew was limited,
creating limitations for diagnostics and for understanding how the
aircraft’s functionality would be impacted. That is, no explicit infor-
mation was available on how the aircraft’s aviate and navigate
capabilities were affected by the failure. When the outcome of an

Fig. 1 El Al Flight 1862 failure mode [24].

††At Amsterdam Airport Schiphol, The Netherlands.
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action is uncertain, it is difficult to plan ahead. It is our expectation
that, in the event of a failure, providing pilots with a means to
understand an aircraft’s limited capabilities from a functional (i.e.,
action-relevant) perspective may improve the tactical planning
process.

B. Developments in Enabling Technology

To develop a system that presents information on attainable
(navigation) states, knowledge of the flight envelope is required.
Unfortunately, estimating the flight envelope of a damaged aircraft
even in an offline setting is far from trivial [3]. Although much
research is currently being done on fault detection and isolation
(FDI) and postfailure flight envelope estimation [4,27–36], fully
functioning online systems do not yet exist. One reason for this lack
of existing implementations is the high dimensionality of the state
space and the corresponding computational complexity. A second,
more fundamental, reason is that all reachability-based envelope
prediction methods require an accurate global aerodynamic model,
which in general is not available after a failure event. A promising
solution to this issue in the form of a database-driven envelope
prediction method was recently introduced by Zhang et al. [4].
The primary driver for research in flight envelope prediction and

estimation is the field of fault-tolerant flight control (FTFC). Themain
goal of FTFC is to improve the controllability of aircraft after a system
fault has occurred or damage has been sustained. Fault-tolerant control
systems are, to some extent, a double-edged sword. As these systems
simplify the control task, potentially by seamlessly blending different
control effector inputs in such a way that aircraft control is natural and
predictable [37], it will be harder for a pilot to observe the amount of
remaining control authority and thereby how safe a certain state or
maneuver actually is. For this reason, flight envelope prediction is an
important field of study as it enables flight envelope protection (FEP)
under off-nominal flight conditions, preventing pilots from operating
outside the more constrained safe flight envelope.
However, even with a fault-tolerant, flight-envelope-protected con-

trol system, but without an understanding what the off-nominal flight
envelope implies in terms of maneuvering and navigation capabilities,
pilotsmay still not be able to formulate a safe navigation strategywith a
damaged aircraft. In an effort to communicate these impaired aircraft
capabilities to pilots, this research offers a way to convey such infor-
mation in a visual manner. As such, it aims to bridge the gap that exists
between being able to control an aircraftwith off-nominal performance
and being able to understand how this performance reduction affects
current and subsequent maneuvering capabilities.

III. Model Development

Testing these new visualizations in a human-in-the loop experi-
ments generally requires a dynamic aircraft model with an off-
nominal flight envelope. Additionally, the model’s flight envelope
should be known. It was mentioned that fully operational flight
envelope prediction systems do not yet exist. And when the resulting
aircraft dynamics are difficult to control, a fault-tolerant control

system may have to be added: in a study on emergency landing
planning by Meuleau et al. [11], it was found that adding a fault-
tolerant controller was a prerequisite for effective use of the planner
interface, as not having a fault-tolerant controller can render the
control task prohibitively difficult (as the pilot needs to allocate
cognitive resources to remain airborne).
Figure 2 shows the control loop of a hypothesized future aircraft

system including a flight envelope estimation module, fault-tolerant
control system, the pilot, and the (graphical) interface. It can be
observed that the pilot is interacting with the flight control system
(FCS), which in this case is assumed to be fault tolerant. The fault or
failure that alters the flight envelope of the aircraft also impairs the
pilot’s trained ability to estimate reachable aircraft states. To this end,
a fault detection and diagnosis (FDD) module coupled with a flight
envelope estimation module may assist the pilot in interpreting
the new, off-nominal flight envelope when this information is pre-
sented on the electronic flight instrument system (EFIS) screens, as,
for example, demonstrated in [2]. However, it should be noted that
online flight envelope prediction is an active research field. Such
systems are not yet operational, and those proposed are complex;
see, e.g., [4] for a proposed online envelope prediction and pro-
tection system architecture.
As it is generally not possible for a pilot to discriminate between

performance limitations imposed by the FCS and those resulting
from the aircraft’s dynamics, the approach chosen in this study is
to limit model complexity by lumping together the flight envelope
estimation, FDD, FCS, and dynamics blocks, resulting in a simplified
plant with equivalent dynamics that can output data to the interface
and accept pilot control inputs. This simplified, combined system
integrates the aircraft’s dynamics and returns flight envelope data, as
is depicted as “Combined system” in Fig. 2.
Although aircraft maneuvers in the vertical plane are relevant to

this field of research, as a first step, the focus of this study is on the
lateral maneuvering capabilities and the control strategies pilots
develop as a result of the remaining performance. As such, the
simplified model did not need to consider vertical motion in this first
exploratory study.
To constrain the flight envelope, a consequence of Flight 1862’s

wing damage was considered. An asymmetric lift distribution
requires compensating aileron deflections in order to maintain equi-
librium. This results in a nonzero aileron deflection to maintain
straight flight. A model with these properties was obtained, starting
from the GARTEUR RECOVER Boeing 747 model developed by
Smaili et al. [39]. First, the model was trimmed for straight and level
flight for a given flight condition and aircraft configuration. Next, the
model was linearized, resulting in a set of continuous-time state space
matrices. Then, new system and input matrices were formed using
only the lateral states p (roll rate), ψ (heading angle), r (yaw rate), β
(side slip), and ϕ (roll angle) and the aileron input δa [40]. Assuming
the presence of an effectiveyawdamper and turn coordination system
in the FCS, the system can be further simplified to the extent that only
the roll subsidence eigenmode is retained, resulting in a simple
transfer function that describes the roll behavior of the aircraft [41].

Fig. 2 The control loop including pilot and interface (adapted from [38]).
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The model structure can be seen in Eq. (1). The gain Kp and time

constant τp depend on the airspeed V. Speed-dependent values for
these parameters can be derived by performing the procedure out-

lined above for multiple trim points.

_p�t� � −
1

τp�V�
p�t� � Kp�V�

τp�V�
δa�t�

_ϕ�t� � p�t�
_ψ�t� � g0

V�t�ϕ�t�

_xE�t� � V�t� cos γ cosψ�t�
_yE�t� � V�t� cos γ sinψ�t� (1)

With this result, a simulated failure can be introduced with a

controllable severity, characterized by the aileron or yoke deflection

required tomaintain a zero roll rate. To obtain an aircraft model that is
still controllable by a human in a simulation study, this value should

be chosen in between the left and right control effector’s saturation
limits. The larger the magnitude of this value, the more asymmetric

the roll behavior of the aircraft will be.
Now, two approaches can be taken to modify the navigation

performance (i.e., ability of the aircraft to intercept and follow a path)
resulting from this simplified model:
1) One can increase the airspeed, thereby reducing the aileron

deflection required for steady flight, resulting from the lower angle of
attack. This would represent the same damage case at a different
airspeed.
2)One can keep the airspeed constant, but alter the required aileron

deflection. This would represent a different damage case at the same
airspeed.
Irrespective of the approach taken, the result is that the larger the

steady-state aileron offset gets, the more asymmetric the aileron
authority becomes. This results in lower attainable roll rates in one

direction, and higher rates in the other (note that for the nominal case,
the figure would have rotational symmetry about the origin). The

resulting lateral maneuvering envelope is shown conceptually in
Fig. 3. For this study, the shaded area of safe combinations of roll

rate and roll angle can be considered the safe flight envelope.
Figure 3 conceptually illustrates the set of safe roll rates given the

current roll angle. As clockwise (positive) roll rates move away from

the left roll angle limit, these rate/angle combinations are safe for both
negative roll angles aswell as slightly positive roll angles (marked①
and②, respectively). Using the same reasoning, the same holds true
for negative rates at positive angles and slightly negative angles. In

the top right corner (see③), it can be seen that there are combinations
of roll rates and roll angles that cause the roll angle limit to be
exceeded. These combinations should be avoided. Equivalently, the
same holds for the combinations in the lower left corner (marked④).
However, because the attainable roll rates at ④ are lower and the
opposite aileron authority is higher, these rates can be controlled back
to zero faster. Lastly, we may trim the controls by offsetting the stick
input with the stick input that yields a zero roll rate, effectively
simulating the actions of a stabilizing fault-tolerant controller. In
many failure cases a significant offset input is required on the stick
roll command to reach zero roll rate; this is visible in the asymmetry
of positive and negative roll rate limits.
The result from Fig. 3 mainly explains how wing damage may

impair the lateral maneuvering capabilities. However, it does not yet
clarify how reduced maneuvering capabilities become relevant to the
higher level goal of navigating an aircraft. To this end, Fig. 4 is
introduced. This figure conceptually illustrates how the lateral air-
craft states relate to one another. This representation is assumed to be
similar to a pilot’s mental model of how lateral aircraft dynamics
function. The representation is also similar to the simplified aircraft
model that was introduced in this section. The exact relationship
between control surface authority and reachable navigational states
over time is complex, and even more so in the light of a performance-
altering failure. This is why system faults and failures like those
experienced by Flight 1862 and other flights with wing damage and/
or aileron failures are hard to cope with: suddenly, the aircraft’s
dynamics are different from the dynamics the pilot became familiar
with during numerous hours of flight training and accumulated
experience on a particular aircraft class. As a result, the set of reach-
able navigational states becomes uncertain.
For the simplified model described in this section, the exact relation-

ship between aileron authority and reachable states can be found by
integrating the set of differential equations in Eq. (1). We provide more
detailed graphical representations in the following section.

IV. Interface Development

A. Design Requirements

As the goal of the interface symbology presented in this work is to
provide pilots with an understanding of an impaired flight envelope,
and how that impacts various safe aviate and navigate states, it was
chosen to consider a constraint-based approach that visualizes boun-
daries and margins. Figure 5 shows an abstract representation under-
lying such an approach, where the idea is that the physical system
boundary determines the safe action–state space in which any action
that reaches the target state is acceptable, except those that will cross
the boundary (and thus lead to accidents). Note that this view is
inspired by the underpinnings of ecological interface design [42],
which has been successfully applied in various application domains
involving dynamic control tasks [43,44].
Translating this concept to the problem at hand, the interface must

provide perceivable information on the initial and goal states, the
dynamic boundary for safe control actions (i.e., the flight envelope
limits), and a preview (incorporating a certain look-ahead time) of
where the current actionwill lead. Note that the boundaries illustrated
in Fig. 5 are dynamic, meaning that actions can deform, shrink, and/
or expand the space of possibilities.
The more complete this information is, the better pilots will be

supported in planning safe actions. The challenge is, however, to
create a design that balances interface complexity (e.g., clutter)
against usability (e.g., workload). This is especially important when
we want to support pilots in hazardous situations that require swift
pilot responses.
Given the above-mentioned requirements and the expected

operational conditions, it was decided to augment an existing
Fig. 3 Relationbetween safe roll rates and roll angles at a given airspeed
for a simplified model with asymmetric aileron authority.

Fig. 4 Conceptual representation of the relationship between lateral maneuvering and navigation states.
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primary flight display (PFD) and navigation display (ND) instead of

adding a new interface to the limited display real-estate in cockpits.

Additionally, a separate interface would also demand a pilot’s

divided attention, which would be undesirable in time-critical

failure conditions. As pilots are already familiar with the PFD and

ND, getting accustomed to the augmentations may also require less

training time [44].

B. Proposed Symbology

Interface elements were added to both the (Boeing-style) PFD and

ND. These elements can be seen in Fig. 6, labeled ① through ⑤.

1. Attainable Roll Rates

The attainable roll rates (shown as asymmetric in the figure due to

the presence of the failure) are shownby①. Thesewerevisualized as

a green-shaded arc on the roll angle indicator, with the extents of the

arc indicating the maximum steady-state roll rate presented as a roll

angle preview over a look-ahead time of 5 s. This preview time was

chosen to provide an appropriate scaling factor given the dynamics of

the model introduced in Sec. III. In this example, the arc covers an

area of 30 deg to the right, implying that the maximum steady-state

roll rate is 6 deg per second. The attainable roll rate limits follow

directly fromEq. (1) by substituting the aileron deflection limits, as is

done in Eq. (2).

pmin � Kpδamax
pmax � Kpδamin

(2)

The main motivation for including this feature was that it provides a
means to directly perceive the impaired flight envelope in terms of
roll dynamics. In the asymmetric case presented here, it is directly
visible that performance will indeed be asymmetric and how the two
attainable roll rate limits relate to one another, e.g., a ratio of approx-
imately 6 to 1 in the example provided here. It is clear which turn can
be initiated faster, which is useful for evasive maneuvers, and it gives
a first impression on whether leveling out of a turn will be relatively
fast or relatively slow.

2. Current Roll Rate

The arrow inside the shaded bar presented the current roll rate,
again presented as an angle preview (see②). In the figure, the arrow
covers almost the entire shaded bar, indicating that the aircraft is
currently rolling at almost its maximum rate. The difference between
the current roll rate and the maximum rate indicates how much more
rolling performance is available, which will be attained over time if
the maximum control input is delivered.

3. Roll Angle Preview

The shaded triangles (see ③) indicate the reachable set of roll
angles within the next 10 s. Again, this time interval was chosen to
provide a good resolution given the dynamics of the model. This is
done by calculating the largest roll angle that can be obtained by
exerting a continuous maximum control input, initiating a rolling
motion either to the left (negative) or to the right (positive). The
shaded blue triangles remain stationary if the calculated angle would
be larger than the roll angle limit represented by the white triangles.
This is the case in Fig. 6 for the right roll limit (shown on the left of the
PFD). Alternatively, after 10 s a roll angle of 10 deg left can be
attained (shown on the right). This symbolwas included to provide an
alternative representation to the attainable roll rate limits to see
whether pilots would have a clear preference for one symbol or the
other: the attainable rate limits are stationary on the PFD screen
(attached to the attitude scale), whereas the triangles rotate along
with the attitude indicator (and the horizon).

4. Roll-Out Indicator

The roll-out indicator (ROI) (see④) presented information on the
angle covered in order to bring the current roll rate to zero. In the
figure, the current roll angle is zero degrees, but the roll rate is about
3 deg per second. The ROI deviates approximately 12 deg from the
current roll angle, implying that (even given the maximum opposite

stick input) the aircraft would roll out to 12 deg of roll. Making the
connection to Fig. 3, wemay realize that when the current state of the
aircraft is at ③ in that figure, the ROI would be located beyond

Fig. 6 Interface modifications on the PFD (left) and ND (right).

Fig. 5 Abstract representation of the safe and unsafe control spaces.

A. D. T. RIJNDORP ETAL. 937

D
ow

nl
oa

de
d 

by
 T

U
 D

E
L

FT
 o

n 
Fe

br
ua

ry
 1

6,
 2

02
3 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/1

.I
01

08
95

 



the right roll angle limit (which is located on the left in a Boeing PFD)
as the combination of roll angle and rate is no longer safe. Therefore,
the pilot is required to keep the ROI within the indicated roll angle
limits. This symbol was included because it was hypothesized that
the asymmetric rate performance would make it harder to not exceed
the roll limits as was clarified in Fig. 3. In a (potentially autopilot-
controlled) flight control system without FEP, this symbol aids the
pilot in staying within the maneuvering envelope. In a system with
FEP, this symbol would explain why the control system is reducing
the roll rate even though the roll limit is not yet attained.

5. Navigation Envelope

The ND was augmented with one additional symbol: the navi-
gation envelope (NE) (see ⑤ in Fig. 6). This symbol provided a
1-minute preview of the reachable navigational space by using the
model’s dynamics [Eq. (1)] and limitations [Eq. (2)]. The preview
timewas selected based on a tradeoff between introducing toomuch
clutter (the NE will wrap back onto itself with a large preview time)
and expected ND zoom ranges. The ownship symbol and standard
position trend vector are included in the figure to clarify where the
NE would appear. Inside the shaded area, curves were included in
order to facilitate heading estimation: the pilot can estimate the
heading corresponding to any position by mentally interpolating in
between the curves.
This is illustrated in Fig. 7: if a pilot would want to intercept the

vector shown in the figure, the NE explicates the control actions that
can be employed to achieve this goal. To define a successful pro-
cedure, a pilot would mentally slide the vector down toward the
ownship symbol. In this figure, the vector would then first become
tangential to curve 1 at the point indicated. This means that a pilot
could initiate a turn, i.e., position the trend vector on curve 1, when
thevectorwould touch curve 1 and intercept thevector at pointA. The
same is true for curve 2 and point B, or curve 3 and point C,
respectively. It should be noted that these trajectories would require
an increasingly larger maximum roll angle. In fact, to intercept the
vector at point C it can be seen that a turn at the maximum roll angle
would be required. If no action would be taken and the vector would

end up in the position indicated with 4, an attempted intercept will

cause the aircraft to fly past the vector. This could also signify the

need to pursue a different approach strategy altogether.

Note that the curves in the figure do not represent turns at a given

roll angle; instead, they represent turns at a given target roll angle.

That is, using the dynamic model, a control sequence to go from the

current roll angle to the target roll angle is calculated using a doublet

input with the maximum aileron authority. If the target roll angle is

reached within the preview time, the remaining part of the calculated

turn is performed at the target roll angle. Figure 8 shows what the NE

may look like given different initial roll angles and an asymmetric

aileron failure. The shape of the NE hints what turns could be more

favorable in terms of recovery opportunities; given that higher roll

rates to the left can be reached, turns toward the right are slower, but

can also be recovered from easier.

C. Expected Interface Usage

The goal of the novel interface symbology is to allow pilots to

understand and act upon cues that indicate off-nominal performance

in an effective manner. Rasmussen’s taxonomy of the levels of

cognitive control [45] may shed a light on how the interface should

be used andwhat level of cognitive control the different cues support.

Rasmussen stated that a distinction can be made between three

levels of cognitive control: skill-based behavior (SBB), rule-based

behavior (RBB), and knowledge-based behavior (KBB). Operators

employ SBB for simple, familiar tasks that require little to no mental

effort, e.g., the tracking task of keeping an aircraft’swings levelwhile

flying in mild turbulence. RBB is employed when familiar solutions

exist to familiar problems and is triggered by “if–then” rules, e.g.,

completing check lists, flying a standard rate turn, etc. KBB is

triggered in unfamiliar situations where neither SBB nor RBB can

be used to solve a problem. It generally involves laborious and error-

prone problem-solving activities, such as fault detection and diag-

nosis and estimating the operational impact of the failure. For

instance, when a standard rate turn cannot be properly executed

because the desired rate cannot be attained, a pilot will need to start

reasoning on what may have happened to the aircraft that is causing

this observation: the turn indicator could be broken, there may be

something wrong with the flight controls, and/or the aircraft itself is

damaged. Additionally, KBBwill be involved in assessing the opera-

tional impact of the failure, such as estimating what navigational

states can and cannot be reached.

Which levels of behavior are used to perform a certain task

ultimately depends on a number of factors, such as the operator’s

training and familiarity with the given situation, as well as the

available support for the task, e.g., the interface. In current operations

when experiencing failures, flying the aircraft, performing system

diagnosis, and navigating are divided between the captain and first

officer. In this study, however, it is expected that a single pilot

performs both the flying and near-term navigation tasks, freeing up

cognitive resources of the pilot not-flying to, for example, diagnose

the cause of the failure.

It is expected that both the additional PFD and ND symbology

can lower the required cognitive demand by allowing for “short-

cuts” in the decision-making process, which may enable pilots to

employ SBB and RBB instead of exercising KBB that would have

been needed without the additional cues. Here, the NE is hypoth-

esized to play an important role in lowering KBB to RBB or evenFig. 7 Estimating different turns that will intercept the given vector.

Fig. 8 Different NE shapes indicating how the reachable states are affected by the roll angle (asymmetric roll performance). The red dashed lines indicate
the trajectory that will be flown given the current state.
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SBB when flying to safe navigation targets in asymmetric flight
envelopes.
First, the NE provides an intuitive glance on the asymmetry of the

lateral flight envelope. Observing the asymmetry can be qualified as
SBB and deducing what turns are more favorable than others in
certain situations can be regarded as RBB (e.g., if a sharp right turn
would be initiated, then rolling back to wings level will take more
time). The additional cues on the PFD mainly support the pilot in
controlling the immediate aircraft states within the safe boundaries of
the envelope. Here, the attainable roll rate bar and the roll angle
preview support RBB as they visualize boundaries for aiming (i.e.,
SBB) the current roll rate and roll angle.
Note that some KBB will still be required when using the NE for

planning the initial trajectory, as full trajectories leading to a far-away
navigation target (e.g., the runway localizer) are not visualized.
However, with progressively smaller distances to the navigation
target, theNEwill provide increasinglymore cues as towhich control
action to perform, up to the point where there is only the possibility of
immediately giving a control input to intercept the navigation target.
At these last stages, no KBB is required for factoring the failure
information into the tactical planning and mentally integrating future
states.

V. Experiment

A pilot-in-the-loop experiment was performed to assess the pilot’s
ability to understand and work with the proposed PFD and ND
enhancements as well as the performance of pilot actions in flight
conditions featuring asymmetric flight envelopes. Note that the
purpose of the experiment was not to evaluate the display cues under
realistic failure conditions featuring high levels of stress. Such sit-
uations would be difficult to recreate in a simulator study anyway
[46]. As such, the psychological relevance of, for example, workload
measurements should only be considered relative to the current
experimental settings.

A. Apparatus

The experiment was conducted in TU Delft’s SIMONA research
flight simulator. For this experiment, the six-degree-of-freedom
motion base was not used and a single pilot operated the simulator.
Participants controlled the simulation exclusively by means of a
right-handed (first officer seat) control-loaded side stick. In front of
the participant, two screens showed the ND (left) and PFD (right)
displays (see Fig. 9). An outside visual consisting of flat terrain was
added for realism and providing optical flow cues, but no additional
cues could be obtained from this visual.

B. Participants

Nine pilots with various degrees of professional experience par-
ticipated. Their qualifications are shown in Table 1. All pilots had
experience with glass-cockpit displays.

C. Procedure

A high-level overview of the experiment procedure is shown in

Table 2. The elements of the procedure are elaborated upon below.

1. Briefing

Initially, pilots were briefed on the tasks they were about to

perform and the interfaces that would be used during the experiment.

The constraints of the experiment (e.g., fixed airspeed, side stick

control only) were also explained at this stage.

2. Training

After the briefing, a training phase commenced in which the

participants were given the time to familiarize themselves with

the different interface combinations and the dynamic model of the

aircraft (as outlined in Sec. III). At this point, no failure was present

in the model and the model was linearized with the outboard

ailerons as active control surface (Kp � 0.3984 s−1, τp � 1.130 s).
During the training phase, participants were encouraged to track a

reference trajectory consisting of multiple straight segments with

increasingly sharper angles between them. This prompted them to

exert a significant amount of stick deflections such that they could

clearly observe the behavior of the different interface symbols. Addi-

tional clarifications relating to the new symbology were still being

provided at this stage.

During all phases of flight, participants were instructed not to

exceed the visualized roll angle limits. In this event, a stall warning

Fig. 9 The interior and exterior of the SIMONA research flight simulator. The interior reflects the setup that was used to conduct the experiment.

Table 1 Pilot qualifications

License type No. of pilots

Private Pilot License (PPL) 1a

Commercial Pilot License (CPL) 1
Airline Transport Pilot License (ATPL) 7b

aThis participant had no experience with the ND position trend vector.
bOne participant was still in training with four months remaining; three

participants had experience as research test pilot.

Table 2
Chronological overview of

participant activities

Receive briefing
Fly training runs
Identify failure
Select runway
Intercept localizer
Fill in workload assessment
Fill in questionnaire
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would be shown, the simulationwould be halted, and the event would
be treated as a loss-of-control event.

3. Measurement Runs

After the training phase, six trials were performed under different
experimental conditions. The trials were split up in distinct parts,
drawing inspiration from the GARTEUR FM-AG(16) benchmark
[39]. These parts are failure identification, runway selection, localizer
intercept, and workload assessment.
First, the pilot was given the opportunity to identify the failure in

flight, while not pursuing any other goals at the same time. The
motivation for this was that in a real-life performance-altering
event, the first thing a pilot would do would be to get an impression
of the altered flight envelope. Note that diagnosing the cause of
failure (i.e., the reason why the flight envelope was altered) was not
part of the task.
Second, the simulation was halted and the aircraft was reposi-

tioned to a predetermined position in the vicinity of an airport with
two runways. The pilot was asked to indicatewhich runwaywould be
preferred for performing a landing, given the current aircraft state, the
orientation of the runways, and the nature of the failure.
Third, the pilot was asked to perform a “raw data” (i.e., without

flight director) localizer intercept. The pilot was instructed to perform
the intercept in the best possible way while minimizing the flying
time and the localizer error along a defined segment. It was indicated
that as the cause of the failure was not known, the failure could
potentially get worse. In practice, this meant the pilots were encour-
aged to only fly an indirect approach when they thought they would
not be able to intercept the localizer sufficiently well by performing a
direct approach. A direct approach as defined here consists of one
turn toward the localizer, bringing the aircraft on an intercepting
heading, and one turn to align with the localizer. Participants were
instructed to complete the localizer intercept before the glide slope
would be captured and to keep minimizing the error until that point.
The simulation was halted when the glide slope intercept point was
passed.Note that these twowaypointswere both portrayed on theND
by star-shaped icons, as shown in Fig. 12.
As the fourth and last step of eachmeasurement run, the participant

was asked to complete aworkload self-assessment bymeans of filling
in a NASATask Load Index (TLX) form [47].

D. Independent Variables

Two independentwithin-participant variables were defined for this
repeated-measures experiment: the failure condition (“FAIL”),
which had two levels, and the EFIS display configuration (“DISP”),
which had three levels. Hence, in total there were six different
experimental conditions in this experiment. A Latin square distribu-
tion was used to mitigate order effects.

1. Failure Condition

The two levels of FAIL were named “moderate” and “severe.”
Their differences are in the aileron offsets required to maintain a
constant roll angle, as illustrated in Fig. 10. The safe maneuvering
constraints as introduced in Fig. 3 were calculated for both failure
conditions; these are shown in Fig. 11. In the direction of impaired
roll authority—the most challenging aspect of the asymmetric
envelope—the maximum rates were 1.41°/s (left) and 0.70°/s (right)
for the moderate and severe failure conditions, respectively.

2. Display Configuration

The three levels ofDISPwere named “Base,” “PFD+,” and “ND+.”
Base, or baseline configuration, consisted of a standard PFD and ND
with the addition of roll angle limits on the PFD in the form of “barber
poles,” representing the stall angle that was not to be exceeded. Such

cues represent the state-of-the-art in communicating control limits to

pilots.
The PFD+ level added only the PFD symbology that was intro-

duced in Sec. IV, and the ND+ level included both the PFD cues and
the NE on the ND. The different configurations are summarized in
Table 3. A screen capture of the actual PFD and ND with the addi-
tional symbology as it was used in the experiment is shown in Fig. 12.

The rationale for including both the PFD+ and ND+ conditions was
to investigate how much the additional cues on the PFD alone would
already enable a pilot to make better decisions regarding reaching

near-term navigation targets.

E. Control Variables

The parameters that were used to linearize the GARTEUR
RECOVER Boeing 747 model are listed in Table 4. Additionally,

the resulting control parameters that were used in the experiment to
simulate the aircraft behavior as referenced in Eq. (1) are shown
in Table 5. Using this model to drive the aircraft’s behavior and

the visualizations ensured a perfect match between the aircraft
response and the visualized information on the PFD and ND. Note
that wind and turbulencewere not simulated. Furthermore, altitude
was constrained; that is, the “combined system” that was intro-

duced in Sec. III only allowed the pilot to perform coordinated
turns at constant altitude. For the sake of experimental control, the
input and output degrees of freedom were constrained in order to

facilitate comparing the decisions and control actions that different
pilots made.

F. Scenario

The scenario is shown in Fig. 13, where the aircraft symbol

represents the initial position and heading. The diverging semishaded
lines represent the two localizer centerlines leading to the two run-
ways indicated at the top of the figure. Each localizer is marked with

the two waypoints that were introduced in Sec. V.B; these waypoints
are also shown.
For the runway selection task, the participant was asked to indicate

a preference for executing the localizer intercept on runway① or②.
It was indicated that the runway properties were similar in both
dimensions and the available support, and that there was an absence

of wind. This made sure that environmental conditions (e.g., runway
orientation and wind direction) would not bias decisions toward a
specific solution.
For the localizer intercept task, runway①was always “randomly

selected” for performing the localizer intercept task in order to gather

sufficient data points. In 50% of the trials, both the failure and the
runway layout were mirrored along the north axis in order to prevent
scenario and failure mode recognition. This is also why the runway
layout was designed to be slightly asymmetric with respect to the

initial position and heading.
Fig. 10 Inboard aileron deflection for straight and steady flight for
moderate (inner triangles) and severe (outer triangles) case.

Fig. 11 Lateral maneuvering envelope for the two failure levels.
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G. Dependent Measures

The interfaces were evaluated using objective data originating

from the logged data, as well as subjective data originating from

NASATLX workload assessments [48] and pilot opinions by means

of a questionnaire.

1. Decision Quality

Twomeasures were used for assessing the quality of the decision:
the preferred runway and the employed navigation strategy. Meas-
uring the decision quality in this manner is inspired by an earlier
study [17]. Comparing the runway selection between the different
conditions could indicate whether or not the display condition
would have an impact on the preferred runway and the consistency
in the preferred runway. The employed navigation strategy was
characterized as a “direct intercept” or an “indirect intercept.” A
direct intercept was defined as a trajectory consisting of two con-
secutive turns with a total flight time of less than 150 s. This strategy
was deemed the preferred decision, as it was possible to perform a
localizer intercept in this manner within the constraints of the
experiment, and the pilots were instructed to employ this approach
if they thought it would be feasible. The justification for this is that a
direct localizer intercept would, in this experiment, result in a
significantly lower total flight time, which would minimize the

Table 4 Linearization

parameters of GARTEUR
RECOVER Boeing 747

model

Parameter Value

Mass 200,000 kg
Failure mode 0 (none)
Gear 0 (down)
Flaps 20°
Altitude 2,000 ft
Speed 170 kts
Flight path angle 0°

Table 5 Configuration of experiment
model control variables

Parameter Value

Kp 0.141 s−1

τp 1.130 s

Altitude 2000 ft
Speed 170 kts
Flight path angle 0°

Roll angle limits �40°

Inboard aileron deflection limits �20°

Fig. 13 Scenario used for runway selection task and localizer intercept.
The intercept was always performed on runway 1.

Fig. 12 Additional display elements in the PFD and ND for the ND+ display condition.

Table 3 Interface elements available
for the different display configurations

Display condition

Interface element Base PFD+ ND+

Roll limits ✓ ✓ ✓

Roll rate limits ✓ ✓

Current roll rate ✓ ✓

Roll preview ✓ ✓

Roll-out indicator ✓ ✓

Standard trend vector ✓ ✓ ✓

Navigation envelope ✓
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probability of damage getting worse over time. For instance, the

original investigation of Flight 1862 mentioned that the pilots may
have believed that the starboard wing was on fire at the time. An

indirect intercept was defined as any strategy resulting in a total
flight time of more than 150 s.

2. Safety

Safety was evaluated using the following metrics:
1)Completion time: It ismeasured by starting time at the beginning

of the intercept run until the aircraft crossed a line perpendicular to the
localizer at the second waypoint. Lower completion times are
regarded more favorable in terms of safety as failures may evolve
over time.
2) Maximum roll angle during the intercept phase: Larger roll

angles are closer to the boundaries of the safe flight envelope, leading
to aerodynamic stall or insufficient thrust to maintain the current
altitude.
3)Maximum roll rate during the intercept phase:Higher roll rates

cause larger structural loads and require more control actions.

3. Performance

Performance was evaluated by the following metrics, representing
a subset of how instrument landing system (ILS) tracking perfor-

mance is commonly measured [49]: 1) lateral localizer error at glide
slope, 2) heading/track error at glide slope, and 3) yaw rate at

glide slope.
For thesemetrics, lower values generally indicate that the pilot was

more successful in tracking the localizer center line.

4. Workload

Following every localizer intercept phase, participants were
asked to assess their workload by completing a NASATLX form

[48]. A filled in TLX culminates in an overall workload score
based on ranking and grading the following categories: mental

load, physical load, temporal demand, performance, effort, and
frustration.

H. Final Questionnaire

At the end of the experiment, participants were asked to complete a
final questionnaire. The questions related to the pilot’s self-assessed

ability to infer meaning from the different interface elements. Fur-
thermore, participants were asked to comment on their concerns

regarding interface usability (e.g., clutter) and training effects that
may have been present.

I. Hypotheses

It was hypothesized that pilot decision quality, navigation strat-
egy, and employed control actions in the PFD+ and ND+ condi-

tions would be significantly better than in the baseline conditions.
It was further expected that these results would be more pro-
nounced in the severe failure conditions. Significant differences

between PFD+ and ND+ conditions were expected to be present in
the severe failure case, where the ND+ condition was expected to

yield better results. This is because the NE would be most inform-
ative in revealing the level of asymmetry of the damaged flight

envelope, guiding pilots toward a specific solution and encourag-
ing them to undertake timely control actions. In the moderate

failure condition, the NE appears more symmetric, making its
added value less pronounced.

VI. Results

In general, all pilots were able to successfully complete the experi-

ment and none of them exceeded the roll angle limits during any of
the measurement runs. Given the limited sample size (N � 9), non-
parametric statistical tests were used to detect significant differences
between the display conditions in conjunction with the failure

severity. All significant results are marked in boldface.

A. Decision Quality

1. Runway Selection

Figure 14 showswhether the pilots preferred to perform a localizer
intercept where the first turnwould be in the direction of the slower or
the faster roll rate. It can be seen that across all conditions, the pilots
generally seemed to prefer to first turn with a slower roll rate, the
impaired performance turn. However, each pilot occasionally
decided on flying the faster turn first; a clear rationale behind this
was not given. Cochran’s Q test was used to detect significant
differences across the experiment condition conditions with respect
to runway preference. The results were not found to be significant
[Q�5; 9� � 5.56, p � 0.352].
Pilots were asked to briefly describe how they would fly the

approach, which confirmed the statistical results: in most cases, the
pilot indicated to “get the hard part out of the way first”; i.e., initiate
the first turn into the direction of the impaired roll performance. In 51
out of 54 runs, pilots estimated that they could fly a direct localizer
intercept by performing two consecutive turns, while sometimes
anticipating the potential need for changing this strategy to a more
indirect approach, for instance, by flying a so-called “teardrop”
maneuver.
Based on the pilots’ initial analyses, it appears that only one pilot

seemed to realize that “getting the hard part out of the way first”
would raise another issue: upon localizer capture, leveling out after
the final turn would again require rolling the aircraft at an impaired
rate, potentially causing the pilot to miss the localizer intercept.

2. Employed Navigation Strategy

The flown trajectories can be seen in Fig. 15.All trajectories started
at (0, 0). The trials that were presented to the pilot in a mirror image
have been transformed back in this figure in order to compare the
results. The marker closest to the origin represents the waypoint
where the intercept should have been completed if possible, and
the other marker represents the intersection with the glideslope.
Considering the moderate failure case, in both the Baseline and

PFD+ configurations one pilot decided not to attempt a direct
approach, though it was not the same pilot each time. With the ND+
configuration, every pilot decided that the intercept could be flown
directly. Furthermore, it seems that with the ND+ configuration the
pilots opted for a larger intercept angle on average, enabling them to
intercept in closer proximity to the first waypoint as requested.
Looking at the severe failure case, it is observed that both with the

Baseline and PFD+ conditions, many pilots opted for an indirect
approach, employing various strategies to intercept the localizer.
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Fig. 14 Preferred runway selected for each condition.
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With the ND+ configuration, pilot behavior was more consistent:

only one pilot opted to fly away from the runway first. Cochran’s Q
test was used for significance with respect to the localizer intercept

strategy. The test pointed out that the display level had a significant

effect on the chosen approach strategy [Q�2; 9� � 8.4, p � 0.015].
However, a post-hoc analysis with Bonferroni-corrected pairwise

comparisons using McNemar’s test did not yield a significant

difference.

B. Safety

The employed strategy can also be observed in the time taken to

intercept the glide slope, as presented in Fig. 16. The dotted line at

150 s represents the threshold abovewhich an indirect approachwas

flown. Here, it can also be seen that, as a result of the different

indirect approaches in the severe failure case, both the median and

variance in the data were higher when the ND+ display condition

was not used. Friedman’s ANOVA revealed that DISP had no

significant effect in the moderate failure case [χ2�2� � 2.667,
p � 0.264]. A significant effect was found, however, for the severe

failure case [χ2�2� � 8.222,p � 0.016], as was hypothesized. Here,
a post-hoc analysis using the Wilcoxon’s signed-rank test showed
that the ranks for the Baseline and PFD+ levels were significantly
different (Z � −2.547, p � 0.011) at the Bonferroni-corrected sig-
nificance level of p � 0.0167.
Figure 17 shows the maximum roll rates that were registered

during the intercept task. It can be seen that with the severe failure
case, higher roll rates were commanded. Across the different display
levels, the results seem more consistent. In fact, no significant effect
was found for either the moderate failure level [χ2�2� � 2.889,

p � 0.236] or the severe failure level [χ2�2� � 2.889, p � 0.236].‡‡

Finally, looking at Fig. 18, the maximum roll angle that was
obtained during the intercept runs was fairly consistent across the
different display levels, especially for the moderate failure case.
Friedman’s test confirmed the lack of a significant difference
[χ2�2� � 2.889,p � 0.236]. In the severe failure case, Fig. 18 shows
a lower median maximum roll angle for the ND+ level. Although
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Fig. 15 Flown trajectories for the six experimental conditions.
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Fig. 16 Completion time.
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Fig. 17 Maximum roll rate.

‡‡Friedman’s ANOVA indeed yielded the same results for both tests.
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there was a significant effect on the maximum roll angle in the severe

failure condition [χ2�2� � 6.889, p � 0.032], one should be careful
not to interpret this result as the NE causing more conservative

steering behavior. Instead, in this scenario the NE made obvious that

a left turn at a high roll angle would most likely result in failing to

intercept the localizer, suggesting pilots to execute the turn at a lower

roll angle. Wilcoxon’s signed-rank tests did not show a significant

effect for any of the pairwise comparisons.

C. Performance

The box plots in Figs. 19–21 aim to visualize how well the pilots

managed to reach the glide slope in a stable and accurate manner. The

three figures tell a similar story as, in general, a large lateral errorwould

typically drive a pilot to command a heading change toward the glide

slope, which would also temporarily result in a nonzero yaw rate.
It can be observed that, in general, the Baseline display level

yielded the best performance in terms of the metrics presented here.

This can be explained when one takes another look at the trajectories

in Fig. 15: as the employed navigation strategy was indirect much

more often in the Baseline display level, the pilots were able to
intercept the localizer further away than when a direct approach

was flown. The result of this is that they had more time on their

hands to correct for any localizer error. This also explains why the

yaw rate at the glide slopewas often smaller in the severe failure case:

again, in this case an indirect approach was selected more often.
For the lateral error, no significant effects were found for either the

moderate [χ2�2� � 1.556, p � 0.459] or the severe [χ2�2� � 0.222,
p � 0.895] failure cases. The same holds for the heading error in

both conditions [χ2�2� � 1.556, p � 0.459 and χ2�2� � 0.667,

p � 0.717], and for the yaw rate [χ2�2� � 2.000, p � 0.368 and

χ2�2� � 0.889, p � 0.641].

D. Workload

Figure 22 shows the overall workload that was experienced by the

participants according to the TLX results. Additionally, the weights
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Fig. 21 Yaw rate at glide slope.

944 A. D. T. RIJNDORP ETAL.

D
ow

nl
oa

de
d 

by
 T

U
 D

E
L

FT
 o

n 
Fe

br
ua

ry
 1

6,
 2

02
3 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/1

.I
01

08
95

 



of the different TLX categories are shown for the different conditions

in Fig. 23 to illustratewhat factor contributedmost to the experienced

workload. The weights seem consistent across the experimental

conditions, which implies that the nature of the task was not per-

ceived fundamentally different as a result of the display and failure

conditions. It can be observed that for both conditions with the ND+

level, both mental load and frustration were ranked slightly lower

than in the other conditions, which may indicate that pilots felt less

discouraged and more secure when using the NE.

When the navigation options were harder to estimate (in the severe

failure case), a relative workload reduction of the ND+ condition

compared with Base and PFD+ is observed. This may be explained

by recognizing that the NE allowed pilots to make decisions using

RBB instead of KBB when planning their actions, requiring less

cognitive effort.

In Fig. 22, the results show an increase in the median workload

with the severe failure condition. This should be expected, as there

was a lowermargin of error for completing the task in an optimalway.

Themost obvious outcome is that the median reported workload was

lower especially in theND+display configuration. This indicates that

displaying integrated informationmay indeed lower theworkload for

the task.

Furthermore, in the severe failure case, the PFD+ condition

seemed to increase the reported workload. Surprisingly, the Baseline

and PFD+ conditions resulted in similarly experienced workload

patterns. This could imply that the introduced symbology was creat-

ingmore clutter than providing useful information. An analysis using

Friedman’sANOVAwith respect to theTLXoverall workload did not
yield a significant result [χ2�5� � 10.00, p � 0.075].

E. Questionnaire Results

At the end of the experiment, all participants were asked to
complete a questionnaire in order to gather additional information
on how the new interfaces were received. As one questionnaire
response failed to be recorded due to a technical error, only data of
eight pilots are presented here.
When asked which feature was the most useful for controlling the

aircraft (see Fig. 24), pilots reported that for the PFD, the green-
shaded arc indicating the attainable roll rates was found more useful
than the other PFD additions. All pilots indicated that they relied on
this feature to some extent. The other PFD features were all found to
be of very limited use, perhaps introducing more clutter than provid-
ing useful information. The NE on the ND, on the other hand, was
deemed the most useful feature overall.
When asked whether the different interfaces improved or

decreased their performance, results were similar to the responses
shown in Fig. 24, where pilots unanimously reported that mainly the
modified ND improved their performance. This confirms that the
pilots indeed favored a direct localizer intercept with a slightly larger
error in terms of deviation and heading over taking additional time to
intercept the localizer at a later point in time.
When askedwhether the PFD orNDmodifications aided the pilots

in understanding the consequences of their control actions, again a
similar pattern was visible: all pilots found that the PFD modifica-
tions helped to some extent, but again the NE was the main driver of
this aspect, with most pilots finding this very useful. In terms of the
runway selection task, the majority of the pilots thought the PFD
modifications were not helpful in the runway selection task, whereas
the NE did help in this respect.
Finally, most participants also felt that these or similar interface

elements would help them in performing better during a perfor-
mance-altering emergency, with one pilot remarking that this was
only true with respect to the ND. The majority of the participants did
not feel that the additionswould introduce unacceptable clutter on the
displays.

VII. Discussion

The goal of this studywas to explore visual ways to communicate
the consequences of asymmetric flight envelopes on the immedi-
ately controllable aircraft states as well as the reachable navigation
states. The results from an exploratory pilot-in-the-loop experiment
revealed that portraying additional information on the ND, in the
form of an NE, was most useful in helping pilots to assess the
severity of the impaired envelope, to reduce their workload and
undertake appropriate control actions. This is rather surprising,
given that the majority of studies in communicating flight envelope
limits mainly focus on portraying additional information on the
PFD [2,19]. At this stage, however, it is also important to acknowl-
edge and discuss the limitations of this study so as to provide
recommendations for follow-up studies.
Although the initial results look promising, caution is necessary

when interpreting the results from this experiment. One of the
limitations was the relatively small number of participants, which
made it unfeasible to make bold statements about the population
mean and variance of the measured signals. The lack of significance
in some dependent measures, due to relatively large variability in the
data, can be explained in two different ways.
On the one hand, pilots were free to employ any control and

navigation strategy they deemed appropriate as the display(s) only
show the boundaries of actions rather than presenting a single opti-
mized action. Giving them such freedom generally comes at the cost
of more predictable outcomes, as was found in other studies [43]. On
the other hand, indications of insufficient training time were
observed, as several pilots felt that they became more proficient in
using the new interface cues during the experiment. An increased
training timewould likely have resulted in a better familiaritywith the
interface elements and perhaps less pilot variability. As reported in
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Fig. 22 NASA TLX overall workload as reported by the pilots.
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other studies, providing sufficient training time to get comfortable
with constraint-based interfaces seems to be a common problem
[43,50]. Note that “pushing the envelope” will also depend on other
factors encountered in real-life situations, such as substantial wind
gusts and shear, which will likely make pilots more cautious due to
uncertainties.
Another limitation is related to the purely two-dimensional naviga-

tion task and the simplified aircraft model. This was required for the
sake of experimental control, but the question that remains is whether
or not the presented interface elements can be modified to 1) provide
sufficient and coherent information in the event of a more complex
failure mode, such as with a high-fidelity model of Flight 1862, and
2) encode three-dimensional position and flight path information. As
flight envelopes (especially off-nominal ones) are high dimensional,
nonlinear, and time varying, it is a legitimate concern whether or not
constraint-based interface symbology can capture the complete set of
all possible control actions in such a way that it is still possible to infer
useful information from its visual representation. Perhaps a combina-
tion of presenting an optimal 3D emergency trajectory alongside the
NE is the best of both worlds; pilots can use the envelope to visually
assess the validity of the generated emergency trajectory and either
consequently follow its guidance signals to track the reference trajec-
tory or decide to deviate from it.
The simulation realism can also be identified as a limitation in this

experiment: the control task was rather simple and the simulator’s
motion base was not in use. It is obvious that a real-life emergency
situation would be much more stressful. Hollnagel states that in
unfamiliar situations with significant time pressure and stress levels,
operators tend to use a “scrambled” mode of control, where rational
decision making does not necessarily occur [51]. If the experiment
would have induced higher stress levels through improved realism,
increased time pressure, or other means, the results may have shown
less effective use of the interface symbology. However, this would be
difficult to test as real-life stress levels are difficult to recreate in
simulators [46].
Finally, the ND+ condition occasionally resulted in slightly

more aggressive maneuvers than with the other display conditions,
suggesting that the NE encouraged pilots to “push the envelope.”
This behavior seems consistent with observations in ecological
interface design research, where operators often decide to operate
closer to the visualized limits of the system when these are present
[17,19,52]. It can be argued that operators presented with con-

straint-based interfaces have the tendency to push the envelope,
implying that such interfaces invite operators to use less safe
behavior. However, this would be an oversimplification. Comans
et al. have shown that operators are also compelled to honor
intentional constraints (as opposed to physical constraints) when
these are visualized, indicating that control behavior can still be
influenced by introducing additional soft constraints [52].
In case of the NE present in this study, one could imagine applying

a different shading to indicate the roll angles that yield a certain load
factor. Additionally, one could argue that knowingly operating close
to a system’s limit is perhaps safer than operating at a safer region in
the state space without knowing where the system’s limits are: with
the NE present, the pilots were more certain that they could execute
certain maneuvers, whereas without this information present, they
were less certain about the outcomes of their control actions. A good
interface should improve operator confidence, without making the
operator overconfident.
However, operating close to systemboundaries becomes an impor-

tant issue when the system boundaries are less clear: the model that
was used in this experimentwas time-invariant and deterministic, and
its parameters were assumed to be fully known by the system. In
reality, this is a luxury we (currently) do not have: safe maneuvering
envelopes of aircraft have a high dimensionality, and the space of all
possible control inputs affects the energy balance of aircraft, making
it hard to visually or mentally chain together series of viable control
actions. Furthermore, external factors such as wind direction and
wind strength are hard to predict locally in an accurate manner,
introducing additional uncertainties. Here, an interface designer will
need to determinewhether these uncertainties should be visualized in
some form or shape (again with the risk of encouraging operators to
push the envelope), or to tighten the constraints (i.e., shrinking the
available solution space) to account for uncertainties. However,
tightening the constraints is also not risk-free as it might eliminate
viable (and possibly, for the emergency situation at hand, even
optimal) solutions.

VIII. Conclusions

This study set out to explore visual ways to communicate the
consequences of asymmetric flight envelopes on the immediately
controllable aircraft states as well as the reachable navigation states.
Results from a human-in-the-loop evaluation show that portraying

Fig. 24 Pilot usefulness ratings of the designed interface cues.
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additional information on the ND, in the form of an NE, was most

useful in helping pilots to better assess the severity of the impaired

envelope, to reduce their workload, and to plan and execute appro-

priate control actions. Although the results bear limited statistical

significance due to the limited sample size combined with relatively

large variability in pilot behavior, the trends in the data do indicate

that communicating consequences of impaired flight envelopes on

the ND is worthwhile to explore further. For future research, it is

recommended that emphasis is placed on simulation realism, increas-

ing the sample size, modeling and visually representing parameter

uncertainty, and possibly combining the visualizations with an emer-

gency trajectory generator.
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