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In most moving-base flight simulators, the simulated aircraft motion needs to be filtered with motion washout

filters to keep the simulator within its limited motion envelope. Translational motion in particular requires filtering,

as the low-frequency components of the vehiclemotion tend to quickly drive simulators toward theirmotion bounds.

Commonly, linear washout filters are therefore used to attenuate the simulatedmotion inmagnitude and in phase. It

is found in many studies that the settings of these washout filters affect pilot performance and control behavior. In

most of these studies, no comparison to a case with one-to-one motion cues is performed as a result of the limited

motion envelope of the simulators used. In the current study, an experiment was performed in the SIMONA

Research Simulator at the Delft University of Technology to investigate the effects of heave washout settings on pilot

performance and control behavior in a pitch attitude control task. In addition to rotational pitch motion, heave

accelerations at the pilot station that result directly fromaircraft pitchwere evaluated. This heavemotion component

could be supplied one-to-one in the simulator due to themodest size of the aircraftmodel, aCessnaCitation I business

jet. The experiment revealed that pilot performance and control activity both increased significantly with increasing

heave motion fidelity. An analysis of pilot control behavior using pilot models indicated that the enhanced

performance was caused by an increase in the magnitude with which pilots responded to visual and physical motion

stimuli and a decrease in the amount of visual lead that was generated by the pilots.

Nomenclature

A = sinusoid amplitude, deg
azcg = c.g. heave acceleration, ms�2

az� = pitch-heave acceleration, ms�2

e = tracking error signal, deg
fd = disturbance forcing function, deg
ft = target forcing function, deg
Hnm = neuromuscular system dynamics
Hol = open-loop response
Hsc = semicircular canal dynamics
Hpe

= pilot visual response
Hpaz

= pilot heave motion response
Hp�

= pilot pitch motion response
H�j!� = frequency response function
H�s� = transfer function
H�;�e

= controlled system dynamics
j = imaginary unit, -
K = gain, -
Km = motion perception gain, -
Kv = visual perception gain, -
k = sinusoid index, -
l = pitch-heave arm length, m

N = number of points, -
n = forcing function frequency integer factor, -
S = power spectral density
s = Laplace variable
TI = visual lag time constant, s
TL = visual lead time constant, s
Tsc1 , Tsc2 ,
Tsc3

= semicircular canal model time constants, s

t = time, s
u = pilot control signal, deg
z = vertical position, m

Symbols

�e = elevator deflection, deg
� = damping factor, -
�nm = neuromuscular damping, -
� = pitch angle, deg
�2 = variance
�m = motion perception time delay, s
�v = visual perception time delay, s
� = sinusoid phase shift, rad
’m = phase margin, deg
! = frequency, rad s�1

!c = crossover frequency, rad s�1

!nm = neuromuscular frequency, rad s�1

!sp = short period frequency, rad s�1

Subscripts

d = disturbance
mf = motion filter
t = target

I. Introduction

C OMPARED to aircraft, flight simulators are severely limited in
their motion envelope. This causes the generation of motion

cues in flight simulation to be an inevitable compromise between
the desired level of motion cue fidelity and the available motion
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space. Since the 1970s [1], it has become common practice to use
washout algorithms for transforming aircraft rotational and linear
accelerations to simulator motion. Such washout algorithms typ-
ically use linear high- and low-pass filters to attenuate simulated
aircraft motion states, both in magnitude (scaling) and in phase
(washout). In addition to the attenuation of the real aircraft motions,
the washout performed by motion filters is also known to result in
false motion cues [2].

Numerous studies in literature have shown that simulator washout
filter settings affect pilot perception and acceptance of simulator
motion [3–8]. In addition, it has been shown that the design and
tuning of motion washout filters is heavily dependent on the
maneuver that is to be simulated [9]. Therefore, insight into the
effects of the rotational and linear motion components involved in a
specific maneuver and their effect on pilot motion perception and
control behavior is required for proper motion washout filter design.
To achieve the optimal level of simulator motion fidelity, those
motion components that provide important feedback to the pilotmust
be replicated at high accuracy, whereas those that are less likely to
affect pilots’ control behaviors can be attenuated to save valuable
simulator motion space.

An example of a piloting task, forwhich this relative importance of
the different perceivable motion components is of interest, is a
manual aircraft pitch attitude stabilizing task. Zaal et al. [10] describe
an experiment in which the effects of two different vertical motion
components on pilot control behavior in a pitch attitude disturbance-
rejection task have been investigated, which they referred to as pitch-
heave and c.g. heave. The first results from the fact that pilots are
generally seated well in front of the aircraft center of pitch rotation
and that rotational pitch accelerations therefore cause correlated
vertical (heave) accelerations at the pilot station. In addition, changes
in pitch attitude causeverticalmotion of the aircraft c.g., which yields
a second component of the total heave motion. The results described
in [10] indicate that, because similar information can be deduced
from rotational pitch motion and the pitch-heavemotion component,
pilot control behavior is affected by both these motion cues in a
similar way.

The effects of pitch-heave on pilot performance and control
behavior found by Zaal et al. [10] were, however, significantly lower
in magnitude than those of rotational pitch motion. In that
experiment, pitchmotionwas presented one to one, as it would rarely
exceed plus or minus 5 deg, but the heavemotion was filtered using a
third-order linear high-pass filter. This motion filter was required
for attenuating the high-magnitude low-frequency c.g. heave motion
and, to allow for fair comparison of both heave motion components,
was also used to filter the pitch-heave accelerations. The relatively
lowermagnitude of the effects of pitch-heavemay therefore be partly
explained by the heave motion filter used in this experiment.

This paper describes an investigation into the effects of heave
washout filter settings on pilot control behavior in the same pitch
tracking task as was studied by Zaal et al. [10]. By varying the
parameters of the heavewashoutfilter, some insight into the effects of
the gain and phase attenuation induced by such linear filters on pilot
skill-based control behavior can be obtained. Because of the
significant correlation between pitch and pitch-heave motion during
aircraft pitch maneuvering, it can be anticipated that the effects of
degrading heavemotion cues by washout will have less impact when
pitch motion is also present.

In this paper, first, some of the details of the pitch attitude
disturbance-rejection task will be described and, using data from
[10], the effect of the washout filter adopted in this previous
experiment on the supplied heave motion cues will be illustrated.
Then, the setup of the current human-in-the-loop experiment that
was performed in the SIMONA Research Simulator (SRS) at the
Delft University of Technology will be described in detail. In this
experiment, different heave motion attenuation settings were tested
to allow for evaluation of the effects of heavewashout on pilot control
behavior. Objectivemeasurements of pilot control behavior from the
current experiment will be presented and compared with results of
the experiment described in [10]. This paper ends with a discussion
and conclusions.

II. Heave Motion During Pitch Maneuvering

During aircraft pitch maneuvering, pilot motion sensation will not
consist solely of physical pitch rotation. Because of aircraft geometry
and dynamical responses, some additional linear motion will also be
perceivable: most notably vertical heave motion. In this section, the
heave motion cues associated with aircraft pitch control, the heave
motion filter, and some of the main trends that were observed in the
experiment described by Zaal et al. [10] will be discussed.

A. Heave Motion Components

As indicated in Fig. 1, in [10] a distinction is made between two
components of the total vertical motion at the pilot station. The first,
referred to as pitch-heave motion and indicated with the symbol az�
in Fig. 1, represents the vertical motion that is a direct result of the
pitch rotation and the distance between the pilot station and the c.g. l.
A second contribution to the vertical motion a pilot perceives during
pitch maneuvering, referred to as c.g. heave (azcg ), results from

changes in aircraft altitude that are caused by the changes in aircraft
pitch. Note that this breakdown into vertical motion of the aircraft
c.g. and heavemotionwith respect to the c.g. could alternatively have
been performed using the instantaneous center of pitch rotation as
described in [11]. However, due to the modest size of the aircraft
considered in this study, a Cessna Citation I, the difference between
both definitions is small.

The two distinct components of heave motion identified in [10]
yield highly different motion sensations at the pilot station. For pure
pitchingmaneuvers, the pitch-heave accelerations are linearly related
to the second derivative of the aircraft pitch attitude through

az� ��l �� (1)

As indicated by this relation, the pitch-heave component of the
vertical motion at the pilot station essentially provides a vertical
presentation of the aircraft’s pitchingmotion. For aCessnaCitation I,
the distance between the aircraft c.g. and the pilot station is
approximately 3.2 m. As a result, the magnitude of this heavemotion
component is relativelymodest (for pitch attitudes between�5 deg,
only �0:28 meters of vertical motion space would be required for
one-to-one presentation of the pitch-heave motion).

The pitch-heave accelerations az� are a high-pass response to ele-
vator control inputs. The c.g. heave component of theverticalmotion,
however, is a high-magnitude low-pass response to an elevator input.
As changes in aircraft altitude are typically in the order of meters,
one-to-one presentation of this component of vertical motion is not
possible in most full-motion flight simulators. The analysis of pilot
control behavior described in [10] revealed that pilot control behavior
during pitch trackingwas affected by both pitch-heave and c.g. heave
motion. The investigation of the effects of heave washout on pilot
control behavior described in this paper, however, requires a baseline
condition in which heave motion is presented one to one. Therefore,
the c.g. heave component of the vertical linear motion during pitch
maneuvering could not be considered in the current study.

B. Heave Motion Filter

A linear high-pass heave motion filter, as typically adopted in
motion base flight simulators, was used for attenuating the aircraft
heave motion in the experiment described in [10]. To achieve

Fig. 1 Aircraft motion cues at the c.g. and pilot station during a pitch

maneuver.

30 POOL ETAL.



significant low-frequency attenuation, a third-order high-pass filter
was used, for which the transfer function is given by

Hmf�s� � Kmf

s2

s2 � 2�nmf
!nmf

s� !2
nmf

s

s� !bmf

(2)

In Eq. (2), Kmf represents the motion filter gain, which was set to
0.6. Thefilter break frequencies!nmf

and!bmf
and the damping factor

�nmf
, which together define the dynamical characteristics of thewash-

out filter, were fixed to 1:25 rad=s, 0:3 rad=s, and 0.7, respectively.
This washout filter was required for attenuation of the c.g. heave

component of the total vertical motion but not for the pitch-heave
motion component. Despite the fact that pitch-heave motion could
be replicated one to one for the Citation I aircraft used in the [10]
experiment, both heave motion components were attenuated by the
washout filter of Eq. (2) to allow for fair comparison of their
respective effects on pilot control behavior during pitch tracking.

Figure 2 depicts the frequency response of the high-pass filter of
Eq. (2). In addition, the average spectrum of the aircraft pitch-heave
accelerations measured by Zaal et al. [10] for their seven subjects is
shown alongside (circles indicate disturbance signal frequencies).
Note the high-pass characteristic of the pitch-heave accelerations.
Furthermore, observe that the motion filter corner frequencies were
chosen such that the main filter amplitude attenuation did not affect
the frequencies for which the pitch-heave acceleration had the most
power. Finally, note from Fig. 2 that both filter break frequencies
were also selected to be significantly below the short period
frequency of the Citation dynamics !sp � 2:759 rad=s.

Figure 2 suggests that when the pitch-heave accelerations are
attenuated by the motion filter defined by Eq. (2), the resulting
motion cues will not have been attenuated much in the frequency
range inwhich they hold themost power. This is further illustrated by
the top graph in Fig. 3, which shows a comparison of unfiltered and
filtered pitch-heave acceleration time traces. Note that the gain
attenuation of 0.6 is clearly visible, but hardly any phase shift is
observable from the acceleration time traces. As illustrated by the
bottom graph of Fig. 3, this no longer holds when the acceleration
signals are integrated to vertical position, as the washout clearly
reduces the magnitude of the simulator excursions.

C. Observed Effects of Heave

One of the main findings of the experiment described in [10] was
that rotational pitch motion and translational pitch-heave motion
were found to have highly similar effects on pilot performance and
control behavior during pitch tracking. As the pitch-heave accele-
ration component is directly related to pitch acceleration through
Eq. (1), this was hypothesized before the experiment was performed.
The magnitude of the effects of az� on pilot control behavior and

performance were, however, found to be significantly lower than
those observed for rotational pitch motion. This is illustrated in
Fig. 4, inwhich the time-domainvariances of the tracking error signal
and the pilot control signal are depicted as measures of pilot
performance and control activity, respectively.

Figure 4 clearly illustrates that both tracking performance and
control activity were found to increase when rotational pitch motion
was made available (the lower �2e signifies better tracking perfor-
mance). In addition, note the similar but reduced effect of the addition
of pitch-heave motion, which is most clearly observed for the error
variance data shown in Fig. 4a. Highly similar trends were visible in
the underlying pilot control behavior. From the analysis of the mo-
tion filter used by Zaal et al. [10] for their experiment, this reduced
magnitude of the effects of pitch-heave motion compared with rota-
tional pitch motion is believed to be at least partly due to the use of
this motion filter. This warrants more research into the effect of mo-
tionwashout filters on pilot control behavior in attitude control tasks.

III. Experiment

An experiment was performed on the SRS at the Delft University
of Technology to investigate the influence of heave motion
attenuation on pilot control behavior in a pitch tracking task. This
section describes the experimental method and hypotheses. The
control task, experimental procedures, and apparatus of the current
experiment are equal to those of the experiment described in [10] to
allow for valid comparison of both sets of results.

A. Method

1. Aircraft Pitch Control Task

To investigate the effects of heave motion attenuation on pilot
behavior during aircraft pitch control, control behaviorwas evaluated

Fig. 2 Average pitch-heave acceleration spectrum compared with

frequency response of [10] heave motion filter.

Fig. 3 Comparison of sample heave acceleration and displacement
time traces for true and filtered heave motion ([10] motion filter).

a) Tracking error variance b) Control variance

Fig. 4 Effects of pitch and pitch-heave motion on tracking perform-

ance and control activity (data from [10]).
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in the pitch control task depicted in Fig. 5. In this task, a pilot controls
the pitch angle � of the controlled element by compensating for
deviations from the desired pitch attitude by minimizing the tracking
error e, as shown on a compensatory display (Fig. 6). In addition to
this visual information, continuous feedback of physical pitch and
pitch-heavemotion is available. This yields a pilot response, which is
a summation of a visual response Hpe

�j!�, a pitch motion response
Hp�
�j!�, a pitch-heave motion response Hpaz

�j!�, and a remnant

signal n that accounts for the nonlinear behavior.
The controlled dynamics for the pitch attitude control task are the

elevator to pitch attitude dynamics of a Cessna Citation I Ce500,
linearized at an altitude of 10,000 ft and an airspeed of 160 kt. The
transfer function of this controlled element is given by

H�;�e
�s� � �10:6189 s� 0:9906

s�s2 � 2:756s� 7:612� (3)

The control input scaling gain K�e;u, which defined the scaling of
stick deflections tomodel elevator inputs, was set to�0:2865 to yield
optimal control authority. To induce pitch attitude tracking errors that
pilots need to compensate for, target and disturbance forcing function
signals (denoted with the symbols ft and fd in Fig. 5, respectively)
were inserted into the closed-loop system, as shown in Fig. 5. These
forcing function signals were constructed as quasi-random sum-of-
sines signals, also used in many previous research efforts [12–16].
The same target and disturbance signals (as adopted by Zaal et al.
[10]) were also used for this experiment, yielding a control task in
which the disturbance-rejection element was dominant. The sum-of-
sines signals were constructed according to

fd;t�t� �
XNd;t

k�1
Ad;t�k� sin�!d;t�k�t� �d;t�k�� (4)

where the subscripts d and t indicate the disturbance or target forcing
function, respectively. In Eq. (4), A�k�, !�k�, and ��k� indicate the
amplitude, frequency, and phase of the kth sine in fd or ft. N
indicates the number of sines in the signals. The properties of the sine
components of both forcing function signals are given in Table 1.

2. Independent Variables

This study aims to investigate the effects of heavewashout settings
on the usefulness of the pitch-heave component of heave motion
during pitch attitude disturbance-rejection. As for the control task
described in Sec. III.A.1, no washout filter is in fact required for
replicating the pitch-heave accelerations az� in the SRS; the effects of
a linear washout filter in heave can be compared with a full-motion
case. Five different heave washout settings will be considered in this
experiment. The motion filter gains and break frequencies for these
five experimental conditions are depicted graphically in Fig. 7.

Heave conditions K0.0 and K1.0 represent conditions with no-
heave motion and one-to-one heave motion, respectively. The
combination of heave filter break frequency and gain that was used
for the experiment described in [11] is depicted by condition F0.6.
Heave filter F1.0 has the same break frequency as used for F0.6 but
has unity gain. K0.6 has the same gain as condition F0.6 but with a
break frequency of zero. These conditions are expected to reveal if a
possible reduction in usefulness of the heave motion is a result of the
gain attenuation Kmf or of the phase shifts induced by the washout,
for which the impact can be characterized by the value of the break
frequencies !nmf

and !bmf
.

The properties of the five heave filters used in the experiment are
summarized in Table 2. All five heave conditions will be performed
with and without the presence of one-to-one rotational pitch motion
cues, as an interaction between heave filter settings, and the
availability of pitch motion is anticipated. This means a total of
10 conditions were performed in the experiment.

3. Dependent Measures

A number of dependent measures from the experiment were
considered to be of interest. First of all, the variances of the recorded
error signal e and control signal u were calculated as measures of
tracking performance and control activity in the time domain,
respectively. In addition, a multimodal pilot model, defined in detail
in Sec. III.A.4, was fit to the time-domain data using a genetic

Fig. 5 Schematic representation of a closed-loop pitch control task with pitch and pitch-heave motion cues.

Fig. 6 Compensatory display.

Table 1 Experiment forcing function properties

Disturbance, fd Target, ft
nd, - !d, rad s

�1 Ad, deg �d, rad nt, - !t, rad s
�1 At, deg �t, rad

5 0.383 0.344 �1:731 6 0.460 0.698 1.288
11 0.844 0.452 4.016 13 0.997 0.488 6.089
23 1.764 0.275 �1:194 27 2.071 0.220 5.507
37 2.838 0.180 4.938 41 3.145 0.119 1.734
51 3.912 0.190 5.442 53 4.065 0.080 2.019
71 5.446 0.235 2.274 73 5.599 0.049 0.441
101 7.747 0.315 1.636 103 7.900 0.031 5.175
137 10.508 0.432 2.973 139 10.661 0.023 3.415
171 13.116 0.568 3.429 194 14.880 0.018 1.066
226 17.334 0.848 3.486 229 17.564 0.016 3.479
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maximum likelihood (MLE) procedure [17]. To evaluate the acc-
uracy of the pilot model in the time domain, the variance accounted
for (VAF) was calculated using the measured pilot control signal and
the output of the linear pilot model [18]. The changes in pilot-model
parameters were used to quantify changes in pilot control strategy
for the different attenuations of heave motion. The performance of
the attenuation of the disturbance and target errors was evaluated by
calculating the crossover frequencies and phase margins of the
disturbance and target open-loop response, respectively.

4. Pilot Model

The structure of the quasi-linear pilot model used in this study is
shown inFig. 5. It consists of parallel linear responses to all perceived
visual and physical motion cues supplemented with a remnant signal
n to account for all nonlinearities. The model of the pilot visual
response, given by Eq. (5), is based on thework ofMcRuer et al. [12]
andwas shown to be suitable formodeling pilot control of the aircraft
dynamics defined in Eq. (3) in [19]:

Hpe
�j!� � Kv

�1� TLj!�2
1� TIj!

e�j!�vHnm�j!� (5)

In Eq. (5), Kv and �v represent the pilot visual gain and visual
perception time delay, respectively. The visual equalization charac-
teristic is defined using the lead and lag constants, TL and TI . The
neuromuscular actuation dynamics are included through the neuro-
muscular system model Hnm�j!�, which is assumed to be a second-
order mass-spring-damper system:

Hnm�j!� �
!2
nm

�j!�2 � 2�nm!nmj!� !2
nm

(6)

The dynamics of the neuromuscular system are characterized with
the second-order eigenfrequency and damping factor !nm and �nm,
which are both free parameters of the pilotmodel. The pilotmodel for
the no-motion condition of the experiment (F0.0, without pitch
motion) consisted solely of Eqs. (5) and (6).

In literature, pilot responses to physical motion cues have often
been describedwithmodels that included only contributions from the
human vestibular motion sensors [10,15,16], that is, the semicircular
canals for rotational motion and the otoliths for linear motion
(specific forces). Pilot vestibular motion responses to rotational
motion have, for instance, been modeled successfully as

Hp�
�j!� � Km�j!�2Hsc�j!�e�j!�mHnm�j!� (7)

for numerous previous human-in-the-loop experiments
[10,15,16,18,20–22]. In Eq. (7), Km and �m are the pilot motion
response gain and time delay, respectively. The frequency response
function Hsc�j!�, with Tsc1 � 0:11 s, Tsc2 � 5:9 s, and Tsc3�
0:005 s, represents the response of the human semicircular canals to
rotational acceleration inputs, as described in [16]:

Hsc�j!� �
1� Tsc1j!

�1� Tsc2j!��1� Tsc3j!�
(8)

Equation (7) describes a pilot’s response to rotational motion from
a physical perspective bymaking use of knowledge of the underlying
physical motion perception processes. Because of the fact that the
semicircular canals are sensitive to rotational accelerations and that
their dynamics are a single integrator in the frequency range of
interest for human manual vehicular control, the model defined by
Eq. (7) effectively provides additional pilot lead (i.e., a response to
rotational velocity) in parallel to the lead generated from the visual
response [Eq. (5)]. Despite the fact that the otoliths are sensitive to
specific forces and yield a sensation of linear acceleration [16], pilots
are known to integrate these sensed accelerations to rates during
manual control tasks to yield a lead contribution that is highly similar
to that obtained from the semicircular canals [23].

This additional lead from thevestibular sensors is often stated to be
superior to a visual lead due to the lower perceptual latency [16].
Previous experiments, which investigated control behavior in control
tasks similar to the one depicted in Fig. 5, have indeed shown that
pilots substitute lead from physical motion stimuli (if available) for
the lead generated from visual information [10,22]. For the
experiment described in this paper, it is hypothesized that this
additional lead information is present in both the rotational pitch
motion and the vertical pitch-heave motion. Therefore, the contri-
bution of the pitch and heavemotion channels of the pilotmodelwere
combined. To achieve this, both motion response channels are
defined to take the form of a pure lead with a time delay on the
pitching motion:

Hp�
�j!� � Kmj!e�j!�mHnm�j!� (9)

Hpaz
�j!� � �1

l�j!�2Hp�
�j!� � �Km

lj!
e�j!�mHnm�j!� (10)

For conditions with only heave motion, Eq. (10) (which includes
the distance between the c.g. and the pilot station l) is included in
the pilot model. For conditions in which pitch motion is present
(including those with additional heave), only Eq. (9) is used for
modeling the pilot motion response. This approach allows for
comparison of the pilot-model parameters that are of interest (mainly
the visual lead constant TL and the motion gain Km) over all
conditions of the experiment. Avalidation of this modeling approach
will be given in Sec. IV.C.1 using experimental data.

5. Apparatus

The experiment was performed in the SRS at the Delft University
of Technology (see Fig. 8). Pitch and heave motion cues were
generated with the a six degree-of-freedom SRS motion system,
which consisted of six hydraulic actuators in a hexapod config-
uration. The SRS motion system latency is 30 ms [24].

Subjects were seated in the right pilot seat. The compensatory
visual display shown inFig. 6was depicted on the right primaryflight
display in the SRS cockpit. The time delay associated with the
generation of visual images on the cockpit displays has been
determined to be around 20–25 ms [25].

A sidestick with electrical control loadingwas used to give control
inputs to the controlled aircraft dynamics, see Eq. (3). The sidestick
was defined to have no breakout force and a maximum pitch axis
deflection of�14 deg. The stick roll axis was kept fixed at the zero
position. The stiffness of the stick was set to 1:1 N= deg for stick
deflections under 9 deg and to 2:6 N= deg for larger stick excursions.

Fig. 7 Graphical representation of heave motion filter conditions.

Table 2 Heave motion filter settings

Condition Kmf , - !nmf
, rad s�1 !bmf

, rad s�1 �nmf
, -

K0.0 0 —— —— ——

F0.6 0.6 1.25 0.3 0.7
F1.0 1 1.25 0.3 0.7
K0.6 0.6 —— —— ——

F1.0 1 —— —— ——
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6. Participants and Experimental Procedures

Seven subjects participated in the experiment. All participants
were male, and their ages ranged from 23 to 47 years old. Four of
the participants had experience as pilots of single- or multi-engine
aircraft. The others had extensive experience with manual vehicle
control tasks from previous human-in-the-loop experiments. Before
the start of the experiment, the participants were briefed on the
objective of the experiment and the experimental method. The main
instruction to the subjects was to minimize the pitch tracking error e,
presented on the visual display, within their capabilities. After the
end of each experiment run, the subjects were informed of their score
in order to motivate them to perform at their maximum level of
performance.

The experiment had a balanced Latin square design; that is, the
conditions were presented in quasi-random order. The subjects were
trained on the task until they performed at a stable level of perfor-
mance.When five repetitions of each condition had been collected at
a stable performance level, the experiment was terminated. No fixed
number of training runs was defined before the experiment. On
average, 9 to 10 repetitions of each experimental condition were
sufficient to gather the measurement data. Typically, each subject
performed 16 runs; that is, two repetitions of all conditions in
between breaks. This allowed each subject to complete the experi-
ment in approximately 4 h.

An individual experiment runwas defined to last 90 s, of which the
final 81.92 s were used as the measurement data. The first 8.08 s of
data from each run were discarded for analysis to remove the initial
transient response resulting from the pilots stabilizing the system
dynamics. Data were logged at a frequency of 100 Hz.

B. Hypotheses

Based on the experiment described in [10] and other experiments
on the effects of motion attenuation on pilot performance and control
behavior [26,27], some hypotheses can be formulated. Filtering
pitch-heave motion is hypothesized to yield lower tracking perfor-
mance. This decrease is expected to be less when rotational pitch
motion is also present. As both types of motion give the same
information, the pitchmotion then compensates for the lower fidelity
pitch-heave motion.

For the pilot-model parameters, it is hypothesized that, as the
fidelity of the motion is increased, the visual and physical motion
perception gains will increase. In addition, the visual lead is thought
to decrease, as the additional motion cues provide a more efficient
source of lead information. The disturbance crossover frequency is
thought to increase, accompanied by a decrease in disturbance phase
margin. For the target crossover frequency and phase margin, the
opposite trend to the disturbance crossover frequency and phase
margin is anticipatedwhenmotionfidelity is increased. Furthermore,
it is hypothesized that one-to-one pitch-heave motion affects pilot
performance and control behavior in the same order of magnitude as
one-to-one rotational pitch motion.

IV. Results

This section presents the results of the human-in-the-loop experi-
ment. First, the effects of variation of pitch and heave motion on
tracking performance and control activity are presented. Second,
pilot-vehicle system crossover frequency and phase margin (with
respect to both the disturbance and target signals used in the control
task) are presented as measures of combined pilot-vehicle system
stability and bandwidth. Finally, changes in pilot control behavior
over the different motion conditions are analyzed explicitly using the
multimodal pilot model, introduced in Sec. III.A.4. The statistical
significance of the results is identified, where possible, using a two-
way repeatedmeasures analysis of variance (ANOVA) that considers
effects of pitch and heave motion cues separately.

A. Tracking Performance and Control Activity

Figure 9 depicts the mean tracking performance and control
activity (expressed in terms of the variances of the error and control
signals e and u) for the ten conditions of the experiment. Black data
points indicate measurements for conditions without pitch motion;
data from the corresponding heavemotion conditionswith additional
pitch motion are depicted with white squares. Variance bars indicate
the 95%confidence intervals of themeans for each condition over the
seven experiment subjects. For calculation of the confidence
intervals, the data were corrected for between-subject effects.
Repeatedmeasures ANOVA results for the data depicted in Fig. 9 are
summarized in Table 3.

From Fig. 9a, a clear difference in achieved tracking performance
for runs with and without pitch motion can be observed. This

Fig. 8 The SRS.

a) Tracking error variance b) Control variance

Fig. 9 Mean tracking performance and control activity for different heave motion filter settings.
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decrease in �2e when pitch motion cues were available is a highly
significant effect [F�1; 6� � 41:15, p < 0:05]. In addition, heave
motion fidelity was also found to affect control task performance
significantly [F�1:3; 8:0� � 22:24, p < 0:05], as increased heave
motion fidelity clearly yielded lower error signal variances. Note,
from Table 1, that Mauchly’s test indicated a violation of the
sphericity assumption for the main effect of heave on �2e , and that the
conservative Greenhouse–Geisser correction was applied.

The effect of heave motion settings on tracking performance is
found to be significantly reduced when pitch motion cues are also
available. Addition of heave motion is still found to increase perfor-
mance, but the effect is much smaller than for the corresponding
conditionswithout pitch. This reduced effect of heavemotionfidelity
for conditions with pitch motion is also evident from the significant
interaction found for both types of motion cues from the ANOVA
[F�4; 24� � 10:74, p < 0:05].

Figure 9b clearly shows increased control activity, both with
increased heave fidelity and when additional pitch motion cues are
made available. These effects of pitch and heave on �2u are both
significant: F�1; 6� � 9:24, p� 0:023 and F�1:6; 9:8� � 6:95,
p� 0:016, respectively. In addition, the increase in control activity
with increasing heave fidelity is found to be more or less equal in
magnitude (with and without availability of pitch motion), which is
also supported by the insignificant interaction between pitch and
heave motion found for �2u, F�4; 24� � 1:22, p� 0:33.

The gray data shown in Fig. 9 depict the error and control signal
variancesmeasured during the [10] experiment for the K0.0 and F0.6
heave motion conditions, which were shared by both experiments.
Note that the observed trends between these conditions are highly
similar for both sets of data, but that the average tracking perfor-
mance for these shared conditions was clearly better during the
previous experiment than found from the current data. Average
control activity is also found to be markedly higher for the data from
[10]. To illustrate the origin of this discrepancy, average tracking
performance and control activity for the K0.0 and F0.6 conditions
from the current experiment are depicted in Fig. 2 alongside the
individual subject data from [10], shown in gray.

Figure 10 clearly illustrates that three subjects who performed the
[10] experiment can be characterized as achieving above average
tracking performance (low �2e ) and adopting a comparatively high-
gain control strategy (high �2u). The data measured during the current
experiment nicely coincide with the data from the remaining
participants of the previous experiment. For the current experiment, a
more homogeneous group of subjects was used, as all of them were
comparatively low-gain controllers. Note that, despite the clear offset
in the data of the different participants in Fig. 10, the observed trends
are remarkably consistent for all subjects, especially for the error
signal variance �2e . This same consistency was also observed for the
data from the current experiment.

B. Pilot-Vehicle System Crossover Frequency and Phase Margin

As indicated in Sec. III.A.1, the control task studied in this experi-
ment was a combined disturbance-rejection and target following task
in which the disturbance-rejection element was made dominant by
downscaling the target forcing function signal. For such a combined
task, the suppression of tracking errors induced by both forcing
function signals determines overall closed-loop system performance.
The crossover frequencies and phase margins of the open-loop
response functionswith respect to both target and disturbance signals
can give an indication of pilot-vehicle system performance and
stability [4]. These target and disturbance open-loop response
functions can be calculated from time-domain measurements
according to [10]

Hol;d�j!d� � �
Su;fd �j!d�
S�e;fd �j!d�

; Hol;t�j!t� �
S�;ft�j!t�
Se;ft�j!t�

(11)

In Eq. (11), the symbol Sx;y indicates the cross power spectral
density function of the signals x and y. Figure 11 depicts the average
crossover frequencies and phase margins that have been determined
fromHol;d andHol;t. The error bars again indicate the 95%confidence
intervals of the means for each condition over the seven subjects.
Furthermore, for calculation of the 95% confidence intervals, subject
means of the data shown in Fig. 11 have been corrected in order to
account for between-subject effects. Table 4 summarizes the
ANOVA results for the crossover data depicted in Fig. 11. Data from
[10] are shown in gray for reference. Note again the offset between
the data from both experiments, which reflects the influence of the
subjects with high-gain control strategies in the gray data.

First of all, note from Fig. 11 and Table 4 that the presence of pitch
motion significantly affects both target and disturbance loop
crossover frequencies and phase margins. A clear increase in !c;d
of approximately 1 rad=s is observed when pitch motion is made
available [F�1; 6� � 176:15, p < 0:05], which is accompanied
by a significant reduction of disturbance loop phase margin ’m;d
[F�1; 6� � 23:40, p < 0:05] of around 10 deg. Pitch motion cues
are found to induce the opposite changes in the target open-loop

Table 3 Two-way repeated measures ANOVA results for tracking

performance and control activity, where ** is highly significant

(p< 0:05) and - is not significant (p � 0:1)

Independent variables Dependent measures

�2e �2u

Factor df F Sig. df F Sig.

Pitch 1, 6 41.15 ** 1, 6 9.24 **
Heave 1.3, 8.0a 22.24 ** 1.6, 9.8a 6.95 **
Pitch 	 heave 4, 24 10.74 ** 4, 24 1.22 -

aGreenhouse–Geisser sphericity correction applied.

a) Tracking error variance b) Control variance

Fig. 10 Comparison of mean tracking performance and control activity during current experiment with individual subject data from [10] for identical

motion conditions for different heave motion filter settings.
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response function; a significant decrease in crossover frequency
[F�1; 6� � 40:37, p < 0:05] and a significant increase in phase
margin [F�1; 6� � 24:49, p < 0:05] are observed in Figs. 11b and
11d, respectively.

The variation in heavemotion cues over the different experimental
conditions also induced some significant changes in the crossover
frequencies and phase margins, shown in Fig. 11. Table 4 indicates
that the increase in disturbance crossover frequency with increasing
heave motion fidelity observed in Fig. 11a is statistically significant
[F�4; 24� � 24:52, p < 0:05]. Similar to the effects of pitch motion
observed previously, a marginally significant decreasing trend in
disturbance phase margin [F�4; 24� � 2:78, p� 0:05] is also
observed. Note that, compared with the no-heave conditions (K0.0),
!c;d and ’m;d are not significantly different for the washout condi-
tions F0.6 and F1.0, both with and without pitch motion. Rather, the
sharp changes in disturbance crossover frequency and phase margin
for the conditions where heave motion without washout was present
(K0.6 andK1.0) are the cause of the significant main effects, listed in
Table 4.

The target loop crossover frequency is found to be significantly
less affected by varying levels of heave motion fidelity than !c;d. A
slight decreasing trend is observed with increasing heave fidelity
(mainly for the conditions for which pitch motion was available in

addition to unfiltered heave), but this effect is only marginally
significant [F�1:8; 10:5� � 3:34, p� 0:08]. The target phase
margin is seen to decrease when filtered heave motion cues are made
available (K0.6) and reduces even further when the filter gain is
increased to unity (K1.0). For the conditions at which heave motion
was presented without washout, ’m;t is seen to increase again to
roughly the same level as when no-heave motion was available. As
can be verified from Table 4, this is a highly significant effect
[F�1:7; 10:4� � 9:06, p < 0:05].

As is clearly visible from Fig. 11, the trends in target and
disturbance loop crossover frequency and phasemargin observed for
the different levels of heavemotion fidelity appear to be independent
of the availability of additional pitch motion. This observation is
supported by the ANOVA results, listed in Table 4, as the interaction
of pitch and heave shows no significant effects on any of the
crossover parameters. For the disturbance crossover frequency, this
interaction is close to statistically significant [F�4; 24� � 2:44,
p� 0:074]; however, it can be explained by the fact that the increase
in !c;d with heave motion fidelity appears slightly larger when pitch
motion is not available.

Finally, note that all main trends in target and disturbance loop
crossover frequency and phase margin with the addition of pitch and
heave motion cues, as shown in Fig. 11 (that is, an overall increase in

a) Disturbance crossover frequency b) Target crossover frequency

c) Disturbance phase margin d) Target phase margin

Fig. 11 Mean disturbance and target loop crossover frequency and phase margin for different heave motion filter settings.

Table 4 Two-way repeated measures ANOVA results for crossover data, where ** is highly significant (p< 0:05), * is
significant (0:05 � p< 0:1), and - is not significant (p � 0:1)

Independent variables Dependent measures

!c;d ’m;d !c;t ’m;t

Factor df F Sig. df F Sig. df F Sig. df F Sig.

Pitch 1, 6 176.15 ** 1, 6 23.40 ** 1, 6 40.37 ** 1, 6 24.49 **
Heave 4, 24 24.52 ** 4, 24 2.78 * 1.8, 10.5a 3.34 * 1.7, 10.4a 9.06 **
Pitch 	 heave 4, 24 2.44 * 4, 24 0.83 - 4, 24 1.15 - 4, 24 0.40 -

aGreenhouse–Geisser sphericity correction.
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!c;d and ’m;t and a corresponding decrease in !c;t and ’m;d), are
highly similar to findings from other experiments [10,15,16,22,28].

C. Pilot Modeling Results

The marked variation in crossover frequencies and phase margins
described in Sec. IV.B hints at significant changes in pilot control
behavior over the different motion conditions. To quantify these
possible shifts in pilot control strategy, a multimodal pilot model has
been fit to the measurement data using a time-domain MLE esti-
mation technique [17].

1. Pilot-Model Validation

The use of the generic model given by Eqs. (9) and (10) for
describing pilot response to pitch and heave motion cues is a
simplification compared with physical models, as the one defined by
Eq. (7). Figure 12 shows average pilot-model frequency responses
that were estimated for the condition with only pitch motion (pitch
motion, K0.0) for both the physical and generic pilot motion
response models. The visual response model was that of Eq. (5) for
bothmodel fits. In addition to thesemodel frequency responses, pilot
describing functions calculated using a Fourier coefficients (FC)
estimation method [29] are shown for reference.

Figure 12 clearly shows that the generic pilot model provides a fit
to the measurement data that is highly comparable with the fit of the
physical model. The difference in VAF for both models is less than
0.1%. The VAF is a measure often used in system identification for
indicating the percentage of the variance in the measured model
output signal that can be explained by the model in [18]. This small
difference in VAF for both models depicted in Fig. 12 indicates that
they perform equally well in describing the measured pilot control
signal for the condition with only pitch motion. For modeling pilot
heave motion responses, similar negligible differences were found
between using a physical model (which included otolith dynamics)
and the generic model of Eq. (10).

To further illustrate the accuracy of the pilot modeling approach
adopted in this paper, Fig. 13 depicts the mean pilot-model VAF for
all conditions of the experiment. Figure 13 shows that the linear part
of the pilot model is able to describe around 86% of the variance in
the control signal u, and therefore provides an accurate fit, for all
conditions. The slightly decreasedVAF found for the conditionswith
the unity gain washout filter (F1.0) suggests slightly decreased
linearity of pilot control behavior for this condition. This may have
been caused by the high gain on the filtered heave cues in this
condition that made the desired heave motion, but also the false cues
generated by the washout, more perceivable.

2. Pilot-Model Parameter Estimates

Figure 14 depicts the mean pilot-model parameter estimates for all
10 conditions of the experiment. The error bars indicate the 95%
confidence intervals of the means taken over all seven participants of
the experiment. The repeated measures ANOVA results are given in

a) Visual magnitude b) Motion magnitude

c) Visual phase d) Motion phase

Fig. 12 Comparison of generic and physical pilot model fits for the experimental condition with pitch motion and no heave motion (K0.0).

Fig. 13 Mean pilot-model VAF for different heave motion filter

settings.
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Tables 5 and 6. Note that the two-way repeated measures ANOVA
used to analyze all other dependent measures could not be performed
for the pilot-model motion gainKm and time delay �m because these
parameters are not available for the no-motion condition. For these
two parameters, a one-way repeated measures ANOVA was per-
formed instead with a single factor (motion) that had nine levels.

Figure 14a shows that the pilot visual gain Kv was found to
increase both when pitch motion was made available and with an
increasing level of heave fidelity. As can be verified from Table 5,
both of these effects were found to be statistically significant:
F�1; 6� � 14:60, p < 0:05 and F�4; 24� � 6:89, p < 0:05, respec-
tively. In addition, Fig. 14a clearly shows the reduced effect of
heave fidelity on Kv if pitch motion is also present. This interaction
between pitch and heave motion was also found to be significant:
F�4; 24� � 3:24, p� 0:029.

The pilot visual lead and lag time constants (see Figs. 14b and 14c)
show highly similar trends over the different conditions of the
experiment. Such apparent coupling betweenTL andTI has also been
observed in earlier experiments [10]. The visual lead time constant is
found to decrease significantly if pitch motion cues are available
[F�1; 6� � 51:01, p < 0:05]. A generally decreasing trend in TL is
also visible with increasing heave fidelity, which is also found to be
highly significant [F�4; 24� � 29:21, p < 0:05]. Finally, a statistical
significant interaction was found for TL [F�4; 24� � 5:11, p<
0:05], which is caused by the comparatively high value of the visual
lead constant for the no-motion condition. The effects of pitch and
heave motion on the lag time constant TI were found to be similar
to those found for TL but slightly less statistically significant (see
Table 5). A high-pass motion filter, as defined by Eq. (2), introduces
some phase lead on the supplied heave accelerations (see Fig. 2).

a) Visual gain b) Visual lead constant c) Visual lag constant

d) Motion gain e) Visual delay f) Motion delay

g) Neuromuscular frequency h) Neuromuscular damping

Fig. 14 Mean pilot-model parameters for different heave motion filter settings.

Table 5 Two-way repeated measures ANOVA results for visual channel model parameters, where ** is highly

significant (p< 0:05) and * is significant (0:05 � p< 0:1)

Independent variables Dependent measures

Kv TL TI �v

Factor df F Sig. df F Sig. df F Sig. df F Sig.

Pitch 1, 6 14.60 ** 1, 6 51.10 ** 1, 6 17.26 ** 1, 6 10.43 **
Heave 4, 24 6.89 ** 4, 24 29.21 ** 1.2, 7.2a 11.24 ** 4, 24 5.73 **
Pitch 	 heave 4, 24 3.24 ** 4, 24 5.12 ** 4, 24 3.26 * 4, 24 4.45 **

aGreenhouse–Geisser sphericity correction.
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Figures 14b and 14c clearly show that the visual lead and lag con-
stants are found to be markedly lower for the conditions with heave
washout (that is, F0.6 and F1.0) than for the equivalent conditions
without washout (K0.6 and K1.0). This marked decrease in the
amount of visual lead pilots generated for conditions F0.6 and F1.0
seems to indicate that the presence of a high-pass washout filter
reduces the amount of visual lead compensation required from pilots
for stable attitude control and thereby clearly affects their adopted
control strategy.

The identified values for the pilot motion gain, shown in Fig. 14d,
clearly show an increase inKm when pitch motion is made available.
In addition, Km is found to increase further with increasing heave
fidelity when pitch motion is also available. These two trends are
responsible for the statistically significant effect of the supplied
motion on the pilot motion gain [F�8; 48� � 30:88, p < 0:05]. Post-
hoc analysis indeed revealed that no significant differences in Km
were present for the conditions without pitch motion (black data in
Fig. 14d).

Despite the fact that changes in both pilot-model time delays
appear to be relativelymodest (fromFigs. 14e and 14f), theANOVAs
performed on the values found for both parameters revealed these
changes are significant effects: F�1; 6� � 10:43, p < 0:05 and
F�4; 24� � 5:73, p < 0:05 for the main effects of pitch and heave
motion on �v, respectively; F�1; 6� � 10:69, p < 0:05 for the effect
of the overall variation in supplied motion on �m. Both delays are
found to be slightly higher for the conditions for which pitch motion
was available. In addition, a decreasing trend in �m with increasing
heave fidelity can be observed, from Fig. 14f.

The final two pilot-model parameters, shown in Fig. 14, are the
neuromuscular system eigenfrequency !nm and the damping factor
�nm. The neuromuscular frequency is found to increase both with the
addition of pitch motion and with increasing heave fidelity. Despite
the relatively large error bars, shown in Fig. 14g, both these effects
were statistically significant: F�1; 6� � 22:01, p� 0:003 and
F�1:60; 9:59� � 5:04, p� 0:037 for pitch and heave, respectively.
Such increases in!nm with increasingmotion strength have also been
reported for other experiments [10,20]. As can be judged from
Table 6, no significantmain effectswere found for the neuromuscular
system damping factor �nm.

V. Discussion

Seven subjects participated in an experiment investigating the
effects of heave washout settings on pilot performance and control
behavior in a pitch attitude disturbance-rejection task. The effect of
heave motion fidelity was investigated by independently adjusting
the gain and break frequency of a third-order linear washoutfilter. All
heavemotion conditionswere performedwith andwithout additional
rotational pitch motion. The current experiment has shown that the
relatively small impact of pitch-heave on pilot control behavior,
compared with rotational pitch motion found in [10], was a result of
the heavewashout filter used in that study. Here, almost equal perfor-
mance and pilot control behavior were observed for the conditions
with only rotational pitch and only one-to-one pitch-heavemotion, as
expected from the linear relation between both motion cues.

Pilot performance and control activity are found to be significantly
reduced if the heave motion is attenuated using a washout filter.
If rotational pitch motion is available, the reduction is markedly
smaller. The presence ofwashout is seen to degrade performance and
control activity more than pure gain attenuation. In addition, the
control strategy of the pilot is found to be significantly affected when
heave motion is attenuated, as seen by a change in disturbance and
target crossover frequencies and phase margins. The disturbance
crossover frequency is significantly increasedwhen thefidelity of the
heave motion is increased.

This change in control strategy is also reflected by significant
changes in the identified pilot-model parameters. With increasing
heave motion fidelity, the visual and motion perception gains of the
pilot model are seen to increase while the visual lead decreases. The
increase in motion perception gain and the decrease in visual lead
constant observed for conditions with increased heave motion
fidelity indicate that pilots will clearly prefer the availability of lead
information from these heave motion cues. Additionally, by
increasing heave motion fidelity, the visual and physical motion
perception time delays increase and decrease, respectively. This is
further evidence of an increase in the usefulness of the motion cues
when the fidelity is increased. Crossover frequencies, phasemargins,
and pilot-model parameters show similar trends with and without
additional pitch motion.

The conditions with washout on the supplied heave motion (F0.6
and F1.0) show some interesting results for the pilot visual lead in
addition to the observed global trends. The visual lead for these
conditions is lower comparedwith the conditions forwhich the heave
motion is attenuated with only a gain. This could be explained by the
fact that extra lead information is present due to the high-pass
washout filter characteristics, as can be seen in Fig. 2. The extra lead
information reduces the need for the pilot to generate extra lead,
allowing the visual lead constant to be reduced. However, this effect
on the generated visual lead does not seem to affect the remaining
dependent measures.

Overall, it can be concluded that all attenuation of the heave
motion as considered in this experiment resulted in changes in pilot
control behavior. Even a reduction in heavemotion gain to a value of
0.6, which is still stated to be quite acceptable in some publications,
already shows significant degradation of tracking performance, pilot
crossover frequency, and the contribution ofmotion feedback to pilot
control behavior (as indicated by a reduction in the pilot-model
motion perception gain). The effect of the phase attenuation caused
by the addition of heave washout is clearly seen to further increase
this discrepancy in pilot control behavior with respect to the condi-
tion with one-to-one heave motion. Though lower in magnitude,
these effects of heave motion fidelity are still observable even when
additional one-to-one pitch motion cues are available. As, within the
limitations of the current experiment, the conditions for which both
pitch and pitch-heave motion were presented one-to-one are
arguably the most representative of real flight, these findings suggest
that it is highly preferable to present motion cues that pilots might
rely on in continuous aircraft control tasks at the highest achievable
level of motion fidelity.

Only part of the total vertical aircraft motion that occurs during
pitch maneuvering was, however, considered in the current study.
Heavemotion originating frommovement of the aircraft c.g. was not
simulated in the current experiment, as it can not be represented one-
to-one. Based on the findings of [10], c.g. heave is hypothesized to
act as a disturbance on the remaining motion components during
pitch control and could therefore degrade pilot tracking performance
compared with the condition with one-to-one rotational pitch and
pitch-heave motion. In that experiment, a nonsignificant decrease in
performance was observed with the addition of filtered c.g. heave
motion in addition to a surprising increase in the amount of lead pilots
generated visually (that is, opposite effects to those found for pitch
and pitch-heave motion). The addition of this c.g. heave could
therefore result in different results on the effects of pitch-heave and
rotational pitch motion on pilot performance and control behavior as
described in this paper. Future experiments, in which pilot control
behavior for tracking tasks similar to the one described here will be

Table 6 Two-way repeated measures ANOVA results for

neuromuscular system model parameters, where ** is highly
significant (p< 0:05), * is significant (0:05 � p< 0:1),

and - is not significant (p � 0:1)

Independent variables Dependent measures

!nm �nm

Factor df F Sig. df F Sig.

Pitch 1, 6 22.01 ** 1, 6 0.37 -
Heave 1.6, 9.6a 5.04 ** 1.4, 8.7 1.72 -
Pitch 	 heave 4, 24 2.67 * 4, 24 2.99 *

aGreenhouse–Geisser sphericity correction.
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compared in realflight and in the simulator, are expected to showhow
the effects of simulator washout measured in the current experiment
compare to true in-flight pilot control behavior.

The pilot model used in the present study contains a generic
motion perception channel with only a lead term. This motion
perception channel is applied for modeling both the perception of
heave and rotational pitch motion, as both are shown to effectively
yield additional pilot lead. In the case of heavemotion, only a factor is
added to compensate for the distance between the c.g. and the pilot
station. The proposed model proved to be accurate in replicating the
measured time-domain data, as is indicated by the high VAF for all
conditions. Furthermore, due to the difficulty in separating pilot
responses to the proprioceptive, somatosensory, and vestibular
stimuli that result from physical motion cueing, the physical pilot
models described in literature often attribute the total pilot motion
response to the dominantmotion sensor (that is, the vestibular system
for rotational motion). Alternatively, the generic model used in this
study lumps all separate contributions together in a single generic
model structure, which may be a preferred approach in future experi-
ments on pilot modeling.

The current study was performed for a Cessna Citation I aircraft,
which has a relatively small distance of 3.2mbetween the c.g. and the
pilot station, whereas for typical airliners, this distance can be more
than 10 times larger. This also yields a much higher magnitude of
the pitch-heave component for an airliner compared with the small
aircraft used in this experiment. In some dependentmeasures, such as
pilot performance, the trend in the data as a result of the heavemotion
attenuation was reduced when rotational pitch motion was present.
This may suggest that rotational pitch motion is more dominant than
pitch-heave motion if both are present. If the pitch-heave motion is
larger in magnitude, however, the trend as a result of the pitch-heave
attenuation could also be more pronounced when rotational pitch
motion is present. This topic may be covered in future research.

VI. Conclusions

An experiment was performed to investigate how pilot
performance and control behavior in an aircraft pitch control task
are affected by attenuation of the associated heave motion by a high-
pass washout filter. When both are presented one-to-one, the effects
of pitch and heave motion on pilot control behavior were found to be
highly similar. Pilot performance and control activity are found to be
significantly reduced, however, when the heave motion is filtered or
only attenuated with a gain. This reduction is smaller in magnitude if
rotational pitch motion is available in addition to the heave motion.
The additional phase attenuation caused by the washout clearly
affects tracking performance and pilot control behavior more than
pure gain attenuation. The changes in crossover frequencies and
phase margins, and the pilot-model parameters show that if the
fidelity of the heave motion is increased, pilots will rely more on
these motion cues to improve their task performance. This is mainly
reflected by an increase in visual and motion perception gains and a
decrease in pilot visual lead.
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