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ABSTRACT
The fidelity of a rotorcraft flight simulator is influenced by many factors, such as the vehicle dynamic model and
the motion cueing algorithm (MCA). To quantify the fidelity of a simulator objectively requires detailed knowledge of
human pilot perception and control behaviour that is not yet available. As a consequence, subjective assessments made
by qualified pilots remain the most important way to assess flight simulation fidelity. The use of standardized rating
scales during such assessments can increase the level of objectivity above that provided by less structured evaluations.
The current paper describes the result of an experiment performed on the Desdemona simulator to evaluate two rating
scales, namely the Simulator Fidelity Rating (SFR) scale and the Motion Fidelity Rating (MFR) scale, as suitable
indicators of flight simulation fidelity. In this experiment, two characteristics of the simulated environment were varied,
namely rotorcraft dynamics and MCA configuration, and the type of rating scale used was treated as an additional
independent variable. The primary results of the experiments suggest that pilots are able to recognize a strong decline
in flight simulation fidelity when both rotorcraft dynamics and motion are degraded simultaneously. However, when
either one of these characteristics are varied independently of the other, the results are inconclusive. The paper presents
a more detailed review of the various results gathered during the experiment and formulates recommendations for
future experiments in rotorcraft flight simulation fidelity assessment that involve the use of pilot ratings.

INTRODUCTION

Over the last decade, a strong incentive to develop objec-
tive metrics for the assessment of flight simulation fidelity
has emerged, in particular for simulator motion (Refs. 1, 2).
At the same time, however, it is recognized that the current
knowledge on human self-motion perception and manual con-
trol is too limited to warrant a full understanding of the ef-
fect of simulated environment characteristics on perceived fi-
delity (Ref. 3). Here, perceived fidelity refers to the degree to
which a pilot’s perception and action in the simulated environ-
ment matches actual flight (Ref. 4). Subjective assessments
made by qualified pilots therefore remain the most important
measures of flight simulation fidelity demanded by regulatory
bodies (Refs. 5, 6). The fundamental problem with subjec-
tive assessment of simulation fidelity, however, is the diffi-
culty of obtaining reproducible results and, consequently, the
lack of accepted standards. Differences between pilots, such
as experience, background and natural variations in human
perception and performance, significantly complicate the gen-
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eralization of results required for the formulation of accepted
standards.

Many subsystems in a modern flight simulator interact to
produce a realistic flight environment to pilots. Often these
interactions, and especially their effect on perceived fidelity,
are poorly understood. Perhaps the most notorious exam-
ple is the motion system of a full-flight simulator. In or-
der to constrain the motion of simulators within their avail-
able workspace, the vehicle motion as computed by the flight
model is processed using so-called Motion Drive Algorithms
(MDA’s) (Ref. 7), also commonly referred to as Motion Cue-
ing Algorithms (MCA’s). Even though these MCA’s insupera-
bly affect the motion cues perceived by pilots, objective stan-
dards regarding acceptable levels of mismatch are yet to be
defined. As a result, experienced evaluation pilots are usu-
ally involved in both the configuration of MCA’s and, con-
sequently, the acceptance of the flight simulator as a whole.
While there have been studies into objective motion tuning
and evaluation methodologies, e.g., (Refs. 8, 9), the general
consensus seems to be that subjectively tuned motion is often
preferred by pilots.
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In order to leverage the potential of such subjective tun-
ing and evaluation methods, many rating scales have been
proposed in the literature over the years. A prominent ex-
ample is the well-known Cooper-Harper handling qualities
rating (CHR) scale (Ref. 10). Although originally devel-
oped for the evaluation of aircraft handling qualities, it is
and has been used for the assessment of flight simulation fi-
delity, e.g., (Refs. 11, 12). Other scales, developed specifi-
cally for the evaluation of simulation fidelity, have also been
proposed. Early examples include the Motion Fidelity Rat-
ing (MFR) scales used in (Refs. 11, 13) to study simulator
motion fidelity. More recently, the Simulator Fidelity Rating
(SFR) scale (Ref. 14) and an alternative MFR scale (Ref. 15)
have also been proposed, both bearing many similarities to the
CHR scale. These rating scales have been used extensively to
study the perceived fidelity of simulated flight environments
(Refs. 8, 15–18).

An issue that has received less attention, however, is the
ability of pilots to distinguish between the effects of changes
in different simulator characteristics when assessing the fi-
delity of the simulated environment. For example, in addi-
tion to subjective tuning of the MCA, artificial tuning of the
rotorcraft simulation model is often also required to match
its response to flight test data as demanded by regulations
(Ref. 19). It was shown that this process can produce han-
dling qualities of the flight model that differ significantly from
those of the reference aircraft (Ref. 19). With both the math-
ematical vehicle model and the MCA subject to tuning and
having an influence on perceived fidelity, it is of interest to
study the relationship between these two subsystems. Their
interaction can lead to deficiencies present in either to influ-
ence the perceived fidelity of the other (Ref. 8). It is there-
fore important to investigate the sensitivity and effectiveness
of rating scales in the presence of such complex interactions.
This paper presents the results of an experiment performed in
the Desdemona simulator to assess the SFR and MFR scales
as suitable indicators of rotorcraft flight simulation fidelity in
a lateral reposition task.

BACKGROUND

Drawing from experience in aircraft handling qualities, the
application of Handling Qualities Ratings (HQRs) for simu-
lation fidelity assessment are actively applied and researched.
For example, (Ref. 20) first applied the well-known Cooper-
Harper scale to assess the effects of simulator motion system
properties and time delays on perceived rotorcraft flying qual-
ities. The Cooper-Harper scale was also applied more recently
in (Refs. 12, 17, 18) as part of studies on flight simulator opti-
mization for the UH-60A Black Hawk helicopter. However, it
is important to emphasize that the Cooper-Harper HQR scale
was not originally intended to be applied for such evaluations
of flight simulators. It is recognized that assessing the fidelity
of flight simulators is fundamentally different from assessing
the performance and Handling Qualities (HQs) of actual air-
craft. This is because the purpose of flight simulators is to
reproduce, as accurately as required and physically possible,

the flying characteristics of the modelled aircraft, including
any specific deficiencies in HQs. That is, while the Cooper-
Harper HQR scale provides an absolute measure of aircraft
HQs, a measure relative to the baseline aircraft is actually de-
sired. Simply matching Cooper-Harper HQRs between actual
and simulated flight therefore cannot guarantee that simula-
tion fidelity is satisfactory. After all, two different aircraft
with similar HQs may still possess distinct dynamic character-
istics and may therefore require vastly different control strate-
gies from pilots (Ref. 14).

To address these issues, the Simulator Fidelity Rating
(SFR) scale (Refs. 14, 21) was proposed. The SFR scale aims
to capture the relative difference in adopted control strategy
between actual and simulated flight to achieve a prescribed
level of desired or adequate task performance (see Fig. 2).
The SFR scale was applied independently by (Refs. 8, 18)
and although only based on evaluations collected from exper-
iments performed by a relatively small number of test pilots,
the scale appeared consistent. Though it can be argued that the
SFR scale is an improvement over the Cooper-Harper scale
for flight simulator fidelity assessment, it does lack its well-
established level of maturity as well as its level of familiarity
and acceptance within the aeronautical community. Also, it
lacks a specification of accompanying objective task perfor-
mance criteria, but instead relies on attained task performance
relative to the baseline aircraft. Moreover, it remains ques-
tionable to what extent pilots are able to recognize and quan-
tify required adaptions in their control strategy with respect to
an established baseline vehicle. Recommended means to en-
hance the applicability of the SFR scale in capturing simulator
fidelity include minimizing the timespan between experiment
trials in the actual aircraft and in the simulator as well as us-
ing highly experienced pilots for the specific type of aircraft
simulated (Ref. 14).

A rating scale that is closely related to the SFR scale is
the Motion Fidelity Rating (MFR) scale, shown in Fig. 3. As
such, it has similar characteristics. Like the SFR scale, the
MFR scale asks pilots to quantify fidelity, in this case specif-
ically motion fidelity, with respect to the actual aircraft. Pi-
lots are furthermore expected to express to what extent the
available motion cues contribute towards enhanced task per-
formance and can highlight specific deficiencies using the let-
ter abbreviations as shown in the lower part of Fig. 3. The
MFR scale was successfully applied in conjunction with the
Cooper-Harper HQR scale to quantify pilot opinion in recent
studies (Refs. 15,22). In these studies, the performance of two
different Motion Cueing Algorithms (MCAs) for application
to a small motion-base flight simulator in a low-speed heli-
copter flying task were investigated. Two test pilots provided
MFR scale ratings that appeared to be in good agreement.

In addition, another important question of interest is the
ability of regular operational pilots to differentiate between
the influence on perceived fidelity of core characteristics of
the simulated environment on the basis of these two scales.
After all, while the SFR and MFR scales were developed pri-
marily for application with expert pilots, a sufficiently large
sample size of such pilots may not always be available for
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simulation fidelity assessment studies. Also, while recent
studies have shown that various crucial simulator character-
istics have significant effects on task performance, control ac-
tivity and perceived fidelity in terms of awarded fidelity rat-
ings (e.g, (Refs. 8, 16, 22, 23)), a poorly addressed issue is the
ability of pilots to distinguish between the effects of each of
these subsystems. For example, (Ref. 8) provides some anec-
dotal evidence that pilots may confuse deficiencies in motion
cues with degraded rotorcraft HQs. Fig. 1 depicts this problem
from the point of the pilot. In this figure, the pilot is assumed
to perform an arbitrary manual control task in a simulator. It
becomes evident that the equivalent system perceived by the
pilot is the aggregate of the helicopter model and the MCA.
After all, motion cues from the helicopter model cannot be di-
rectly represented by the simulator due to physical constraints.
Consequently, pilots must rely on the actual motion feedback
provided by the simulator.

Helicopter
model MCAPilot

Desired motion feedback

Actual motion feedback

Equivalent system 

Task

Fig. 1. Schematic of a manual control task in a simulator.

In subjective tuning and assessment of simulator motion,
situations could therefore arise where perceived issues in ei-
ther of the two subsystems (i.e., rotorcraft dynamics or the
MCA) is addressed in the other and vice-versa. This, in
turn, could cause actual deficiencies in one subsystem to be
masked, or worse, aggravated by the changes inadvertently
applied in another subsystem.

Therefore, the primary purpose of the experiment pro-
posed in the current work is the assessment of two subjective
metrics, namely the SFR and MFR rating scales as suitable in-
dicators of simulation fidelity. To this end, two core character-
istics of the simulated environment are varied in the proposed
experiment, namely the rotorcraft model and motion.

EXPERIMENT DESIGN

To gain more insight in the use of rating scales to assess flight
simulation fidelity assessment in the presence of varying com-
binations of rotorcraft dynamics and motion, an experiment
with a design as outlined in Tab. 1 was conducted. In the ex-
periment, operational helicopter pilots were asked to perform
a helicopter flight task in a simulated flight environment with
physical motion. The task, the simulator platform and the pi-
lot population were kept constant throughout the experiment.

Three different experimental variables were varied in the
experiment: the rotorcraft dynamics, the MCA configuration

Table 1. Independent, dependent and controlled experi-
mental variables.

Independent variables Dependent measures Controlled variables
Rotorcraft dynamics Pilot rating Simulator platform
MCA configuration Task performance Flight task
Rating scale Pilot population

and, finally, the rating scale used. This design differs from
that of previous experiments, where the type of rating scale(s)
used is most commonly kept constant. In the proposed ex-
periment, the rating scale used is varied in a within-subject
fashion. In the following, the experiment design details are
further elaborated upon.

Apparatus

The experiment was conducted on the Desorientation Demon-
strator Amst (Desdemona) simulator (see Fig. 4) located in
Soesterberg, the Netherlands (Ref. 25). The simulator com-
prises a cabin that is suspended in a three degree-of-freedom
(DoF) gimbal with a continuous range of motion around all
axes. The gimballed cabin, in turn, is mounted on a short ver-
tical track to provide a translational degree of freedom, 1.5
meters in length. A second translational degree of freedom
is provided by a longer horizontal track, 8 meters in length.
Finally the horizontal track is connected to a large central
pivot in order to provide an additional centrifugal DoF with
a continuous range of motion. This yields a total of six DoF
of motion. This innovative configuration has a considerably
larger workspace than conventional Stewart platform motion
bases and can reproduce sustained and large magnitude accel-
erations of up to three times the gravitational acceleration in
centrifuge mode.

Pilot population

The four pilots that participated in the experiment were op-
erational AH–64 Apache pilots from the Royal Netherlands
Airforce (RNLAF) and the US Army who had received prior
training in the Desdemona simulator. None of the participat-
ing pilots had any prior experience with flight testing or the
use of rating scales in an experimental setting. One of the par-
ticipating pilots is an AH–64 flight instructor in the RNLAF.

Flight task

The flight task considered in this experiment is a lateral repo-
sition maneuver over a distance of 400 ft, with correspond-
ing task performance specifications as stipulated in ADS–33E
(Ref. 26):

”Start in a stabilized hover at 35 ft wheel height (or
no greater than 35 ft external load height) with the
longitudinal axis of the rotorcraft oriented 90 de-
grees to a reference line marked on the ground. Ini-
tiate a lateral acceleration to approximately 35 knots
groundspeed followed by a deceleration to later-
ally reposition the rotorcraft in a stabilized hover
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Fig. 2. The Simulator Fidelity Rating (SFR) scale (Ref. 14).

Fig. 3. The Motion Fidelity Rating (MFR) scale (Ref. 24).
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Fig. 4. The Desdemona simulator at TNO/Desdemona B.V. in Soesterberg, The Netherlands (Ref. 25).

400 ft down the course within a specified time [18s
desired, 22s adequate]. The acceleration and de-
celeration phases shall be accomplished as single
smooth maneuvers. The rotorcraft must be brought
to within 10 ft of the endpoint during the decelera-
tion, terminating in a stable hover within this band.
Overshooting is permitted during the deceleration,
but will show up as a time penalty when the pi-
lot moves back within 10 ft of the endpoint. The
maneuver is complete when a stabilized hover is
achieved.”

The selected task is also similar to those used in recent
studies (Refs. 15, 16, 23). In the current work, however,
the lateral reposition was preferred over the more aggressive
sidestep maneuver. This is because it was expected that the
participating pilots would have more exposure to basic ma-
neuvers performed with moderate levels of agility. Moreover,
it was anticipated that a maneuver with a less demanding level
of agility would be more suitable in combination with the lin-
ear rotorcraft model used. Fig. 5 shows an impression of the
task setup in the visual environment of Desdemona.

Rotorcraft dynamics

In the current experiment, a simplified lateral position control
task is performed. For the controlled dynamics, the altitude,
pitch and heading were fixed, so the only DoFs controlled by
pilots were roll and, consequently, sway. The roll-sway dy-
namics of rotorcraft in this case can be approximated by a lin-
ear function of roll damping and control power (Refs. 23,27):

φ̈ = Lp p+Lδ δ

ÿ = gφ+Yv v
(1)

The roll damping Lp is a measure of the tendency of the
rotorcraft to counteract a rolling moment, while the control

power Lδ determines the instantaneous angular acceleration
for a given lateral cyclic input. The smaller Lp and the higher
Lδ, the more agile the rotorcraft’s roll response for a given
control input. Consequently, these parameters fully charac-
terize the roll dynamics of the rotorcraft and their direct ma-
nipulation can therefore be used to artificially degrade HQs.
A similar model was also used in recent experiments, e.g.,
(Refs. 15, 16, 23). In contrast to these previous experiments,
however, the effect of lateral drag (through Yv) is included
here. This was done after preliminary evaluations with pilots,
in which it became apparent that the task could otherwise not
be completed with adequate performance.

The primary reason for selecting this simple model is that
its fidelity is considered sufficient for the purposes of the cur-
rent experiment, where only relative changes in the fidelity of
the overall simulated flight environment are of interest. The
absolute fidelity of the baseline model is of lesser importance
in this case, as long as it is representative for both the task and
the pilot population of interest. The stability derivatives Lp
and Yv that appear in Equation 1 were chosen such to be rep-
resentative of the AH–64 and originate from flight test data
as documented in (Ref. 28). The values for these parame-
ters are -1.828 s−1 and -0.2788 s−1, respectively. The control
power Lδ was also determined from preliminary pilot evalua-
tions and was assigned a value of 1.5 s−2. Rotorcraft dynam-
ics were varied by diminishing the roll subsidence Lp, thereby
enabling greater agility in roll at the cost of degraded handling
qualities. Two conditions were selected, one with the original
value for Lp (-1.828 s−1) and one in which the magnitude of
Lp was reduced by half to a value of –0.914 s−1.

MCA configuration

The motion system kinematics of the Desdemona simulator
allow for various potential motion cueing strategies in sup-
port of the lateral reposition maneuvre considered in the cur-
rent experiment (Ref. 29). However, it was chosen to simplify
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Fig. 5. Overview of lateral reposition task in Desdemona.

the motion cueing strategy applied significantly by only pre-
senting motion in roll. The reason for this is twofold. First,
for the purpose of the current experiment, it is sufficient to
offer two conditions of motion that, objectively, are signifi-
cantly different in terms of their fidelity level. By presenting a
motion condition with relatively good fidelity roll motion and
one in which the roll motion fidelity is significantly degraded,
this premise is already satisfied. Even though the simulator
allows for both motion conditions to be extended with sway,
this would introduce complexities that are deemed unneces-
sary for the objective of the current experiment. Moreover,
recent research has demonstrated a strong tendency for roll
to dominate perceived fidelity in lateral helicopter maneuver-
ing (Refs. 16, 22). This is true especially for large phase dis-
tortions induced in the roll channel.

For the current experiment, two motion conditions similar
to those evaluated in (Ref. 16) will be considered. The roll
angle, for both cases, will therefore be filtered using a washout
filter of second-order:

Hφ(s) = Kφ

s2

s2 +2ζωφ +ω2
φ

(2)

The two MCA configurations used differ mainly in the
amount of phase distortion incurred by the washout filter. The
break-frequency ωφ of the baseline configuration was chosen
such to incur a phase lead of 30 degrees (ωφ = 0.36 rad/s ) at
1 rad/s, while the break-frequency for the second configura-
tion was increased such to incur 60 degrees (ωφ = 0.67 rad/s
) of phase lead. This is similar to the conditions investigated
in (Ref. 16). The scaling gain Kφ of both filters was chosen
sub-unity, with a value of 0.6 for the baseline configuration
and a value of 0.9 for the degraded configuration. The higher
gain for the degraded configuration was chosen such to com-
pensate for the larger attenuation at lower frequencies.

Finally, note that the degraded configuration, with a
stronger washout effect (i.e., larger phase lead at 1 rad/s),
also has an advantage over the baseline configuration used.

Namely, the gravity-induced false specific force cues, due to
cabin roll in the absence of lateral cabin motion (i.e., sway),
are lower in the degraded configuration. However, as stated in
the previous paragraphs, it is assumed that the degree of phase
distortion in roll dominates the perceived motion fidelity.

Dependent measures

As mentioned previously, the type of rating scale used is
treated as an independent experimental variable. This means
that any variation in the type of rating scale used constitutes
a separate experimental condition. The foreseen advantage
of treating the rating scale as such is that this prevents pi-
lots from consciously, or subconsciously, striving for consis-
tency in awarded ratings from the two scales for each pre-
sented combination of rotorcraft dynamics and MCA config-
uration. In this experiment, two rating scales were used: the
SFR scale (see Fig. 2) and the MFR scale (see Fig. 3). The
ratings awarded by the participating pilots using these scales
constitute the primary dependent measure collected during the
experiment. Given that task performance, here in the form of
maneuver execution time, is also a determining factor in both
of the rating scales used, measured task performance was also
recorded as a dependent measure.

Execution

With two configurations of rotorcraft dynamics, two MCA
configurations and two rating scales, the total number of ex-
perimental conditions equals eight. The eight conditions were
distributed over the four pilots according to a latin square de-
sign (see Tab. 2). In the table, the conditions are designated
by a letter (‘b’ for baseline or ‘d’ for degraded) signifying the
rotorcraft dynamics, followed by a number (30 or 60) signi-
fying the motion filter used and, finally, another letter (‘s’ for
SFR or ‘m’ for MFR) signifying the rating scale used.
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Table 2. Division of experimental conditions over the four
subjects.

Pilot Conditions
1 b30s d60m d30s d30m b30m d60s b60s b60m
2 b60m b60s d60m b30s d30s b30m d30m d60s
3 d60s d30m b60s b60m d60m d30s b30s b30m
4 d30m d30s b30m b60s d60s b60m d60m b30s

Prior to the start of the experiment, the pilots were briefed
and were given the opportunity to familiarize themselves with
the rotorcraft dynamics and task. In the briefing, pilots were
introduced to the two rating scales used in the experiment as
follows:

“For the SFR scale, the possible ratings pertain to
the attained task performance and the control strat-
egy that was applied. The less these differ from the
attainable performance and control strategy in the
actual aircraft, the better (that is, lower) should be
the awarded rating. For the MFR scale the same ap-
plies, however, here the possible ratings pertain to
the extent to which motion has contributed to attain-
ing the specified performance requirements. The
MFR scale also includes indicators that allow you
to communicate several specific motion cueing de-
ficiencies you may have perceived. You are encour-
aged to make use of these indicators, although it is
not explicitly required from you in the experiment.”

In addition to the briefing, the pilots were also given the op-
portunity to familiarize themselves with the specific terminol-
ogy used in the rating scales prior to the start of the experi-
ment. Other than these minor guidelines, pilots were granted
the freedom to interpret the rating scales in any way they
deemed appropriate. With regard to task execution, pilots
were instructed to perform the maneuver in one fluent motion
and to strive for optimal task performance in every trial.

During familiarization, pilots were allowed to perform trial
runs of the task only with the baseline configuration. This
was done so as to minimize the risk that pilots would learn
about the specific changes to be introduced in the simulated
environment prior to the actual experiment (e.g., by means of
“probing”). This could inadvertently influence the awarded
pilot ratings. The trial runs were repeated until the subject at-
tained at least adequate task performance, for at least two or
three times, and the subject felt confident that adequate per-
formance could be maintained.

In the actual experiment, pilots were given the opportunity
to repeat the maneuver three times for each experimental con-
dition before being asked to award a rating according to the
specified rating scale. This was done so as to limit within-
subject variability. The pilots were told which rating scale to
use after completion of the task. In case of doubt, inability, or
other extraordinary discrepancies noticed during the first three
runs, pilots were allowed to repeat the maneuver more often.
On average, pilots required four repetitions of the task before a
rating could be formulated. Task performance (i.e., maneuver

execution time) was measured manually using a stopwatch.
Any further comments provided by pilots during the experi-
ment were recorded.

Hypotheses

The current experiment was performed so that a better judg-
ment can be formed regarding the use of subjective fidelity
metrics as part of flight simulation fidelity assessment studies.
Specifically, the central premise that was tested is the abil-
ity of pilots to distinguish degradation of motion fidelity from
degradation of rotorcraft HQs. Therefore, it is of interest to
establish the extent to which SFR and MFR ratings vary with
different combinations of rotorcraft dynamics and the MCA.
Ideally, pilots are able to distinguish between the influence of
both subsystems based on ratings awarded from the SFR and
MFR scales. Therefore, the following hypotheses can be for-
mulated:

1. SFR and MFR ratings will degrade as both motion
cueing fidelity and rotorcraft HQs are degraded from
the baseline condition. Degraded motion cueing fidelity
and rotorcraft HQs are assumed to have a degrading ef-
fect on perceived fidelity when compared to the baseline
condition. SFR scale ratings are expected to diminish as
a result of increased pilot workload, following a degra-
dation of task performance and an expected adaptation
of the task strategy. MFR ratings will diminish because
the degraded motion cues are expected to no longer con-
tribute to enhanced task performance.

2. Degraded rotorcraft HQs combined with baseline
motion cueing fidelity will only result in improved
MFR ratings as compared to a condition with both
degraded rotorcraft HQs and motion cueing fidelity.
Degrading only rotorcraft HQs, while not degrading mo-
tion cueing fidelity, is expected to result in a degradation
of SFR scale ratings. Degraded rotorcraft HQs are ex-
pected to result in a significant control strategy adapta-
tion when compared to the baseline condition. The base-
line MCA configuration may still contribute to enhanced
task performance. In this case, motion may still help the
pilot to generate sufficient lead (Ref. 16). Hence, this
hypothesis effectively stipulates that the MFR scale is
not sensitive to changes in rotorcraft model fidelity and
therefore enables pilots to reliably express problems with
motion cueing fidelity.

3. Degraded motion cueing fidelity combined with base-
line rotorcraft dynamics will only result in improved
SFR ratings as compared to a condition with both
degraded rotorcraft HQs and motion cueing fidelity.
Similar to the condition with both degraded rotorcraft
HQs and motion, degrading only motion cueing fidelity
is expected to result in diminished MFR scale ratings. In
both conditions, motion is not expected to contribute to
enhanced task performance.
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In this condition, it is hypothesized that pilots will at-
tempt to actively ignore motion cues and rely mostly on
the available visual cues to optimize task performance.
This strategy results in a larger effective time delay of
the pilot and therefore in a lower task performance and/or
adaptation of the task strategy. Consequently, SFR scale
ratings are also expected to diminish but, since motion is
the dominant deficiency in this condition, not as strongly
as for the condition with both degraded motion cueing
fidelity and degraded rotorcraft HQs.

RESULTS

Maneuver phase portraits

The primary experiment results collected are pilot ratings and
measured task performance. However, during the experiment,
pilot control inputs and rotorcraft states were recorded as well.
Based on the latter, so-called phase portraits (Ref. 16) of the
task executed by the pilots were constructed. Phase portraits
depict the rotorcraft speed as a function of travelled distance
and provide an indication of the amount of variability in ap-
plied task strategy between subjects and experimental condi-
tions. Fig. 6 shows such phase portraits for the trial numbers
associated with the best attained task performances per sub-
ject and condition. The trial numbers and the associated task
performances are selected as a reference because they are as-
sumed to be the most dominant criterium upon which pilots
base the awarded ratings for a given condition. The vertical
lines shown in the figure designate the target region.

Several observations can be made from Fig. 6. It can be
seen that most subjects adopted notably different task strate-
gies across the experimental conditions presented. Subject 4
seemed to adopt the least aggressive strategy of all partici-
pants, while the phase portraits of this subject also show the
least variation over experimental conditions. Conversely, the
other subjects appear to adopt a more aggressive strategy and
also exhibit more variation in the resulting phase portraits.
More variability in the task trajectories between experimental
conditions and subjects also means that excitation levels of the
rotorcraft dynamics and, consequently, motion will strongly
vary between subjects and conditions. These differences can
have a strong effect on awarded pilot ratings. In the following
sections, the experimental results in terms of pilot ratings and
task performance are presented. In addition, a detailed review
of the most important pilot comments will be given.

Ratings and task performance

The awarded pilot ratings, together with the corresponding
task performances attained, are shown in Fig. 7 and Fig. 8
for the SFR and MFR scales, respectively. Note that, as ex-
plained previously, only best attained task performances are
considered. Both individual results for each subject as well as
the overall trends (using the median ratings) and spread calcu-
lated from the results corresponding to the first three subjects
are shown. The results corresponding to Subject 4 were not

taken into account in the overall trends and spread of the re-
sults because of the strongly differing task strategy applied by
this subject. Several interesting remarks about the results can
be made.

First, it can be seen that the overall SFR and MFR ratings
awarded for the condition with baseline dynamics and with a
motion filter that incurred the least amount of phase distortion
(b30) are very different. The same is true for the condition
with only degraded rotorcraft dynamics (d30). Also, while
subjects evidently disliked the condition with both degraded
dynamics and motion most (d60), degrading either dynamics
(b→d) or motion (30→60) produced less consistent results.
Subjects favoured the condition with only degraded dynamics
according to the SFR scale, while according to the MFR scale,
the baseline condition (b30) is preferred. This shows the ap-
parent difficulty in separating the influence of rotorcraft dy-
namics and MCA configuration on perceived motion fidelity.

Another interesting observation can be made regarding the
relation between awarded ratings and adopted task strategy.
Fig. 6 showed that Subject 4 adopted a relatively low-gain task
strategy as compared to the other subjects. At the same time,
however, the ratings awarded by this subject are in general
more favourable for each experimental condition than those
awarded by the other three subjects. This observation signi-
fies that variability in the adopted task strategy, in terms of the
excitation level of rotorcraft dynamics and motion, may in-
deed lead to large differences in perceived simulation fidelity.

In terms of the stipulated hypotheses, the following con-
cluding remarks about the overall results can be made:

1. For the case of the SFR scale ratings, the baseline condi-
tion (b30s) was the second-worst rated, where degrading
either motion (b60s) or rotorcraft dynamics (d30s) re-
sulted in a better rating. Only both degraded motion and
degraded handling qualities (d60s) result in a worst rat-
ing when compared to baseline. For the MFR scale rat-
ings, the baseline was the best rated condition. Degrad-
ing either motion (b60m) or handling qualities (d30m)
resulted in worst ratings, while degrading both motion
and handling qualities (d60m) resulted in the worst rat-
ing. As such, the first hypothesis can be confirmed, in
that both SFR and MFR ratings degrade when both mo-
tion and handling qualities are degraded.

2. The results indicate that the condition with only degraded
rotorcraft dynamics received both improved SFR and
MFR ratings, the improvement in the SFR ratings ap-
pearing stronger than the improvement in MFR ratings.
Thus, subjects actually preferred the condition with de-
graded rotorcraft dynamics and therefore the second hy-
pothesis must be rejected.

3. As compared to a condition with both degraded motion
fidelity and rotorcraft dynamics, a slight improvement in
both SFR and MFR ratings was observed for the condi-
tion with only degraded motion. In addition, it can be
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Fig. 6. Phase portraits for each experimental condition and subject.
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Fig. 7. SFR ratings (left) and corresponding task performances (right).

Fig. 8. MFR ratings (left) and corresponding task performances (right).
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seen that both SFR and MFR ratings improved by ap-
proximately the same degree. A stronger degradation of
MFR ratings as compared to SFR ratings could not be ob-
served and therefore the third hypothesis is also rejected.

In summary, it seems pilots are indeed sensitive to changes
in rotorcraft dynamics and changes in the configuration of the
MCA. However, attempts to separate the contributions of ro-
torcraft HQs and MCA configuration on perceived fidelity, us-
ing the SFR and MFR scales, proved unsuccessful.

Pilot comments

During the experiment, the pilots were encouraged to support
their awarded ratings with comments. An extensive report of
the individual pilot comments can be found in the appendix to
this paper. Here, the main findings are summarized.

The overall trends observed from the comments are that
subjects seem to adequately perceive and communicate the
deficiencies pertaining to rotorcraft dynamics (e.g., lateral
damping, high inertia, sluggish, etc.) and motion (e.g., lag,
latency, overshoot, etc.). At the same time, however, it is also
observed that the subjects sometimes pointed out deficiencies
in motion, while in fact only rotorcraft dynamics were modi-
fied. This is in agreement with the trends found in the awarded
SFR and MFR ratings. Nonetheless, some pilot comments
also seem to contradict the awarded ratings at times. For
example, one subject noted that no change in task strategy
was perceived when transitioning between two conditions, but
awarded different SFR ratings for the two conditions nonethe-
less. Similarly, another subject assigned ratings to conditions
that suggest no particular deficiencies were perceived, while
the subject’s comments suggest otherwise.

DISCUSSION

The results presented in preceding sections give rise to sev-
eral interesting observations. From inspection of phase por-
traits (see Fig. 6), it seems that the subjects’ task strategy
varies strongly across the different experimental conditions
presented. In particular, the aggressiveness and agility with
which the task is completed is a measure of the observed vari-
ety in the corresponding maneuver phase portraits. The more
mild the task strategy of the subject, the lesser the observed
variety in the phase portraits.

Based on the awarded pilot ratings, it appears that the sub-
jects are able to discern strong degradations in the simulated
environment. In particular, conditions with both degraded ro-
torcraft dynamics and motion were rated worst overall with
both rating scales used, as hypothesized. On the other hand,
conditions in which only one of the two simulation character-
istics was degraded produced inconclusive results. It seems
pilots preferred the condition with only degraded rotorcraft
dynamics in terms of the SFR scale, while preferring the base-
line condition in terms of the MFR scale. The former result,
however, can be explained based on pilot comments. These
indicate that pilots generally perceived the lateral drag of the

rotorcraft to be too strong. The more agile characteristics of
the rotorcraft in the condition with only degraded dynamics is
thought to somewhat alleviate the sluggish characteristics of
the rotorcraft in the baseline condition. The fact that the con-
dition with degraded dynamics is rated worse than baseline
in terms of the MFR scale shows the difficulty in separating
the influence of rotorcraft dynamics and MCA settings when
assessing motion fidelity. An explanation for this difficulty
can be sought in the apparently ambiguous interpretation of
what constitutes “good” motion cues. On the one hand, mo-
tion cues help the pilot to recognize deficiencies in rotorcraft
HQs, thereby serving as a “window” to actual flight. There-
fore, poor motion cues could also mask deficiencies in rotor-
craft HQs. On the other hand, even poor motion cues in the
presence of deficiencies in rotorcraft HQs could provide valu-
able feedback to the pilot and may therefore be perceived as
beneficial to task performance.

The collected pilot comments also contribute to a better
understanding of the subjects’ perception of the deficiencies
introduced in the simulated environment. In general, the par-
ticipating pilots were able to provide valuable feedback re-
garding the specific deficiencies introduced in the simulated
environment. However, these deficiencies in some conditions
were attributed to the wrong subsystem (e.g., simulator mo-
tion instead of rotorcraft dynamic model). Also, several con-
ditions with inconsistencies between comments and ratings
were identified. In the current experiment, pilots were deliber-
ately unchallenged in formulating their ratings and comments
regarding the fidelity of the simulated environment. In future
experiments, one could consider challenging pilot ratings and
comments in case inconsistencies are observed, thereby al-
lowing a potentially more balanced opinion to be formulated.
This should be undertaken with caution, however, in such a
way as to not introduce observer bias in the results.

In the awarded pilot ratings, a strong between-subjects
variation was also observed. For example, the baseline con-
dition was both the best and the worst appreciated condition
when inspecting the ratings on a per-subject basis. Also, one
subject who adopted a relatively mild task strategy awarded
significantly more favourable ratings than the remaining sub-
jects who adopted a more aggressive task strategy. This shows
that possibly a relation between the rotorcraft dynamics on
the one hand and task performance specifications on the other
hand exists. Task performance criteria that force pilots to
adopt a more aggressive task strategy, thereby “pushing” the
rotorcraft model up to and beyond its region of validity are
likely to result in generally poor fidelity ratings. To obtain
meaningful results, it is therefore crucial to take this intricate
relationship into account in the design of future experiments
for simulation fidelity assessment studies. This could mean
that equivalent ADS–33E task performance criteria have to be
defined for simulator-based experiments, taking into account
rotorcraft model and simulator centred limitations (e.g., vi-
sual and motion). On the other hand, once such criteria are
defined, it is important to enforce them during experiments by
motivating subjects to adopt a more aggressive, or less aggres-
sive strategy, based on their attained task performance.
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Even though pilots were given the opportunity to repeat the
maneuver multiple times in each experimental condition, no
repeated trials of the experimental conditions were performed.
This means that it was not possible to evaluate within-subject
consistency in the awarded ratings per condition. Naturally,
it is also of interest to repeat the experiment outlined in the
current work with a larger number of pilots and, possibly, for
more comprehensive configurations of the rotorcraft dynam-
ics and MCA.

CONCLUSION

Subjective evaluations made by qualified pilots remain the pri-
mary means for the certification of flight simulators. The aim
of this study is to assess the effectiveness of the subjective
metrics available as indicators of flight simulation fidelity and,
consequently, the ability of operational pilots to use such met-
rics to distinguish between changes in the rotorcraft dynamics
and motion cueing algorithm. In this study, two subjective
metrics, namely the Simulator Fidelity Rating (SFR) and Mo-
tion Fidelity Rating (MFR) scales, were evaluated.

The obtained results have exposed several interesting find-
ings. For example, there is some evidence that changes in
SFR and MFR ratings are inconsistent between the experi-
mental conditions evaluated. Also, while the participating
pilots seemed able to recognize a large degradation in both
rotorcraft dynamics and motion, degrading either one of these
characteristics yielded less conclusive results. Pilot comments
in support of the awarded ratings suggest that pilots are able
to perceive and identify crucial characteristics of deficiencies
in the simulated environment. However, the awarded pilot
ratings and supporting comments were not always found to
be in agreement with one another. A strong relation between
the adopted task strategy and awarded ratings was also identi-
fied, where a less aggressive task strategy was found to result
in more favourable ratings. This relation suggests that task
performance criteria should be tailored more towards the lim-
itations inherent in the rotorcraft dynamics model and other
simulator properties (e.g., motion). Once defined, these per-
formance criteria should be enforced in future experiments.
Finally, pilots themselves could be challenged more strongly
in case inconsistencies in ratings and comments are observed.
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APPENDIX

Pilot comments

Subject 1 The subject noted during b30s that overshoot both-
ered him and that it felt worse in conditions d60s, noting it
felt “more like sitting in a rocking chair”. During d60s, pi-
lot also indicated he noticed no adaption of control strategy
between conditions, even though the ratings between the con-
ditions differ. b60s was described as feeling a little better than
d60s. During condition d30s, pilot noted that in reality, a less
aggressive strategy would be adopted and that it would be eas-
ier to level off towards the end of the maneuver. This is some-
what consistent with this subject’s comments during condition
b30s.

In condition d30m, the subject commented that motion felt
better than prior condition d30s and that the “g-force” felt bet-
ter; pilot still noted motion seemed to “lag” too much. He also
emphasized the importance of timing control inputs to miti-
gate overshoot as much as possible. During conditions b60m
and d60m, pilot provided the indication “R” in conjunction to
the MFR rating, indicating the motion deficiency “return to
neutral”. During condition b60m, pilot commented that mo-
tion seemed to level out slower than in reality.

Subject 2 During the training trials with the baseline condi-
tion, the subjected noted that motion seemed to lead visuals
and that the lateral velocity of the helicopter diminished too
fast after levelling out. In a later training trial, however, this
pilot noted that lateral motion seemed to “continue” while be-
ing confident that the helicopter was stable. The subject at-
tributed this peculiarity to the tail rotor. During condition
b30s, the pilot remarked on the high workload required in lev-
elling out the helicopter, noting in particular the “high inertia”
and the need for a “jerky” deceleration to hover. During con-
dition b60s, the pilot again noted that the velocity built up was
lost too quickly after levelling out. During condition d30s,
the pilot remarked that it felt like he was “flying a different
helicopter every time”. The pilot noted that d30s, however,
seemed to react more promptly to cyclic inputs and was there-
fore easier to control and level out towards the end of the ma-
neuver. During d60s, pilot noted that motion felt exaggerated
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and distracting, but otherwise “pleasant” to fly. The awarded
SFR ratings in favour of degraded rotorcraft dynamics with
baseline motion therefore seem consistent with the provided
comments, in that the pilot preferred the more agile rotorcraft
dynamics in condition d30s.

The subject furthermore perceived motion in condition
b30m to be too strong, but still realistic. In addition, the
subject noted fidelity diminished for a more aggressive con-
trol strategy and seemed to improve when a less aggressive
strategy was adopted. During condition b60m, the pilot com-
mented on a “noticeable Coriolis effect” and noted he was
“actively ignoring motion”. In addition, the pilot noted mo-
tion seemed to “tilt” too much, noting exaggerated “leans”
and provided the indicator “M” (for mismatch cues). Condi-
tion d30m was deemed “realistic” by the pilot, except toward
the end of the maneuver where motion seemed to “overshoot“
in the “wrong direction”. The “flight model”, however, felt
“pleasant”. Here, it clearly appears that a change in rotorcraft
dynamics was perceived by the pilot as a change in motion.
During condition d60m, the pilot noted that motion seemed to
“overcompensate” and “overshoot”. Indicators “M” (for mis-
match cues) and “O” (for onset cues) were provided as well,
with the additional comment that motion seemed to “lag” and
“overshoot”.

Subject 3 During training sessions, the subject noted that the
helicopter lost lateral velocity too quickly as compared to the
real helicopter. During condition b30s, pilot noted that ade-
quate performance could be attained with more trials, but pro-
vided a rating of 10 because adequate performance could not
be achieved on the basis of the four opportunities given. Dur-
ing condition d30s, the pilot noted that control inputs had to be
given “more in advance” and that “anticipation for overshoot”
(i.e., lead) was required. Similar comments were given dur-
ing condition b60s, where the pilot also noted that the applied
task strategy bared resemblance to what would be required in
a Huey (Bell UH-1) helicopter. During condition d60s, the pi-
lot remarked that the experience was “significantly” different
from the real helicopter and that, in hindsight, the pilot would
“maybe” improve the rating awarded in the previous condition
(b60s) from a value of 7 to a value of 6.

During condition b30m, the pilot noted motion matched
“reasonably well”, but during levelling out of bank the pilot
commented on mismatch (“out of phase”) in motion. Con-
dition d30m felt notably different to the pilot, again resem-
bling the Huey helicopter and noting that more anticipation
was required due to an apparent “lag” in inputs. The pilot
therefore provided indicator “L” in conjunction with motion
rating, indicating latency. Condition b60m was received by
the pilot with the comment that it would “be a good one for
PIO”, although a significant adaptation in control strategy was
“not necessary”. The pilot also noticed that motion “contin-
ued somewhat longer”, but did contribute to the “overall feel-
ing”. The indicator “L”, signifying latency, was again pro-
vided. During condition d60m, the pilot seemed to notice that
motion moved in an opposite direction to control inputs. The
pilot also expressed doubt in providing indicators “R” and/or

“M” (for return to neutral and mismatch cues). In this condi-
tion, the pilot also noted that motion seemed “50% useful and
50% distracting”. Initial cues to control inputs seemed “OK”,
but during levelling out a significant mismatch was perceiv-
able.

Subject 4 During training sessions, the pilot remarked that
the helicopter seemed “supersensitive” and seemed to act “op-
posite to inertia”, meaning it was much more sensitive at low
movement rates than at high movement rates. Baseline condi-
tion b30s was complimented with having “by far the best cor-
relation with actual helicopter” and that the response to con-
trols seems “on the spot”, adding that “if training in the sim,
best transfer [to real helicopter] would be obtained”. With
degrading dynamics (condition d30s), the pilot noted that a
minimal adaptation of control strategy was required, but that
motion appeared to be “exaggerated” and that “from pressure
on body” it seems like “flying faster than previous condition”
(d30m) and that motion “feels like going faster than it looks”.
Here, it again seems that a pure change of rotorcraft dynamics
is perceived by a subject as a degradation of motion fidelity. In
condition b60s, the pilot noted that “in between crosses” the
experience felt “very similar” and that the motion also “feels
realistic”. However, upon approaching the cross, the pilot
noted that motion felt “very deceiving” and that the response
to controls “seems exaggerated”. The diminishing rating was
therefore attributed to the motion and it was added that an
adaptation of control strategy was noticeable from the first
trial to the second trial. Degradation of both rotorcraft dynam-
ics and motion in condition d60s resulted in the pilot noticing
a “big difference with this one”, elaborating that “propriocep-
tive cues upon bank” seemed “bigger than what appears from
visuals”. Also, for the “same” bank angle, motion seemed to
“feel stronger” than visuals. However, the pilot added that this
observation may have been due to “pre-conditioning in earlier
experimental conditions”.

During condition b30m, the pilot noted that the sensation
[of motion] “matched visual very well” and that it ”overall
felt very normal”. The subject also added that “others
conditions felt very simulator-like, this one felt more like the
real thing”. During condition d30m, the pilot only mentioned
that motion “felt close to real flight”. During condition b60m,
the pilot noted that “overwhelming majority felt normal”, but
“close to hover at banks, motion feels exaggerated”. Finally,
during condition d60m, the pilot noted that it felt “very real”,
with the “caveat” being that “motion and sim” feels too
responsive upon initiating maneuver, adding it “happens too
fast”. However, the “visual with motion” felt “very good” in
this condition.
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