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ABSTRACT

Fidelity is a fundamental concept for crucial decision-making processes during engineering design, test and evaluation
of aircraft and rotorcraft. Fidelity, as applied to rotorcraft, proves to be a prerequisite for most human factors research
and simulator development programs. This paper reviews the concept of fidelity, its metrics and methods concentrating
on rotorcraft applications. The paper stems from the Applied Vehicle Technology (AVT) Panel of the NATO Science
and Technology Organization (STO) work of NATO AV-296 concentrating on recent advancements on rotorcraft
flight simulation model fidelity prediction and assessment. Starting from the question of what is meant with the term
simulation fidelity, the paper will demonstrate that even though the term fidelity can be loosely translated as simulation
goodness or faithfulness to reality, when it comes to fidelity assessment, this concept has a multidimensional and
multifaceted character depending on the configuration considered. A key message of the paper is that simulation
fidelity should be decomposed in different dimensions and attributes with their own metrics. Using multiple fidelity
metrics is therefore meaningful for assessing simulation fidelity in general and in particular for the case of rotorcraft.

1. INTRODUCTION

Throughout the life cycle of any rotorcraft, flight dynamics
simulation models are developed and used for different
purposes such as: aircraft design analysis, control system
design and development, and simulator qualification.
Simulation fidelity of such models remains the key for
success in application as this enables: 1) increased confidence
in predictions of aircraft behavior to inform the design
processes; 2) increased efficiency and safety of flight
envelope expansion during development process (including
through life support); 3) cost and time savings during
qualification and certification processes and 4) more effective
and efficient pilot, crew, and mission training.

The Applied Vehicle Technology (AVT) Panel of the NATO
Science and Technology Organization (STO) has recently
engaged the rotorcraft industry, research laboratories and
universities through the NATO AV-296 Research Task Group
(Tischler et al., 2021) on the topic of “Rotorcraft Flight
Simulation Model Fidelity Improvement and Assessment”.
The focus of this group was mainly on developing and
documenting various system identification methods for
updating flight dynamics mathematical models with flight
data. One of the activities performed within NATO AVT-296
consisted of understanding the methods and metrics used for
simulation fidelity assessment as suitable for the final intent
of the model. The goal of the present paper is to review the
concept of fidelity and define the methods and metrics to be
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used for rotorcraft simulation fidelity. Questions will be
answered such as:

e what is model fidelity and why is this needed,

e how to measure simulation fidelity and what are
common metrics,

e what is the process of qualifying the fidelity of
helicopter simulators,

e how to assess the simulator motion cueing fidelity,

e what are the connotations for the term fidelity in the
context of flight simulation and how can these be
assessed?

Section 1.1 introduces the concept of simulation fidelity
showing its multifaceted significance. Section 2 introduces
different metrics and methods that can be used to quantify
simulation fidelity. In this sense, the concept of integrated
cost functions as metrics in the frequency and time domains
for assessing the fidelity of a simulation model are introduced.
Also, the ValCrit-T and ValCrit-F validation criteria for
assessing the simulation model fidelity are presented in this
section. Section 3 presents the concept of Maximum
Unnoticeable Added Dynamics (MUAD) and Allowable
Error Envelopes (AEE) are introduced for determining 1)
whether the math model is adequate or 2) if a simulation
facility is adequate to accomplish proposed evaluations.
Section 4 moves towards the simulation fidelity as related to
a simulator device, concentrating on the definition, cueing
and motion cueing fidelity as part of simulator device
acceptance. Motion cueing metrics are herein reviewed, e.g.
the Sinacori/Schroeder boundaries and the Objective Motion
Cueing Test (OMCT). Section 5 discusses simulator predicted
fidelity reviewing the Qualification Test Guide Performance
Standards (QTG) for simulator qualification as a training
device. Section 6 discusses perceptual fidelity presenting the
concept of Simulation Fidelity Rating (SFR) scale for
evaluating the fidelity of a simulation device for flight
training. Section 7 presents methods for assessing the overall
simulator fidelity based on handling qualities engineering.
Finally, concluding remarks on the concept of fidelity and its
metrics as used for rotorcraft applications end the paper.

1.1 Fidelity: A Multifaceted and Multi-
dimensional Concept

Today, simulation is becoming the primary tool for crucial
decision-making processes during engineering design, test
and evaluation of new systems, safety-critical systems, and in
training of people operating these systems. With increasing
reliance on simulation results, it is important to know the
validity and credibility of simulation results, or in other
words, the simulation’s fidelity. Indeed, fidelity is one of the
most important concepts of any model or simulation
development, and it is also one of the main cost-drivers of
aircraft development. As a general rule, the higher the fidelity
the more time and resource consuming the simulation
development is. Thus, being able to state what level of fidelity
is exactly required avoids unnecessary investments,

superfluous  simulation and unusable

simulations.

components,

When trying to define fidelity in the context of aerospace, it
appears that this concept has a multidimensional and
multifaceted character depending on the application
considered. A wide wvariety of interpretations and
connotations are encountered in the literature, a representative
sample of terms include such things as: validity, accuracy,
error, granularity, resolution, precision, tolerance, verification
and quality.

Firstly, the notion of fidelity can be related to the dynamics of
the aircraft/rotorcraft i.e. predictive fidelity. In this sense,
simulation fidelity belongs to the area of validity (accuracy)
of a system’s modeling.

Secondly, the notion of fidelity can be related to the flying
qualities and handling qualities of the aircraft/rotorcraft.
Historically, the first conversations about fidelity in aviation
started in this area. Herein, NASA’s Ad Hoc Advisory
Subcommittee on Avionics, Controls, and Human Factors
(1979) defines fidelity as “the degree to which characteristics
of perceivable states induce realistic pilot psychomotor and
cognitive behavior for a given task and environment.” Fidelity
in this sense relates primarily to the effect upon the pilot—not
to the effective aircraft dynamics—although both aspects are
necessarily involved.

Thirdly, the notion of fidelity can be related to the ground-
based flight simulation. Herein, the definition of fidelity is
even more challenging: the terms of fidelity and cueing are
often used together, their meaning interweaving with each
other and onto other simulator characteristics. Definitions
characteristics for the term fidelity in the context of a
simulator include terms such as: equipment fidelity,
environmental fidelity, task fidelity, functional fidelity,
attribute fidelity, concrete fidelity, abstract fidelity, objective
fidelity (also known as predictive fidelity, physical fidelity),
subjective  fidelity (perceptual fidelity, psychological/
physiological fidelity). This variety of terms illustrates that
fidelity is a difficult concept to attain agreement on,
particularly when one considers the various levels of fidelity
that may be present within the same simulator depending on
the task performed.

2. FIDELITY METRICS FOR
ROTORCRAFT FLIGHT DYNAMICS
MODELLING

The most straightforward description of simulation fidelity is
the one related to the system’s dynamics. Fidelity (in the
viewpoint of verification and validation) of vehicle physics is
achieved in a straight-forward manner — by directly
comparing simulation predictions with acquired flight test
data from the real aircraft. Herein, verification can be related
to the question whether the model do what it intends to do. As
opposed to verification, validation asks whether the model is
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correct (Mihram, 1972). For fidelity as related to flight
dynamics applications, single integrated metrics are useful
measures of the overall fidelity (precision) of the simulation
model and quantify the simulation fidelity of a model. The
frequency-domain metric J,,. indicates the overall integrated
cost function based on the comparison of the simulation
model and flight-test frequency responses. The time-domain
metric /s indicates the overall integrated cost function for
responses to a control input.

2.1 Model/Flight Data Mismatch and
Integrated Cost Functions

2.1.1 Frequency-Domain Integrated Cost Function, J,,.

A frequency-domain metric useful for assessing the fidelity of
a simulation model frequency response as compared to flight
test data for a single input/single-output (SISO) frequency
response pair (e.g2. p/6, q/6., etc.) at a particular flight
condition was originally proposed by Hodgkinson and fully
covered in Hodgkinson (1998) based on the weighted sum of
magnitude and phase squared errors:

on (1)
20 -
N UA (AR

+ W, (2T, — 2T)?]

where:

[ = magnitude (dB) at each frequency w

4 = phase (deg) at each frequency w

ng, = number of frequency points (typically

selected as n, = 20)

w; and wy, = starting and ending frequencies of
fidelity assessment (typically covering 1-2 decades).

By selecting the n,, frequency points wq, w,, ..., W,  with a
uniform spacing on a log-frequency scale (rad/s), the fidelity
metric or cost (J) well reflects the error as displayed on the
Bode plot.

W and W, are the relative weights for magnitude and phase
squared-errors. The normal convention from USAF MIL-STD-
1797B (2006) is to use the values W, =1.0 and W, =
0.01745. This choice of weighting means that a 1-dB
magnitude error is comparable with a 7.57-deg phase error.
However, the fidelity metric is largely insensitive to the exact
choice of these weighting values.

Tischler and Remple (2012) also included function W, to
weight the fidelity metric more heavily when the flight data are

more reliable as determined from the coherence function at
each frequency w:

W, (w) = [1.58(1 — e™V¥)]? )

For a coherence of yxzy = 0.6, this function reduces the weight
on the squared errors by 50%. As a guideline for simulation
fidelity and based on extensive experience, Tischler and
Remple (2012) propose that a cost function of

Guideline: ] < 100 3)

generally reflects an acceptable level of accuracy for flight-
dynamics modelling and reflects a good simulation model
response for rotorcraft. A cost function of J < 50 can be
expected to produce a model that is nearly indistinguishable
from the flight data in the frequency domain and time domain.

Tischler and Remple (2012) generalized the SISO cost function
for a multi-input/multi-output (MIMO) matrix of output/input
frequency response pairs for the simulation model T(s) and
flight data T,. The associated overall fidelity metric at the same
flight condition is a direct extension of the SISO formulation of
Equation (1) and is now simply the summed cost for the ntg
transfer functions:

nTF Ong @)

20 N
J= Z @wz W, (W, (|T,| - IT])?

+ W, (2T — 2T)%]

l

In most cases, the matrix of flight-test responses will not have
good data for several of the theoretically possible input-to-
output combinations, as indicated by poor coherence for the
entire frequency range of interest. Such responses are dropped
entirely from the cost function. So only a subset nyg of the
frequency-response pairs will be included in the cost function.
The frequency-response pairs retained in the identification are
denoted by T;, / =1, 2, 3, ..., nyg. The choice of frequency-
range (wq, Wy, ) is made separately for each response pair T;,
corresponding to that pair’s range of acceptable coherence.

The accuracy of a system identified model is best characterized
by the average overall cost function or integrated cost function:

_J )
]ave - nTF

The weighting functions W), W,, and W, all retain the same
definitions as in the SISO formulation and are evaluated at each



frequency point (wq, w,, ..
response pair T;.

., Wgn, ) for each frequency-

The interpretation of the MIMO fidelity metric extends directly
from the SISO case, where an overall average cost function that
achieves

Guideline: [,y < 100 (6)

generally reflects an acceptable level of accuracy for flight-
dynamics modelling and is typically used rotorcraft model
fidelity. Some of the individual cost functions, especially for
the off-axis responses, can use the guideline of

Guideline: ], < 150 to 200 7

without resulting in a noticeable loss of overall predictive
accuracy.

2.1.2 Time-Domain Integrated Cost Function, J, ¢

The time-domain integrated cost function J.,s is useful for
assessing the predictive accuracy for a short-term doublet input,
typically about 5-10 sec. The simulation response is determined
from direct numerical integration of the equations of motion of
the simulation model using measured control inputs from the
flight data. The simulation model outputs are compared with
the flight-data measurements and should not include
reconstructed signals. The integrated time-domain cost
function is determined from Tischler and Remple (2012):

]rms = \/(nt-lno) Z?:tl[(ydata - y)T(ydata - y)] (8)

where

Vdata = time-history measurement vector from the flight data

y = simulation model time-history response vector

N = number of time-history points in the time history data
record

Ny = number of outputs (measurement signals) in the time

history vector, y

A good rule of thumb is to select the units of the measurement
vector for SI units as

deg, deg/sec, m/sec, m/sec? )
and for Imperial units as

deg, deg/sec, ft/sec, ft/sec? (10)

Experience shows that a J,,s value in the range of Tischler and
Remple (2012)

Guideline: J.ms < 1.0 to 2.0 (11

generally reflects an acceptable level of accuracy for flight-
dynamics modelling when the error function is calculated based
on the units of Equation (9) or Equation (10).

2.2 ValCrit-T and ValCrit-F Criteria

The Group for Aeronautical Research and Technology in
Europe (GARTEUR) has supported a number of collaborative
activities aimed at improving the predictive capability of
rotorcraft modelling. One of the main objectives of GARTEUR
HC/AG-06 on “Mathematical Modelling for the Prediction of
Helicopter Flying Qualities” [Padfield et al. (1996)] and
GARTEUR HC/AG-09 on “Mathematical Modelling For The
Prediction Of Helicopter Flying Qualities” [Haverdings et al.
(2000)] was to derive new criteria and validation methods to
better quantify modelling fidelity (https://garteur.org/technical-
reports/). ValCrit-T and ValCrit-F metrics in the time domain
and respectively frequency domain were developed within
GARTEUR HC/AG-09 to detect statistically the differences
between simulation model and flight test data that might be
missed by engineering judgment alone. These metrics stem
from the Chi-square statistics (pronounced with a hard ch as in
“character”) [Snedecor and Cochran, 1989]. The chi-square
statistic is a goodness-of-fit test and gives how well the actual
results match the expected results. This is done by comparing
the size of any discrepancies existing between the expected
results (flight test data) and the actual results (model data).
GARTEUR HC/AG-21 on “Rotorcraft Simulation Fidelity
Assessment Predicted and Perceived Measures of Fidelity”
[White et al. (2020)] applied ValCrit-T parameter to the
problem of helicopter simulator validation according to the
Qualification Test Guide (QTG) tolerances (see also section 4
on QTG).

Note that there is a correlation between the frequency-domain
and time-domain integrated cost functions as presented in the
previous section and the ValCrit-F and ValCrit-T metrics
defined in the chi-square statistic. The cost function is also a
measure of how well the simulation model is performing and
this is achieved by measuring the distance between the
predicted value y and the actual value yaaw. In this sense, J,ye »
Eq. (4) and J.ns,Eq. (8) can correlate with ValCrit-F and
respectively ValCrit-T through their statistical p-value.

2.2.1 ValCrit-T Parameter in the Time Domain

Consider a single response measurement and simulation data to
be compared over N discrete time samples. The model error at
each sample can be defined as:

81' = 'xdata (tz) - 'xmodel (tz ) - xbias (tz) (12)



wherein &; is the model error at each sample, X, (tl.) is the

data of the measurement (flight test data), X (tl.)is the

model
output state from the model prediction and X, (l‘l.)is a bias

correction that can be applied to the response. A weighted
average of squared errors over all samples can be defined in the

variable Z, corresponding to the allowed inaccuracy of the
data [Haverdings et al. (2000)]:

ZT2 (ti) = %[f(tz) - 'i:model(ti) - fhm.vjr'\)(rl (ti) : [';C(ti ) - )?mode/ (ti ) - fbm ]

Matrix allowing for the
weighting of the
difference between
model and
measurements

. 2
X, = dzag|_crn. J
X is set equal to the

measurement error
covariance

bias correction
that may be
applied

p-dimensional
state vector
(measurements)

output state vector
from the model
prediction

(13)

Herein X is a p-dimensional state vector (obtained from the
measurements or from the model) and X7 allows for the time-
varying weighting of the difference between model and
measurements. One choice for the X7 matrix is to set it equal to
the measurement error covariance, matrix X; in (13). The

variable Z, can be regarded as a normal variate, with zero

mean and unit variance, and may be considered as a closeness-
of-fit parameter.

A validation criterion in the time domain can be defined which
consists of a “performance” scalar J, , the so-called ValCrit-T

parameter, with the following function:

N
ValCrit-T = J, =%Z Z: (1) (14)
i=1

where N is the number of time samples considered. For the
response of a k parameter of a simulation model the ValCrit-T
value corresponds then to:

lN
J,o=—) eXe, (15)

X, matrix becomes the identity matrix in the simpler case

when unity weight is given to each sample. The single ValCrit-
T value of eq. (15) reduces then to the average square error:

&’ (16)

N
Jk :L i
N3

When p responses of the simulation model are considered, the
ValCrit-T value becomes the aggregate value over all these
responses:

1< 1 &
ValCrit-T =J, ==Y J, =——>. Y &, X,
» :

(17)

Consider next the set error samples &; as a set of N normal

random variables. It follows that the term J,pN can be

interpreted as a simulation error statistic that can be tested
against a chi-squared distribution with pN degrees of freedom,

2 - .
denoted as ¥ N - The statistical significance of that error can

. . . 2 .
be assessed by comparing it with a Xon function’s

corresponding p-value, Figure 1.

1-p X3y Cumulative Distribution Function
0.99
0.95
0.9
0.5
0 Jr
Excellent /
ValCrit-T Good
Boundaries
Moderate
Poor
p-value Model quality
025 Excellent (insignificant error)
0.1 Good
0.05 Moderate
0.01 Poor (significant error)

Figure 1. Test for statistical significance of ValCrit-T
metric and their p-value for levels of simulation error as
proposed in GARTEUR HC/AG-09 [Haverdings et al.
(2000)].

Hypothesizing that the test statistic J,pN represents an
insignificant simulation error, then this hypothesis is falsified if
J; PN exceeds the value of z corresponding to a given

threshold 1— p of the ;(;N cumulative distribution function.

The values of p for four qualitative levels of simulation error

as recommended in GARTEUR HC/AG-09 [Haverdings et al.
(2000)] are listed in Figure 1. GARTEUR proposed boundaries
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for the Jr (cumulative) and Z (instantaneous) functions based
on statistical tables for Chi-square distribution. In this sense,
ValCrit-T can be seen as a generalization of the integrated cost
function.

2.2.2 ValCrit-F Parameter in the Frequency Domain

The same as ValCrit-T in the time domain, in the frequency
domain, GARTEUR HC/AG-09 introduced a very similar
validation criterion, the so-called ValCrit-F parameter:

N
ValCrit—-F = J , =%ZZ§((0 (18)
i=1

where the variable to be summed in the frequency domain is:

Z, (w)—f[g(w) Groa (@)= 8| X, (@) [8(0) = Groa (@) = G |+

%(w)%ﬁ(m A ] X(\r\%m Frnia @)~ |

Matrix allowing for the
bias correction for
magnitude and
phase that may be
applied

weighting of the
difference between
model and

p-dimensional
state vector for
magnitude and

output state vector in
magnitude and phase
from the model

prediction measurements

phase -
(measurements) magnitude and phase

X, = diagl’ |

X is set equal to the
measurement error
covariance

(19)

As such one may specify statistical boundaries for J F to
exceed a certain value, and hence to have a certain model
quality, because J . exactly as J, relates to the Chi-squared
statistic as follows:

ValCrit-F = J, (20)

= Z Xe (@
V izl
where V = pN is the number of degrees of freedom. Exactly

as for the J -, the corresponding values for J . can be derived

for defined values of probabilities of exceedance. Quality-of-fit
indicators related to exceedance values of o are excellent
(0=0.5), good (a. =0.1), moderate (. =0.5) or poor (a0 =0.01),

see Figure 1. The values for Z, are based on a two-tailed

probability, as Z  may be both positive and negative, i.e. the
null-hypothesis tested is:

H{Z >gorZ, <—g
H{Z.>¢orZ,<—¢}=

Ho|z,|> g}

e
Hy{Z:[> 4}

For the frequency domain, GARTEUR HC/AG-09 used for
each frequency a maximum allowable error of 10 percent (95%

percentile) of the gain and 20 degrees error (also 95" percentile)
in phase angle, i.e.:

Xgl, (a)) = (01X1645)dlag Lgmodel (wi)g;odel (wl)J
X,()=3.183
(22)

The factor of 1.645 in eq. (22) stems from conversion of the
95" percentile value to standard deviation.

3. FIDELITY METRICS FOR
ROTORCRAFT HANDLING QUALITIES

The development of the Maximum Unnoticeable Added
Dynamics (MUAD) stems from the concept of equivalent
system approach [Hodgkinson (2005)]. With the introduction
of highly-augmented aircraft in the late 80s, difficulties arose
in the flying qualities analysis. Classical flying qualities
standards defined for classical flight dynamics could not be
used anymore due the higher-order effects of the augmented
aircraft. To cope with these higher-order dynamics, lower-
order equivalent systems (LOES) were developed to
approximate the higher-order system (HOS). The equivalent
system approach meant that the actual aircraft dynamics had
to satisfy flying qualities requirements in terms of “equivalent
classical systems which have responses most closely
matching those of the actual aircraft” (Mitchell et al., 2004).
One of the challenges of using the lower order systems was to
determine what acceptable levels of mismatches were
between the LOES and HOS.

3.1 Maximum Unnoticeable Added Dynamics
(MUAD)

The overlay of flight-test and simulation frequency responses
is a direct and efficient means to validate model fidelity and
assess model improvements. After making modifications to
the simulation model, the comparison is repeated to determine
whether the validity of the model has been improved. The
simulation model accuracy for each frequency response pair
can also be characterized in terms of the error response
function €,0qe1 (f) defined as:

€model (f) = T(f)/Tc(f) (23)

where the frequency response for simulation denoted as T, and
the associated flight-test data frequency response is denoted as
T, [Tischler and Remple (2012)]. In terms of the magnitude
(dB) and phase (deg) responses,

Magerr(f) = (|T| - |Tc|) (24)

Phaseerr(f) = (LT - LTC) (25)



where an error function with 0-dB magnitude and 0-deg phase
indicates perfect tracking of the flight and simulation results.
The magnitude and phase of the error response functions for the
XV-15 Generic Tilt Rotor simulation model in cruise are
shown as the dashed curves in Figure 2 from Tischler and
Remple (2012).

20 Pldg 2

& 3.1652 + 31.61s + 22.79
T 2
C s2+27.14s + 1.84
5 /\—‘_/
R =
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o s2 + 11.66s + 0.0389

-200 ‘ — ‘ —

A1 1 10
Frequency (rad/sec)

— — — GTR simulation error, €4,
Proposed Level D fidelity criteria

Figure 2. XV-15 Cruise Error Functions and MUAD
Bounds [Hodgkinson (1998)].

Also shown in the figure as the solid curves are boundaries
that correspond to limits on MUAD, beyond which a pilot will
detect a deviation in the aircraft model compared to flight
[Hodgkinson (1998) and Smith et al. (1981)]. These
boundaries are used in the fixed-wing handling-qualities
criteria of the USAF MIL-STD-1797B (2006) to evaluate the
mismatch between an actual aircraft response and a lower-
order equivalent system (LOES) model. The equations for the
MUAD boundaries [Hodgkinson (1998)] are shown in the
figure. If the error functions fall within these boundaries, then
the simulation model response would be judged by a pilot as
being indistinguishable from the actual flight response,
thereby providing a good basis for simulation model fidelity
assessment. Tischler (1995) first proposed the use of the
MUAD boundaries for simulation model fidelity assessment
and FAA Level D simulation fidelity criteria. The same
approach of mismatch boundaries in the frequency domain
was also independently proposed and applied by DLR
researchers to detect the effects of unnoticeable dynamics in
the case of helicopters [Hamel and Jategaonkar (1996)] and
for evaluating the fidelity of in-flight simulation [Buchholz et
al. (1996)]. A good overview of the low-order equivalent
systems approach was presented by Hodgkinson (2005).
More recent research by Mitchell et al. (2009) supports these
boundaries as useful for evaluating rotorcraft simulation
fidelity as well.

3.2 Allowable Error Envelopes (AEE)

In 2006 Mitchell et al. (2006b) verified the application of
MUAD to military simulators qualification. The MUAD
envelopes, as described previously, were developed to define
limits on unnoticeable added dynamics from a fixed-wing
airplane database. Given that the envelopes have been proposed
for simulation validation, Mitchell et al. (2006b) applied
MUAD for validation of military helicopter simulators. It was
concluded that the concept of MUAD and added dynamics
should be carefully implemented in the case of helicopter
simulator validation. The envelopes describing Maximum
Unnoticeable Added Dynamics although still generally
ubiquitous when applied to simulation validation, in the case of
helicopter roll tasks, added dynamics were still unnoticeable to
the pilot. The new goal of Mitchell et al. (2006b) was thus to
identify a set of frequency-domain envelopes defining the
boundary between unnoticeable and noticeable dynamics.
These envelopes are referred to as ‘ Allowable Error Envelopes’
(AEE), to distinguish them from the MUAD envelopes, and to
more accurately reflect their ultimate purpose, i.e. to define the
allowable errors in simulation validation.

Based on MUAD envelopes for simulation validation, Mitchell
et al. (2006b) developed the so-called ‘Allowable Error
Envelopes (AEE)’ defined as ‘boundaries between
unnoticeable and noticeable dynamics.” The idea was that, as
pilots cannot evaluate what they cannot ‘see’, variations of
parameters that caused change in frequency response within
envelope could not be meaningfully evaluated.

The AEE envelopes could be used to:

e determine whether the mathematical simulation model is
adequate, or

e determine whether a simulation facility is adequate to
accomplish proposed evaluations

It was foreseen that the AEE envelopes would probably be
larger for fixed-base simulators than for moving-base
simulators and that the smallest envelopes were to be
expected for an in-flight simulator. Therefore, AEE should be
developed separately for fixed-base piloted simulations,
moving-base piloted simulations and for in-flight piloted
simulations.

The experiment of Mitchell et al. (2006b) involved a
helicopter hovering task as described in the ADS-33E (2000)
performed with a simple helicopter model, i.e. the helicopter
translated along a 45-degree angle ground track at low altitude
and decelerated to stop at a predefined hover position. This
task was appropriate for AEE design as it showed effective
conveying of high bandwidth closed-loop pilot activity. This
experiment was extended by Penn (2013) using more pilots
and more simulators.



Figure 3 represents the AEE proposed boundaries plotted
against the MUAD boundaries as presented in different
sources.
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Figure 3. Allowable Error Envelope as proposed by
Mitchell (2006b) (blue) and Penn (2013) (red). MUAD
envelope by Wood and Hodkinson (1980) (black dotted
line) and V/STOL Equivalent Systems Analysis (VESA)
MUAD envelope by Carpenter and Hodgkinson (1980)
(green).

4. SIMULATOR FIDELITY

The fidelity concept has been analyzed in the context of
ground-based simulators since the 1980s. At that time there
had been concerns that ground-based simulators had
insufficient visual cue fidelity for pilots to adopt equivalent
control strategies to the “real world.” (Padfield, 2013) It was
soon understood that the fidelity in the simulator world should
refer to: 1) objective fidelity (also called predictive fidelity
and physical fidelity) involving a series of ‘predictive’
metrics for flight model fidelity and also for other simulator’s
components and 2) subjective fidelity (also called perceptual
or behavioral fidelity) involving the subjective opinion of the
assessing pilot, which is always a combination of the
complete system.

Figure 4 presents the concept of fidelity as related to the
simulator. In the real world, the pilot assesses the vehicle
orientation by using his/her visual, vestibular, tactile, and
aural sensors, integrating all the signals into his/her central
nervous system and using his/her hands, feet, posture, and
voice as motor mechanisms to finally control the vehicle. In
the simulated world, likewise, for a certain task assigned, the
pilot used the simulator cueing elements (e.g. visual, motion,
control loading cueing) and the vehicle model to mimic the
vehicle’s flight and achieve a task performance.
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Figure 4. Fidelity concept as related to a simulator
device.

Morgan and Baillie (1993) exemplified this difference
between the simulated and the real world for the bandwidth-
phase delay criteria. In their experiment, similar tasks and
vehicle configurations were flown on the NASA Vertical
Motion Simulator (VMS) and the NRC’s Flight Research
Laboratory (FRL) Bell 205 in-flight simulator. Figure 5
presents the roll attitude bandwidth according to the ADS-33
requirements obtained in the VMS and FRL. One can see that
while in flight the attitude bandwidth required for Level 1
handling was 2 rad/s, in ground-based simulation this was 3
rad/s. This difference was largely attributed to the pilot
needing more bandwidth in the simulator to compensate for
poorer visual cues, particularly the sparseness of fine-grained
surface texture.
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Figure S. Flight/ground-based simulation comparison;
roll attitude bandwidth with attitude response type
(Morgan and Baillie (1993)).

Wang, White and Owen et al. (2012) demonstrated in a
different example that, even with high fidelity flight
modelling and visual motion cues, the pilot’s experience can
be spoilt by poor vestibular cueing. Therefore, for simulators,
fidelity involves both predictive and perceptual fidelity.



4.1 A systematic review of fidelity definition as
related to ground-based simulators

The Advisory Group for Aerospace Research & Design
(AGARD, 1980) represented the division of a simulator into
two classes depending on the nature of the cues they provide:

1) Equipment cues provide a duplication of the
appearance and feel of the operational equipment (the
aircraft), i.e., the static and internal dynamic
characteristics such as the size, shape, location, and
color of controls and displays, including controller force
and displacement characteristics.

2) Environment cues provide a duplication of
environment and motion through the environment.

In this sense, one can discuss about equipment fidelity and
environmental fidelity, the fidelity herein being “the degree
to which the equipment and environmental cues relate to
those of the real airplane.” (AGARD, 1980). Furthermore,
AGARD work made a distinction between the real cues,
measured objectively, and the cues the pilot subjectively can
experience. As a result, one can discuss two types of fidelity
(AGARD, 1980):

1) Objective Fidelity is the degree to which a simulator
can reproduce the real-life counterpart aircraft, in flight, if
its form, substance, and behavior were sensed and
recorded by a non-physiological instrumentation system
onboard the simulator.

2) Perceptual Fidelity is the degree to which the
pilot/flight crew subjectively perceives the simulator to
reproduce its real-life counterpart aircraft, in flight, in the
operational task situation. The requirement that the
operational equipment be considered in the context of the
task situation ensures that not only cue timing and
synchronization, but also cue priority effects, are taken
into account. In this sense, perceptual fidelity provides a
psychological/ physiological standard.

The philosophical discussion surrounding verification and
validity for computerized simulation models was carefully
reviewed by Mihram (1972).

In the context of simulator device, Heffley (1981) defined
fidelity as “the simulator's ability to induce the pilot trainee
to output those behaviors known to be essential to control and
operation of the actual aircraft in performance of a specific
task. "

According to Hays and Singer (1989), fidelity should be
defined in terms of domain of interest, relative to something
and in a measurable form. A training simulation domain-
oriented definition for fidelity is “the degree of similarity
between the training situation and the operational situation,
which is simulated”. Fidelity is presented here as a 2-

dimensional measurement in physical and functional
characteristics. Physical characteristics address aspects like
look and feel while functional characteristics address aspects
such as the informational, operational knowledge and
stimulus and response options. Fidelity is thus characterized
as a summarizing descriptor of the overall training device
characteristics and trained scenarios.

Lane and Alluissi (1992) define fidelity as an engineering
concept referring to “the physical correspondence of the
simulator’s hardware and software to that of the actual
equipment being simulated.” Lane remarks that implementing
“all you can afford” levels of fidelity in a simulation is not
always the most correct and cost-effective approach to
address the problem of how much fidelity is required for a
specific purpose.

Rehmann (1995) believes that fidelity is a function of the
degree to which the equipment and environmental cues relate
to those of the real airplane. He underlines that at least 22
different definitions have been used in the literature to refer
to different kinds of fidelity. Each of these kinds of fidelity
defined during the years could be appropriate for a particular
application, but each are not individually applicable to overall
aircraft simulation in general.

The Pace (2015) definition for fidelity dates back to his work
on fidelity from 1992. According to him fidelity is “the degree
of exactness of a model or simulation representation when
compared to the real world.” According to Pace, simulation
fidelity is an absolute concept while simulation validity is a
relative concept, dependent upon the simulation application.

Fidelity is defined by Gross and Freeman (1997) as “the extent
to which a model reproduces the referent along one or more
of its interests” (N.B. referent is an authoritative description
of reality in the context of high- level architecture simulation).
To characterize fidelity, Gross uses three classifications: 1)
existence (which object of the referent exists in the model); 2)
attributes (which object attributes of the referent exist in the
model) and 3) behavior (what object behavior of the referent
is included in the model).

McDonald (1998) defines fidelity as “the accuracy of
representation when compared to the real world.” This
fidelity has two major parts: the extent to which the
simulation models each aspect of the real world and the
agreement between the performance of each modeled aspect
and the real performance.

Meyer’s (1998) perspective on fidelity definition is to outline
four terms for describing simulation goodness, i.e.: 1) Detail
describing the measure of the completeness/complexity of the
model w.r.t. the observable characteristics of the physical
entity; 2) Accuracy as related to the exactness of the model
w.r.t. the observable characteristics and behaviors of the
physical entity; 3) Resolution defined as a measure of the
minimum degree to which the accuracy and detail of the



constituent models must coincide with the required level of
fidelity of the simulation and 4) Fidelity as related to the
agreement of a simulation with perceived reality.

Roza (2005), based on the above-definitions proposed a
unified framework for simulator fidelity in which a formal
mathematical definition for fidelity is formulated as “the
inverse difference between the reality and simulated reality.”

Havighurst, Fields, and Fields (2003) define high fidelity as
the required equipment and materials necessary to adequately
simulate the task the learner is expected to perform. They
define low fidelity as equipment and materials that are less
similar to what task the learner is expected to perform.

Myers, Starr and Mullins (2018) revisiting the fidelity as a
fundamental concept in simulator design, concentrated on the
relation between fidelity and training transfer. These two
concepts are closely related. Many simulator designers,
operators, technicians, and behavioral scientists believe that
the simulator should be designed with the maximum fidelity
possible since that is postulated to provide the most training
transfer. However, doing so results in higher costs that may
not be feasible for some organizations.

Finally, it can be stated that fidelity is connected with safety
as safety outcomes are among the key factors in desiring
appropriate fidelity within the simulator environment.

4.2 Simulator Fidelity and Necessary Cueing

The fidelity of a simulator arises from the comparison of the
simulated piloting experience and the actual piloting
experience, as perceived by the pilot. The closer one gets to
the sensation of piloting a real vehicle the higher the simulator
fidelity. However, it is often difficult to assign an objective
value to simulator fidelity, given its subjective nature.
Additionally, because the ground-based simulator is in fact,
by design, confined to a laboratory, the engineer needs to
create a controlled environment in the simulator that “forces”
the pilot’s experience to be as realistic as possible.
Environmental feedback, flight conditions, optical flows,
vehicle physics — all of these details are purposefully distorted
before being presented to the pilot. This is achieved through
cueing, which, in simple terms, is similar to post-processing
all the aspects of the calculated reality.

It follows that the “good fidelity” in a simulator can be
associated with “proper cueing”. One can say that fidelity and
cueing are both terms to describe the design of a simulator.
Cueing relies upon an understanding of human factors, and
upon the acceptance that what we experience at any given
moment is being processed by our senses. In a well-appointed
pilot-in-the-loop simulator, the engineer is feeding the pilot’s
senses as much as possible with realistic experiences.
Nonetheless, the goal of all these sensory feeds may not be to
make pilots believe they are in a real aircraft. The goal may
be to make pilots behave as if they are in a real aircraft.

Cueing is thus a fundamental concept for a ground-based
simulator. Sometimes, mathematical model fidelity
deficiencies might be masked or exacerbated by the
simulator’s cueing systems. Evidently, all cues contribute to
the piloting experience in a simulator; however, some cues
play a key role in the perceived realism: 1) Visual cues, since
they are the main cues used to orient an aircraft in the air. 2)
Motion cues, since they map the modelled aircraft motions
into feedback to the pilot’s body (vestibular system and
kinaesthetic sense) 3) control force feel cues, since they
provide the pilot with information about the static control
force levels and dynamic feel perceived by the pilot in control
of an aircraft.

While outside visual, instrument, and force feel cueing
systems usually distort the aircraft’s dynamics with little more
than a time delay (latency), a simulator’s motion system can
introduce more elaborate distortions of the perceived
aircraft’s dynamics. This is caused by the inherently limited
motion space of a ground-based simulator and the motion
cueing strategies (algorithms) that are necessarily deployed to
transform the model’s motion cues into physical motions of
the simulator. Such strategies allow tuning of simulator
motion to improve the fidelity of the motions of interest. The
next section explores especially the motion cueing strategies
to be applied in the rotorcraft simulator and how these can
influence the overall perceived fidelity of the simulation.

4.3 Motion cueing

When assessing rotorcraft dynamics performance, motion
feedback is a key component. In general, a human pilot’s
vestibular system is sensitive to the specific forces and
rotational rates or accelerations of the helicopter. Similar to
an accelerometer, a human directly perceives the
aerodynamic, engine, and landing gear forces acting on the
rotorcraft. These cues play a number of roles in a piloted
simulation:

e They provide the pilot with additional signals to
stabilize and control their aircraft. Especially for
unstable  vehicles such as (unaugmented)
helicopters, the phase lead present in the motion cues
over the visual position and attitude cues help to
increase phase margin in the closed loop.

e They signal to the pilot that certain important events
or state changes are occurring in the vehicle. An
example are the vibrations associated with Effective
Translational Lift (ETL), providing timing signals to
help in performing the landing flare [Miller et al.
(2009)].

Motion cues help create an immersive virtual environment that
elicit realistic pilot behavior. High levels of behavioral fidelity
improve training effectiveness and engineering or scientific
simulator validity.
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Apart from providing cues that help the pilot perform their task,
physical motion can also be detrimental to task performance,
e.g. vibrations impacting touchscreen effectiveness. Such
effects should be replicated in the simulator, if relevant.

Multiple techniques exist to provide physical motion cues to the
simulator pilot. The most common type of motion system
moves the simulator cab as a whole in six degrees of freedom.
In helicopter simulators sometimes a dedicated in-cabin motion
platform moves part of the cabin, such as the seat. Additionally,
dynamic seats can move parts of the pilot seat independently to
give an illusion of motion, e.g. moving the lumbar support to
signal sustained specific force cues through independent
actuation of seat backpad surge and sway and seat pan cushion
and seat bucket heave degrees of freedom. A common whole-
cabin motion system is based on the Gough-Stewart 6-degree-
of-freedom mechanism [Stewart (1965)].

The motion base’s cueing algorithm converts the simulated
vehicle’s cues to simulator motions. It must achieve two
competing goals: provide realistic cues to the pilot and keep the
simulator in the available motion space. Many motion cueing
algorithms exist, most of them proprietary, but the underlying
concepts are usually derived from the UTIAS Classical
Washout Algorithm described by Reid and Nahon (1985). In
this algorithm, the translational specific forces and rotational
accelerations go through their own high-pass filter channels,
and a special cross-coupling is made (“tilt coordination’) by
which sustained, low-frequency surge and sway cues can be
simulated by tilting the simulator and using gravity to cue the
specific force.

In both the rotational and translational channels, it is important
to note that in essence the algorithm employs high-pass filters.
This means that for frequencies that the filter (starts to)
attenuate the motion, a phase lead is present. At higher
frequencies (i.e. greater than 10 rad/s) phase lag will mostly be
present due to the motion base’s inertia and control system.

The parameters used in the motion cueing algorithm (which
essentially define the phase and gain cueing), can
significantly affect the simulator’s motion fidelity. As such
the simulator engineer has some freedom to shape or tune the
motion response to the requirements for a certain application.
The freedom is of course limited by the available motion
envelope of the platform (governed by design and size), and
the detrimental effects of false cues inherent to the algorithm.

4.3.1 Motion cueing criteria

The first objective motion cueing criteria was developed by
Sinacori (1977), who identified a metric of the cueing response
that specifies a level of fidelity of the resulting cues. This well-
established metric examines the phase and magnitude of the
cueing algorithm at 1 rad/s and categorizes it in one of three
fidelity levels (low, medium, and high). Schroeder (1999) later
refined the limits based on helicopter tests in NASA Ames
Vertical Motion Simulator (VMS), see Figure 6. The VMS'

large vertical and horizontal travel allowed Schroeder to
develop baseline tasks incorporating one-to-one motion
without encountering motion envelope limits. Schroeder then
developed the Modified Sinacori Criteria [Schroeder (1999)]
for rotational and translational motion. To date, this method is
the most commonly applied to rotorcraft simulation devices.
Reardon et al. (2014) for example developed an indirect motion
fidelity criteria varying the motion filter parameters from
Schroeder’s experiment and using the subjective Simulation
Fidelity Rating (SFR) scale (for more details on SFR scale the
reader should consult section 6).
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Figure 6. Sinacori/Schroeder motion fidelity
criteria [Schroeder (1999)].

It is acknowledged that the assessment method as developed by
Sinacori and Schroeder, has limitations. To increase the
(frequency) range over which the motion cueing is evaluated
and thereby creating a more comprehensive evaluation than the
Sinacori/Schroeder criteria, the International Civil Aviation
Organization (ICAO) has proposed the Objective Motion
Cueing Test (OMCT) [Advani and Hosman (2006), Advani
and Hosman (2007), Hosman and Advani (2012)]. This test
works by independently exciting each degree of freedom of the
motion base at frequencies varying from 0.1 to almost 16 rad/s
and examining the corresponding motion outputs (main effect),
as well as some unwanted cross-couplings (false cues). It
examines these responses in the frequency domain to
effectively generate a Frequency Response Function of the
combination of the motion cueing algorithm’s software and the
motion base’s hardware. As such it fits well with the common
practice of investigating the helicopter’s model as a transfer
function in the frequency domain. An example of fidelity
envelopes, derived from a study involving 10 simulators used
for fixed-wing aircraft (both training and research) is shown in
Figure 7. The fidelity envelope was defined by taking the
highest and lowest settings from the group of simulators
(following extraction of outliers).
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Figure 7. Example of OMCT fidelity boundaries, roll
motion gain and phase [Jones (2018)].
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Studies reported in Hodge et al. [(2015a), (2015b)] and Jones
et al. (2017) suggested large differences between perceived
motion fidelity and objective fidelity using Sinacori and
Schroeder boundaries. Both studies found beneficial and
representative motion was attained when performing typical
mission task elements performed by rotorcraft. The tests were
conducted in two simulation facilities, with independent pilots
and simulation settings. The reservations are confirmed when
one compares the acceptable required fidelity for current
OMCT and Schroeder metrics. Figure 8 shows the difference
between rotational requirements, plotted on the gain — phase
plot. Using the Schroeder approach, the same boundaries are
used to assess pitch, roll, and yaw dynamics. For the OMCT
boundaries, a range of boundaries are presented. Both
acceptable roll and yaw requirements do not reflect Schroeder
boundaries. Meanwhile, pitch boundaries are more stringent.
As a result of these discrepancies, further research is required
in this area prior to the adoption of OMCT as an objective
method to assess rotorcraft training simulators.
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Figure 8. Comparison of current boundaries for
OMCT and Schroeder metrics [Jones et al. (2017)].

In additional research investigations conducted by Jones et al.
(2017), further motion cases were tested to determine initial
OMCT fidelity boundaries specifically for rotorcraft
simulation. During these investigations, the differences
between current OMCT boundaries and perceived fidelity was
again confirmed. Like results from previous studies, the
investigation showed a clear preference for low phase errors in
the motion system. This was even for cases with very low
motion gain. Three pilots participated in the study, and stated
that motion cueing with high phase errors led to significant
false cues, sickness, and adversely affected performance. Pilots
were clearly able to consistently recognize motion
configurations. Adverse motion cues led to a reduction in task
aggression (thereby suppressing false cues). During completion
of typical ADS-33 maneuvers, this led to an increase in task
completion time.

The linear Frequency Response Function determined in OMCT
uses uncoupled and simplified (sinusoidal) input signals.

During normal flight the cueing algorithm’s non-linear
characteristics can interact with inherent couplings in the
helicopter model’s cues, to produce false cues and responses
that are not fully captured in the general OCMT method.

Recently, to overcome some of these limitations, Miletovic
(2020) and Miletovic et al. (2021) proposed the “Eigenmode
distortion” (EMD) method as a novel quantitative methodology
to objectively evaluate motion cueing fidelity in flight
simulation. This method relies on combining the vehicle
dynamics modal analysis/ mode participation factor with the
Motion Cueing Algorithm (MCA) dynamics, this in order to
understand the human-perceived motion quantities.
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Figure 9. Motion Fidelity Rating scale (right hand-side
figure from Hodge et al. (2015a/b), left hand-side figure
from Jones et al. (2017)).

To standardize and streamline subjective pilot assessments a
number of techniques have been used in the literature. Some
have already found use outside their academic origins, while
others are still being developed. The most common technique
takes the form of a rating scale, similar to the Cooper-Harper
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Handling Qualities Rating (HQR) Scale [Cooper and Harper
(1969)], in combination with one or more standardized
maneuvers, e.g. from the ADS-33E standard (2000).

The University of Liverpool and the German Aerospace Center
(DLR) have both worked on defining a Motion Fidelity Rating
scales, see Figure 9. In industry, Miller et al. (2009) added
numerical ratings to the Simulator Motion Fidelity Scale
developed by Schroeder (1999) to allow finer grading of
motion fidelity within the High, Medium, and Low fidelity
rating levels as shown in Table 1 during motion system tuning.

Table 1 Modified Simulator Motion Fidelity Scale Used
in Industry [Miller et al. (2009)]

Fidelity Rating Definition

High (7-9) Motion sensations like those of flight.

Medium (4-6)

Motion Sensations are noticeably different
from flight, but not objectionable.

Motion sensations are noticeably different
from flight and objectionable.

Low (1-3)

Concluding, particularly for training simulators and from the
view of the regulator, there is a reliance upon subjective
opinion. To assure acceptability of a flight simulator for either
engineering or training purposes, the end user’s subjective
assessment of its fidelity cannot be ignored. In addition, many
of the objective motion cueing quality metrics have been
validated by expert pilot opinion with varying levels of
success. Pilot opinion still remains the standard against which
motion cueing quality is measured.

5. PREDICTIVE FIDELITY -
METRICS AND METHODS

5.1 Predictive Fidelity

The evaluation of the fidelity of a simulation device for flight
training is performed within the simulator qualification
documents: Federal Aviation Administration (FAA), FAA 14
Part 60 (2016), and European Aviation Safety Agency (EASA),
EASA CS-FSTD-H (2012). They are the regulatory authorities
responsible for the acceptance of full flight simulators (FFS).
The highest fidelity level defined by FAA/EASA corresponds
to the Level-D qualification. A Level-D qualification process
allows the replacement of most of the flight hours required for
a pilot's type rating or recurrent training by simulator hours. A
Level-D training simulator is made of many sub-system models
related to the vehicle dynamics (flight dynamics, engines
autopilot, flight controls), vehicles systems (avionics,
ancillaries, etc.) and simulator immersive cueing environment
(motion sound, visual, weather, airport environment, etc.).
Each of these sub-systems must meet qualitative and
quantitative validation criteria for the specific aircraft type to
meet Level-D simulator requirements. A complete background
and history on the qualification of helicopter training simulators
over the years can be found in Pavel et al. (2013).

Regarding the quantitative requirements, these examine the
response or behavior of the individual elements of a simulation
device — the visual system, the motion platform (if so
equipped), the flight dynamics model etc. — to a set of
predetermined inputs. The results of these tests are typically
termed “predictive/objective fidelity”. Objective fidelity only
partially serves to characterize the utility of a simulator.

5.2 Qualification Test Guide (QTG)
Performance Standards

Both the FAA and EASA are using a functional performance
standard called “Qualification Test Guide” (QTG). The QTG is
a document designed to assess and validate that the
performance and handling qualities of a simulator are within
prescribed limits of those of the aircraft and that all applicable
regulatory requirements have been met. QTG maneuvers can
be separated in 3 test categories: snapshot test, dynamics test
and trajectories tests. Snapshot tests are used when a steady
state condition exists in the flight test data at the instant of time
captured [Myrand-Lapierre et al. (2020)]. Dynamics tests
involved a pre-defined control input perturbation at a trim
condition. Trajectories tests are highly non-linear maneuvers
that will go through multiple flight regimes.

The QTG includes both the helicopter flight test data and
simulator data used to support the validation. A flight test data
package must contain more than one hundred individual events
to meet the minimum Level-D validation requirements. The
qualifying criteria of the mathematical model are formulated by
using ‘tolerances’ and it includes an evaluation based on the
comparison between reference flight test data and results of
identical tests computed on a simulator. For example, in hover
FAA (Table C2A in FAA 14 Part 60 (2016) and SUBPART C
in EASA CS-FSTD(H) require for longitudinal cyclic input
cases a tolerance of +10% or 2 deg/sec (whichever is the
highest) on the pitch rate response and of +1.5 degrees on the
pitch attitude change following a control input. For lateral
cyclic input cases, a tolerance of£10% or 3 deg/sec (whichever
is the highest) on the roll rate response and of +3 degrees on the
roll attitude change following a control input are required. Also,
for all cases, the Off-axis response must show correct trend for
unaugmented cases.

Regarding the simulator tolerances as used in the QTG,
GARTEUR Action Group (AG) HC/AG-12 [Pavel et al.
(2013)] conducted a critical examination of their background.
The work revealed a range of shortcomings. For example,
GARTEUR HC/AG-12 showed that the relationship between
fidelity and the EASA CS-FSTD-H (previous JAR-STD 1H)
tolerances is sensitive to the nature of the maneuver being
flown and, more significantly, that matching tolerances does
not always lead to matching handling qualities.
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6. PERCEPTUAL FIDELITY WITH PILOT-
IN-THE-LOOP

The implicit assumption in tests of objective fidelity is that a
strong quantitative match of simulator component systems with
the flight vehicle will assure a high degree of simulator utility.
Experience has shown that this assumption is not always valid,
and that tests of objective fidelity are insufficient to guarantee
a sufficiently accurate simulation. Hence, the FAA/EASA
qualification standards require a piloted, subjective assessment
of the simulation in addition to the quantitative elements.
Subjective validation requirements are comprised of a series of
training tasks and abnormal conditions that are normally spot-
checked during the final assessment to ensure that there are no
discontinuities between simulated fight regimes.

These subjective test “arises from the need to confirm that the
simulation has produced a totally integrated and acceptable
replication of the helicopter” [EASA CS-FSTD(H) (2012)].
However, the guidance provided in the qualification documents
regarding the approach taken to subjective evaluations is very
limited. Section AMCI1 of CS-FSTD(H) (2000) Terminology
and abbreviations, Paragraph C (2) Test Requirements (iv) of
Book 2 EASA CS-FSTD(H) (2012) states:

“When evaluating functions and subjective tests, the fidelity of
simulation required for the highest level of qualification should
be very close to the helicopter. However, for the lower levels of
qualification the degree of fidelity may be reduced in
accordance with the criteria (within the document).”

This requirement is poorly defined, and potentially open to
interpretation by the operator and qualifying body. The work
undertaken in GARTEUR HC/AGI12 [Pavel et al. (2013)]
suggested that the existing requirement for the subjective aspect
of simulator qualification is unsatisfactory and should be
improved.

6.1 Simulation Fidelity Rating Scale

The Simulation Fidelity Rating (SFR) [Perfect et al. (2014)]
was proposed to provide a repeatable, prescriptive method for
the subjective assessment of fidelity into the overall
qualification process. The SFR scale should be used to
complement and augment the existing simulator evaluation
processes of CS-FSTD(H) and other applicable simulator
qualification processes. It is proposed that the SFR scale may
be used as part of a fidelity evaluation methodology based on
the use of engineering metrics for both the prediction of the
fidelity of the individual simulator components (flight model,
motion platform, visual system etc.) [Perfect et al. (2014)] and
the assessment of the perceptual fidelity of the integrated
simulation system, as experienced by the pilot.

The SFR scale employs several key concepts that are
considered fundamental to the utility of a simulation device.
They are as follows:

e Transfer of Training (ToT) — the degree to which
behaviors learned in a simulator are appropriate to
flight.

e Comparative Task Performance (CTP) — comparison
of the precision with which a task is completed in
flight and simulator.

e Task Strategy Adaptation (TSA) — the degree to
which the pilot is required to modify their behaviors
when transferring from simulator to flight and vice
versa.

The relationship between task performance and strategy
adaptation is similar to that between performance and
compensation in a handling qualities evaluation. In the HQR
scale, the expectation is that the pilot’s perception of
deteriorating performance will stimulate higher levels of
compensation, indicative of worsening Handling Qualities
(HQ). While this correlation can be expected in measuring HQ,
in the context of fidelity assessment task performance and
adaptation will not necessarily change in correlation with each
other but will instead depend on the nature of the fidelity
deficiencies present in a simulator.

A matrix presenting all possible combinations of comparative
performance and task strategy adaptation was constructed
(Figure Al in Appendix A); this was used to form the basic
structure of the SFR scale (Figure A2 in Appendix A).

Each of the ratings SFR=1 to SFR=9 corresponds to a region
in the fidelity matrix. An SFR=10 rating indicates a
simulation that is entirely inappropriate for the purpose, and
so comparisons with flight cannot be made. As with the HQR
scale, boundaries have been defined between the potential
combinations of comparative performance and adaptation,
reflecting value judgements on levels of fidelity. As the SFR
worsens through each level, it can be seen from Figure A2
that the individual comparative performance and adaptation
measures may not degrade in a progressive manner. However,
the intention is that the overall ‘experience’ of the simulation
fidelity degrades progressively as the SFR worsens.

7. ASSESING SIMULATOR FIDELITY
BASED ON HANDLING QUALITIES
ENGINEERING

While previous sections highlighted on the one hand the QTG
as metrics and tolerances for assessing simulator predictive
capability and on the other side the SFR (pilot opinion) as a
measure for simulator perceived fidelity, unified metrics
connecting predictive and perceived fidelities needed to be
developed. In the 1990s it was suggested that, since the HQ
parameters define the flying characteristics, they might also be
suitable to judge the fidelity. Indeed, much of this HQ
methodology can be directly applied to the fidelity assessment
of a flight simulator — both handling qualities and fidelity are
intimately related to pilot control strategy and task
performance. If a pilot makes the same control inputs in the
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simulator as they are required to in flight, then correct
behavioral patterns have been learned, and the simulator
training will have been effective; meaning that the pilot will
have benefitted from their time in the simulator. The goal in
fidelity assessment is to establish the ‘quality’ of the simulator
in replicating the behavior of the real aircraft and its pilot, rather
than purely to assess the handling qualities of the simulated
aircraft.

Examples of references that used the HQ engineering as a
framework to quantify overall simulator fidelity are as
followings: Padfield et al. (1996) and McCallum and Charlton
(2001) first proposed the handling qualities standard, ADS-33E
(2000) ‘Handling Qualities Requirements for Military
Rotorcraft’, as the basis for deriving metrics. Hess and
colleagues [Hess and Malsbury (1991), Hess and Siwakosit
(2001), Schroeder et al. (2000)] introduced the handling
qualities sensitivity function (HQSF) as a quality metric.
Advani and Wilkinson (2001) and Roscoe and Thompson
(2003) used comparative performance and control activity, and
handling qualities ratings given for the same tasks flown in
simulation and flight.

The Lifting Standards project [White et al. (2010)] focused on
developing a metric-based engineering framework for the
assessment of fidelity of a simulator. In this sense, a two-stage
approach was used for defining fidelity criteria for simulator
qualification. The first stage involved the development of a
quantitative basis for prediction of fidelity using metrics
derived, in part, from HQ engineering. The second stage
consists of perceptual fidelity metrics supplemented by the
simulator fidelity rating scale SFR [Perfect et al. (2014)].

Recalling the area of HQ engineering, two assessment
processes, prediction and assignment, are integrated, and
combine to give the overall HQ of an aircraft. This is also the
case for the integrative process and the HQ performance
specification, [ADS-33E (2000)]. For both processes, the test
aircraft is assessed to be in one of three handling qualities
‘levels’. Level 1 HQ (HQ ratings (HQR) of 1, 2, and 3) indicate
that there is no requirement for improvement to the aircraft, and
that all operational tasks can be accomplished with low
workload. In Level 2 (with HQR of 4, 5, 6), the workload will
be higher, and the level of precision reduced, but the safety of
the aircraft is not significantly at risk. If Level 3 HQs are found
(HQR > 6) then the level of workload has increased to the
extent that task performance is no longer achievable. At the
higher end of level 3 (HQR 9, 10; sometimes defined as Level
4), flight safety is compromised as the risk of loss of control
increases.

In the Lifting Standards project, as in the HQ assessment
process, a comparison of results from predictive and perceptual
assessments formed a key component of the overall fidelity
assessment process. This was required to establish that the
predicted and perceptual results were consistent. A flow
diagram from [Perfect et al. (2013)] representing the process

for the assessment of predicted and perceptual simulator
fidelity is shown in Figure 10.
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Figure 10. Methodology for integrated predicted and
perceptual simulator fidelity assessment [Perfect et al.
(2013)].

The process begins with a definition of the required purpose of
the flight simulator, and hence the tasks that will be trained
(Blocks 1-3 in Figure 10), which will set the required level of
fidelity. Once the purpose of the simulator has been defined,
testing on the simulator and the simulated aircraft can be
conducted (Block 4). This leads to the computation of the
predicted fidelity (Block 5), using a set of metrics described
later. The results for each simulator component in the predicted
fidelity stage can then be analyzed to arrive at an overall level
of predicted fidelity for a particular task. The results from these
tests feed into the first decision point. The question is; do the
individual predictive fidelity metrics show a sufficiently good
match between flight and simulation? (Block 6). This stage
highlights the quality of individual components of the
simulation. Subject to a satisfactory result at this stage, further
flight and simulator testing can be conducted to examine the
perceptual fidelity of the simulation (Block 7). As with the
predictive fidelity, metrics are computed for each test point
(Block 8), and a decision made as to the suitability of the
resultant Level of perceptual fidelity for the intended purpose
(Block 9).
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A third decision point addresses the acceptability of the
comparison between predictive and perceptual fidelity (Block
10). This stage is analogous to the comparison between
predictive and assigned HQ, as an assessment of the validity of
the testing. If the test results are valid, it would be expected that
the predictive level of fidelity for the simulator would agree
with that from the perceptual assessment processes. In addition,
the analysis at this point provides a further indicator as to the
source of discrepancies between flight and simulation. For
example, if the predictive metrics for the flight model show a
good match, while the perceptual metrics do not, then the
indication is that the fidelity issues lie within the generation of
the task cues and not the flight model. If all questions (Blocks
6, 9 and 10) can be answered positively then a decision can be
made that the simulator is fit for its designed purpose and can
be accepted for service (Blocks 11 and 12). If, however, one of
the fidelity requirements is not met, this would be an indicator
that the simulator is not fit for purpose, and an upgrade, either
to the cueing or the flight model or both, is required (Block 13).
It should be recognized that a simulator may be fit for some
purposes but not others and thus have limited fidelity.

8. CONCLUDING REMARKS

The credibility of any simulation system depends on its
fidelity. Simulation fidelity, in particular simulator fidelity,
has an inherent multidimensional and multifaceted nature. Its
assessment and specification can be a complex and time
consuming task. The present paper has brought together
different aspects of simulation fidelity evaluation methods
and metrics for rotorcraft as applied to flight dynamics
modelling, handling qualities evaluations and ground-based
simulator developments. The following conclusions can be
drawn from the presented review:

e Frequency-domain and Time-domain Integrated Cost
Functions are useful metrics for assessing the predictive
accuracy of any rotorcraft simulation model. In addition
to these metrics, ValCrit-F and ValCrit-T metrics
represent equivalent metrics based on Chi-square
statistics.

e The development of the Maximum Unnoticeable Added
Dynamics (MUAD) stems from the concept of
equivalent system approach. Their assigned boundaries
can be used to evaluate the mismatch between an actual
aircraft response and a lower-order equivalent system
(LOES) model. The extension of MUAD to the
“Allowable Error Envelopes” AEE for validation of
rotorcraft simulation model in a ground-based simulator
should be further developed and tested separately for
fixed-base piloted simulations, moving-base piloted
simulations and for in-flight piloted simulations.

e Fidelity is a fundamental concept in development of
ground-based simulators and should be seen as
comprised of at least two elements: objective fidelity
(also called predictive fidelity or physical fidelity)
involving a series of ‘predictive’ metrics for flight model
fidelity and also for simulator’s components including
motion, visual, control loading and sound replication

and 2) subjective fidelity (also called perceptual or
behavioral fidelity) involving the subjective opinion of
the pilot, which is always a combination of how the
complete system is able to replicate the cognitive skills
required on the flight deck. The “Qualification Test
Guide” (QTG) is used by FAA and EASA as the
functional performance standard to assess simulator
performance.

e Given the predictive and perceptual fidelity
relationships discovered, perceptual and predictive
fidelity should not be dealt with in isolation. Herein, the
Simulation Fidelity Rating (SFR) scale aims to create
the foundation on which predictive and perceptual
fidelity can be tackled together in order to enhance the
realism of the integrated simulated pilot experience.
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This appendix presents the basic structure of the Simulation Fidelity Rating (SFR) Scale.

APPENDIX A
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Figure A1 Simulation Fidelity Rating Fidelity Matrix [Perfect et al. (2014)]
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