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Abstract

Eigenmode distortion (EMD) is a novel methodology developed to study the degradation of perceived ve-
hicle dynamics as a result of motion cueing algorithms (MCA's) applied in rotorcraft flight simulators. This
paper briefly introduces EMD and subsequently describes its application in a pilot-in-the-loop experiment
conducted on the SIMONA Research Simulator at Delft University of Technology. The experiment considers
a precision hover task performed by two test pilots in three different motion cueing conditions. Each of the
evaluated conditions is devised such to best reproduce one of the vehicle modes (pitch/heave subsidences
and phugoid) simulated using an independently developed, three degree-of-freedom, longitudinal, non-
linear model of the AH-64 Apache helicopter. The experiment yielded a number of interesting results. For
example, the mode participation factors (MPFs) computed using recorded model states showed that the
unstable phugoid mode dominates the overall dynamic response in all conditions evaluated. Also, based
on the relative distribution of MPF's across the three motion conditions, some indication of a change in
pilot control behaviour as a result of motion cues (or lack thereof) was exposed. Finally, subjective pilot
ratings suggest that the motion cueing condition optimized for the pitch subsidence mode is preferred,
even though this is not the dominant mode in the vehicle's response. The condition corresponding to the
heave subsidence mode (i.e., only vertical motion cues) is appreciated least.

1 INTRODUCTION straining a moving-base simulator to its available

workspace by means of the motion cueing algo-

Over the years, there have been many efforts to
develop objective means for motion system tuning
and fidelity assessment in flight simulation™'5"819,
One of the most recent and probably promising
tools is the Objective Motion Cueing Test (OMCT)&9,
now included as part of the ICAO standards for
fixed-wing aircraft full-flight simulators3. The OMCT
measures the (linear) dynamics of the motion cue-
ing system (MCS), which is responsible for con-
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rithm (MCA). In the OMCT, the MCA is driven by
a prescribed set of test signals aimed at evalu-
ating frequency responses of the MCS. Combined,
these frequency responses characterize the linear
dynamic behaviour of the complete MCS over a fre-
quency range of interest.

Figure 1: The SIMONA Research Simulator at Delft
University of Technology.
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Although state-of-the-art criteria3 based on
OMCT are still in the process of being validated?®',
recently a number of optimization algorithms based
on OMCT or equivalent frequency-domain metrics
were proposed®™. While some promising results,
supported by subjective pilot ratings, were recently
reported™, such approaches face two main chal-
lenges. First, the cost functions and weighing fac-
tors inherent in optimization schemes often lack
in transparency and are subject to significant en-
gineering judgment. An often reported difficulty is
establishing appropriate trade-offs in the relative
importance of motion in the different simulator
axes and for different tasks'"®. Moreover, the ex-
isting methods consider the motion cueing system
in isolation and do not take into account the dy-
namic interaction with the vehicle dynamics model.
In particular, the coupling of motion in different ve-
hicle degrees-of-freedom is often overlooked. Mo-
tion cueing signals have interactions that are de-
termined by the vehicle dynamics model and task,
which also affect the often non-linear and coupled
MCA dynamics. Recent work has indeed demon-
strated that tailoring the currently prescribed OMCT
test signals3® to account for vehicle- and task-
specific properties yields significant variations in the
obtained frequency responses>. As part of an on-
going research project jointly organised by Delft
University of Technology and Desdemona B.V. (op-
erator of the Desdemona simulator), a novel tech-
nique was developed to expose this intricate three-
way interaction between 1) task, 2) vehicle dynam-
ics and 3) motion cueing®™. This technique, called
eigenmode distortion (EMD), is able to quantify the
MCA induced degradation of human-perceived mo-
tion cues with respect to baseline vehicle dynamics,
while also more accurately accounting for the dy-
namic coupling of vehicle degrees-of-freedom.

This paper will discuss the novel approach to
MCA tuning in more detail by considering the ex-
ample of a simple longitudinal three degree-of-
freedom generic helicopter flight mechanics model,
used to approximate the dynamics of the AH-64
Apache helicopter. Furthermore, to explore the
implications of the various assumptions (e.g., lin-
earization) inherent in the proposed methodology,
preliminary data from a validation experiment per-
formed by two test pilots in the SIMONA Research
Simulator (SRS) at the Delft University of Technology
(see Figure 1) is presented.

The paper is structured as follows. First, in Sec-
tion 2, the EMD methodology is introduced. Then, in
Section 3, the validation experiment is discussed af-
ter which the obtained results are presented in Sec-
tion 4. Finally, a discussion is included in Section 5
and the paper is concluded in Section 6.
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2 METHODOLOGY

The method proposed in this paper relies on the
novel concept of eigenmode distortion (EMD). Within
EMD, the vehicle’s dynamic response is decom-
posed along decoupled coordinates known as the
vehicle's eigenmodes. Helicopter dynamics are often
analysed in terms of these modes™, as they contain
crucial information about the vehicle’s stability and
dynamic response properties.

EMD inherently assumes that the eigenmodes
are perceived by the human operator as character-
istic responses of the system. The dynamics of the
Motion Cueing Algorithm (MCA) distort these eigen-
modes through a combination of scaling and filter-
ing. In order to quantify this distortion, the vehi-
cle and MCA dynamics are explicitly coupled in linear
form using a novel mathematical framework™:

(520) = [ 2] (3) <[] (%5)

(1) = A°OX° + B°6i,
3% —c csc
(5))7/m) =y = Cc™x°,

where the vectors §xP and §x contain states that
describe the evolution of the linearized vehicle and
MCA dynamics, respectively. The matrices A” and
A™ are the respective system matrices correspond-
ing to 60X and 0x™. The matrix A™P couples the dy-
namics of both systems, while the coupled system
itself is excited solely by the input vector duP (i.e.,
the pilot controls) through the matrix B”. The matri-
ces AP and A™ change as a function of parameters
in the MCA, while AP and BP change with chang-
ing vehicle dynamics (e.g., as a function of forward
flight speed). Finally, the coupled system output y¢
contains both vehicle reference and simulated hu-
man perceived quantities (i.e., specific forces and an-
gular rates®°) that are a linear combination, deter-
mined by the matrix C¢, of the states in X” and x'.

2.1. Eigenmode distortion criterion

The key innovation of the formulation in Equation (1)
is that it accommodates a modal coordinate transfor-
mation3. This transformation enables a systematic
analysis of the distortion of human perceived quan-
tities induced by the MCA in terms of the vehicle's
eigenmodes. Subsequent inspection of the eigen-
vectors within each of these modes can reveal the
extent to which the MCA dynamics affect human per-
ceived specific forces and angular rates per individual
mode™. A potential criterion for motion cueing fi-
delity based on EMD can then be formulated as pre-
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Figure 2: An example of modal distortion induced by the MCA, showing baseline and distorted human-
perceived quantities as eigenvectors within each vehicle eigenmode.

serving the dominant vehicle mode(s) given the avail-
able simulator motion space.

A typical example of modal distortion as a func-
tion of MCA parameters is depicted in Figure 2.
This figure shows the degradation of baseline ve-
hicle dynamics by the MCA, in terms of human-
perceived quantities (i.e., specific forces and rota-
tional rates) within each eigenmode of the vehicle.
For a three degree-of-freedom helicopter model,
these modes are the pitch subsidence (PS), heave
subsidence (HS) and the phugoid (PH). The human-
perceived quantities are shown as normalized eigen-
vectors within each respective mode. Hence, the cor-
responding numerical values along the axes in Fig-
ure 2 are omitted as only the relative magnitudes of
the eigenvectors are of interest.

The pitch and heave subsidences have real eigen-
values and therefore the corresponding eigenvec-
tors are also real. This allows for distortion in terms
of magnitude and sign only. The distortion of the
vehicle’s real modes is visualized using horizontal
bars in Figure 2. In the figure, baseline vehicle dy-
namics are represented as specific forces and angu-
lar rates perceived by humans, i.e., 6f;, 0f, and dgq,
and remain constant with changes in the MCA. The
same quantities superscripted with s represent the
distorted outputs of the linearized MCA. The arrows
drawn in the figures corresponding to the pitch and
heave subsidences (i.e., PS and HS) indicate the in-
duced magnitude and, possibly, sign changes with
respect to the baseline vehicle dynamics.

The phugoid mode has a complex eigenvalue and
hence, in general, the eigenvectors associated with
this mode are also complex. The distortion of a
complex mode is characterized by changes in both
magnitude and (relative) phase of its eigenvectors.
A typical distortion of the complex valued phugoid
mode is also visualized in Figure 2. The arrows
drawn in the complex plane indicate the change
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in magnitude and phase in each of the individual
human-perceived quantities represented by one of
the complex eigenvectors. However, it also shows
how the relative relation between human-perceived
quantities in different degrees-of-freedom is af-
fected. For example, it becomes possible to quantify
the distortion of the relative magnitude and phase
between §f, and dg by comparing it to the relative
magnitude and phase between §f and 6g°.

In Section 3, more examples of modal distortion
as a function of changes in MCA parameters will be
given. There, the motion cueing configurations eval-
uated in a pilot-in-the-loop experiment conducted
on the SRS are discussed in more detail.

2.2. Mode participation factors

An open question that needs to be addressed, be-
cause it is not possible to minimize the distortion of
all vehicle modes at the same time, is how to quan-
tify the relative importance of the different modes.
This requires knowledge of some fundamental con-
cepts in linear systems theory.

The dynamic response of linear systems can be
fully described in terms of modal coordinates. In ef-
fect, the value of the linear (vehicle) system state,
0XP, excited by external input,s §7P(7), at any given
time, t, can be written in terms of the system’s
eigenvalues and eigenvectors as™:

() = S (v oxw) e+
i=1

i /t (V,-TB"M”(T)W,) N gy
=170

Equation (2) signifies that the linear system'’s re-
sponse can be decomposed into individual con-
tributions corresponding to each of the n system

modes. In this equation, V,-T and w; are the left

)
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Figure 3: AH-64 model eigenvalues in hover.

and right eigenvectors, respectively, corresponding
to the /-th eigenvalue of the system, Af’. Here, the
left and right eigenvectors form an orthonormal pair
that is obtained from:

) AW =Xw and ¥ A" =7 N\

from which it becomes apparent that V,-T multiplies
the system matrix /eft and w; multiplies the system
matrix right. The eigenvectors form the basis of the
modal coordinate transformation. In this transforma-
tion, a vector 677 (t) is defined for each state 0XP(t)
such that:

@) 6x"(t) =Wer(t)=[wm W

W1 Wa] FP(t)

Hence, a state 0XP(t) can be obtained in terms of
its modal coordinates using:

The vector 7P(t) therefore expresses the response
of the system along its individual and decoupled
modes. The elements of 7P(t) are, in general, com-
plex valued. However, a measure of the magnitude,
or participation, of each individual mode to the sys-
tem’s response can be obtained from the absolute
value of the elements in 7P(t).

Given a sequence of vehicle states dxXP at arbi-
trary times t in a manoeuvre, a scalar measure of
the extent to which each vehicle mode is excited in
a particular manoeuvre can be obtained from:

-
® m :/ ri(t)|dt ¥V i€(1l,n)
0
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Table 1: AH-64 model stability and control derivatives
in hover.

Stability derivatives  Control derivatives

Xy -0.034 Xuo 0.025
Xw 0.023 Xy, 0.053
Xq 0.27 Zu, -0.30
Zy 0.022 Zy, 0.0046
Zw -0.31 My, -0.00041
Zg 0.024 M, -0.033
M, 0.014

M., 0.00078

Mg -0.27

where m; is defined as the mode participation fac-
tor (MPF) of the /-th mode and T is the duration of
the executed manoeuvre. Comparison of the mag-
nitudes of individual MPFs thus yields the relative
importance of each mode. This knowledge can be
valuable as an objective guide in the design and con-
figuration of MCAs.

3 EXPERIMENT SETUP

To investigate the applicability of the EMD crite-
rion, an experiment was conducted. In this exper-
iment, two military test pilots were invited to per-
form a hover task in the SRS (see Figure 1). Dur-
ing the experiment several different motion cueing
conditions obtained using the EMD method were
evaluated. In the following sections, first more de-
tailed information is presented on the helicopter
dynamics, task, and evaluated MCA configurations.
Then, the a-priori experiment hypotheses, depen-
dent measures and experiment procedure are dis-
cussed.

3.1. Helicopter dynamics

The task was performed using an analytical, non-
linear and generic (longitudinal) three degrees-of-
freedom helicopter model with quasi-steady disc-
tilt dynamics. This generic model is used in com-
bination with an independently developed param-
eter set derived to approximate the unaugmented
dynamics of the AH-64 Apache helicopter. Figure 3
and Table 1 show the dynamic modes in hover as
well as the associated stability and control deriva-
tives, respectively, computed from this model.
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3.2. Task

The task that the pilots were asked to perform is the
hover Mission Task Element (MTE) described in ADS-
33E2. The helicopter degrees-of-freedom are con-
strained to the longitudinal motion only and, hence,
the stipulated task requirements only apply to these
three degrees-of-freedom. To simplify the analysis,
the transition phase in the original manoeuvre is
omitted. Hence, the vehicle starts and should be
kept in a stabilized hover for approximately 30 sec-
onds. The following specifications apply?:

+ Allowed longitudinal position offset: 3 ft (de-
sired) or 6 ft (adequate).

+ Allowed altitude offset: 2 ft (desired) or 4 ft (ad-
equate).

In order to ensure sufficient (external) excitation
during the task, moderate turbulence is also in-
cluded. This turbulence is based on the Dryden
spectra® and perturbs the vehicle only in the lon-
gitudinal and vertical directions.

Figure 4: Setup of the hover MTE as seen on the SRS
visual system.

Figure 4 shows the setup of the hover task as
seen on the SRS visual system. The hover board
shown is included primarily as an altitude refer-
ence, whereas the pylons on the right are included
as longitudinal position references. In this experi-
ment, the absolute measures of task performance
are taken as the root mean squares (RMS's) of the
longitudinal and vertical position errors.

3.3. Motion cueing algorithm

In this paper, the Classical Washout Algorithm
(CWA) is used to map the vehicle motion on to the
simulator workspace'’. Figure 5 shows a schematic
of the CWA.

In the current experiment, Channel @ (tilt-
coordination) is disabled and, since only three (lon-
gitudinal) degrees of freedom are active, the roll and
sway axes in the CWA are also disabled. In effect,
the CWA reduces to a set of three high-pass filters
in the pitch, surge and heave axes, respectively. For
the present experiment, these filters are selected to
be of second order, such that:

Presented at 44th European Rotorcraft Forum, Delft, The Netherlands, 19-20 September, 2018.
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Figure 5: A schematic of the Classical Washout Algo-
rithm?, with three channels.
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K
Hs2y 2¢Wn S + Wi

(7)  HY =

Here, the [ is used as a placeholder to denote
the respective degrees-of-freedom of the simulator,
i.e., g (pitch), x (surge) or z (heave). The damping
ratio ( is fixed at a value of 1.0 for all simulator de-
grees of freedom. K and w,, are the scaling gains
and filter break-frequencies, respectively, and are
the only variable parameters in the experiment.

A-priori, it is not known which vehicle modes are
dominant in the task to be performed, because this
depends on the adopted pilot strategy. Hence, it
has been opted to devise three motion cueing con-
figurations using EMD, each designed to preserve
one of the three vehicle modes, i.e.: the pitch subsi-
dence, heave subsidence and phugoid. These mo-
tion conditions are labelled APM (Aperiodic Pitch
Motion), AHM (Aperiodic Heave Motion) and PHM
(Phugoid Motion), respectively. Table 2 lists the val-
ues of the individual parameters in every motion
configuration. Figure 6 shows the MCA induced
modal distortion corresponding to each configura-
tion. In the following paragraphs, the configurations
are discussed in more detail.

Table 2: Motion cueing parameters per experimen-
tal condition. Filter break frequencies are in rad/s.

APM AHM PHM
Ky 03| Kx o5] K, 0.8
Wp, 125 | Wy, 2.0 | Wy 1.0
K, 08 | K 12| K, 0.2
Wp, 12 | Wy, 08 |wy 20
Ky 10 | K4 o5 | K; 0.8
Wp, 0.0 | Wp, 20 | Wy, 05

No motion (NM) A reference condition without
simulator motion was included in the experiment to
assess task performance improvement in compari-
son to the three conditions with simulator motion.
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Figure 6: Modal distortion induced by the MCA for different motion cueing configurations.

Design for pitch subsidence (APM) Figure 6a
shows the modal distortion induced by a motion
cueing configuration designed to minimize distor-
tion of the aperiodic pitch mode, or pitch subsi-
dence (PS). It can be seen that the this mode is re-
produced almost one-to-one in the simulator, be-
cause the dark and light grey bars are aligned. This
is achieved primarily by nulling the high-pass pitch
filter and by finding an appropriate balance in the
settings of the high-pass surge filter such to limit the
resulting false cues in the §f;. It can also be seen
that the consequence of these settings is a signifi-
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cant distortion of both the phugoid and the heave
subsidence modes. To prevent the violation of mo-
tion limits in heave, a moderate value for both the
gain and break frequency of the high-pass heave fil-
ter were required. However, as can be seen from
Figure 6a, this did not substantially affect the mag-
nitude of 417 in the pitch subsidence mode.
Because of an implementation error, the first par-
ticipating pilot flew a configuration with a value of
wp, of 1.3 rad/s instead of 1.25 rad/s. This results
in the eigenvector corresponding to 6f; to "flip" in
sign w.r.t. df, in Figure 6a, while the magnitude be-

Page 6 of 12

This work is licensed under the Creative Commons Attribution International License (CC BY). Copyright © 2018 by author(s).



comes slightly larger. During the experiment, the pi-
lot comments in condition APM did not reflect this
apparent sign change, yet the full impact on the ex-
perimental results remains unknown.

Design for heave subsidence (AHM) Figure 6b
shows the modal distortion induced by the mo-
tion parameter set designed to mimimize distortion
of the aperiodic heave mode, or heave subsidence
(HS). It can be seen from the original mode shape
(darker grey bars) that the vertical specific force is
by far the most dominant. As such, it is possible to
strongly limit motion in pitch and surge while still
preserving this mode. This is also evident from the
parameter set in Table 2, where both low gains and
large values for the break-frequencies of the high-
pass filters in surge and pitch are selected.

Due to the limited motion space of hexapod mo-
tion simulators in heave, it was also required to
select a moderate value for the high-pass break-
frequency in heave. This resulted in a strongly di-
minished amplitude of §f; with respect to 4f,
which was compensated by selecting a larger mo-
tion gain of 1.2. Using these settings, it can be seen
from the figure that approximately half of the orig-
inal contribution of 67, in the heave subsidence
mode is preserved.

Design for phugoid (PHM) Figure 6¢ shows the
modal distortion induced by the motion parameter
set designed to mimimize distortion of the phugoid
mode (PH). In hover, the phase difference between
the longitudinal specific force and the pitch rate,
the dominant contributors to this mode, is approx-
imately ninety degrees. To preserve the phugoid
mode shape, it is therefore desired to not only
match the magnitudes of the perceived states as
closely as possible, but also their relative phases. At
the same time, the phase difference with respect to
the original mode shape should be kept to a mini-
mum, because this difference is effectively the mis-
match between the visual and motion cues.

The motion parameter set shown in Figure 6c is
a possible balance between these different require-
ments. It can be seen that the phase difference be-
tween 017 and 0g° remains approximately ninety
degrees. The phase differences with respect to the
same quantities in the baseline vehicle model ap-
pears to be approximately ninety degrees as well.
In terms of the magnitudes, it can be seen that 0¢°
is substantially reduced with respect to the baseline
value, while the magnitude of the ¢f; is increased.
By far the most critical parameters that influence
the magnitude of §f in the phugoid mode were
found to be the gain and high-pass break-frequency
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of the pitch filter. Enlarging the break-frequency of
the pitch filter results in a smaller magnitude of the
apparent false cue in 0f;, at the cost of a greater
distortion in phase of both §f¢ and dqg°. Similarly,
the pitch gain can be used to reduce the magni-
tude of the longitudinal specific force (more so than
the gain on the longitudinal specific force). How-
ever, this also comes at the cost of a reduced magni-
tude of the simulated pitch rate. Note that, because
of the seemingly strong false cue in §f;, the pitch
subsidence mode is also greatly distorted. Finally,
because §f, does not significantly contribute to the
phugoid mode, it has been opted to select the pa-
rameters in the heave channel such to strongly limit
motion in heave and thereby use to freed motion
space to cue the phugoid motion.

3.4. Hypotheses

Prior to the experiment, the following hypotheses,
pertaining to dominant vehicle modes, task perfor-
mance and pilot preference, were formulated:

1. It is hypothesized that the longitudinal and
vertical position root mean squares (RMS's)
in hover are smallest for the motion condi-
tions APM and AHM, respectively, designed to
best portray the hypothesized dominant ve-
hicle modes. However, the position RMS's are
foreseen to decrease in all conditions with mo-
tion when compared to the no-motion condi-
tion.

2. In the hover task performed, the dominant ve-
hicle modes are hypothesized to be the pitch
and heave subsidences. This is because a high-
gain pilot strategy is anticipated, in which the
phugoid has no time to develop. Hence, the
overall MPFs corresponding to the pitch and
heave subsidences are expected to be larger
than the overall MPF corresponding to the
phugoid mode.

3. Motion fidelity ratings are hypothesized to be
more favourable for conditions APM and AHM
(i.e., the expected dominant vehicle modes).
Moreover, from prior experience it is expected
that direct pitch motion feedback is valued
most by pilots in the hover task and, therefore,
motion fidelity ratings are expected to be most
favourable for condition APM.

Hypothesis 1) stipulates that all conditions with
motion cues are beneficial for the task when com-
pared to the no-motion condition and that this will
become evident from the position RMS's . Hypoth-
esis 2) expresses that pilots are expected to benefit
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most from motion cues that reproduce the faster
vehicle modes, which are hypothesized to be dom-
inant in the hover task. Finally, Hypothesis 3) ex-
presses that pilots will also subjectively prefer the
motion conditions corresponding to the dominant
vehicle modes. Condition APM, which according to
EMD reproduces the pitch subsidence mode one-
to-one, is expected to be rated most favourably.

3.5. Dependent measures

Two primary dependent measures were collected
during the experiment. First, time traces of vehi-
cle model states were recorded. These are used
to evaluate mode participation factors using Equa-
tion (6) and for longitudinal and vertical position er-
ror RMS's. Second, the Motion Fidelity Rating (MFR)
scale? (see Figure 7) was used to quantify the sub-
jective pilot preference for the various motion con-
ditions evaluated. Repeated MFR scale ratings per
motion condition are collected to allow for the eval-
uation of pilot consistency in the awarded ratings.

/ Decision Tree Description of Motion Cues Raﬁng\
As reality, no noticeable deficiencies 1
Extremely close to reality, negligible deficiencies 2
Similar to reality, insignificant deficiencies 3
significant Enhances task performance, slight deficiencies 4
deficiencies, close Beneficial to task performance, recognizable deficiencies 5
to real flight?
Useful, other cues more dominant, annoying deficiencies [
Marginally useful, largely ignored, objectionable deficiencies 7
Distracting, of little value, very objectionable deficiencies 8
Negative value, serious deficiencies 9
No Motion [1]
R-retumtoneutral A -attenuation L - latency
" 2ol N — motion noise M - mismatch cues O - onset

Figure 7: The Motion Fidelity Rating (MFR) scale?.

3.6. Participants and procedure

The two participants that until the writing of this pa-
per have performed the experiment are active mil-
itary test pilots. The pilots were briefed regarding
both the task to be performed and the MFR scale
to be used for evaluating the various motion con-
ditions. Each pilot underwent approximately twenty
minutes of familiarization, where the task was re-
peated in each experiment condition until stable
performance was attained. After familiarization, the
actual experiment was initiated. Each condition (in-
cluding the no motion condition) was assessed
three times during the experiment. The respective
repetitions were scheduled according to a Latin
square design for each pilot as shown in Tables 3
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and 4. Within each of the repetitions, three runs of
the task were performed, after which a single MFR
scale rating was given. In effect, each pilot expe-
rienced every motion condition for a total of nine
times, yielding nine consecutive pilot input and ve-
hicle state recordings as well as three MFR ratings
per motion condition evaluated.

Table 3: Experiment conditions for pilot 1.

Repetition Conditions
1 AHM  PHM APM ' NM
2 PHM NM ' AHM APM
3 APM  AHM NM | PHM

Table 4: Experiment conditions for pilot 2.

Repetition Conditions
1 AHM ~NM APM  PHM
2 NM AHM PHM APM
3 APM ' PHM NM AHM
4 RESULTS

The following sections present the results obtained
for each of the dependent measures collected dur-
ing the experiment.

4.1. Position error

Figure 8 shows the root mean squared (RMS) in feet,
denoted by o, of the longitudinal and vertical po-
sition error per experimental condition. A separate
figure is included for each of the two pilots.

In general, vertical position RMS's are significantly
smaller in magnitude than longitudinal position
RMS's. Also, the spread within and across conditions
in the longitudinal position RMS's is larger than the
spread in the vertical position RMS's. This result is
true for both pilots, which suggests that maintain-
ing altitude is easier than maintaining longitudinal
position. This is explained in part by the vehicle dy-
namics (i.e. unstable phugoid), but also by the avail-
able visual cues. Namely, the hover board provides
direct visual feedback regarding altitude, whereas
longitudinal position is discernible only from inspec-
tion of the relative orientation of the pylons on the
right (see Figure 4).

For both pilots, the position RMS's in conditions
NM and PHM are comparable, with pilot 2 exhibit-
ing a somewhat larger spread of the results, par-
ticularly in condition PHM. However, more substan-
tial differences in the results between the two pi-
lots are seen when comparing conditions APM and
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Figure 8: Horizontal and vertical position RMS's for pilot 1 (left) and pilot 2 (right) per experimental condition

AHM. For pilot 1, the difference between these con-
ditions is marginal, and perhaps even in favor of
condition AHM when considering longitudinal po-
sition. However, for pilot 2, both the median value
and spread in the longitudinal position RMS's are
substantially smaller in condition APM in compar-
ison to condition AHM, but also in comparison to
conditions PHM and NM.

Reflecting on the hypotheses, it appears that hy-
pothesis 1) is rejected based on the results pre-
sented. Insignificant differences, in the order of
tenths of feet, in median vertical position RMS's
are observed for both pilots across all experimental
conditions. The spread in the vertical position RMS's
for both pilots, however, is larger in condition AHM
as compared to the other conditions. Also, position
error is not necessarily better in conditions with mo-
tion as compared to the no-motion condition. When
considering longitudinal position RMS's, pilot 2 does
seem to strongly benefit from pitch motion cues in
condition APM, particularly for maintaining longitu-
dinal position, but also vertical position. This, how-
ever, is not confirmed by the results of pilot 1, which
show a slightly larger median and spread in the lon-
gitudinal position RMS's corresponding to condition
APM.

4.2. Mode participation factors

Figure 9 shows the mode participation factors
(MPFs) per experimental condition. As explained in
Section 2, the MPF is a measure of the contribu-
tion of each vehicle mode in the overall vehicle re-
sponse. A separate figure is included for each of the
two pilots.

From the figure, it can be seen that the abso-
lute values and spreads of the MPFs of each mode
across experimental conditions vary. Interestingly
however, when considering the median MPFs the
relative contribution of each mode remains con-
stant across conditions. The phugoid (PH) mode ap-
pears to dominate the vehicle response, followed
by the pitch (PS) and heave subsidence (HS), re-
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spectively. Another result common to both pilots is
that the absolute values of the MPFs corresponding
to the phugoid (PH) and pitch subsidence (PS) are
substantially larger in absolute value for condition
AHM than for the other experimental conditions.
This indicates that the excitation of these modes is
stronger when pitch and surge motion cues are ab-
sent. From Figure 8, itis furthermore concluded that
the stronger excitation of the phugoid and pitch
subsidence modes in condition AHM does not nec-
essarily result in a larger longitudinal position error.

Observing the results for each pilot individually,
some interesting remarks can also be made. For pi-
lot1, it appears from the median MPFs that the pres-
ence of (one-to-one) pitch motion cues results in a
larger participation of the phugoid (PH) and pitch
subsidence (PS) modes. This is especially true in
comparison to conditions PHM and NM, where the
median MPFs of the phugoid (PH) and pitch subsi-
dence (PS) are smaller. With the exception of condi-
tion AHM, the differences in the MPFs across condi-
tions for pilot 1 seem minor.

For pilot 2, the opposite is true, where the median
and spread in the MPFs indicate a smaller participa-
tion of the phugoid (PH) and pitch subsidence (PS) in
condition APM when compared to conditions PHM
and NM. This result is in strong agreement with Fig-
ure 8, where it was found that the RMS of the lon-
gitudinal position for pilot 2 in condition APM was
substantially less than in the other conditions.

Reflecting on the hypotheses, it appears that
hypothesis 2) must be rejected. Instead of the
pitch and heave subsidences, the unstable phugoid
mode contributes most to the vehicle response in
all conditions evaluated. Furthermore, the results
suggest that pilot control behaviour is strongly af-
fected by both the presence and absence of pitch
motion cues.

Page 9 of 12

This work is licensed under the Creative Commons Attribution International License (CC BY). Copyright © 2018 by author(s).



APM Pilot 1 AHM
18 40

151 T 321
=121 ,:L = 241
£ £
9 o 161 -
L *

HH

o T
6 8
p =
PH PS HS PH PS HS
PHM NM
30 30
24 A 24 A

18 Z 184

m[-]

6 = [ 6

(e}
12 A ,J-L-j ’l‘ ’l‘ 12 A & é ’i;
H‘S

PH PS HS PH PS

APM Pilot 2 AHM

18 40
o T
T 12 - 24 A L[‘ 'l‘
= [ ° =
£
9 s 16 { \Tl
T
61 |_| 81 =
T [¢]
PH PS Hs PH PS Hs
PHM NM
30 30
241 yl\ 24 |_‘|’_|
T 18- T =181
e E 5
o EL S R R
[ [
6 o = 6 =
PH PS Hs PH PS Hs

Figure 9: Mode participation factors for pilot 1 (left) and pilot 2 (right) per experimental condition.

4.3. Pilot ratings

Figure 10 shows the repeated MFR ratings awarded
by each pilot per experimental condition. As dis-
cussed in Section 3, three separate ratings for
each individual experimental condition and pilot are
available. Figure 10 therefore also shows the medi-
ans and spread.

Pilot 1 seems to prefer condition PHM over con-
ditions AHM and APM. However, in the third rep-
etition of PHM, a significantly degraded rating was
awarded. Condition APM, in contrast, is rated only
slightly worse than PHM with a median of 5 and a
worst rating of 6. Therefore, it seems inconclusive
which of the two conditions (APM or PHM) is the
overall preferred by pilot 1. It is also evident that
condition AHM is not appreciated by pilot 1, citing
heave cues as being too over-present and a strong
lack of longitudinal (pitch) motion cues. Pilot 1 fur-
thermore correctly identified the no-motion (NM)
conditions in each repetition.

Pilot 2 clearly prefers condition APM over condi-
tions PHM and AHM as evidenced by the median
MFR rating of 2 and a worse rating of 3. Interest-
ingly, pilot 2 also prefers the no-motion (NM) condi-
tion over PHM and AHM as evidenced by the corre-
sponding median MFR ratings in the first two repe-
titions. Only in the third repetition of NM the pilot
reported to not have perceived any motion. Next to
the no-motion condition, the worst rated condition
with motion seems AHM, where like pilot 1, pilot 2
also commented on the lack of pitch cues and over-
dominant heave cues.

Reflecting on the hypotheses, the results from
this experiment seem to partially confirm hypoth-
esis 3) in that APM is the motion condition with
the (overall) most favourable MFR ratings. The pitch
subsidence mode best reproduced in condition
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APM, however, is not the dominant vehicle mode.
Hence, the expectation that a motion cueing config-
uration based on preserving the dominant vehicle
mode is objectively better seems discrepant. Also,
the hypothesis that condition AHM would also re-
ceive favourable MFR ratings is false. Pilot ratings
for condition AHM are (overall) worse than condi-
tion PHM and (in case of pilot 2) even the no-motion
(NM) condition. This is also supported by pilot com-
ments, which clearly indicate the lack of pitch mo-
tion cues in condition AHM as detrimental to per-
ceived motion fidelity.

5 DISCUSSION

The present paper has investigated the utility of
the novel eigenmode distortion (EMD) methodology
for the configuration of motion cueing algorithms
(MCAs) in helicopter flight simulation. Two experi-
enced test pilots participated in a experiment where
a precision hover task was performed in different
motion cueing configurations, each devised to best
reproduce one of the three (longitudinal) vehicle
modes in accordance with the EMD methodology.

The results from this experiment show that task
performance, in terms of longitudinal and vertical
position root mean square (RMS), is not consistently
affected by motion cues. One pilot showed a clear
benefit of pitch motion cues in reducing longitu-
dinal position error. The other pilot's task perfor-
mance, however, was almost constant across all
conditions evaluated and, if anything, seemed to
degrade slightly with the presence of higher fidelity
pitch motion cues.

In terms of the identified dominant vehicle
modes, it was found that the unstable phugoid
mode, in all experimental conditions evaluated, has
the largest relative participation. This suggests that
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Figure 10: Repeated MFR ratings awarded by each pilot for each motion condition.

pilots may have adopted a relatively low-gain con-
trol strategy, where excitation of the unstable vehi-
cle dynamics was avoided. The free (longer-term)
response of the vehicle is then governed by the
phugoid mode, which explains its relatively larger
contribution to the overall dynamic response. An-
other interesting finding is that participation of the
phugoid and pitch subsidence are larger in absolute
value in the condition where predominantly vertical
motion cues were offered (i.e., AHM). Also, one pi-
lot seemed to benefit substantially more from pitch
motion cues than the other. This suggests that the
excitation of vehicle dynamics and, by extension, pi-
lot control behaviour, changes with the presence
or absence of motion cues in certain degrees-of-
freedom, even though task performance is not nec-
essarily affected.

The final metric collected during the experiment
were the subjective pilot ratings based on the
Motion Fidelity Rating (MFR) scale’. Of the three
conditions with motion, it was found that the con-
dition with only vertical motion cues (i.e., AHM) was
rated least favourably, where both pilots noticed
and commented on the lack of pitch motion cues.
The condition designed to reproduce the pitch
subsidence mode one-to-one (i.e., APM), was rated
most favourably on the overall. However, the pitch
subsidence is not the dominant vehicle mode.
Hence, a motion cueing configuration based on
the dominant vehicle mode (i.e., in this case, PHM)
is not necessarily one that is also favoured most
by pilots. In several trials, however, one pilot did
express a preference for the phugoid optimized
condition (i.e., PHM) over condition APM. These
combined results suggest that, for the hover task
evaluated, pilots value longitudinal (pitch) motion
cues more than only heave motion cues.
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Summarizing, the present experiment has re-
sulted in a number of interesting findings that will
serve as a basis for further research. The EMD
methodology applied in the design of the evalu-
ated motion cueing configurations has also shown
promise as an objective guide in tuning motion cue-
ing algorithms. However, more research is neces-
sary to establish effective tuning strategies based
on the EMD methodology. The experiment de-
scribed in this paper will also be repeated with
more pilots. Moreover, more dynamic tasks like
the acceleration-deceleration or lateral reposition
manoeuvres will be considered for more thorough
comparison of different motion cueing strategies.
Finally, the methodology will be extended to six
(rigid-body) degrees-of-freedom.

6 CONCLUSION

The present paper applied a new approach, eigen-
mode distortion (EMD), to the motion cueing fi-
delity problem in helicopter flight simulation. The
methodology, demonstrated for the first time in an
experiment executed on the SIMONA Research Sim-
ulator at Delft University of Technology, has shown
promise as an objective guide for tuning motion
cueing algorithms. It is applicable to any task, ve-
hicle and simulator combination.

Future work is necessary on the development of
effective tuning strategies based on EMD. Also, the
method will be extended to other and more heli-
copter degrees-of-freedom. Finally, more dynamic
tasks will be considered using a similar approach as
the one presented in this paper and with more par-
ticipating pilots.
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