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Computer-Aided Assessment of Flight Simulator Fidelity

Y. Zeyada¤ and R. A. Hess†

University of California, Davis, California 95616-5294

A technique for computer-aided assessment of � ight simulator � delity is presented. The assessment procedure
utilizes a mathematical model of the human pilot that includes proprioceptive, visual, and vestibular cues. The
quality of the latter two cues can be varied to capture the effects of � ight simulator limitationsassociated with visual
and motion cueing. A MATLAB®-based tool that automates the selection of the majority of parameters in the pilot
model and the generation of a � delity metric is described. In addition, a prediction of the task-dependent handling
qualities of the nominal � ight vehicle can be obtained. The assessment procedure is exercised in a hypothetical
example involving the six-degree-of-freedom control of a rotorcraft completing a vertical remask maneuver. It is
demonstrated that by varying the quality of the visual and vestibular cues in the pilot/vehicle model the effects of
simulator limitations upon � delity can be systematically addressed.

Nomenclature
C = input to structural model of human pilot
dvar = variance of random number generator

in visual cue model
G = transfer function matrix de� ning

inverse dynamic system
GD = transfer function matrix of inverted

pilot/vehicle system
hcom, xcom, = outer-loop commands in vertical
ycom , Ãcom remask maneuver, ft
hdes, xdes , = desired time histories in vertical
ydes , Ãdes remask maneuver, ft
Ke = visual gain in structural model of human pilot
KF = multiplying factor in half-power calculation

of primary-loop crossover frequencies
K Pm = vestibular gain in structural model of human pilot
M = output of controlled element in structural

pilot model
p, PÁ = roll rate, rad/s
q , Pµ = pitch rate, rad/s
r , PÃ = yaw rate, rad/s
t s = sampling period in zero-order hold element

of visual cue model, s
UM = proprioceptivefeedback signal in structural

pilot model
u = x body axis component of perturbation

velocity, ft/s
v = y body axis component of perturbation

velocity, ft/s
w = z body axis component of perturbation

velocity, ft/s
Yc = transfer function of controlled element

in structural pilot model
Ye = transfer function operating on visual error

in structural pilot model, Ke[.1 C ."=s/]
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YFS = transfer function of force/feel system
in rotorcraft cockpit

YNM = transfer function of neuromuscular system
in structural pilot model

YPF = transfer model function of proprioceptive
feedback system in structural pilot model

Y py , Y px , = outer-loop pilot models for vertical remask
Y ph , Y pÃ maneuver
Y pPh , Y pµ , = inner-loop pilot models for vertical remask
Y pÁ , Y p PÃ maneuver, created by structural pilot model
±A = lateral cyclic input, inches of motion at pilot’s

hand (no SCAS case)
±AP = pilot’s lateral cyclic cockpit input with SCAS,

equivalent to roll attitude command, rad
±B = longitudinal cyclic input, inches of motion

at pilot’s hand (no SCAS case)
±BP = pilot’s longitudinal cyclic input with SCAS,

equivalent to pitch attitude command, rad
±C = main rotor collective input, inches of motion

at pilot’s hand
±P = tail rotor collective input, inches of motion at pilot’s

feet
" = relative gain on integral error in Ye

µ = vehicle pitch attitude, rad
¿0 = time delay in structural model of pilot, s
Á = vehicle roll attitude, rad
Ã = vehicle heading angle, rad
!Ci = estimated i th loop crossover frequency required

in task being analyzed, rad/s

Introduction

H ESS and Colleagues in Refs. 1–4 describe the evolution of
an analytical technique for the assessment of � ight simulator

� delity that employs pilot/vehicle analyses of aircraft as nominal
� ight vehicles and simulated versions of these vehicles. Analysis
of the latter includes simulator limitations such as those introduced
by motion system dynamics, simulator time delays, and, in the case
of Ref. 4, degraded visual cues. The goals of the research to be de-
scribedare1) the extensionof thework of Ref. 4 to analysesin which
the pilot is controlling as many as four vehicle axes, 2) the creation
of a MATLAB® and Simulink®-based assessment tool to support
such a multiaxis pilot/vehicle analysis, and 3) the demonstrationof
this tool in assessing the � delity of a hypothetical � ight simulation
of a realistic low-altituderotorcraftmaneuveringtask incorporating
a highly coupled vehicle model including stability and command
augmentation systems.

The treatment begins with a description of the pilot model. This
includes a de� nition of a handling qualities sensitivity function
(HQSF), which forms the basis of the � delity assessment technique.

173



174 ZEYADA AND HESS

An inverse dynamics formulation is included in this description that
allows the compensatory pilot modeling procedure to produce re-
alistic pilot/vehicle responses in discrete tracking tasks. The visual
cue model is brie� y reviewed. The � delity assessment procedure is
describednext followed by a discussionof a computer-aidedassess-
ment tool MPVA (Multiaxis Pilot Vehicle Analysis). There follows
an example in which MPVA is employed to analyze a hypotheti-
cal piloted simulation of a rotorcraft completing a vertical remask
maneuver in which various � ight simulator “limitations” are intro-
duced. Conclusions are drawn to complete the presentation.

Model Description
Structural Pilot Model

The core of the methodologyas presented in Ref. 4 is a structural
pilot model.5 Figure 1 shows this model for a single-axis task. This
model is used to represent pilot control behavior in so-called “pri-
mary control loops,” that is, those inner-control loops that involve
direct pilot interactionwith the cockpit inceptor.For example, a pri-
mary control loop might involvevehicle pitch attitudecontrolwith a
control column or stick. This would be distinguishedfrom an outer
loop in which the pilot is using deviationsfrom a desired altitude to
command correctivepitch attitude changes.Such multiloop models
are common in pilot/vehicle analyses.6

The pilot model shown in Fig. 1 can now be described in de-
tail. Ye D Ke[1 C ."=s/] is the pilot’s visual proportional and low-
frequency integral operation up on perceived error Ke is chosen to
yield a desired inner-loop crossover frequency. ¿0 is 0.2 s.

YNM D 102

s2 C 2.0:707/10s C 102

YPF is chosen as K , K .s C a/ or K=.s C a/ dependent upon the
vehicle dynamics; one form is chosen so YPF / sYc in the region of
crossover. K is chosen so the minimum damping ratio of oscillatory
polesof the closed-loopproprioceptivesystem is 0.15. K Pm is chosen
so that the minimumdampingratio of oscillatorypolesof the closed-
loop vestibular system is 0.05.

In Fig. 1 the HQSF is de� ned as

HQSF D 1
Ke

­­­­
UM

C
.s/

­­­­ (1)

Hess5;6 and Hess and Zeyada7 demonstrate how the HQSF can be
used to predict handling qualities levels and, in particular, Ref. 7
introduces the use of the HQSF to predict task-dependenthandling
qualities levels.As the name implies, task-dependenthandlingqual-
ities are those that are dependent upon the particular task being
performed by the pilot. Prediction of these handlingqualities is per-
tinent to an assessmentof the dif� culty of the task being performed
by the pilot of the nominal � ight article and, in turn, by the pilot of
the vehicle in the � ight simulator.

Inverse Dynamics

Using a compensatorypilot model such as the structural model is
attractive in pilot/vehicle analyses because these models and their

Fig. 1 Structural model of the human pilot.

Fig. 2 Inverse dynamics system.

parameterizationhavebeen the subjectof considerableresearchand
validationover the past four decades. By “compensatory”we mean
that the visual input to the pilot model is the error between the
commanded and current value of a primary loop variable. With
compensatorymodels the analyst can predict the basic form of pilot
equalization given the dynamics of the vehicle and a hypothesized
manual feedback topology.6;8 A signi� cant shortcoming in the use
of compensatory pilot models arises in computer simulations of
discrete maneuvers where unrealistic control activity and vehicle
angular velocitiesare typicallypredictedat the maneuver initiation.
By creatingouter-loopcommand time historiesthat producedesired
pilot/vehicle response time histories, one can eliminate the unreal-
istic vehicle responses just mentioned. This can be accomplished
through inverse dynamic analysis. Figure 2 shows such an inverse
dynamic system. The transfer function matrix G is created such that

P ¢ G D GD ¼ I (2)

over a frequency range of interest for manual control (0:1 <
! < 10 rad/s), where I is the identity matrix. The means for ac-
complishingthis inversion is through the design of a linear dynamic
inversion controller implementedas the matrix of transfer functions
G. Reference4 describescreationof such controllersin detail.Thus,
in a computer simulationof a pilot/vehiclesystem the trackingcom-
mands of Fig. 2 are desired outer-loop time histories. Often these
desired time historiescan be created by reference to the desiredper-
formance requirementsof the maneuver itself, for example, as pro-
vided in the rotorcraft low-speed maneuver descriptions in Ref. 9.
This will be demonstrated in the example of the vertical remask
maneuver to be discussed.

Visual Cue Model

The visual cue model is an important element in the complete
pilot model formulation. The model itself is shown in Fig. 3 and
described in detail in Ref. 4. In the model each visually derived
signal that the pilot is assumed to use is fed through a sample and
hold element, with the sampling period denoted as ts. Referring
to Fig. 1, and assuming a single-axis laboratory tracking task is
being considered in which the error signal E is the only displayed
signal, the model of Fig. 3 would be inserted immediately before
the element Ye. As Fig. 3 indicates, the resulting discrete signal is
multiplied by a magnitude-limited random number, with variance
dvar, and is then � ltered. The resulting � ltered signal is added to
the output of the sample and hold element to produce the visual cue
model output.

The noise input of the model of Fig. 3 is multiplicative in nature.
Hess and Siwakosit4 showed that by creating an effective remnant
signal injected in parallelwith the visual input in a simulated single-
axis tracking task the visual cue model of Fig. 3 reproduced two
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Fig. 3 Visual cue model.

Fig. 4 Example of ¢area calculation in � delity metric.

important characteristics of modeled human pilot remnant signals.
These characteristicsare 1) a � rst-orderpower spectral densitywith
2) an intensity that scaled with the variance of the error signal to
which it was added.10 The parameter dvar was also shown to play a
role similar to the noise-signalratio of injectedobservationnoise in
algorithmic models of the human pilot such as the Optimal Control
Model (OCM).6

Fidelity Assessment Procedure
In the � delity assessment procedure to be demonstrated, a pilot/

vehicle structure is created for the nominal � ight vehicle. This can
include pilot models in both primary and outer loops. The resulting
model is then frozen, and various simulator limitations are intro-
duced. The behaviorof the pilot model tuned to the nominal vehicle
but controlling the simulated vehicle is used to assess the impact
of the limitations upon simulator � delity. The HQSFs derived for
the nominal and simulated vehicle form the basis of the � delity as-
sessment. Figure 4 shows two HQSFs: one for a nominal vehicle
and one for the vehiclewith simulator limitations.The area between
the curves is calculated as 1area. This area is then normalized by
dividing by a normalizing area, that is, the area beneath the HQSF
curve for the nominalvehicle.The resultingnumber, referred to as a
“� delitymetric,”was shown in Ref. 4 to predict� delitydegradations
consistent with those reported in the literature.11¡13 For multiaxis
applications the � delity metric becomes

� delity metric D 1
n

nX

i D 1

µ
1area

normalzing area

¶

i

(3)

where n is the total number of inner-loop axes being controlled by
the pilot. The larger the value of the metric in Eq. (3), the poorer is
the predicted simulator � delity.

Computer-Aided Assessment
Creation of the structuralpilot models, the inverse dynamics sys-

tem, and calculation of the � delity metric for a simulator � delity
assessment can be quite time consuming. To this end, a MATLAB
and Simulink-based tool has been created, referred to as MPVA.14

This assessment tool 1) automates the selection of the majority of
the structuralpilot model parameters,2) creates the inverse dynam-
ics system, 3) calculates the required crossover frequencies for the
estimation of task-dependent handling qualities, 4) calculates the
� delity metric of Eq. (3) when the pilot/vehicle system is simulated
in Simulink, and 5) providesa predictionof the task-dependenthan-
dling qualities of the nominal vehicle in the maneuver in question.

MPVA employs a graphical-user interface (GUI) that simpli� es
the creation and evaluation of a multiaxis pilot/vehicle system. In
MPVA the user begins with a linear, state-space description of the
vehicle, including any stability augmentation systems that might
be employed. Next, through the GUI the user creates the structural
models for each “primary” control loop assuming nominal 2.0 rad/s
primary control loop crossover frequencies.Following this, a com-
puter simulation of the pilot/vehicle system is created in Simulink.
This step is the most time-consumingaspectof the procedureand in-
volves building the models for the motion system dynamics and im-
plementing the various feedback paths for the visual and vestibular
signals to serve as inputs to structuralpilotmodel and any outer-loop
pilot models that are required.

After the Simulink model is complete, MPVA will compute the
inverse dynamics model for the nominal system by invoking a
MATLAB m-� le. Next, the desired vehicle response time histories
are createdand implementedby the user.Once this is accomplished,
the computer simulation is repeated using the desired time histories
as inputs to the inverse dynamics system G. Next, another m-� le
is invoked, which calculates and implements the task-dependent
crossover frequencies,and a new inverse dynamics system G is cre-
ated corresponding to these modi� ed crossover frequencies. With
these crossover frequenciesand new G in place, the user calculates
the nominalHQSFs, then introducesthe various� ight simulatorlim-
itations.With the latter in place, the Simulink simulationis repeated,
and MPVA calculates the � delity metric given by Eq. (3).

Fidelity Assessment Example
Performance Requirements

An example of analytical simulator � delity assessment will be
presented involving a BO-105 rotorcraft completing a vertical re-
mask maneuver, which is described in Ref. 9. The � ight simulator
limitations will include the three sets of motion system dynamics:
1) � xed base (no motion), 2) moving base dynamics approximating
those of a hexipod system, and 3) moving base dynamics approxi-
mating those of a large-motion � ight simulator such as the NASA-
Ames Vertical Motion Simulator (VMS). In addition, the visual cue
model discussed in a preceding section will be employed to model
limitations in visual scene representation in a � ight simulator.

The vehicle dynamics were taken from Ref. 15. The BO-105
model was chosen because of the signi� cant longitudinal–lateral
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dynamic coupling that exists attributable to the soft in-plane hin-
geless rotor. Data for the hover � ight condition were chosen. The
unaugmented vehicle model is given here:

8
>>>>>>>>>>>>><

>>>>>>>>>>>>>:

Pu
Pw
Pq
Pv
Pp
Pr
Pµ
PÁ
PÃ

9
>>>>>>>>>>>>>=

>>>>>>>>>>>>>;

D

2

66666666666664

¡0:01660 0:01241 1:6150 0:00040 ¡0:7260 ¡0:11920 ¡32:17 0 0

0:01 ¡0:3317 0:33 ¡0:001 0:1473 1:8309 0 0 0

0:0202 ¡0:0027 ¡3:3972 ¡0:004 ¡0:84 0:0439 0 0 0

¡0:0012 ¡0:0054 ¡0:4834 ¡0:032 ¡1:7454 0:205 0 32:17 0

¡0:0111 ¡0:0121 2:3 ¡0:632 ¡9:244 ¡0:224 0 0 0

¡0:0008 0:0018 ¡0:1215 0:0099 ¡0:0759 ¡0:327 0 0 0

0 0 1 0 0 0 0 0 0

0 0 0 0 1 0 0 0 0

0 0 0 0 0 1 0 0 0

3

77777777777775
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>>>>>>>>>>>>><

>>>>>>>>>>>>>:

u

w

q

v

p

r

µ

Á

Ã

9
>>>>>>>>>>>>>=

>>>>>>>>>>>>>;

C

2

66666666666664

0:4467 0:7894 ¡0:0045 ¡0:12

¡9:881 0:0429 ¡0:016 ¡0:0131

¡0:0805 ¡0:9727 0:1598 0:0577

¡0:0489 0:0383 0:8014 ¡1:6381

¡0:1275 0:459 2:644 ¡1:0126

0:5651 ¡0:0045 0:0341 1:3931

0 0 0 0

0 0 0 0

0 0 0 0

3

77777777777775

8
>><

>>:

±C

±B

±A

±P

9
>>=

>>;

Althoughthe vertical remaskmaneuverwill involve lateralveloc-
ities that are beyond those accurately modeled by hover dynamics,
the hover � ight condition was retained for simplicity. The bare-
airframe dynamics in pitch and roll were augmentedby the attitude-
hold/attitude-command stability and command augmentation sys-
tems (SCAS) given here:

Pitch-attitude loop:

±B

.±BP ¡ µ/
D ¡100.1/.4/2

.0/2.20/

where the socond half of the equation is equal to
¡[100.s C 1/.s C 4/2=s2.s C 20/]

roll-attitude loop:

±A

.±AP ¡ Á/
D 100.1/.4/2

.0/2.20/

The bandwidths of these SCAS systems were approximately
4 rad/s and were included in the example to provide a realistic
model for evaluation.Thus the complete, augmented vehicle model
contains 15 states and four control inputs, a signi� cant increase in
complexity over the simple four-state, two-input model of Ref. 4.

The vertical remask maneuver is described in Ref. 9 as follows:
“From a stabilized hover at 75 ft, remask vertically to an altitude
below 25 ft. Then rapidly displace the rotorcraft laterally 300 ft
and stabilize at a new hover position.” Table 1 shows the desired
performance for this maneuver. Based upon this description and a
safetyof � ight limitationofmaintainingrealisticvehicle roll attitude
excursions (Ámax

»D §40 deg), the hdes.t/ and ydes.t/ time histories
were created.Note that xdes.t/ and Ãdes.t/ are both zero. These time
histories are shown in Fig. 5 along with the scaled time history of
the vehicle roll attitude that resulted in the Simulink simulation of
the pilot/vehicle system.

Assumed Pilot Loop Closures

Figure 6 shows the assumed pilot loop closures for the analysis.
Note that the block labeled “vehicleC SCAS” contains the attitude
SCAS for the pitch and roll loops. The primary loops are seen to
include control of heave rate, pitch attitude, roll attitude, and yaw

rate. Outer-loop pilot closures are also in evidence, consisting of
simple gains for the heave and yaw loops, and low-frequency lead
for the x- and y-displacement loops. The initial crossover frequen-

cies of the pilot modeling procedure were 2 rad/s for the primary
loops and 1 rad/s for the outer loops. As will be seen, these initial
crossover frequencies will be modi� ed to re� ect task-dependent
handling qualities. Table 2 shows the pilot model parameters for

Table 1 Performance requirements from Ref. 9—Vertical
remask maneuver

Performance Desired Adequate

Achieve an altitude of X or less within 6 s 25 ft NA
of initiating the maneuver

During initial stabilized hover, vertical descent, 8 ft 12 ft
and � nal stabilized hover, maintain
longitudinal and lateral position within
§X ft of a reference point on ground

Maintain altitude after remask and during 10 ft C10 and ¡15 ft
displacement within X ft

Maintain heading within §X deg 10 deg 15 deg
Maintain lateral ground track within §X ft 10 ft 15 ft
Achieve a stabilized hover within X s after 5 s 10 s

reaching � nal hover position
Achieve a � nal stabilized hover within X s 15 s 25 s

of initiating the maneuver

Table 2 Pilot model parametersa

Structural pilot model parameters
(primary control loops)

Primary-loop
feedback variable YPF YFS Ye K Pm

Ph 9:36

.4:5/

10

.10/

0:985.:5/

.0/
0.183

µ 0.24(0.5)
252

[0:7; 25]
1.9 0.322

Á 0.216(0.5)
252

[0:7; 25]
2.03 0.125

PÃ 8:16

.4:5/

252

[0:7; 25]

5:57.0:4/

.0/
1.081

aParameters correspond to primary- and outer-loop crossover frequencies of 2.0 and
1.0 rad/s, respectively.
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Fig. 5 Desired pilot/vehicle time histories for verticle remask maneuver and scaled roll attitude excursions that result.

Fig. 6 Hypothesized pilot loop closures for verticle remask maneuver.

the inner and outer loops of Fig. 6. The outer-looppilot models are
Yph D 0:89, Ypx D ¡0:037.0:1/, Yp PÃ

D 0:037.0:1/, and YpÃ
D 0:89.

Simulator Motion Dynamics

Table 3 lists the assumed dynamics of the simulator motion sys-
tems. In addition to those listed, of course, a � xed-base (no motion)
simulator will be considered. The motion dynamics are identical to
those employed in Ref. 4. In addition, as was done in Ref. 4, it was
hypothesized that outer-loop motion quantities such a longitudinal
and lateral acceleration[ Rx.t/ and Ry.t/] could serve as surrogatecues
for pitch and roll attitude µ.t/ and Á.t/. Thus the visual workload
in the pitch and roll attitude tasks could be lessened. The surrogate
cues were blended with the visually sensed attitude cues as follows:

µsensed.t/ D 0:75µvisual.t/ ¡ 0:25

32:2
Rx.t/

Ásensed.t/ D 0:75Ávisual.t/ C 0:25

32:2
Ry.t/ (4)

The assumption of a 75/25 gain distributionbetween the visual and
proprioceptive signals is somewhat arbitrary; however, the impact
of this assumption on � delity assessment is mitigated by the fact
that the gain values remain invariant in the analysis.

Visual Cue Model

Visual cue models such as that of Fig. 3 were implemented in
the feedback path of each visually sensed variable in the system
of Fig. 6, for example, in the Ph and h feedback paths. In addition,
to account for the fact that internally generated command signals
created by the pilotmust be interpretedin the visual � eld, visual cue
models were implemented in the forward path before and after each
outer-loop pilot compensation element, for example, Y ph in Fig. 6.
In creating an outer-loop compensation such as Y px , if a lead term
is required, that is, if Y px is given by

µc D Y px xe D K x .TLxs C 1/xe

D Kx TLx. Pxcom ¡ Px/ C K x .xcom ¡ x/ (5)
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Table 3 Simulator motion system dynamics

Axis Small motion Large motion

Heave
0:13.0/2

[0:707; 0:9]

0:8.0/2

[0:707; 0:3]

Pitch
0:25.0/

.0:81/

0:4.0/2

[0:707; 0:5]

Roll
0:25.0/

.0:81/

0:4.0/2

[0:707; 0:5]

Yaw
0:25.0/

.0:81/

0:4.0/2

[0:707; 0:5]

then separatevisual cue modelswere includedfor the rate terms and
the displacementterms. This formulation leads to 14 separatevisual
cue models in the Simulink implementationof the pilot/vehicle sys-
tem, again a considerable increase in complexity over the model of
the pilot/vehicle system in Ref. 4. It is useful to place the number of
visual cue models required in this analysis in context. A pertinent
comparison can be made between the pilot/vehicle model used here
and the OCM of the human pilot.6 The OCM has been used by the
second author in a pilot/vehicle analysis of a rotorcraft in a landing
approachtask.16 In Ref. 16 the pilotwas requiredto control the same
number of axes as that employed in the present example.The result-
ing OCM required16 separatevisual channels in which observation
noise was injected in parallel with visually sensed inputs to model
the human visual processing system. In this light the 14 visual cue
models employed in the present example are reasonable.

Results
The modi� ed primary-loop crossover frequencies for the heave

rate, pitch attitude,roll attitude,and yaw rate loopswere determined
to be 1.66, 1.87, 0.96, and 0.75 rad/s, respectively. The outer-loop
crossoverfrequencieswere modi� ed to retain the factorof two sepa-
ration. The values just cited representestimates of the primary-loop
crossover frequencies required in the task being analyzed.They are
obtainedfromMPVA as follows:A computersimulationof the pilot/
vehicle system in the vertical remask maneuver is conducted, with
the 2.0 and 1.0 rad/s primary- and outer-loopcrossover frequencies
in evidence. The required crossover frequency !Ci for the i th loop
is estimated from

0:5 D

R
!Ci =K F

0
8±i ±i .!/ d!R 1

0
8±i ±i .!/ d!

(6)

With K F D 1 the !Ci of Eq. (6) would correspond to the half-power
frequency in the pilot’s control output ±i . Here KF D 1:35. This
larger value produced !Ci values that more closely approximated
those obtained by the procedure in Ref. 7, that is,

!Ci D 2:4
Pxi jmax

xi jmax
(7)

Here, xi represents the primary-loop vehicle-response variable in
the i th loop. Equation (7) cannot be employed in multiaxis tasks
where xidesired D 0; hence, Eq. (6) is utilized. The new primary- and
outer-loop crossover frequencies are implemented, and a new in-
verse dynamic matrix G is obtained. This G is used to obtain the
HQSFs.

Each HQSF is calculatedwith the remaining loops closed. Thus,
each HQSF includes the effects of pilot model activity in all other
axes. With this in mind, the following suppositioncan be made: The
overallhandlingqualitiespredictionfor a task will be determinedby
the poorestpredictedhandlingqualitieslevel for anyaxis.Obviously
this is somethingof an assertionat this point; however, research that
has been directed toward determining multiaxis handling qualities
ratings is quite sparse.17;18 The HQSF results indicate violations
of the level 1 boundary for all but the pitch attitude loop. Thus
level 2 handling qualities are predicted. Figure 7 shows the HQSF
for the heave rate loop that exhibited the most signi� cant level 1

Fig. 7 HQSF for heave rate loop indicating level 2 task-dependent
handling qualities.

boundary violation of the pilot/vehicle system. The prediction of
handlingqualitieslevelsas developedin Ref. 5 requiresonly a single
violation of any bound to move from one level to the next. So, for
example, the relativelyminor violationof the level 1 bound in Fig. 7
is suf� cient to yield a predictionof level 2 handlingqualities for that
axis. Figure 8 shows the pilot model control inputs for the maneuver
with the modi� ed crossover frequencies given at the beginning of
this section. Note the signi� cant coupling that occurs during the
maneuver.

The followingcombinationof simulator characteristicswas eval-
uated with in the vertical remask maneuver of Table 1.

Sim0: Perfect motion, no visual cue degradation (nominal � ight
vehicle)

Sim1: No motion, no visual cue degradation
Sim2: Small motion, no visual cue degradation
Sim3: Large motion, no visual cue degradation
Sim4: Large motion, visual cue degradationwith dvar D 0:1 and

ts D 0:06 s
Sim5: Perfect motion, visual cue degradationwith dvar D 0:1 and

ts D 0:06 s
Sim6: Large motion, visual cue degradationwith dvar D 0:1 and

ts D 0:06-s and 0.05-s delay in visual scene and motion system
dynamics

The values of dvar and ts are identical to the valuesused in Ref. 4.
With dvar D 0:1 the largest multiplicative error occurring in the vi-
sual channelat any time would be 20% [recall the saturationelement
with limits of §2(dvar) in the visual cue model]. The sampling pe-
riod of the zero-order hold in the visual cue model was chosen to
provide a sampling frequency approximately 50 times the closed-
loop pilot/vehicle bandwidth when crossover frequenciesof 2 rad/s
were employed.

Table 4 lists the values of the � delity metric with each of the sys-
tems above. Note that the nominal � ight vehicle receives a metric
value of zero. Although limited in terms of the number of combina-
tions of simulator limitations that have been introduced, the results
summarized in Table 4 exemplify one way in which the � delity
assessment tool that has been described can be used. Namely an
analysis of the sensitivity of a particular vehicle and task simula-
tion to variations in simulationparameters can be undertaken.Here,
for example, changing from the small motion (hexapod-like) to the
large motion (VMS-like) systems produces a signi� cant increase in
� delity (decrease in metric value), even when visual cue degrada-
tion is included in the latter. Likewise, elimination of motion cues
implies serious � delity issues for this particular vehicle and task
resulting, as it does, in the largest � delity metric (poorest � delity).

The in� nite value of the no-motion case indicates that the pilot/
vehicle system was unstable as simulated here in MPVA. It
must be emphasized that this does not imply that a � xed-base
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Fig. 8 Pilot model inputs for vertical remask maneuver with task-dependent crossover frequencies.

Table 4 Fidelity metric values

Simulation de� nition Value of � delity metric

Sim0 0
Perfect motion, no visual cue degradation
(nominal � ight vehicle)

Sim1 1a

No motion, no visual cue degradation
Sim2 3.71

small motion, no visual cue degradation
Sim3 0.34

large motion, no visual cue degradation
Sim4 2.07

large motion, visual cue degradation
dvar D 0:1; ts D 0:06 s

Sim5 1.51
perfect motion, visual cue degradation
dvar D 0:1; ts D 0:06 s

Sim6 2.16
Large motion, visual cue degradation
dvar D 0:1; ts D 0:06 s; 0.05-s delay
in visual scene and motion system dynamics

aPilot/vehicle system unstable.

pilot-in-the-loopsimulation of this system would, in reality, be un-
stable, rather that the closed-loop system is unstable when “� own”
with pilotmodel parameters tuned to the nominal � ight vehiclewith
no simulator limitations. The no-motion case is worthy of further
comment. Reference 19 presents the results of a pilot-in-the-loop
simulator � delity study involving a simple rotorcraft model being
controlled in the vertical and directional axes in the NASA VMS.
The similarity in the vertical task studied in Ref. 19 and the vertical
portion of the vertical remask studied here invites comparison.One
of the conclusionsof Ref. 19 states:

Pilots were surprised at the performance results and how their
technique had to change when all motion was removed. Two of the
three pilots input collective displacements in the wrong direction
when � ying � xed base [emphasis added]. Until the valueofmotion
was demonstrated, pilot subjective impression was that the vertical
axis was primarily visual. Thus, caution should be used when
interpreting piloted subjective impression of the value of motion.

The fact that the pilots of Ref. 19 had to change their control
technique in the absence of motion is, according to our philoso-

phy, prima facie evidence of serious � delity issues. However, the
question of whether this adaptation is harmful for either training or
engineering-system-development can be debated.

Two important issues remain in the � delity assessment technique
just described and exercised. These relate to means of correlating
the valueof the � delitymetric with subjectivemeasuresof simulator
� delity and a means of correlating a given visual scene representa-
tion in a � ight simulationwith speci� c value of the parametersdvar
and ts. Research in this area is being pursued.

Conclusions
A computer-aided technique can be employed to analyze the ef-

fects of � ight simulator limitations upon � ight simulator � delity.
As demonstrated with a realistic, six-degree-of-freedomcomputer
simulation of a rotorcraft completing a vertical remask maneu-
ver, the MATLAB-based assessment procedure builds upon well-
established models for the human pilot and automates many of the
calculations involved in creating and implementing these models.
The resulting pilot models utilize the three major cues employed in
human vehicular control: proprioceptive, visual, and vestibular. In
addition to providing a � delity metric for any � ight simulationexer-
cise, the tool also predicts the task-dependenthandling qualities of
the nominal � ight articlein themaneuverbeingsimulated.Although
much of the pilot/vehicle analysis is automated, signi� cant effort is
still involved in creating the computer simulation of the complete
pilot/vehicle system.
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