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Comparison of Control and Display Augmentation
for Perspective Flight-Path Displays
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Manually performed piloting tasks with a perspective flight-path display require considerable effort. To improve
this, display augmentation is used: additional symbology such as a flight-path predictor is added. An alternative
approach would be to use control augmentation, using fly-by-wire techniques to simplify the control task of the
pilot. A control-theoretical analysis of different display and control augmentation concepts is presented. It is shown
how design techniques for flight directors can be applied to the analysis of display augmentation. The different
concepts have also been tested in a piloted experiment, conducted in a high-fidelity moving-base flight simulator.
Experimental results confirm the findings from the control-theoretical analysis. Overall, the control augmentation
concepts outperform the display augmentation concepts: Pilot workload and control activity are strongly reduced
with equal or better performance. These benefits become more apparent as the task difficulty increases.

Nomenclature
g = gravitational acceleration, m/s2

nz = normal acceleration
Tp = predictor time, s
xe, ve, te = lateral, vertical, total position error, m
γe = climb angle error, deg
�T = control augmentation lag time, s
δec , δac = elevator, aileron control surface deflections, deg
δes , δas = elevator, aileron stick displacements, deg
θ, φ = pitch, roll attitude angle, deg
τe = effective information processing time delay, s
τN = neuromuscular lag time constant, s
ϕm = phase margin, deg
χe = track angle error, deg

 = turn rate, deg/s
ωc = crossover frequency, rad/s

I. Introduction

R ESEARCH indicates that perspective guidance displays such
as the tunnel-in-the-sky have significant advantages over con-

ventional flight displays.1 They allow high-precision manual tra-
jectory following,2−6 improve pilot situation awareness,7−9 and are
compatible with a variety of other control and monitoring tasks.10,11

Whether perspective guidance displays actually simplify the pi-
lot control task is questionable, however. In the 1980s one of the
main tunnel display pioneers, Grunwald,5 already reported consid-
erable difficulty for pilots in accurately tracking complex curved
trajectories (Grunwald et al.12). Recent flight tests confirmed these
findings.13−16
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Inspired by research on teleoperating unmanned aerial vehicles,17

Grunwald decided to augment the display with additional symbols
such as the flight-path vector (FPV) and the flight-path predictor
(FPP)5,18 (also Grunwald et al.12). The FPV explicitly shows the
aircraft direction of motion in the world, allowing pilots to perceive
this important variable directly, instead of deriving it through per-
ceptual processing.19 The FPP shows the aircraft future position, a
couple of seconds ahead in time, with respect to a reference frame
moving ahead of the aircraft, allowing the pilot to anticipate on-
coming trajectory changes. The tunnel-and-predictor concept im-
proves path-following performance and has become the standard
in perspective flight-path displays.6,20−25 The application of such
techniques is called display augmentation. Its underlying principle
is similar to the workings of a flight director. The feedback paths of
the different loops of the pilot’s guidance task are combined in the
display presentation, leaving the pilots with equivalent dynamics
that are relatively simple to control.26

A different, less actively pursued way to improve the performance
of pilots and to reduce workload with perspective guidance displays
is control augmentation, using techniques that have become feasible
with the introduction of fly-by-wire (FBW) technology.27−30 In this
approach, the inner loops of the pilot’s guidance task are closed
by the control augmentation system (CAS), allowing the pilot to
manipulate directly aircraft states higher in the control hierarchy. In
particular a flight-path oriented CAS, that is, one that allows pilots
to control directly the aircraft direction of motion, has proven to be
a promising concept.26,31

From the preceding paragraph, one may conclude that (tunnel)
display augmentation, as well as control augmentation concepts, aid
pilots in controlling their aircraft along curved trajectories. The goal
of this paper is to compare the benefits of these concepts in a sys-
tematic, control-theoretical as well as an experimental fashion. The
paper is structured as follows. First, a theoretical analysis of both
augmentation concepts is given. Second, these concepts are com-
pared in an offline analysis, focusing on stability and performance
characteristics. Third, an experiment to investigate pilot workload,
performance and preferences with various augmentation concepts in
a realistic setting was performed in a high-fidelity motion-base flight
simulator. The experimental results are analyzed and compared to
the results from the theoretical analysis.

II. Basics of Augmentation
When the tunnel display is used without any form of augmenta-

tion, the pilot perceives the aircraft motion from the changing tun-
nel perspective, the geometry in motion.22,26,32 The pilot acts as a
multiloop feedback control mechanism closing the loops of aircraft
attitude (the inner loop), flight path (the middle loop), and position
(the outer loop)26,32 (Figs. 1a and 2).
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Grunwald’s early experiments with a basic, that is, not augmented,
tunnel display revealed considerable performance limitations due
to badly damped pilot responses, accompanied by a considerable
level of workload, when flying complex curved trajectories.5,12 He
attributed these problems to the use of only a small-sized computer
screen to present the optical information. Because of the lack of
peripheral vision, the rate cues providing system damping could not
be perceived appropriately. (With an average viewing distance of
0.80 m in front of a square screen with a diagonal of 8 in., a field
of view of approximately 10 deg is provided, stimulating only the
pilot’s foveal vision.) In later studies, it was shown that, although
pilots are indeed able to see where they are going, that is, their flight
path, using the tunnel display alone, this perceptual process takes
some time, resulting in processing lags that can be in the order of
500 ms or more.19

With display augmentation, symbology is added to the display
that can be used by the pilot in closing the control loop, sub-
stituting or supplementing the other aircraft output variables that
can be perceived from the display. Required control inputs re-
main the same, but the display cues simplify the pilot’s task. Nu-
merous investigations on the usefulness of such synthetic symbols
have been conducted in the past in two-dimensional33,34 and three-
dimensional4−6,12,17,35 aircraft guidance displays. An alternative is
control augmentation, which works by changing the perceived air-
craft dynamics. Figure 1 shows the two augmentation principles in
relation to the baseline configuration. For a detailed discussion on
the augmentation concepts, see Mulder.26

A. Equivalent Dynamics
With display augmentation, for example, when presenting an FPP

symbol (Fig. 1b), the pilot should be able to change control strategy
toward controlling just this symbol on the display. The relationship
between what the pilot perceives, the FPP-output y, and the pilot
actions, the aircraft control input u, is Hac Hfpp, the equivalent dy-
namics, with Hfpp the dynamics of the FPP. Hence, by the choice of

a) Baseline control situation

b) Display augmentation with FPP

c) Control augmentation with FBW

Fig. 1 Three simplified augmentation forms, for control of aircraft
(A/C) with TIS display; u, y and d are pilot control input, aircraft output,
and disturbance (e.g., turbulence) acting on A/C, respectively.

Fig. 2 Baseline control (equals to control with FPV) for lateral flight dynamics, where δac is actuator dynamics.

the predictor dynamics, the equivalent dynamics can be modified:
The display augmentation dynamics can be designed effectively to
cancel out part of the aircraft dynamics, reducing the order of the
system to be controlled, preferably down to a single integrator over
a wide frequency range.26

With control augmentation (Fig. 1c), a control augmentation sys-
tem effectively closes one (or more) of the aircraft feedback loops.
The pilot’s control deflection is now interpreted as a command or
reference, and the CAS generates the appropriate control inputs.36

With the CAS dynamics given by Hfbw, the equivalent dynamics
become Hfbw Hac/(1 + Hfbw Hac). Hence, the control system may be
designed to, from the pilot’s perspective, obtain an ideal command/
response relationship.

Thus, when a pilot performing a target-following task is consid-
ered, such as following a prescribed reference trajectory, the aug-
mentation principles are comparable in that they modify the equiv-
alent dynamics of the controlled system.

B. Disturbance Rejection
On the augmented display, the response of the FPP will reflect the

pilot input u and the atmospheric disturbances d, y = Hac(u + d),
and the pilot must compensate for all disturbances. An accompany-
ing problem is that, as the intensity of the atmospheric turbulence
increases, the higher-frequency components will start to dominate
the FPP response, reducing its effectiveness in the manual control
loop.17,19

With control augmentation, the aircraft response is still a function
of the pilot input u and the disturbance d. However, because the
CAS closes (some of) the aircraft feedback loops, it suppresses
the effects of disturbances considerably because their effect on the
aircraft output y is governed by the dynamics Hac/(1 + Hfbw Hac).
Hence, a high bandwidth of the CAS may be designed to not only
result in a desired command/response relationship (y ≈ u), but also
to mitigate the effects of disturbances acting on the aircraft.

In conclusion, the advantage of control augmentation over dis-
play augmentation is the disturbance rejection, expected to yield
a substantial reduction of pilot workload.26−28 Surprisingly, until
now there has not been a systematic comparison between the two
approaches, and the tunnel-and-predictor concept has become the
de-facto standard in perspective flight-path displays.

III. Display Augmentation
The benefits of the augmented displays can be understood using

three principles.26,37 First, a well-designed display augmentation
transforms the control task from a cognitive to a perceptual one.
Second, it provides a means of establishing or improving the com-
patibility between the display and the pilot’s mental model. Third,
as discussed in the preceding section, display augmentation can
effectively change the equivalent dynamics of the system to be con-
trolled in a particular task context. These three principles will be
elaborated in the sequel, in which the three main forms of display
augmentation, providing synthetic command, status, and predictive
information, respectively, will be introduced.26

A. Augmenting the Display
1. Augmenting with Command Information: Flight Director

The flight-director (FD) is an example of augmenting the conven-
tional primary flight display with command information. Based on
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Fig. 3 FPP control, for lateral flight dynamics.

the requirements of the guidance task, the pilot selects an FD con-
trol mode and defines the controller set points. The FD computer
algorithm then integrates the information and generates two control
signals, one for the vertical and one for the lateral aircraft control
channel, that are appropriate at that time. However, instead of feed-
ing these control signals to the aircraft, which would make it an
automatic pilot, these signals are presented on the display using FD
command bars. The pilot must now move the control manipulator
in such a way to keep the FD bars central on the artificial horizon
display, that is, resulting in a two-axis compensatory tracking task.

The advantage of the FD is that the integration of information
is conducted by the FD algorithm, relieving the pilot from this de-
manding cognitive task. The three feedback loops of Fig. 2 are closed
automatically, and the appropriate control action is shown on the
display. However, these FD command bars lack a clear meaning
regarding the aircraft’s spatiotemporal situation when shown into a
perspective display; they bear no relationship to the pictorial world,
they are not compatible with the pilot mental model, and they do
not enhance situation awareness.2,7,8 Hence, the FD meets the first
and third principles stated earlier, but it does not support the second
one.

Although certainly applicable in the present context, and although
some have tried to integrate the FD with the perspective flight-
path display,10 we consider it a doubtful combination of concepts.
Therefore, in the sequel we will concentrate on the symbology that
is compatible with the pictorial tunnel display format and, therefore,
compatible with a pilot’s mental model.

2. Augmenting with Status Information: FPV
The FPV has become a standard feature of the modern glass

cockpit primary flight display and the head-up display.38 It shows
the aircraft direction of motion relative to the ground and has proven
to be very useful in ground-referenced aircraft maneuvering tasks.34

This symbol shows status information, that is, the velocity vector
tangential to the locally curved trajectory, and does not provide
predictive information, except perhaps during rectilinear flight, nor
does it tell the pilot what to do. It only makes the instantaneous
direction of motion explicit on the display. Without the FPV, pilots
must perceive the direction of motion through the optical flow gener-
ated by the changing tunnel perspective. Although humans are well
equipped to perceive this variable from optical flow, several studies
have indicated that significant processing lags are involved, limiting
pilot performance.19,22,32,39 With the FPV, the pilot can directly per-
ceive the aircraft direction of motion, reducing the processing lags
involved in perceiving this important state variable to zero.

Concerning the three principles of display augmentation, it is
clear that the FPV meets the first two principles. However, the FPV
does not add any dynamics to the control task; it is not expected to
change the pilot baseline control strategy in Fig. 2. Controlling the
aircraft still requires a feedback of attitude, flight path, and position.
The third principle is, therefore, not supported.

3. Augmenting with Predictive Information: FPP
The FPP shows the aircraft’s predicted position with a two-

dimensional6,12 or three-dimensional5 symbol together with a high-
lighted reference frame at some time Tp ahead. The pilot task is
to minimize the future aircraft lateral and vertical position errors
by keeping the predictor symbol in the center of a reference frame

(Fig. 3), resulting in a two-axis pursuit tracking task. Pursuit track-
ing is generally found superior over compensatory tracking in terms
of performance and workload.40 Even better, the perspective tunnel
geometry allows a preview of the future trajectory changes, and,
therefore, the future motion of the predictor reference frame, yield-
ing an almost ideal task from a manual control point of view: pursuit
tracking with preview.40,41

As shown in Fig. 3, the FPP prediction algorithm integrates the
aircraft attitude, flight path, and position states relative to the nom-
inal trajectory to generate a prediction of the future position (x p in
Fig. 3). When attempting to keep this future position close to the de-
sired future position marked by the predictor reference frame (x pref

in Fig. 3), the pilot effectively closes the three baseline feedback
control loops. Hence, although the FPP does not explicitly tell the
pilot what to do, as the flight director does; it involves an implicit
command. That is, through showing what will happen in the near
future when the current flight condition remains the same, that is,
when the current pilot control input remains unchanged, it implicitly
shows the pilot what to do. In addition, this implicit command is
nicely integrated in the three-dimensional tunnel perspective. The
FPP is the only concept that supports all three principles of display
augmentation.

B. Tuning the FPP
The objective of this paper is to compare display and control

augmentation concepts, and for a fair comparison, all augmentation
concepts need to be tuned for optimal performance. The FPV symbol
is not driven by a specific algorithm, and no parameters need to be
adjusted to tune its performance. The FPP, however, is driven by a
predictor algorithm, and this algorithm needs to be tuned to make it
work optimally.18

1. Choosing the Predictor Law
The basic principle of the FPP is that a predictor symbol is shown

at a distance D = Tp V ahead, where Tp is the prediction time and
V the airspeed. At the same distance D ahead, a cross section of
the tunnel is highlighted: the predictor reference frame. The pilot’s
task is to keep the predictor in the predictor reference frame, that is,
to reduce the difference between the lateral and vertical predicted
position (x p, vp) and the reference frame position (x pref

, vpref
), a

two-axis pursuit tracking task with preview.
Several algorithms are available to drive the predictor. Based on

research on different predictor laws in the past,6,18,20 it was decided
to use the predictor based on the circular path assumption from
Grunwald. In the circular path assumption, it is assumed that the
vertical and lateral accelerations perpendicular to the flight path
are constant, resulting in a future aircraft trajectory that is circu-
lar. Grunwald showed that for small accelerations the circular path
assumption can be approximated by a second-order Taylor series
expansion of the vehicle’s lateral and vertical motion. That is, for
the lateral predicted position one obtains (similarly for the vertical
predicted position):

x p(t + Tp) = x(t) + Tp ẋ(t) + T 2
p ẍ(t)

/
2 (1)

Substituting ẋ ≈ V χ and ẍ ≈ gφ (small-angle kinematics) into
Eq. (1) exemplifies our earlier statement that when controlling the
flight-path predictor symbol on the display the pilot effectively
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Fig. 4 Lateral closed-loop pilot–vehicle system with FPP; pilot limitations (PL) neuromuscular lag τN and time delay τe indicated.

closes the three baseline feedback loops of attitude φ, flight path
χ , and position x (Figs. 3 and 4).

Laplace transforming Eq. (1) yields the lateral predictor dynamics
Hfpp(s), that is, H

x p
x (s), that will be cascaded with the lateral air-

craft dynamics Hac(s) = H x
δa

(s) to obtain the equivalent dynamics
Hac(s)Hfpp(s):

H
x p
δa

(s) = H x
δa

(s)H
x p
x (s) =

aircraft︷ ︸︸ ︷
H x

δa
(s)

predictor︷ ︸︸ ︷(
1 + Tps + T 2

p s2
/

2
)

(2)

Hence, the aircraft lateral dynamics H x
δa

(s) are supplemented by two
complex zeros having a fixed damping

√
2/2 and a natural frequency

that is a function of the prediction time, ω0 = √
2/Tp .

2. Effect of the Predictor
Figure 4 shows the closed loop pilot–vehicle control system with

the FPP. In the following analysis, a linear model of the Cessna
Citation 500, a small business jet, will be used, with an indicated
airspeed (IAS) of 59.9 m/s (Ref. 42). The aircraft is equipped with
a yaw damper. The pilot is modeled as a gain K p , a neuromuscular
lag τN = 0.1 s, and a time delay τe = 0.3 s (Ref. 40).

The effect of the predictor on the open loop is that the transfer
function describing the equivalent dynamics H

x p
δa

(s) between the
stick deflection δa and the predicted position x p has an integrator-like
characteristic over a certain frequency interval. Figure 5a, showing
the magnitude of the open loop for prediction times ranging from
Tp = 1 to 9 s, shows that this frequency interval depends on the
prediction time. A small prediction time yields a higher break fre-
quency, which in turn leads to a small interval and vice versa. At
approximately 4 rad/s, the open loop becomes a second-order inte-
grator for all prediction times. Sachs introduced roll rate feedback
to the predictor algorithm to extend the integratorlike interval to a
higher frequency range in the lateral motion.6 Similar improvement
was gained for the longitudinal dynamics using the pitch rate.

The effect of the predictor on the closed-loop pilot–vehicle–
predictor system is that the closed-loop poles move toward the pre-
dictor zeros for higher pilot gains K p . Figures 5b and 5c show a root
locus plot as a function of K p for prediction times Tp equal to 4 and
9 s, respectively. The closed-loop system is initially unstable due
to the spiral divergence (SD) mode and, for both prediction times,
becomes stable with increasing pilot gain. For Tp = 4 s the SD pole
enters the left half-plane, yielding stability for K p = 0.39, but again
leaves the left half-plane for higher gains, K p > 0.78. For Tp = 9 s,
the SD pole also enters the left half-plane (stable when K p = 0.07)
into the direction of the predictor zero, and another closed-loop pole
becomes unstable, K p > 0.50. A small prediction time requires a
larger pilot gain to stabilize the system, and in both cases, the sys-
tem becomes unstable again for increasing pilot gains. To achieve
a certain robustness for variations in the pilot gain, it is clear that a
well-chosen prediction time is important for pilot performance and
workload. For this reason a search for the optimal prediction time
appears to be worthwhile.

3. Determining Optimal Prediction Time
Grunwald introduced a method to find the optimal prediction

time.18 This time depends on the aircraft dynamics, the velocity,
and the accuracy requirements of the piloting task. In the case of
slow aircraft dynamics, a small prediction time will result in slow
movement of the symbol that may not be adequate in anticipating

a) Magnitude of open-loop system H
xp
δa

for prediction times Tp
1–9 s: – – –, basic aircraft dynamics Hx

δa

b) Root locus plot of pilot gain Kp (Tp = 4 s)

c) Root locus plot of pilot gain Kp (Tp = 9 s)

Fig. 5 Effect of predictor on open-loop and closed-loop pilot-vehicle
system (lateral dynamics).

oncoming changes of the trajectory. In case of fast dynamics, a
large prediction time results in a rapidly moving symbol that may
be difficult to control.17

When the aircraft dynamics and velocity are fixed, the optimum
prediction time depends on the size of the initial position deviation
with respect to the nominal trajectory. Grunwald18 claimed that the
best gain as a function of Tp is the minimal gain required to settle the
position deviation within 5% of the original deviation within 60 s.
In the present study, a stricter rule was used, namely, a settling within
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5% in less than 15 s. The initial deviation was chosen to be 25 m,
one-half of the tunnel width used in the experiment.

For the Cessna Citation used here, the optimal prediction time for
the lateral dynamics was found to be 6 s, whereas for the vertical
dynamics the optimal time was 2 s. These prediction times will be
used for the analytical comparison with the control augmentation,
as will be discussed in the next sections.

IV. Control Augmentation Principles
A. Attitude-Oriented and Flight-Path Oriented
Control Augmentation

An earlier study26 investigated the compatibility of two FBW con-
trol laws, attitude-oriented control and flight-path-oriented control,
with the perspective flight-path display. In the attitude-oriented con-
cept, the pilot control inputs act as attitude-rate (that is, pitch-rate
and roll-rate) commands: When the pilot control input is zero, the
FBW computer maintains the instantaneous attitude. Here, the inner
loop of aircraft control, attitude, is automatically controlled. With
the flight-path-oriented concept, the pilot control inputs act as FPV
rate (that is, climb-angle rate and track-angle rate) commands, or,
in other words, the pilot commands the aircraft direction of motion
relative to the ground.27 When the control input is zero, the instan-
taneous inertial flight path is maintained. In other words, the FBW
computer does not only close the inner loop but closes the middle
loop (flight path) as well (Fig. 6).

Both of the designs were evaluated in two pilot-in-the-loop ex-
periments, one conducted in a fixed-base simulator26 and one in a
moving-base flight simulator.43 These experiments showed that, in
comparison to the baseline manual control, control augmentation
significantly reduced pilot workload and at the same time improved
path-following performance considerably. The flight-path-oriented
concept outperformed the attitude-oriented design, with superior
performance achieved with the lowest control activity and work-
load. The benefits of this concept were larger when task difficulty
increased.

Several other studies, from the early NASA investigations,44−46

work at Boeing27,47 and other aircraft manufacturers to recent re-
search conducted in the context of simplifying aircraft manual con-
trol for general aviation pilots29,30,48 also showed the potential ben-
efits of a flight-path-oriented flight control system, with or without
the use of a perspective flight-path display.

B. Characteristics of Flight-Path Oriented Control Augmentation
The baseline perspective flight-path display can be easily aug-

mented with an FPV symbol, significantly improving the perception

Fig. 6 FPV-oriented FBW control for lateral dynamics: compare with Figs. 2 and 3.

Fig. 7 Lateral closed-loop pilot–vehicle system block diagram with flight-path-oriented FBW.

of the aircraft direction of motion. The flight-path-oriented con-
trol system nicely complements this information by allowing the
pilot directly to command the desired flight direction. Hence, the
combination of this controller with the tunnel display yields a task-
oriented control/display system, an attractive concept from the pilot
perspective.26

The closed-loop pilot–FBW–aircraft system for the flight-path-
oriented control law is shown in Fig. 7. The aircraft model and pilot
model were similar to the FPP situation discussed earlier (Fig. 4).
The discussion is limited to the lateral dynamics, similar arguments
hold for the longitudinal case.

Figure 7 shows that the FBW computer closes the aircraft attitude
and flight-path loops. The dotted block indicates that an attitude rate
feedback can be used to increase stability, as has indeed been done
here.

The pilot lateral control deflections are interpreted as track-angle
rate commands. Integrating the track-angle rate yields the com-
manded track angle χc, which is shown to the pilot on the display
through a second FPV symbol, the commanded FPV. The impor-
tance of showing not only the instantaneous aircraft flight path but
also the commanded flight path has been convincingly shown in
many earlier studies.27,44,46,47

The desired track angle χref in Fig. 7 can be perceived from the
perspective tunnel display. That is, in straight tunnel sections it is
the vanishing point of the tunnel projection at infinity.22 In curved
trajectories, however, the reference track is much more difficult to
perceive, which makes the accurate tracking of circular tunnel tra-
jectories a hard task to accomplish.49

Bode diagrams for the open-loop lateral, χ/χc, and longitudinal,
γ /γc, flight-path-oriented FBW control laws are in Figs. 8a and 8b,
respectively. The crossover frequency ωc and phase margin ϕm of
the lateral controller equal 1.13 rad/s and 53 deg, respectively. For
the vertical control law, they equal 1.6 rad/s and 36 deg, respectively.
A previous study, involving the modeling and identification of pilot
control behavior with a generic tunnel display, showed that these
values are typical for the middle-loop closure of a small aircraft
like the Cessna Citation.32 Note that the vertical controller uses a
feedforward loop to increase the speed of the inital response.

C. Remaining Issues
The three main issues with the flight-path-oriented FBW are,

first, the awkward constant lateral control deflections during turns,
second, the lagged response of the FBW controller, and third, the
lack of a clear reference for pilots of where to put the commanded
FPV in the tunnel. These problems occur primarily in the lateral
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a) Lateral control law

b) Longitudinal control law

Fig. 8 Bode diagrams of open-loop flight-path-oriented FBW control
law.

aircraft maneuvering, in particular during turns. These issues are not
important or do not occur at all in longitudinal maneuvers, where
flight path γ needs to be changed.

1. Constant Control Deflections During Turns

In a turn, the direction of the aircraft track angle must change
continuously at a rate commanded by the nominal trajectory cur-
vature. With the implementation of the lateral flight-path-oriented
control law in Fig. 7, this means that the track-angle rate χ̇ equals
the reference rate χ̇ref. Because the pilot lateral stick displacement
is proportional to the commanded track-angle rate χ̇c, the pilot must
give a constant stick input to the left (right) in left (right) turns,
a characteristic which may be quite unnatural for pilots, although
accepted practice in car driving.

Studies revealed that pilots have more problems with exerting
continuous forces during a sustained descent or climb rather than
during a turn.48,50,51 Still, pilots are not accustomed to this type of
control.26 A way to eradicate this problem would be to interpret
the lateral control deflection δas as a curvature rate command, that
is, a command on the rate of track-angle rate χ̈c. This would also
require a different way of presenting the FPV, however, because
the command is now a commanded curvature in three-dimensional
space; for an example of this concept, see the work of Borst et al.31

2. Lagged Response of the Control Law
The open-loop combination of the FBW control law and the air-

craft dynamics is a type 1 system for the response in track angle
to the commanded track angle χc. In straight flight, with a constant
χc, the steady-state error will, thus, be zero, but the system will ex-
perience a velocity error in a curve, when χc is linearly increasing.
The pilot experiences this as a lagged response of the FBW control
law. This lag affects performance, and because pilots are likely to
compensate for it, this may contribute to workload.

For a stationary turn, and assuming that the inner-loop roll control
system has a negligible roll-angle error, the velocity error �χ for a
certain aircraft turn rate 
 can be calculated from


 = g tan(Kχ�χ)/V (3)

a)

b)

Fig. 9 Lateral FBW control law: a) top view of angular distance
ΔX = ΔTV in which aircraft track angle reaches commanded track
issued at time t, i.e., χ(t + ΔT) =χc(t) and b) roll angle command φc,
turn rate Ω, and lag time ΔT as function of ground-track-angle error
Δχ(=χ−−χc).

This velocity error can be expressed as a time lag, resulting in

�T = V

g

�χ

tan(Kχ�χ)
(4)

The relations between�χ andφc,
, and�T are shown in Fig. 9b.
Note that �T is not constant, due to the continuous changes of the
track-angle error. Offline simulations showed that the track-angle
error �χ never exceeds 7 deg, which in turn results in small changes
of �T (Ref. 42).

3. Lack of Reference for (Commanded) FPV
The FPV lies tangential to the aircraft trajectory, which is gener-

ally locally curved. In straight tunnels, this curvature is small, and
there is no problem: Putting the FPV on the tunnel vanishing point
results in a flight parallel to the nominal trajectory. However, in
turns, the FPV is of lesser use because there is no clear, intuitive
information about where the FPV would, ideally, be pointing. The
pilot could look at a frame at some distance ahead and use it as a
reference to direct the FPV. Taking a frame too far ahead, however,
results in corner cutting, whereas looking too close may result in
flying out of the curve.

The same holds for the FPV command symbol the pilot is control-
ling when operating with the flight-path-oriented FBW. As Fig. 9a
shows, the situation is even worse here because there is also the lag
between commanded track angle and the aircraft track angle.

An earlier study with the flight-path-oriented FBW revealed that,
although training helped and in the end the pilot performance
was quite satisfactory, pilots suggested that some reference should
be shown of “where to put the commanded FPV” for optimal
performance,26 for example, through highlighting a frame moving
ahead of the aircraft, similar to the FPP concept. This would appeal
to the numerous investigations conducted on the application of a
leading aircraft flying a perfect trajectory at some distance ahead
serving as a guidance for the current FPV symbol.34,52,53 However,
for the flight-path-oriented FBW, the chosen distance ahead should
take the lag time �T into account because it is the commanded FPV
symbol that is being manually controlled instead of the current FPV.

Two possibilities exist for including the reference frame having a
similar function as the leading aircraft mentioned earlier (Fig. 9a).
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First, one could put the reference frame at an angular distance �X
ahead, corresponding with �T . This frame then shows where in
the tunnel ahead the aircraft track angle will have reached the track
χc(t) commanded at that moment. Second, one could put the ref-
erence frame at an angular distance ahead that is twice as large,
that is, at 2�T . This frame can then act as a target: Putting the
commanded FPV in its center would result in the correct aircraft
track angle �T later in time. This latter concept would result in a
pursuit-tracking task similar to the FPP display augmentation, but
now combined with the FPV-oriented control augmentation. In a
later investigation, this concept, combining the best of two worlds
has been demonstrated to perform satisfactory.31 In the experiment
presented here, however, only the first option has been tested.

V. Theoretical Analysis
In this section, the FPP display augmentation concept and the

flight-path-oriented FBW control augmentation concept are com-
pared through a theoretical model-based analysis. Path-following
performance and control activity will be compared in the task of
following a straight trajectory in the presence of atmospheric tur-
bulence. Both concepts will be tuned to make them perform in an
optimal fashion, and the investigation will focus on the sensitiv-
ity in stability and performance characteristics due to changes in
these optimal settings. This allows us to analyze the robustness of
the pilot–aircraft–augmentation system to variations in pilot control
behavior.

A. Assumptions
In the analysis that follows, some important characteristics will

be the same for the display augmentation (Fig. 4) and the control
augmentation (Fig. 7). The aircraft model is a linear model of the
Cessna Citation 500, flying at an airspeed of 59.9 m/s (116-kn IAS).
It is equipped with a yaw damper to improve lateral stability and an
autothrottle to keep the airspeed constant. The actuator dynamics
are modeled as a first-order lag [13/(s + 13)]. The atmospheric
turbulence in both the lateral and longitudinal dimension is modeled
as a Dryden spectrum (see Ref. 54) with scale length 300 m and
intensity 2.25 m2/s2, and the wind is assumed zero.

The pilot model that is used depends on the augmentation concept.
With the FPP, the pilot is a simple gain K p (Fig. 4). With the FBW,
the pilot is modeled with two gains, one closing the loop of the
commanded FPV K pχ and one closing the position loop K px . For
both concepts, the pilot limitations are modeled as a neuromuscular
lag τN (0.1 s) and an information-processing time delay τe (0.3 s).

a) Lateral phase margin

b) Longitudinal phase margin

c) Lateral xe performance

d) Longitudinal ve performance

e) Lateral roll-angle variations

f) Longitudinal pitch-angle variations

Fig. 10 Lateral and longitudinal FPP phase margins, position-tracking performance, and attitude for range of prediction times Tp and pilot gains
Kp (resulting in crossover frequencies in insets).

B. Stability and Performance of FPP
Performance and stability with the FPP depends on the prediction

time Tp and the pilot gain K p . For any particular prediction time, the
magnitude of the pilot gain determines the crossover frequency and
phase margin of the open-loop FPP control loop (lateral, x p/δas and
longitudinal, vp/δes ). Figure 10 shows the phase margin (stability),
the position-tracking performance, and aircraft attitude variations
for the lateral and longitudinal aircraft control, as a function of the
prediction time Tp , for six levels of the crossover frequency (ranging
from 0.5 to 1.3 rad/s). The values of these measures for the optimal
prediction times (lateral, 6 s and longitudinal, 2 s) are shown as well.

The trends in the data are quite similar for both control dimen-
sions. When a longer prediction time is chosen, the phase margins
increase and attitude variations become smaller. Up to 2.5 s, the
vertical position performance improves, whereas the lateral position
performance decreases for larger prediction times. For a given pre-
diction time Tp , when pilots increase their gain (resulting in higher
crossover frequencies), the phase margin first slightly increases and
then rapidly decreases, making the system unstable for gains that
are too high. As expected, performance improves when pilots in-
crease their gain, up to the point where the phase margins become
too small.

The lateral phase margin is only 15 deg, which is rather small. It
can be increased by including roll angle rate in the predictor law, as
suggested by Sachs,6 yielding a phase margin of about 35 deg, but
this only marginally affected performance. The longitudinal phase
margin of 57 deg is much better. As can be seen in Fig. 10, the
optimal settings for the prediction times indeed correspond with
a sensible compromise between stability (large phase margin) and
performance (small position error).

C. Stability and Performance of Flight-Path-Oriented FBW
In the flight-path-oriented control augmentation concept, when

fixing the design of the FBW control laws, the system performance
and stability depends on the two pilot gains, in the lateral dimension
K pχ and K px (Fig. 7). The pilot closes two loops, one feeding a de-
sired flight path to the command flight-path symbol and one feeding
a desired position to the desired flight path. These are referred to as
the flight-path loop and the position loop, respectively.

Because the pilot control deflections are interpreted as flight-
path rate commands, the effective dynamics in the fligh-path loop
are first order, K pχ/(s + K pχ ), and depend only on the gain K pχ .
The bandwidth of this loop is smaller than the bandwidth of the
FBW control law (lateral, 1.13 rad/s and longitudinal, 1.6 rad/s) and
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a) Lateral phase margins

b) Longitudinal phase margins

c) Lateral xe performance

d) Longitudinal ve performance

e) Lateral roll-angle variations

f) Longitudinal pitch-angle variations

Fig. 11 Lateral and longitudinal flight-path-oriented FBW controller phase margins, position-tracking performance and attitude variations for
range of commanded flight-path crossover frequencies ωχ

c (insets) and position crossover frequencies ωx
c .

a) Lateral position error xe

b) PSD of xe

c) Vertical position error ve

d) PSD of ve

e) Normal acceleration Δnz

f) PSD of Δnz

Fig. 12 Time histories and analytical PSD in disturbance rejection task, for optimally tuned FPV and FBW augmentation concepts.

depends only on the pilot flight-path gain, that is, ω
χ
c ≈ K pχ . This

loop serves the position loop, which is completely determined by
the position loop gain K px .

Figure 11 shows the lateral and longitudinal position loop phase
margin ϕx

m , the position-tracking performance, and aircraft attitude
variations, for three values of the flight-path crossover frequency
ω

χ
c (insets, together with the flight-path loop phase margins) as a

function of the position loop crossover frequency ωx
c .

For the lateral control and longitudinal control, ϕx
m decreases al-

most linearly for increasing position loop crossover frequencies ωx
c .

The phase margin is larger when the flight-path crossover frequency
ω

χ
c is larger, a typical result of a serial loop mechanism where an

inner loop serves an outer loop. In the lateral control, clear minima
can be found for the position-tracking performance, which lie in-
dependently of ω

χ
c at approximately ωx

c = 0.4 rad/s. In the vertical
control dimension, such a minimum cannot be found. Rather sur-
prisingly, performance increases when ωx

c is smaller. Attitude vari-
ations in both lateral and vertical dimensions increase for higher

crossover frequencies in the position control loop, whereas flight-
path crossover shows mixed effects.

D. Discussion and Conclusions
When Figs. 10 and 11 are compared, it is seen that, first, the phase

margins with the control augmentation are generally larger than with
the display augmentation, indicating that the first is better capable of
dealing with variations in pilot control behavior. Note, however, that
the phase margins with the FPP can be increased through incorpo-
rating attitude rate in the predictor law. Second, in both dimensions,
position-tracking performance is superior with control augmenta-
tion, accompanied with lower aircraft attitude variations: Control
augmentation yields a more accurate and smoother ride.

Figure 12 shows typical time histories and analytical power spec-
tral densities (PSD) for the tuned FPP and FBW augmentation con-
cepts, confirming the superiority of the latter in this particular task.
The better performance can be attributed that the FBW computer,
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through closing the high-bandwidth inner and middle loops, auto-
matically compensates for the effects of turbulence, whereas in the
case of the FPP, the pilot closes all feedback loops integrated in the
predictor symbol.

However, the task evaluated in this study was to follow a nominal
trajectory that was straight, a disturbance task that emphasizes dis-
turbance rejection. In the pilot-in-the-loop experiment discussed in
the following sections, a complex, curved trajectory will be flown,
where the emphasis lies more on path following. The FPP is expected
to perform well this type of task, which could be better than the case
for the flight-path-oriented control augmentation concept. In this
sense, the experiment will complement the theoretical model-based
analysis.

VI. Experimental Comparison
The goal of the experiment was to compare various control and

display augmentation concepts for the tunnel display and to validate
the results from the analytical study.

A. Method
1. Subjects and Instructions to Subjects

Six subjects participated in the experiment: four professional air-
line pilots, one retired airline pilot, and one test-pilot from the Con-
trol and Simulation Division (Table 1). The subjects were instructed
to control the aircraft along the reference trajectory as accurately as
possible.

2. Apparatus
Delft University’s SIMONA Research Simulator (SRS) was used,

a six-degrees-of-freedom high-fidelity moving-base flight simula-
tor. The tunnel display was presented on a 15-in. liquid crystal dis-
play (LCD) screen 0.80 m in front of the subject. No outside visual
was used. The control manipulators were an electrohydraulic con-
trol column and rudder pedals, both simulated with normal, that is,
passive, characteristics.

a) FPV display augmentation

b) FPP display augmentation

c) Flight-path-oriented control augmentation, FPV
(green) and commanded FPV (yellow) (FBW)

d) Flight-path-oriented control augmentation, with ad-
ditional commanded FPV reference frame (FBW+)

Fig. 13 TIS displays with four augmentation concepts: 1) true FPV, 2) FPP, with 3) FPP reference frame, 4) commanded FPV, with
5) reference frame for the commanded FPV.

3. Independent Variables
Four display and CAS combinations [augmentation concepts

(AC)] and two levels of atmospheric turbulence (AT) were selected
as the independent variables in the experiment (Fig. 13).

The first is baseline control with FPV (FPV), that is, the unaug-
mented control of the aircraft using elevator, aileron, and rudder
deflections directly coupled to the control column and pedals. A
green FPV symbol is presented on the display. This concept repre-
sents the baseline manual control situation shown in Fig. 2.

The second is (FPP), that is, the direct-link manual control,
but now a green FPP symbol is presented, together with a yellow
transparent predictor reference frame. This condition represents the
tunnel-and-predictor concept shown in Fig. 3.

The third is flight-path-oriented FBW control (FBW), in which
the pilot directly controls the direction of the aircraft motion (Fig. 6).
The pilot stick displacements are interpreted by the FBW computer
as climb-angle rate and track-angle rate commands. A green FPV
symbol shows the instantaneous direction of motion; a yellow FPV
symbol shows the commanded direction of motion.

Table 1 Characteristics of pilot subjects in experiment

Pilot Age Hours Flying experience

A 31 2,100 Single engine, B747-400
B 64 13,100 Single engine, Cessna C550,

DC3, DC8, F-28, B747-300/400
C 36 1,600 Single engine, Cessna C550,

multiengine piston
D 52 12,790 Single engine, HFB 320 Hansa jet,

DC9, MD11, MD80, A310, A320
E 31 2,200 Single engine, Light aircraft,

Canadair Region Jet
F 37 5,550 Single engine, Cessna C500,

B747-400, B767-300
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The fourth is flight-path oriented FBW control with reference
frame (FBW+), that is, the same concept as the third-one, now with
a highlighted yellow tunnel frame moving ahead of the aircraft �T
seconds (the FBW controller lag time) ahead that acts as a control
reference. The reference frame indicates where in the tunnel the true
flight path will reach the commanded flight path.42

Because it was expected that the atmospheric disturbances would
have different effects on the control and augmentation systems, two
levels of AT were used.

4. Experiment Design and Procedure

A factorial within-subjects design was applied, resulting in 8 con-
ditions (4 AC × 2 AT). Additionally, the nominal tunnel trajectory
was mirrored with respect to a fictitious localizer plane to prevent
pilot boredom and a task performance by rote.

Each pilot performed 4 blocks of 16 runs, 64 runs in total. Each
block contained two randomly ordered replications of all 8 experi-
ment conditions. The runs in the first block were used for training;
the last 3 blocks (48 runs, i.e., all conditions 6 times) were used
as the measurements. A single run lasted 4 min. After each run the
pilot was asked to rate mental workload using the NASA Task Load
Index (TLX) subjective rating scale.55 After the experiment the pi-
lots were asked to complete a questionnaire, addressing the useful-
ness of the augmentation techniques in conducting their task.

5. Dependent Measures

The path-following performance was expressed by the root-
mean square of the aircraft lateral (xe), vertical (ve), and total
[te = √

(x2
e + v2

e )] position errors and by the standard deviation
(STD) of the aircraft lateral (χe) and vertical (γe) flight-path-angle
errors. Pilot control activity was expressed by the STD of the lateral
and the vertical stick deflection rates, δ̇as and δ̇es , and the average
number of control activities per unit of time (dacnt and decnt). Be-
cause the display and control augmentation concepts require differ-
ent strategies in the lateral plane (where the FBW systems require a
constant lateral control deflection in turns), the control deflections
themselves were not used.

Ride comfort was expressed by the STD of the lateral and ver-
tical accelerations ẍe and nz . Aircraft-related variables such as the
attitude φ and θ and the attitude rates φ̇ and θ̇ were also mea-
sured. Finally, the number of times the roll rate ˙̇φ exceeded a certain
limit [3 < φ̇ < 5 (φ̇3 − 5), 5 < φ̇ < 7 (φ̇5 − 7) and φ̇ > 7(φ̇>7) deg/s]
was counted to study the aggressiveness of the maneuver in
the lateral plane. Similarly, in the vertical plane, it was counted
how often the normal acceleration nz exceeded certain values
[1.05 < nz < 1.15(�nz1

), 1.15 < nz < 1.35 (�nz2
) and nz > 1.35 g

(�nz3
) g]. Pilot workload was analyzed using the NASA TLX sub-

jective workload rating.

B. Description of Experiment Simulation
A generic tunnel-in-the-sky (TIS) display was used with square

tunnel frames, having a fixed size of 50 m. Figure 13 shows the
displays corresponding to the four augmentation concepts.

Two different approach trajectories were flown. The first tra-
jectory contained three turns of 45 deg and three turns of 30 deg
(Fig. 14a). Six flight-path angle changes were implemented as well,
with a maximum descent angle of 3 deg (Fig. 14b). The second
trajectory was a mirrored version of the first.

The aircraft model used was a nonlinear, level-D model of the
Cessna Citation 500, a small twin-engine business jet.56 The air-
craft is simulated with a clean configuration. The airspeed was kept
constant at 170 kn (IAS) using an autothrottle. All conditions used
a yaw damper.

1. Prediction Time Tp and FBW Lag Time �T
Following the same procedure as discussed in Sec. III.B, the op-

timal lateral FPP predictor time Tp for the airspeed of 170 kn was
found to be 3 s. Because of the different aircraft dynamics in the ver-
tical plane, the optimal vertical FPP predictor time was smaller. The
FPP predictor symbol cannot be driven by two different predictor
times, however. This is a common problem with flight-path predic-

Table 2 Initial intensities of the patchy turbulence
velocities (m2/s2) and accelerations (m2/s4)

Parameter Value

σ 2
ug

0.046

σ 2
vg

0.152

σ 2
wg

0.164

σ 2
ugasymm

0.078

σ 2
wgasymm

0.168

σ 2
u̇g

0.416

σ 2
v̇g

1.74

σ 2
ẇg

1.94

a) Top-down view

b) Side view

Fig. 14 Experiment trajectory, A–C part of trajectory also shown in
Fig. 15, direction of the wind, and start and end indicate where each run
started and ended, respectively.

tors and a work-around has been suggested by Grunwald et al.3 The
vertical acceleration that drives the vertical motions of the FPP is
multiplied with a gain (here, 0.2) before it is used in the predictor
algorithm that uses the optimal predictor time for the lateral control
dimension.42

The FBW lateral control system lag time �T , which determines
the time ahead for which the commanded FPV reference frame is dis-
played (FBW+) was calculated online using Eq. (4). For the 170-kn
airspeed, it varied between approximately 1.2 and 1.5 s, resulting
in the reference frame moving slightly forward and backward. The
questionnaire showed that this remained largely unnoticed by the
pilots.

2. Atmosphere Model
The atmospheric turbulence model was a patchy Dryden filter54

that was also used in a previous study on this subject.26 The tur-
bulence signals were all generated in advance; their intensities are
shown in Table 2. The turbulence intensity for the heavy condition
was six times that of the light condition.

A standard wind profile was used, as in earlier study.26 At 1000 ft,
the wind had a velocity of 15 kn, with a direction always at an angle
of 45 deg with respect to the localizer plane, in the opposite direction
of the landing (Fig. 14).

C. Experiment Hypotheses
Regarding the augmentation concepts, it was hypothesized that

the lowest pilot workload and control activity and the best path-
following performance would be achieved with the control augmen-
tation (FBW and FBW+). The opposite was hypothesized for the
baseline control with FPV, whereas these metrics were expected to
rate in between for the FPP. It was hypothesized further that adding
the command-FPV reference frame in the control augmentation
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condition, that is, FBW+, would improve performance, at the cost,
however, of higher workload and more control activity.

Regarding the effects of turbulence intensity, it was hypothesized
that higher intensities would reduce performance and increase work-
load and control activity for the display augmentation concepts (FPV
and FPP), whereas they would remain the same for the CAS.

VII. Results and Discussion
A. Results
1. Time Histories

Figures 15a and 15b show typical time histories of lateral control
deflections during two curves of the trajectory. With the CAS, the
stick needed to be deflected during the curve. Overall, only small
corrections were needed with these concepts, whereas with the dis-

a) Lateral control deflections with FPV and FPP

b) Lateral control deflections with FBW and FBW+

c) All augmentation concepts

Fig. 15 Time histories of lateral stick inputsδas and total position error
te for all control augmentation concepts (one pilot, heavy turbulence).
Including curved sections A–C (thick lines) of trajectory in Fig. 14.

Table 3 Key elements of four display and control system
combinations (AC)

AC Description

FPV Unaugmented control combined
with a FPV symbol.

FPP Unaugmented control combined with a FPP symbol, together
with a transparent predictor reference frame.

FBW Flight-path-oriented FBW control combined with an
instantaneous FPV symbol and a command FPV symbol.

FBW+ Identical to the described FBW, now with a highlighted
reference frame for the command FPV symbol.

play augmentation concepts, more stick activity was shown. Super-
imposing a reference frame (FBW+) resulted in somewhat larger
control deflections. The abbreviations, representing the display
and control augmentation system combinations, are summarized in
Table 3.

Figure 15c shows path-following performance expressed in the
total position error te. The control augmentation (FBW) appears to
provide worse performance than the FPP for the left turn, but when
the reference frame is added (FBW+), performance becomes almost
the same as with the FPP.

2. Path-Following Performance: Position
A full-factorial analysis of variance (ANOVA) was conducted

with the AC (four levels) and turbulence (AT) (two levels) as the
independent variables (Tables 4 and 5). The means and the 95%
confidence limits of the main dependent measures are shown in
Figs. 16 and 17.

Position-tracking performance (Fig. 16) was significantly influ-
enced by the augmentation: for xe, F3,15 = 44.682 and p ≤ 0.01;
for ve, F3,15 = 11.689 and p ≤ 0.01; and for te, F3,15 = 39.453 and
p ≤ 0.01. A post-hoc analysis [Student Newman-Keuls (SNK),
α = 0.05] revealed that the basic control (FPV) resulted in the worst
performance. Surprisingly, performance with control augmentation
was worse than with the FPP; it improved when adding a reference
frame (FBW+), confirming the findings from the time history anal-
ysis. The best lateral position-tracking performance was achieved
with the FPP. The FBW+ yielded the smallest vertical position error.

Although, as was hypothesized, the trends in the data suggest that
performance reduces in heavy turbulence for the display augmen-
tation concepts, this effect was not significant. Performance with
the control augmentation concepts tends to improve in the heavy
turbulence conditions, but again this trend was not significant.

3. Path-Following Performance: Flight-Path Angle
Flight-path tracking performance (Fig. 16) was also significantly

affected by the augmentation: for χe, F3,15 = 14.468 and p ≤ 0.01
and for γe, F3,15 = 5.044 and p = 0.013. In light turbulence, the FPP
yielded the best performance, followed by the control augmentation
concepts; the baseline (FPV) resulted in the worst performance. In
heavy turbulence, performance with the FPP decreased consider-
ably, having a significant effect on the vertical flight-path tracking
performance: for γe, F1,5 = 35.303 and p ≤ 0.01. Because perfor-
mance was only slightly affected by turbulence for the control AC,
as was hypothesized, the AC × AT interaction was significant as
well: for χe, F3,15 = 4.271 and p = 0.023.

In contrast with the position-tracking performance, it was found
that showing the reference frame (the FBW+ concept) decreased
flight-path-tracking performance, an effect that was only significant
in the vertical dimension (SNK, α = 0.05). Apparently, pilots sac-
rificed flight-path-tracking performance to enhance their position-
tracking performance with the FBW+ concept.

4. Control Activity
Control activity (Fig. 16) expressed in the control deflection

rates and the control deflection counters, was significantly smaller
for the control augmentation concepts, except for the vertical
control deflection rates: for δ̇as , F3,15 = 19.814 and p ≤ 0.01; for
dacnt, F3,15 = 6.008 and p ≤ 0.01; and for decnt, F3,15 = 4.196
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Table 4 Results of full-factorial ANOVA on dependent measures, regarding path-following performance, pilot physical
and mental workload, and accelerations

Position error Flight-path angle error Control activity Acceleration Workload

Variable ve xe te γe χe δ̇es δas decnt dacnt nz ẍe zTLX

Main effects
AC ��a �� �� �b �� �c �� � �� �� �� ��

AT · · · �� · � �� � � �� �� �

Two-way interactions
AC × AT · · · � � · �� �� � · �� ��

aChance level of p ≤ 0.01. bChance level of 0.01 < p ≤ 0.05. cChance level of 0.05 < p ≤ 0.10.

Table 5 Results of full-factorial ANOVA on dependent measures, regarding ride comfort and aircraft attitude

Attitude Attitude rates Roll rate counters Acceleration counters

Variable φ θ φ̇ θ̇ φ̇3 − 5 φ̇5 − 7 φ̇>7 �nz1 �nz2 �nz3

Main effects
AC ��a �b �� � �� �� �� �� � �

AT �� �c �� �� �� �� �� �� �� ��

Two-way interactions
AC × AT �� · �� �� �� �� �� �� �� ·
aChance level of p ≤ 0.01. bChance level of 0.01 < p ≤ 0.05. cChance level of 0.05 < p ≤ 0.10.

a) RMS xe, m

b) STD φ, deg

c) STD δ̇as , deg/s

d) STD χe, deg

e) STD φ̇, deg/s

f) dacnt, 1/s

g) RMS ve, m

h) STD θ, deg

i) STD δ̇es , deg/s

j) STD γe, deg

k) STD θ̇, deg/s

l) decnt, 1/s

Fig. 16 Means and 95% confidence limits of main dependent measures (all subjects): white bar, light turbulence and gray bar, heavy turbulence.

and p = 0.024. Post-hoc analyses (SNK, α = 0.05) confirmed these
findings, supporting our hypotheses. The effects are stronger in
the lateral dimension. Adding the command FPV reference frame
(FBW+) resulted in a slight but statistically significant increase in
control activity.

For all AC, control activity increased significantly for the heavy
turbulence conditions, except for the lateral control deflection coun-
ters. However, the increase was stronger for the display augmenta-
tion concepts than for the control augmentation concepts (in partic-

ular for the lateral control), as was hypothesized, causing significant
two-way interactions AC × AT: for δ̇as , F3,15 = 17.237 and p ≤ 0.01;
for dacnt, F3,15 = 3.664 and p = 0.037; and for decnt, F3,15 = 5.443
and p ≤ 0.01.

5. Aircraft Attitude and Attitude Rates
The attitude angles, attitude rates (Fig. 16), and roll-rate coun-

ters (Fig. 17) were all highly affected by the experiment conditions.
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a) STD ẍe, m/s2

b) STD nz

c) φ̇3−5

d) Δnz1

e) φ̇5−7

f) Δnz2

g) φ̇>7

h) Δnz3

Fig. 17 Means and 95% confidence limits of measures related to ride comfort (all subjects): white bar, light turbulence and gray bar heavy turbulence.

Independent of turbulence intensity, the lowest values were found
for the control augmentation. In the lateral dimension, the highest
values were found for the baseline control (FPV); for the vertical
control, the peaks were found for the FPP. These effects were all sig-
nificant. The addition of the command FPV reference frame (FBW+
condition) led to an increase in attitude variability.

The heavy turbulence led to a significant increase of these de-
pendent measures, except for the pitch angle. As hypothesized,
these effects were much stronger for the display augmentation con-
cepts as compared to the control augmentation, yielding highly sig-
nificant two-way interactions AC × AT: for φ̇, F3,15 = 28.956 and

p ≤ 0.01; for φ̇, F3,15 = 221.007 and p ≤ 0.01; for θ̇ , F3,15 = 8.397

and p ≤ 0.01; for φ̇3 − 5, F3,15 = 38.349 and p ≤ 0.01; for φ̇5 − 7,

F3,15 = 240.876 and p ≤ 0.01; and for φ̇>7, F3,15 = 214.444 and
p ≤ 0.01. The only exception to this finding was for the STD of
pitch rate, which increased significantly for the FBW concepts.

6. Ride Comfort
Most of the lateral accelerations and the nz counters (Fig. 17)

were significantly influenced by the AC: for ẍe, F3,15 = 16.790
and p ≤ 0.01; for nz , F3,15 = 6.776 and p ≤ 0.01; for �nz1

,
F3,15 = 13.144 and p ≤ 0.01; for �nz2

, F3,15 = 5.306 and p = 0.011;
and for �nz3

, F3,15 = 3.294 and p = 0.050. Independently of turbu-
lence intensity, the FBW concept resulted in the smallest accel-
erations, as was hypothesized. The accelerations increased when
the reference frame was added (FBW+). Surprisingly, the lateral
accelerations with the FPP were quite similar. With the control aug-
mentation, the normal acceleration counters were higher in the lower
region, �nz1

, whereas in the higher regions, all systems were similar.
The acceleration metrics increased significantly in heavy turbu-

lence, but the significant interaction AC × AT shows that this effect
was not found for the lateral acceleration for the control augmenta-
tion; F3,15 = 12.247 and p ≤ 0.01.

7. Pilot Workload
Workload ratings (Fig. 18) support the trends in the data. Signif-

icant effects of the augmentation, F3,15 = 12.124 and p ≤ 0.01, and
turbulence, F1,5 = 7.526 and p = 0.041, were found. In the light
turbulence, the FPP and the control augmentation concepts yield
the same workload. In the heavy turbulence condition, however,
workload with the FPP increased significantly. Overall, workload is
highest for the baseline control (FPV). Adding the reference frame
to the FBW slightly increased workload.

As was hypothesized, for the higher turbulence intensity, work-
load with the display augmentation concepts increased, whereas it

Fig. 18 Means and 95% confi-
dence limits of normalized TLX
workload ratings (all subjects):
white bar, light turbulence; and
gray bar, heavy turbulence.

remained the same for the control augmentation concepts, causing
the significant two-way interaction, F3,15 = 7.214 and p ≤ 0.01.

8. Pilot Questionnaire
Pilots commented that flying with the FPP resembled the task

with an FD and, surprisingly, they reported a decrease of situation
awareness. They reported that the predictor and reference frame
captured their attention and made them less concerned with keeping
the “big picture.” However, they did find the FPP concept a very
pleasant way of flying. The control augmentation concepts (FBW
and FBW+) were reported to result in a quite relaxed way of flying:
Pilots trusted the FBW controller to keep the commanded path and
mitigate the effects of turbulence.

Following the curved parts of the trajectory, however, remained a
cause of concern. Although adding the commanded FPV reference
frame (FBW+) helped, pilots found it to be positioned too close
ahead to be efficient. Pilots recommended using a smaller frame, or
a symbol marking the center of the frame. In hindsight, the reference
frame could better have been presented at twice the FBW control lag,
2�T , as suggested earlier. A later study supported this finding.31

B. Discussion
As was hypothesized, the FPP and the flight-path-oriented control

augmentation concepts significantly improved pilot path-following
performance and reduced workload with respect to the baseline man-
ual control. However, the result that performance was similar for
these concepts was unexpected, because the analysis showed a clear
superiority of the control augmentation. This can be attributed to
the limited scope of the theoretical analysis, which only considered
straight flight, whereas the experiment included curves.

The theoretical analysis emphasizes in particular disturbance re-
jection, in which control augmentation is clearly superior. It did not
consider the main strength of the FPP over the control augmentation
configuration, that is, that it allows for anticipating future changes in
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the nominal trajectory. In the pilot-in-the-loop experiment, in which
a complex curved trajectory was followed, the performance of the
AC converged to a similar level. Another possible explanation is
that pilots kept performance at the same level, but at the cost of
workload and control activity.

As was hypothesized, the control augmentation concepts yielded
the best flight-path-tracking performance, the lowest pilot con-
trol activity, the lowest workload, and the most comfortable ride.
Position-tracking performance can be further improved by provid-
ing a reference frame for the commanded FPV, at the cost, however,
of a slightly higher control activity and workload.

The display augmentation concepts were more strongly affected
by the turbulence conditions: Pilot control activity and workload
were increased when this property of the pilot task difficulty in-
creased. Path-following performance remained the same. As hy-
pothesized, for the control augmentation systems, the pilot perfor-
mance, workload, and control activity were only slightly affected
by the turbulence intensity.

In the present experiment, pilots had only a single task and could
focus all of their attention on optimizing performance in the aircraft
guidance task, and this may have resulted in a too positive view of
the FPP display augmentation. The main disadvantage of display
augmentation lies in that pilots must continuously compensate for
the effects of atmospheric disturbances acting on the vehicle, a task
that requires a high level of attention. Future experiments should
shed a light on this issue, and it is recommended to repeat the exper-
iment discussed here in a high workload situation, in which pilots
have to share their attention between the aircraft guidance task and
other cognitive tasks.

VIII. Conclusions
The FPP display augmentation and the flight-path-oriented con-

trol augmentation both significantly improve pilot path-following
performance with perspective flight-path displays, while at the same
time reducing workload with respect to the baseline manual control.
Although the FPP provides the best position-tracking performance,
the control augmentation resulted in the best flight-path-tracking
performance, the lowest pilot control activity, the lowest workload,
and a more comfortable ride. Position-tracking performance with
the flight-path-oriented control augmentation can be further im-
proved by providing a reference frame for the commanded FPV.
Pilot workload and control activity with the display augmentation
concepts were strongly affected by the task difficulty measure of
atmospheric turbulence intensity. Performance, however, remained
the same. With control augmentation, pilot performance, workload,
and control activity were not affected by the turbulence intensity.
Hence, the benefits of control augmentation over display augmen-
tation are likely to become more clear in high-workload situations,
in which pilots have other responsibilities besides manual aircraft
control.
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