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A simplified approach for modeling pilot pursuit control behavior is adopted for use in assessing the fidelity of

flight simulators. Themodel includes proprioceptive, visual, and vestibular cueing. Themodel differs from previous

simulator fidelity applications in that pursuit, as opposed to compensatory pilot behavior, is modeled. In

approximate fashion, the model can account for the effects of task interference, degraded motion and visual cues,

vehicle modeling errors, differing levels of pilot control aggressiveness, and to a limited extent, pilot skill level. A

fidelity metric similar to one previously discussed in the literature is exercised with three vehicles and tasks: a fighter

aircraft in a tail-chase tracking task, a small rotorcraft in a near-hover repositioning task, and a large rotorcraft in

acceleration/deceleration and departure/abort tasks. The fidelity assessment procedure is shown to be sensitive to

changes in vehicles, tasks, and simulator limitations in these disparate examples.

Nomenclature

dvartask = variance of band-limited white noise in visual cue
model associated with piloting task

dvarvis = variance of band-limited white noise in visual cue
model associated with visual cue quality

f = 1� 10�dvarvis � dvartask� factor in pilot model
related to visual cue quality and task interference

Gnm = neuromotor system dynamics in pilot model
h = vehicle altitude
Kp = pilot model gain in inner “position” control loop
Kpo = pilot model gain in outer position control loop,

multi-axis task
Kr = pilot model gain in inner “rate” control loop
Kro = pilot model gain in outer rate control loop, multi-

axis task
kagress = pilot model gain to model pilot control

aggressiveness in a task
k� � = pilot model gain on variable ( )
L0�� � = moment-normalized stability derivative relating

primed rolling moment to control input �� �
M = output of inner position control loop
M�� � = moment-normalized stability derivative relating

pitching moment to control input �� �
n = number of axes being controlled by pilot
Pi�!�nom = power in ith proprioceptive feedback loop, nominal

conditions (without simulator limitations)
Pi�!�sim = power in ith proprioceptive feedback loop, nominal

conditions (with simulator limitations)
p = vehicle roll rate, deg =s
q = vehicle pitch rate, deg =s
r = vehicle yaw rate, deg =s

UM = proprioceptive feedback signal
V = vehicle velocity
x, y = vehicle longitudinal and lateral positions in

Earth-fixed axes
Yp = pilot model transfer function
�A = pilot’s lateral cyclic input
�B = pilot’s longitudinal cyclic input
� = vehicle pitch attitude, deg
� = vehicle roll attitude, deg
 = vehicle heading, deg

I. Introduction

A PPLYING techniques for modeling the control behavior of the
human pilot has been of considerable interest in assessing flight

simulator fidelity [1–12]. The research to be discussed here will
focus upon a simplified model of pilot behavior introduced in [13],
and further exercised in [14]. The goal of the simplification is to
reduce the complexity of the model used in previous studies [6],
while still retaining desirable features amenable to application to
fidelity studies. The modeling approach to be presented is directed
primarily toward establishing flight simulator requirements for
training. In particular, a procedure will be proposed that will attempt
to quantify the effects of specific simulator limitations and do so
while accommodating the particular vehicle and flight task being
simulated. The critical element in this analytical assessment will be a
pilot model that includes the primary sensory paths that the human
used in controlling a vehicle, that is, visual, proprioceptive, and
vestibular. In comparison to past work dealing with flight simulator
fidelity, the methodology to be discussed follows a number of well-
defined, sequential steps that are of particular help in determining
the dynamics of the so-called “proprioceptive” control loop of the
human [15]. The need for more automated tuning of pilot models
that have been proposed in the past for simulator fidelity assessment
has been pointed out by others [11] and is critical in modeling
realistic flight tasks such as those studied in [16]. In addition to
accommodating the cues just described, the pilot model includes an
approximate means for accounting for the effects of interference in
multiloop control tasks, a feature that was absent in previous fidelity
studies [6]. To exercise the proposed methodology, it is applied to
three different vehicles (fighter aircraft, small rotorcraft, and large
rotorcraft) in significantly different piloting tasks. The tasks are 1) a
fighter tail chase atMach� 0:3, 2) a small rotorcraft near-hover task,
and 3) two tasks with a large rotorcraft involving significant ground-
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speed changes from hover. By applying the methodology to these
disparate vehicles and tasks, the authors hope to emphasize the broad
applicability of the technique.

The paper is organized as follows. Section II discusses the pilot
model which is the central element in the methodology. The section
discusses how the model is created for any vehicle and task and
concludes with the procedure offered for quantifying simulator
fidelity. Section III presents an application of the fidelity assessment
procedure to a tail-chase task with a fighter aircraft. Section IV
treats a near-hover task with a small rotorcraft. Section V applies
the technique to a large rotorcraft in a pair of tasks in which time-
varying vehicle dynamics are encountered. Section VI comprises a
discussion and critique of the assessment procedure and Sec. VII
draws the major conclusions from the study.

II. Pilot Model

A. Basic Structure

The work of Hess in [13] describes the core of the pilot modeling
procedure to be discussed herein. The work of Hess [13] was
motivated by a desire to provide tractable pilot models for inclusion
in computer simulations of realistic and demanding piloting tasks.
The brief description that follows is essentially identical to that
offered in [13,14]. The pilot model is multiloop in nature, with each
sequential loop described by an inner (rate) and outer (position)
closure. Here rate and position are used in a relative sense. All that is
intended in this description is that the inner-loop response variable
is the time derivative of the outer-loop response variable. Figure 1
shows the model structure for the innermost loop in a flight control
task. In this discussion, “innermost” control loop will refer to the
feedback loop that produces direct control inputs by the pilot through
the cockpit inceptor. Beginning with such an innermost control loop,
each vehicle response variable is controlled using a combination

of output-rate feedback ( _M) and output feedback (M). Each of these
separate feedback loops contains a single pilot gain. The innermost
control loop also contains a second-order “neuromotor”model. The
fact that system output, output rate, and input are each assumed
available to the human in this description leads to the use of the
term “pursuit” pilot model. As will be seen, the rate feedback
will be created by a combination of proprioceptive and vestibular
information (when the latter is available from vestibular sensors).

In [13], selection of the pilot gains in each control loop is
accomplished as follows. Consider Fig. 1 showing the pilot model
controlling a single response variable, denoted M in the figure. For
example,M might be the pitch attitude (�) of a rotorcraft. Gnm is the
second-order neuromotor model alluded to in the previous paragraph
and is given by

Gnm �
102

s2 � 2�0:707�10s� 102
(1)

The gain Kr is chosen so that a 10 dB difference exists between the
amplitude of the most-lightly damped mode and the midfrequency

amplitude in a Bode plot of the transfer function _M=R. Justification
for the 10 dB factor is given in [13]. The gain Kp is then selected
to yield a nominal 2 rad=s crossover frequency in the Bode plot
of the open-loopM=E transfer function. The 2 rad=s figure is repre-
sentative of an upper limit of pilot crossover frequency in flight tasks
[15].

In multiloop control problems, other response variables must
obviously be used by the pilot. For example, if the task at hand
was rotorcraft hover control, vehicle longitudinal position (x) might
serve as the next response variable, with pitch attitude serving as a
command for controlling x. Figure 2 shows, in generic fashion, how
such a loop closure would be modeled.

In Fig. 2, the block labeled “vehicle with primary loop closed”

actually includes two loop closures, that is, the _M andM loops from
Fig. 1. In the rotorcraft example, M0 would refer to longitudinal

displacement x, and _M0 would refer to longitudinal velocity. In the
approach of [13], the gain Kro is chosen so as to produce the same

crossover frequency in the _M0 loop as in the primary control loop,
here 2 rad=s. The gain Kpo is then chosen to yield a crossover
frequency a factor of 3 less, that is, 0:667 rad=s. The use of a factor
of 3 to separate major control loops in a multiloop task has been
discussed elsewhere [17]. If further outer-loop closures are required,
the procedure outlined is employed again. The rate gain in the next
loop would be selected to yield a 0:667 rad=s crossover frequency
in that loop, and the position gain would be selected so as to yield a
crossover frequency of 0:667=3� 0:222 rad=s.

For the applications to be discussed, the model of Fig. 1 is
modified so as to allow explicit proprioceptive and vestibular cues.

As Fig. 3 indicates, _M is replaced by a weighted sum of these cues,
each providing estimates of the same variable. First an approxi-

mation to the transfer function _M=� is obtained andweighted at 0.75.
This transfer function is obtained by exciting the system with a
filtered step ��t� in the control loop in question. A MATLAB m-file

is then used to estimate the transfer function between _M and � using
a regression technique. The lowest order transfer function that

provides an acceptable match to _M given � is used. Then, if _M can
also be sensed by a vestibular organ (semicircular canals and/or

otoliths), this _M is weighted at 0.25. Note that the two _M signals have
different sources, one is from the control input � and the second is
the signal itself (no models of the vestibular sensors are included).
The two resulting signals are summed and fed back into the
innermost rate loop. The 0:75=0:25 split is an assertion at this point.
Note that if no vestibular organ provides the necessary _M, then only
proprioceptive feedback is used andweighted at 1.0. The normalized
variable UM=Kpo will be used to create a fidelity metric (FM) to
be described in Sec. II.E.

For any task, the outer-loop command CO passes through a
second-order filter with unity damping ratio and a break frequency
defined by [13]

!n filter � kagress�2:4 � 0:4f� rad=s (2)

The factors kagress and f will be defined in Secs. II.B and II.C,
respectively. In Eq. (2), the factor (2:4 � 0:4f) represents the
crossover frequency of the innermost rate loop (pitch rate) as a
function of f. Equation (2) ensures that the majority of power in the
command signal does not exceed the highest bandwidth control loop
in the pilot model.

B. Modeling Visual Cue Quality and Pilot Control Aggressiveness

Themodel for visual cue quality introduced in [6] and used in [13]
does not impact the selection of nominal pilot model gains. The
gain in each control loop that provides visual (as opposed to

Fig. 1 A model of human pilot control behavior from [13].

Fig. 2 A multiloop pilot/vehicle system from [13].
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proprioceptive or vestibular) feedback is preceded by a visual cue
model of the form shown in Fig. 4. Details concerning the model can
be found in [13].

The saturation limits in the element in the visual model are set
to twice the variance dvarvis of a zero-mean, normally distributed
random variable. A new random number is generated every 0.05 s.
The quality of the visual cues is quantified by the dvarvis value. The
larger this value, the poorer the visual cue. For simplicity, this value
will be the same for all control loops and, as such, will reflect
the average quality of all visual cues. An important part of the model
is the gain reduction factor f. The gains on all rate-control loops are
multiplied by 1=f where f will be defined in what follows.

If desired, pilot control aggressiveness can be modeled by a
multiplying factor kagress thatmultiplies the gains in all the outer loops
of each pair of loop closures, that is, Kp and Kpo in Figs. 1 and 2. In
[13] it was suggested that a preliminary relationship between dvarvis
and the usable cue environment (UCE) [18] could be given by

if 0 � dvarvis < 0:1; UCE� 1

0:1 � dvarvis < 0:2 UCE� 2

0:2 � dvarvis < 0:3; UCE� 3 (3)

C. Modeling Task Interference Among Control Axes

Existing human operator tracking data involving multi-axis
control indicates that multi-axis tracking induces increased human
operator remnant and decreased operator “gain” [19]. In a measure-
ment of human pilot dynamics in a tracking task, remnant is defined
as that part of the pilot’s control input that is not linearly correlated
with the system external forcing function or disturbance [17]. In the
current study, this behavior ismost easilymodeled through the visual
cue model. The dependence of the number of axes being controlled
and dvartask will be defined as

dvartask � 0:01n for n > 1

� 0 for n� 1 (4)

where n is the number of axes being controlled. This equation is
based upon a limited review of task interference data supplied in [19].
The variable f introduced in Sec. II.B can now be defined as

f� 1� 10�dvarvis � dvartask� (5)

D. Modeling Higher Levels of Skill Development

As described in [5,6], an inverse dynamics element can be
included as the final, outermost loop element in the pilot modeling
procedure. This element effectively inverts the dynamics of the
pilot/vehicle system, as shown in Fig. 5. The inverse dynamics
filter is created from linear dynamic inversion [20] applied to the
linear pilot/vehicle system. The importance of the filter is that it
provides feedforward command cross coupling to the pilot/vehicle
system, effectively modeling the skilled pilot’s ability to employ
such behavior tominimize the effects of control cross coupling in the
vehicle dynamics.

E. Assessing Simulator Fidelity

Reference [2] offers a useful definition of training simulator
fidelity that forms the basis of the procedure to be used here, that is,

“We suggest, then, that fidelity is the specific quality of a
simulator that permits the skilled pilot to perform a given task in the
same way that it is performed in the actual aircraft. Execution of
said task is simply the closure of all loops made necessary by both
the task requirements and the dynamics of the vehicle and subject to
the information which is available.”

This definition will be employed in this study as follows: A nominal
pilot model will be created for a particular vehicle and task assuming
no simulator limitations such as computational time delays, motion
system limitations, or degraded visual cues. This model will
then be employed in a computer simulation in which such simulator
limitations are included. A fidelity metric will be calculated that
assesses the degree of fidelity that the simulator would exhibit in this
task. Thefidelitymetric is similar to that used in [5,6], butmodified to
accommodate the simplified pilot model. The FM is based upon the
power Pi�!� in the ith normalized signalUMi in the model of Fig. 1,

Pi�!� �
1

K2
pi

�UMi
�!� (6)

and

                                                                                      
                                                                                                               

δ δ (proprioceptive) 

+

R M

M

⋅

⋅

(vestibular) 

+

+

1/Kpo

UM/Kpo

0.75

0.25

/

Fig. 3 Creating proprioceptive and vestibular feedback.

Fig. 4 The visual cue model of [13].
Fig. 5 Inverse dynamics from [6].
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FM �
Xn
i�1

�R1
0 jPi�!�nom � Pi�!�simjd!R1

0 Pi�!�d!

�
(7)

Here n is, again, the number of axes being controlled by the pilot.
Note that if FM� 0, perfect fidelity is implied given the definition in
the paragraph above.

At least a few words of justification for employing the metric of
Eq. (7) are in order. The proprioceptive feedback signal shown in
Fig. 3 is the dominant part of the signal that provides the pilot
compensation dynamics in each of the fundamental control loops
closedby thepilot (e.g.,M=R inFig. 1).Assume, for example, that the
pilot is controlling a simple vehiclewith dynamics of1=s2. Following
the pilot model development that has been described herein, the pro-
prioceptive dynamics would be given by 1=s. A gain of 8.0 in the
forward loop (to provide appropriate closed-loop neuromuscular
mode peaking) would then yield a pilot model of the form:

Yp �
Kps

�s� 12:09��s2 � 2�0:13�8:14s� 8:142� (8)

Over abroad frequency range including typical crossover frequencies
forM=E in Fig. 1 (1–2 rad=s), Eq. (8) generates an effective “lead”
which not only stabilizes the manual closed-loop system, but also
ensures adequate stabilitymargins. Thus, given the importance of the
proprioceptive signal in the piloted vehicle system, differences in the

frequency-integrated powerwhich accruewhen simulator limitations
are included in the modeling procedure should serve as sensitive
indicators of simulator fidelity.

III. Example: Fighter Aircraft

A. Aircraft and Pilot Model Description

Figure 6 shows the innovative control effector (ICE) vehicle used
in other studies [21]. Here the pilot will be tracking random-
appearing pitch and roll-attitude commands, emulating a tail-chase
scenario. The flight condition isMach� 0:3, altitude 15,000 ft. The
aircraft model used here can be found in [21], including the models
for amplitude and rate-limited actuators. The aircraft possesses a
three-axis stability and command augmentation system described as
the “loop-shape” design in [21]. Figure 7 shows the pilot model for
this vehicle and task. The innermost loops show both vestibular and
proprioceptive feedback as described in Sec. II.A.

The human’s vestibular sensors are assumed to provide the
angular velocity information [22]. The dynamics of these sensors
are not included in the model. Previous research has justified this
simplifying assumption, for example, [23]. The transfer functions
shown in the proprioceptive loopswere obtained from a time-domain
regression technique described in Sec. II.A. The pilot model gains
and transfer functions for the proprioceptive dynamics in the pilot
model are given, respectively, as

kp� 1:07; kq� 0:7; k�� 3:8369; k�� 7:25

q loop :
2:674s2� 10:2s� 0:1983

s2� 13:32s� 2:56
p loop :

0:9245s� 7:437

s� 7:338

(9)

B. Task and Results

The flight task will involve following random-appearing pitch and
roll-attitude commands. This task represents a tail-chase scenario in
which the ICE vehicle is attempting to match the perceived pitch and
roll attitudes of a target aircraft. Figure 8 shows the pilot/vehicle

Fig. 6 The innovative control effector (ICE vehicle).

Fig. 7 Pilot model for ICE vehicle.
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performance under nominal conditions, as might be expected from
flight data. Tracking performance is seen to be excellent.

The same computer simulation was repeated, but without motion
cues. No other changes in the pilot model were undertaken. This
would represent placing a skilled pilot in a flight simulator in which
no motion cues were present and not allowing the pilot to change
any of his/her dynamic characteristics to accommodate simulator
limitations. It should be emphasized, of course, that a pilot will likely
change his/her dynamics to accommodate differences between the
simulator and the actual vehicle in the task at hand. This does not
invalidate the methodology. The technique offered is essentially
asking what changes in the pilot’s sensory signals and performance
will occur if the pilot does not change dynamics from those
appropriate from the actual vehicle. Figure 9 shows the tracking
performance and Figs. 10 and 11 compare the power in the pilot’s
proprioceptive feedback loops [Eq. (6)] with and without motion
cues. These power calculations were obtained from runs of 60 s
duration. Power appearing to be concentrated around specific
frequencies is attributable to the random-appearing pitch and roll-
attitude commands being generated by sums of sinusoids. The reader
should be reminded that these results are task dependent. Evaluation
of Eq. (7) for the pitch and roll FM values indicates

FM� pitch-loop contribution� roll-loop contribution

� 0:1� 0:16� 0:28 (10)

Perfect fidelity would produce an FM� 0. Equation (10) merely
states that there was a 28% increase in FM that resulted from the
removal of motion cues. At this juncture, mapping a 28% increase
in FM to more subjective fidelity assessment is open to question.

IV. Example: Small Rotorcraft

A. Aircraft and Pilot Model Description

Figure 12 shows the BO-105 rotorcraft that has been used in other
studies [13]. Here the pilot/aircraft system will be performing simple
repositioning maneuvers near hover. The pilot is controlling four
axes, with the outermost loops controlling longitudinal, lateral,
vertical positions, and heading. In addition to vestibular sensing of
the angular rate in the pilot model, linear acceleration cues were

employed for �x, �y, and �h. It was assumed that the human’s vestibular
sensors could provide these cues [22]. Again, the dynamics of these
sensors were ignored in the model, an assumption justified by
previous applications to vehicular control [23]. As implemented in
[6], �x and �y were assumed to provide surrogate attitude cues for �
and �. The visual attitude cues were blended with the vestibular cues
according to

�sensed � 0:75�visual � 0:25 �x=g �sensed � 0:75�visual � 0:25 �y=g

(11)

Aswas the casewith blending the proprioceptive and vestibular cues,
the 0:75=0:25 split is an assumption.

Figure 13 shows the entire pilot/vehicle system and is included to
emphasize the complexity of this modeling exercise. Figure 14
shows the pilot model for longitudinal control. The actuator
dynamics given in [13] were modified here to include amplitude
and rate limits. Note the added complexity of the model of Fig. 14
compared to either control axis for the ICE pilot model of Fig. 7. This
is attributable to the additional control loops in each control axis.

Fig. 8 Pilot/vehicle tracking performance, nominal conditions, ICE

vehicle.

Fig. 9 Pilot/vehicle tracking performance, nomotion cues, ICEvehicle.

Fig. 10 Power in pilot’s pitch-loop proprioceptive signal for ICE-

vehicle tracking task.

Fig. 11 Power in pilot’s roll-loop proprioceptive signal for ICE-vehicle

tracking task.
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The pilot gains and the transfer functions for the proprioceptive
dynamics in the pilot model are given, respectively, as

kq��15:83; kp� 11:1; k �h� 1:12; k_r� 2:69k�� 2:93

k�� 3:43; k _h� 3:39; kr� 3:35; k _x��0:27
k _y� 0:25; kh� 0:73; k � 0:72; kx� 0:64; ky� 0:65

�h loop :
10:57s� 0:2056

s2� 7:306s� 3:505
q loop :

�0:222s� 0:03514

s2� 0:8433s� 0:4144

p loop :
0:44243s� 0:06758

s2� 2:067s� 0:7412
_r loop :

4:381s� 0:1152

s2� 7:11s� 2:674

(12)

The inclusion of gains such as k �h and k_r in Eqs. (12) arises from the
basic structure of the pilot model as shown in Fig. 1, in which control

of variables such as _h and r require inner rate loop closures on �h and
_r. Increased pilot skill level is exercised in this simulation by
inclusion of the inverse dynamics system as described in Sec. II.D.
Note the block labeled Pilot Skill Level in Fig. 13.

B. Task and Results

The task to be considered will be a simple repositioning task
in which the rotorcraft is to translate vertically, laterally, and
longitudinally a distance of 10 m and return to hover. After hovering
for approximately 10 s, the vehicle translates back to the original
vertical and lateral positions, but longitudinally 20 m from its

Fig. 12 BO-105 rotorcraft.

Fig. 13 Pilot/vehicle system for rotorcraft task modeling.
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original longitudinal position. During the maneuver, the desired
heading deviation is zero. Turbulence inputs were included and
modeled as white noise passed through second-order filters with
5 rad=s bandwidths creating body-fixed velocity perturbations ug,
vg, and wg. The rms turbulence values were 1 m=s in each axis.
Figure 15 shows the vehicle position and heading performance under
nominal conditions, again as might be expected from flight data.

The same computer simulation was repeated, but without motion
cues. No other changes in the pilot model were undertaken. As in the
case of the ICE-vehicle simulation, this would represent placing a
skilled pilot in a flight simulator in which no motion cues were
present and not allowing the pilot to change any of his/her dynamic
characteristics to accommodate simulator limitations. Figure 16
shows the tracking performance. Some performance degradation is
evident, particularly in heading control. Figures 17–20 compare the
power in the pilot’s proprioceptive feedback loops [Eq. (6)] with and
without motion cues.

The graphical results suggest that roll-rate motion cueing is most
important in this task. This is further corroborated by the roll-loop’s
contribution to the FM in Eq. (13). One explanation for this result lies
in the control cross coupling that exists for this vehicle at hover. The
ratio L0�B=M�B

� �0:5, whereasM�A
=L0�A � 0:06. This implies that

roll disturbances due to longitudinal cyclic inputs by the pilot will be
considerably larger than pitch disturbances due to lateral cyclic
inputs. Again, the reader should be reminded that these results are
task dependent. Evaluation of Eq. (7) for the pitch and roll FMvalues
were obtained for 40 s runs. These indicate

FM�pitch-loop contribution� roll-loop contribution

�vertical position-loop contribution

�heading-loop contribution

�1:36�2:39�0:36�0:837�4:95 (13)

The coarse nature of the motion/no-motion dichotomy can be made
finer by considering motion cues, but with washout and gain
limitations included in themotion drive systems. To this end, motion
systemdynamics from [6]were used, expanded upon, and defined (in
shorthand notation) by

vertical axis : 0:8�0�2=	0:707;0:3

lateral axis : 0:5�0�2=	0:707;0:5
 pitch axis : 0:4�0�2=	0:707;0:5

roll axis : 0:48�0�2=	0:707;0:5
 yaw axis : 0:5�0�2=	0:707;0:5


(14)

The shorthand notation in Eqs. (14) is defined as a�b�=	c; d
�
a�s� b�=	s2 � 2�c��d�s� d2
. These transfer functions are defined
as (x-cockpit motion/x-vehicle motion). These dynamics do not
represent any particular motion system, however, the gains and
washout frequencies would be representative of a “large motion”
facility. Figure 21 shows the pilot vehicle performance. Com-
parison with the performance shown in Figs. 15 and 16 reveals that
performance is approaching that of the full-motion (flight) results.
For the sake of brevity, no graphical comparisons of the P�!�
plots will be presented, but the fidelity metric of Eq. (7) is calcu-
lated as

FM� pitch-loop contribution� roll-loop contribution

� vertical position-loop contribution

� heading-loop contribution

� 0:4� 0:7� 0:05� 0:15� 1:30 (15)

Comparing the FMs of Eqs. (13) and (15) indicates that significantly
improved fidelity is obtained with the limited motion systems
described in Eqs. (14).

Fig. 14 Longitudinal pilot model for rotorcraft task modeling.

Fig. 15 Pilot/vehicle tracking performance, nominal conditions, BO-

105 vehicle.

Fig. 16 Pilot/vehicle tracking performance, no motion cues, BO-105

vehicle.
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The next comparison involves the limited motion system just
described, but with a degraded visual system, which can be
considered to model a limited visual system in the simulator. This
will be implemented in the visual cue model by setting dvarvis �
dvartask � 0:14 and f� 2:4. Figure 22 shows tracking performance
which is the poorest of the three systems that have been simulated.
The fidelity metric for this system was found to be

FM� pitch-loop contribution� roll-loop contribution

� vertical position-loop contribution

� heading-loop contribution

� 0:89� 1:28� 0:22� 0:62� 3:01 (16)

The final comparison will include the limited motion system, the
degraded visual system, plus a 0.05 s time delay in the vehiclemodel.
The time delay can be considered to model computational delays in
the host computer for the simulator, and, as such, represents a vehicle
modeling error. Figure 23 shows tracking performance which is
clearly the poorest of all the systems that have been simulated. The
fidelity metric for this system was found to be

FM� pitch-loop contribution� roll-loop contribution

� vertical position-loop contribution

� heading-loop contribution

� 0:98� 2:04� 0:208� 0:07� 3:30 (17)

The addition of the 0.05 s time delay is seen to result in an
approximate 10% reduction in fidelity (an approximate 10% increase
in FM).

V. Large Rotorcraft

A. Aircraft and Pilot Model Description

The final example involves the large rotorcraft shown in Fig. 24,
the CH-53D. The vehicle model was created by a linear
interpolation of the vehicle stability derivatives as given in [24]
over an airspeed range from hover to 120 kt. Thus, the vehicle
model is linear but time varying in nature. Stability augmentation
systems were included in each axis providing attitude command/
attitude hold in pitch and roll, and rate command in the vertical and
yaw axes. As in the example of the previous section, the pilot is
controlling four axes. As opposed to the modeling of Sec. IV, the
outermost loops control longitudinal, lateral, vertical velocities,
and heading rate. The pilot model was formulated using the hover
dynamics of the vehicle. For simplicity, no dynamic inversion
element was included in the pilot model. Finally, the pitch-attitude
commands created by the pilot model were limited to �30 deg in
the simulation.

To accommodate the time-varying vehicle dynamics it was
necessary to schedule the pilot gains in the forward portion of the

vertical control loops (those controlling _h and �h). This was
accomplished by adjusting the nominal gain values with airspeed as
follows:

Fig. 17 Power in pilot’s pitch-loop proprioceptive signal for BO-105

vehicle repositioning task.

Fig. 18 Power in pilot’s roll-loop proprioceptive signal for BO-105

vehicle repositioning task.

Fig. 19 Power in pilot’s vertical-position loop proprioceptive signal for

BO-105 vehicle repositioning task.

Fig. 20 Power in pilot’s heading-loop proprioceptive signal for BO-105

vehicle repositioning task.
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k �h � 12 for V < 100 ft=s

k �h �
12

1� 0:125�V � 100� for V � 100 ft=s

k _h � 2:34 for V < 100 ft=s

k _h �
2:34

1� 0:125�V � 100� for V � 100 ft=s; V � airspeed

(18)

The pilot model gains and transfer functions for the proprioceptive
dynamics in the pilot model are given, respectively, as

kp� 0:8; kq� 0:875; k�� 3:23; k�� 2:91; k �h� 12

k_r� 3:3; k _y� 0:00922; k _x��0:0319; k _h� 2:34

kr� 2:36 �h loop :
0:514s

s� 0:5188
q loop :

2:948s� 0:08813

s� 1:756

p loop :
3:562s� 0:0325

s� 3:102
_r loop :

2:48s� 0:00187

s� 2:525
(19)

The values shown for k �h and k _h are valid for V � 100 ft=s. British
gravitational (BG) units, as opposed to SI units are employed in the

following examples because reference is made to task descriptions in
[25] that employ BG units.

B. Tasks and Results

Acceleration/Deceleration Task: The task to be considered will
be a simple longitudinal acceleration/deceleration maneuver in
which the rotorcraft is to accelerate to approximately 110 kt
(185:6 ft=s) then decelerate to hover. The reader should note that
this task differs somewhat from the “acceleration/deceleration” task
described in [25]. Here, a higher velocity was employed before the
deceleration segment was initiated. No turbulence inputs were
included. Figure 25 shows the vehicle longitudinal velocity tracking
performance, including pitch and roll-attitude excursions under
nominal conditions, again as might be expected from flight data.
Figure 26 compares the power in the roll-loop proprioceptive signals.
For the sake of brevity, only the power in this loop is shown.With no
turbulence inputs, the spectra have a more limited frequency range,
as a comparison of the abscissa of Fig. 26 to those of the previous
vehicle examples.

Evaluation of Eq. (7) for the pitch, roll, vertical velocity, and
heading-rate loops FM values were obtained for 75 s runs. These
indicate

Fig. 21 Pilot/vehicle tracking performance, reduced motion cues, BO-

105 vehicle.

Fig. 22 Pilot/vehicle tracking performance, reduced motion cues and

degraded visual cues, BO-105 vehicle.

Fig. 23 Pilot/vehicle tracking performance, reduced motion cues,

degraded visual cues, and computational time delay BO-105 vehicle.

Fig. 24 CH-53D rotorcraft.
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FM� pitch-loop contribution� roll-loop contribution

� vertical velocity-loop contribution

� heading-rate loop contribution

� 0:00566� 0:0277� 0:122� 0:0308� 0:186 (20)

Departure/Abort Task:The task to be considered will be a departure/
abort task as described in [25]. The vehiclewill accelerate fromhover
to approximately 45 kt (departure); the pilot (model) will then abort
the departure by rapidly returning to a hover condition. Again, no
turbulence inputs were included. No changes in the pilot model
parameters were made from the acceleration/deceleration task,
except for the addition of logic to mimic the pilot’s sensing when
a velocity of 45 kt was reached in the departure. The pilot/vehicle
task performance called out for this maneuver in [25] includes
“target” pitch attitudes of�20 deg; target maneuver endpoint 800 ft
from initiation of departure point. . . . It is not permitted to overshoot
the intended endpoint and move back. . . . If the rotorcraft stopped
short, the maneuver is not complete until it is within 20 ft of the
intended endpoint. The simulated vehicle exhibited �15 to 24 deg
attitude excursions and came to rest 797 ft from the initiation point.
Figure 27 shows the vehicle longitudinal velocity tracking perfor-
mance, including pitch and roll-attitude excursions under nominal
conditions, again as might be expected from flight data.

Evaluation of Eq. (7) for the pitch, roll, vertical velocity, and
heading-rate loops FM values were obtained for 30 s runs. These
indicate

FM� pitch-loop contribution� roll-loop contribution

� vertical velocity-loop contribution

� heading-rate loop contribution

� 0:00875� 0:0269� 0:0761� 0:0658� 0:178 (21)

Both FMvalues for the CF-53D are relatively small (suggesting high
fidelity). One could argue that the insensitivity to motion cues is
attributable to the size of the vehicle.

VI. Discussion and Critique

As a comparison of the FMvalues among the ICE-vehicle tracking
task, the BO-105 vehicle repositioning task and the CH-53D
acceleration/deceleration taskswould indicate that theBO-105 rotor-
craft and task is considerably more sensitive to simulator motion
limitations than the fighter aircraft and large rotorcraft, at least for the
vehicles and tasks considered here. This difference can be attributed
to both vehicle and task. With its soft, in-plane rigid rotor, the BO-
105 is highly maneuverable, and the inherent control cross coupling
requires the pilot’s use of motion cues to complete the demanding,
near-hover task. Finally, as opposed to the BO-105, both the ICE
vehicle and the CH-53D possessed stability augmentation systems,
the purpose of which was to relieve the pilot’s workload. It is worth
repeating the definition of fidelity given in Sec. II.E, that is, “. . .the
specific quality of a simulator that permits the skilled pilot to perform
a given task in the sameway that it is performed in the actual aircraft.
Execution of said task is simply the closure of all loops made
necessary by both the task requirements and the dynamics of the
vehicle and subject to the information which is available.”

Other than to describe anFM� 0 as implying “perfectfidelity,”no
attempt has been made to assign degrees of “permissible” fidelity
to the numerical fidelity metric values that have been obtained in
the examples of Sec. IV. For example, is an FM� 2 acceptable for
a training simulator? At this juncture, the question must remain
unanswered and obviously remains an open issue with the modeling
procedure. The relative effects of different simulator limitations upon
predicted fidelity could be obtained, with the ability to discern the
extent towhich each axis of control contributes tofidelity or lack of it.

There have been a number of modeling assumptions that were
made simply for expediency.Among thesewere the 0:75=0:25 signal
weightings used in several places in the pilot model. In addition,
relating ranges indvarvis values to specific useable cue environments
was based upon relatively crude arguments in [13]. In addition, it
is not possible to accurately adjust the dvarvis values to reflect
subtle changes that might accrue in simulator characteristics such
as varying visual field of view. One can, of course, reason that
reductions in field of view can be accommodated in the model by
increases in dvarvis values, but precisely how large an increase
is open to question. This is attributable to the fact that, at the
physiological level, themodel is egregiously oversimplified. Finally,
of course, themodeling procedure has been conducted in the absence
of corroborative data involving pilot-in-the-loop simulation. The
modeling assumptions outlined in the previous paragraph obviously
need to be validated using such data. It is important to note, however,
that the pilot model that has been developed follows the dictates of
the “crossover model” of the human pilot [13,14].

It was demonstrated in [14] that pilot model parameters for all the
vehicles studied here could be selected on the basis of computer
simulation of the vehicle. This implied that nonlinear vehiclemodels,
such as those typically used in piloted simulation studies, could be

Fig. 25 Pilot/vehicle tracking performance, acceleration/deceleration
task, nominal conditions, CH-53D vehicle.

Fig. 26 Power in pilot’s roll-loop proprioceptive signal, acceleration/

deceleration task, CH-53D vehicle.

Fig. 27 Pilot/vehicle tracking performance, departure/abort task,

nominal conditions, CH-53D vehicle.
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used to determine the pilot model parameters. The only possible
exception to this in the current implementation is the dynamic
inversion element discussed in Sec. II.D, which requires a linear
vehicle model (as implemented herein). In applications where such
amodel is unavailable, the recommendation would be to simply omit
this element in the modeling procedure.

With these limitations in mind, the possible contribution of the
modeling procedure is that it allows predictions of the impact of
flight simulator limitations on perceived fidelity as reflected in
metrics derived from a tractable control-theoretical pilot model.
This model can provide estimates of pilot/vehicle performance in a
variety of tasks with a variety of vehicle models. Finally, a procedure
has been outlined in [13] and extended herein that allows the user to
create the pilot model using a series of well-defined steps.

VII. Conclusions

A tractable pilot modeling procedure is offered that permits
computer simulation of realistic flight tasks. The procedure extends
a simplified pursuit tracking model of the human pilot previously
discussed in the literature. In approximate fashion, the model can
account for the effects of task interference, degraded motion and
visual cues, vehicle modeling errors, differing levels of pilot control
aggressiveness, and to a limited extent, pilot skill level. A fidelity
metric similar to one previously discussed in the literature can be
offered that predicts, in approximate fashion, the effects of flight
simulator limitations on the fidelity of the simulation.
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