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Modeling Human Pilot Cue Utilization with Applications
to Simulator Fidelity Assessment

Y. Zeyada*and R. A. Hess'
University of California, Davis, Davis, California 95616

An analytical investigation to model the manner in which pilots perceive and utilize visual, proprioceptive, and
vestibular cues in a ground-based flight simulator was undertaken. Data from a NASA Ames Research Center
vertical motion simulator study of a simple, single-degree-of-freedom rotorcraft bob-up/down maneuver were em-
ployed in the investigation. The study was part of a larger research effort that has the creation of a methodology for
determining flight simulator fidelity requirements as its ultimate goal. The study utilized a closed-loop feedback
structure of the pilot/simulator system that included the pilot, the cockpit inceptor, the dynamics of the simulated
vehicle, and the motion system. With the exception of time delays that accrued in visual scene production in the
simulator, visual scene effects were not included in this study. Pilot/vehicle analysis and fuzzy-inference identifica-
tion were employed to study the changes in fidelity that occurred as the characteristics of the motion system were
varied over five configurations. The data from three of the five pilots who participated in the experimental study
were analyzed in the fuzzy-inference identification. Results indicate that both the analytical pilot/vehicle analysis
and the fuzzy-inference identification can be used to identify changes in simulator fidelity for the task examined.

Nomenclature
A, B = matrices in state-space description
of vehicle dynamics
C = input to structural pilot model
E = error signal in structural pilot model
Ey = input to closed neuromuscularivestibular
B control loop in structural pilot model
h,h,h = height deviation, velocity, and acceleration in
bob-up/down maneuver, ft, ft/s, ft/s?
h. = input to modeled pilot/vehicle system, ft
heom = inverse dynamics command to modeled

pilot/vehicle system, ft

Rges = desired vertical position time history for

h motion / h command

Kea Km

modeled pilot/vehicle, ft

= simulator motion dynamics
= gain values in visual and vestibular loops

in structural pilot model

K, = gain in pilot transfer function Y,

T, = completion time in bob-up/down maneuver,
used in defining A s, s

Uy = proprioceptive feedback variable in structural
pilot model

Us = vestibular feedback variable in structural pilot
model

u = control vector in state-space description of
vehicle dynamics

Viu» Vap = volumes beneath fuzzy inference surface view
plots for bob-up (BU) and bob-down (BD)
maneuvers

x = state-variablematrix in state-space description
of vehicle dynamics

Ye = transfer function of vehicle in structural pilot
model

YEs = transfer function of force-feel system
in structural pilot model

Yam = transfer function of neuromuscular system

in structural pilot model

Received 6 October 1999; revision received 15 March 2000; accepted for
publication 5 April 2000. Copyright © 2000 by Y. Zeyada and R. A. Hess.
Published by the American Institute of Aeronautics and Astronautics, Inc.,
with permission.

*Postgraduate Researcher, Department of Mechanical and Aeronautical
Engineering, One Shields Avenue.

TProfessor and Vice Chairman, Department of Mechanical and Aeronau-
tical Engineering. Associate Fellow AIAA.

Yp = transfer function of structural pilot model,
(M/C)

Y,, = transfer function of pilot model for outer,
position loop in bob-up/down task

z = dynamic inflow variable in state-space
description of vehicle dynamics, ft/s?

S = collective inceptor motion, in.

Sy = structural pilot model output, identical to o,

Cnm = damping ratio in transfer function of
neuromuscular system in structural pilot
model

To = time delay in structural pilot model, s

. = crossover frequency, rad/s

ONM = undamped natural frequency in transfer

function of neuromuscular system in structural
pilot model, rad/s

Introduction and Background

ALIDATING the fidelity of ground-based flight simulators is
a problem of continuinginterest to the simulation community.
The ultimate objective of the research to be described is the devel-
opmentof a procedurefor determining simulation requirementsthat
will ensure acceptable fidelity. The need for such requirements can
be clearly seen from Fig. 1, taken from Ref. 1. Here a comparison
is made between the Cooper-Harper pilot opinion ratings obtained
from flight-test and moving-base simulator evaluations for a group
of low-speed rotorcraft maneuvers. As Fig. 1 indicates, there ex-
ists a significant difference between the ratings given in flight and
simulation, indicating shortcomingsin the fidelity of the simulator.
An analytical approach to addressing some of these problems was
discussed by Hess et al.>3
The approach to be discussed builds on the work of Refs. 2 and
3 and utilizes a model of the pilot’s perceptual and response char-
acteristics as captured in the structural pilot model discussed by
Hess.* In addition, fuzzy-inference identification of human pilot
behavior is exploited. Although the use of fuzzy-inference mod-
els to describe human control behavior is not new, to the authors’
knowledgethis is the first time they have been employedin simulator
fidelity studies.>®

Experiment
A pilot-in-the-loop simulation of a rotorcraft bob-up/down ma-
neuverusing the NASA Ames Research Center vertical motion sim-
ulator (VMS) provides the database for the study. Details of this
simulation can be found in Ref. 7. A simplified rotorcraft model
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Table1 Motion configurations

Conﬁguration hmotion//;icommzmd
V1 1.0
V10 0
V13 0.5
0.5s>
V14
52 4+2(0.707)0.521s + 0.5212
0.5s>
V15

s2 +2(0.707)0.885s + 0.8852

Table2 Task performance standards

Segment Desired Adequate
Ascent, s <6 <10
10's at top, ft +2 +5
Descent, s <6 <10
10 s at bottom, ft +2 +5

Mean 41
handling

qualities 5 [~
rating
(HQR)
across 6 [
five
pilots 7 |
8 —
9 -
10 1 ! | ! J
HT DQ BU S8 DO
Maneuver/task type

X Mean flight test HQRs Maneuver/task

HT = hover turn

DQ = dash/quickstop
BU = bob-up

SS = gide step

DO = doiphin

O Mean baseline
simulation HQRs

I Extreme ratings

Fig. 1 Differences between in-flight and simulator evaluations from
Ref. 1.

was employed in the simulation study with the characteristicsof the
motion and visual systems serving as the experimental variables.
The vehicle dynamics are

#(t) = Ax(t) + Bu(?)

[—0.122 —118i| |:14.6:|
A= B =

0 -129 1
x(®) =[h@) z(O]" u(t) = oc(t — 0.15)

An additional 0.12-s time delay was included in visual and motion
channels in the pilot/vehicle analysis to account for VMS delays.’
Table 1 describes the subset of the motion system dynamics investi-
gated herein. The task consisted of a bob-up from a stabilized hover
to a target 32 ft above the initial rotorcraft position, a stabilized
hover, then a bob-down to the original position. Figure 2 is a rep-
resentation of the geometry of the task. The visual cues available
to the pilots were identical in all of the tasks analyzed. Constraints
were placed on the translation time to ensure aggressive pilot be-
havior. Task performance standards are given in Table 2. Five pilots
were used in the experiment and the data from the first three of the

Table 3 Motion fidelity scale from Ref. 7

Fidelity Numerical

rating Definition rating®

High Motion sensations like those of flight 3

Medium Motion sensations are noticeably different 2
from flight, but not objectionable

Low Motion sensations are noticeably different 1

from flight and objectionable

*Numerical rating assigned for purposes of analysis.

Table 4 Pilot rating and fuzzy inference identification summary

Pilot Average Average
A,B,C A,B,C A,B, C composite normalized

Configuration ~HQR PIOR MFR score SVM
Vi 3,2,3 1,1,2 2,3,2 1.00 1.0

V10 54,4 53,3 1,1,1 2.19 2.27
Vi3 4,3,2 4,22 2,3,3 1.21 1.28
Vi4 554 43,4 2,2,2 1.69 2.39
V15 4,43 2,2,3 2,3,2 1.28 2.09
Nominal 3,3,3* 2,2,2* o oo 0.54 —

“Nominal vehicle HQRs and PIORs estimated from structural model results.
Nominal vehicle given an MFR of oo, that is, last terms in numerator and denominator
of Eq. (1) are zero.

target
/41 Bob-up and
hold position
/{ g
Bob-down and
32t

hold position

sl
4

€— 150 ft —»

Fig. 2 NASA VMS task geometry.

pilots involved in the simulation were analyzed here. The choice
of pilots whose data were to be analyzed was arbitrary, and limit-
ing the number to three was done for convenience. Each of the three
pilots whose data were analyzed were NASA test pilots. For the pur-
poses of this study, the important experimental results were the sub-
jective pilot Cooper-Harper handling qualities ratings (HQRs),
pilot-inducedoscillationratings (PIORs) and motion fidelity ratings
(MFRs).” The scales describing these ratings are shown in Figs. 3
and 4 and Table 3. The pilot-inducedoscillation (PIO) scale of Fig. 4
is taken from Ref. 8. Table 4 summarizes the pilot rating data for
the three pilots whose data were analyzedin this study. The average
composite score shown in Table 4 was an attempt to obtain an av-
erage numerical score reflecting the HQR, PIOR, and MFR for all
three pilots (A, B, and C). The score was calculated as follows:

3
average composite score, configuration j = Z(HQR,-)J»

i=1

3 3
- 10 | 1
+ D (PIOR); - — + Y ——— 10
( i — (MFR;);

i=1

3 3
- - 10
i E HR-»+E PIOR;); - —
rrllgl (HQR)); ( ) G

i=1 i=1

3

1
+ Z—(MFR,-)_,» - 10 (1)

1
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ADEQUACY FOR SELECTED
TASK OR OPERATION

Excellent

AIRCRAFT
CHARACTERISTICS

Highly desirable

IN
LECTED TASK OR OPERATION

Pilot compensation not a factor for
desired performance

Goo

d
Negligible deficiencies

Pilot compensation not a factor for
desired performance

Level 1

deficiencies

Fair - Some mildly
unpleasant deficiencies

Minor but annoying

Minimal compensation required for
desired performance

Desired performance requires moderate
pilot compensation

st Deficiencies
satisfactory without warrant deficiencs
improvement? | improvement eliciencies

Moderately objectionable

Adequate performance requires
considerable pilot compensation

is adequate

Very objectionable but
tolerable deficiencies

Major deficiencies

Adequate performance requires
extensive pilot compensation

dequate performance not attai
maximum tolerable pilot compensation
Controllability not in question

Deficiencies
 require
.| improvement

performance
<. attainable with a tolerabl
: pilot workload? :

Major deficiencies

Considerable pilot compensation is
required for control

is it
controllabte?

Improvement
mandatory

pilot decisions

Major deficiencies

Major deficiencies

Intense pilot compensation is required
for control

Level 3

Control will be lost during some portion
of required operatiopn

Fig. 3 Cooper-Harper rating scale.

PIO Rating
Undesirable NO >
motions - @
YES
Cured by pilot >
Y technique @
Sustained NO
oscillations 7
Cured by
sacrificing task or —)@
YES increased effort
A4
NO
Divergent > @
Abrupt maneuvers
YES ony —>(5)
A
Vel
Encountered in >
normal contro! @

Fig. 4 PIO rating scale.

where (HQR;); is the numerical HQR given by the ith pilot for the
Jjth configuration, (PIOR;); is the numerical PIOR given by the ith
pilot for the jth configuration, and (MFR;); is the numerical MFR
for the ith pilot for the jth configuration.

In Eq. (1), j represents one of the five motion system configura-
tions, V1, V10, V13, V14, and V15, in Table 1. The denominator
of Eq. (1) represents the best system as reflected in the weighted
sum of the three ratings assigned by the pilots. Note that, in Table 1,
configurations V1-V15 are merely ordered numerically, that is, the
order does not reflect a presumed ranking of fidelity. The factors 1—60
and 10 applied to the PIOR and 1/MFR ratings means that the worst
Cooper-Harper rating, worst PIO rating, and worst fidelity rating
would make equal contributions of 10 to the numerator of Eq. (1).
In contrast, the best ratings would make respective contributions of
1, 1, and 3.33. The authors are aware of the danger of mixing han-
dling qualities, P1O, and simulator fidelity ratings as suggested in

Eq. (1). However, the resulting composite scoring approach was felt
to be justified here given that (1) a single-axistask was involved and
(2) only the motion system dynamics were varied.

Pilot/Vehicle Analysis

Loop Structure

Figure 5 is ablock diagram representationof the structural model
of the human pilot used in the study. This model forms the as-
sumed pilot compensation in the innermost primary control loop,
that is, that loop forming the innermost visual control loop.>* The
model was implemented in a MATLAB®-based computer-aided-
design package referred to as PVDy (Ref. 9). Figure 6 is a block
diagram of the complete pilot/vehicle system, with the structural
modelforming Yp, . Thus, aninner, vertical-velocityloop is assumed
to serve as the primary control loop. The inner-loop crossover fre-
quency is selected as 2.0 rad/s, as required in the handling qualities
assessment technique of Ref. 4. The basis for the loop-closure se-
quence is that the inner, vertical-velocity loop can be closed with
gainlike pilotcompensationand that the required visual cue, vertical
velocity can be sensed relatively easily by the pilot in the experi-
mental setup.

The outer-loop closure consists of feeding back vertical height
error, again a variable that can be easily sensed by the pilot in
the experiment. The outer-loop compensation is a simple gain,
thatis, Y, = Kj,. The separationbetween the inner- and outer-loop
crossover frequencies was selected as a factor of 3. As discussedin
Ref. 10, the crossoverfrequenciesin successiveloop closures should
be separated by a factor of 2-3 in pilot/vehicle analyses. Here, the
valueof the factoris less importantthan the factthatit was not varied
in the analysis. Thus, the outer height loop is closed at 0.667 rad/s.

Modeling the Inceptor

The cockpitinceptorthat was usedin this experimentwas the main
rotor collective control. The force/feel characteristics of the device
are significantly different from a cyclic inceptor or control column
in that there are no self-centering characteristics and that there is
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proprioceptive
feedback

vestibular
Jfeedback
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!
visual feedback }
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Fig. 6 Hypothesized pilot/vehicle system for the bob-up/down ma-
neuvers.

Applied Force

A
. Inertia I,
Static Friction
Kinetic Friction
Fig. 7 Collective inceptor.

significant and deliberate dry and viscous friction introducedin the
device’s dynamics as shown in Fig. 7. Because the dynamics of the
inceptor are included explicitly in the structural model of Fig. 5, it
is important to at least approximate the dynamics of the inceptor.
In the absence of a detailed nonlinear model of the collective, an
approximate linear model was developed. Space does not permit a
detailed description of the developmentof the linear representation;
however, on the basis of a computer simulation of a device with
static and kinetic friction as shown in Fig. 7, the following linear
model was developed:

1.0 applied force

2

Yrs = .
5(0.1s + 1) displacement

The particular units involved in Eq. (2) are not important here be-
cause the gain in the proprioceptive loop of the structural model is
selected on the basis of the minimum damping ratio of any quadratic
roots of the 6,/ E,; transfer function of Fig. 5 with all other loops
open,'” regardless of the units involved.

Previous efforts with an earlier version of the structural model
have been directed toward modeling the pilot with a variety of in-
ceptors, including those without self-centering characteristics such
as the collective control used in this study.!! It was found that match-
ing measured pilot/vehicle transfer functions with such inceptors
required a derivative element to be included in the neuromuscular
system model. This derivative element will also be included here.
Inclusionof thiselementis consistentwith a human control structure
in which inceptor rate is commanded and proprioceptively sensed.

Choosing Pilot Model Parameters

References 4 and 9 provide detailed guidelines for choosing the
structural model parameters so that the crossover model of the
human pilot'? is in evidence. Pilot model parameter selection is

straightforward. Only the results are presented here. Elements Yyy
and Ypr are given by
QoS

TS24 2 onuS F o

3

YNM

Yor = K(s +a) or K or K/(s+a) @)
with the particular equalization of Eq. (4) dependenton the form of
the vehicle dynamics Y., in the vicinity of the crossover frequency.
The zero atthe originin the neuromuscularsystemmodel of Eq. (3) is
attributable to the nature of the inceptor, as has just been described.
The forms of the last of Eqs. (4) can be interpreted as the pilot’s
internal model of the vehicle dynamics. That is, in the region of
crossover, Ypr oc 5 - Y, (s). For reasons describedin Refs. 4 and 9, a
constant crossover frequency . =2.0 rad/s is chosen.

A number of model parameters are considered invariant across
different vehicles and tasks. Nominal values of these fixed parame-
ters can be given as

7 =025 woyv = 10 rad/s & = 0.7 (5)

The relatively simple relations of Eqs. (2-4) and the crossover
relation @, = 2.0 rad/s are all that are necessary to implement the
model of Fig. 5. The selection of one of the three forms on the right-
hand side of Eq. (4) is done so that the resulting open-loop transfer
function

Y, Y. =(u/E)(jo) Y. (jo) = (o/jw)e” ™ for 0= o,

6)

thatis, ¥, Y.(j @) follows the dictates of the crossovermodel of the
human pilot.!? It is important to specify in a precise manner just
how this is done. Limiting discussion to the last two forms of Ypg
(those most likely to be encountered in pilot/vehicle analyses), the
right-hand side of Eq. (4) is selected so that

K
Yer(Jj ®)

IOEON

Y. (jo)| = =L f
() jo o {K | arbitrary

The gain K appearing in Eqs. (4) and (7) is chosen so that, with
all other loops open, the minimum damping ratio of any quadratic
closed-loop poles of (Oy/ Ep) () iS Gnin =0.15.

Next, the vestibularloopin Fig. Sis closed. This loop assumes that
the time rate of change of the output of the primary control loop is
amenable to sensing by the human vestibularsystem. The dynamics
of a motion system such the washout dynamics of a flight simulator
can be included in this loop. The gain K, is chosen so that with all
other loops open but the proprioceptive loop closed, the minimum
damping ratio of any quadratic closed-looppoles of (5, / Ey)(s) is
Gmin = 0.05. Finally, K, is selected so that the desired crossover fre-
quency of 2.0 rad/s is obtained. The criteria for selecting K and K;
are based on obtaining an open-loop pilot/vehicle transfer function
(M/ E)(s) that exhibits, at least in an approximate sense, the high-
frequency (10-15 rad/s) characteristics that have been measured in
experiment.'® 13

Model Overview

The pilot model of Fig. 5 establishesthe framework within which
analytical and experimental results will be interpreted. This model
has been developed over a number of years and has been used, in
one form or another, in a variety of pilot/vehicle analyses. In par-
ticular, an earlier version of the model was used to hypothesize the
manner in which the human pilot uses vestibularcues.'® In the study
of Ref. 13, it was demonstrated that a model of the human’s use of
motion cues could be presented that was a simple extension of that
for static tracking, that is, with no motion present. In terms of this
model, motion does not provide fundamental lead compensationin
trackingorregulationtasks, butratherservesto tune the pilot/vehicle
dynamics by decreasing high-frequencyphase lags occurring in the
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40

20

107 10°

Frequency, rad/s

-180
Phase, deg

-360

-540

-720

107 '

10’ 10
Frequency, rad/s

Fig. 8 Bodediagram of the open-loop pilot/vehicle system for nominal
configuration.

6 . . T :
HQSF
5k LEVEL 3 1
4 .
3 -
2l LEVEL 1
1
HQSF Example
0 . s . s s . ‘ :
0 1 2 3 4 5 6 7 8 9 10

Frequency (rad/s)

Fig. 9 HQSF bounds for predicting handling qualities levels.

effective open-loop pilot/vehicle transfer function after the funda-
mental pilot compensationis accomplished through the propriocep-
tive loop closure. Figure 8 is a Bode plot of the pilot/vehicle transfer
function M/ E from Fig. 5 for the nominal vehicle, showing that the
characteristics of the crossover model of the human pilot are in
evidence.

Handling Qualities Sensitivity Functions

References4 and 9 providedetailedinformationon how the struc-
tural model can be used to provide predictions of handling qualities.
The levels of handling qualities are noted on the Cooper-Harper
scale of Fig. 3. Note that, as defined here, level 3 handling qualities
extends to a Cooper-Harper rating of 10. The model-based met-
ric that allows prediction of HQR and PIOR levels is the handling
qualities sensitivity function (HQSF) defined as

HQSF = (1/K)|(Uy/ O)(jo) ®)

with K,, Uy, and C indicated in Fig. 5.

Using flight-test handling qualities results, Ref. 4 demonstrated
that the HQSF could be used to discriminate among handling quali-
ties levels 1-3. Figure 9 shows the HQSF bounds that resulted from
that study. The predicted handling qualities level for a particular
aircraft was determined by the area in Fig. 9 that was penetrated by

the HQSF when the pilot model was selected as described earlier.
Note that the bounds in Fig. 9 were established using tasks other
that a bob-up/down. Indeed, one of the hypotheses of the handling
qualities prediction technique discussed in Refs. 4 and 9 is that the
bounds should be task independent.

Modeling Simulator Limitations

The techniqueformodeling simulatorlimitations was to first com-
plete a pilot/vehicle analysis of a nominal vehicle. The nominal ve-
hiclerepresentsthe vehicledynamicsrepresentingthose of the flight
article as closely as possible, that is, not including any of the flight
simulator limitations, here limited to variations in motion system
characteristics and to time delays associated with the visual and
motion system operation. The pilot model parameters thus chosen
were then frozen, and the simulator limitations introduced. Changes
in the HQSF were then noted and compared with the HQSF of the
nominal vehicle. Changes in these functions were then considered
evidence of simulation fidelity problems. This technique is a refine-
ment of that proposedin Refs. 2 and 3. It should be emphasized that
the resulting handling qualities predictions with simulator limita-
tions are not indicative of those of the vehicle as simulated because
no attempt has been made to change the pilot model parameters
from those obtained with the nominal vehicle model.

Inverse Dynamic Analysis

The pilot/vehicle analysis to be undertaken will involve a com-
puter simulation of the task using the computer-aided-designpro-
gram of Ref. 9. The pilot/vehicle system of Fig. 6 is compensatory,
that is, error signals between command and output variables drive
the system. Although such compensatory structures are useful for
tracking and regulation tasks, their face validity in the discrete bob-
up/down maneuvers such as that being studied here is sometimes
called into question. For example, in the past such tasks have been
modeled by considering a precognitive rapid-response phase fol-
lowed by a compensatory error-reductionphase.'* !> Although such
a modeling approach is useful, it complicates the analysis of the
maneuver using the handling qualities prediction technique just de-
scribed. Using the model of Fig. 6 with a 32-ft step input command,
however, produces unrealistic tracking results unless nonlinear lim-
iters are introduced at various points in the pilot model. Again, this
complicates the analysis, and requires additional assumptionsabout
the saturation values of the limiters. The compensatory structure
of Fig. 6 can be retained, however, while still producing realistic
results by appealing to inverse dynamic analysis.

The rationalebehind usinginversedynamicanalysisis thata com-
pensatory structure can still be employed and produce performance
comparable to that attained in flight or in pilot-in-the-loopsimula-
tion. The problem is approached by posing the following question:
Using the compensatory structure of Fig. 6, what command trajec-
tory heom () will produce an h(t) that approximates that obtained
in experiment? The answer can be found through inverse dynamic
analysis. In the examples to be discussed, a distinction is made
between desired and command trajectories. The desired trajectory
is the one we wish the vehicle to follow in the task. The command
trajectoryis one actually employed in the computersimulation of the
pilot/vehicle system and that forces the closed-loop compensatory
pilot/vehiclesystemto producethe desiredtrajectory. Here, the com-
mand trajectory was obtained by the expedientof approximatingthe
inverse of the closed-loop pilot/vehicle transfer function over a fre-
quency range extending to approximately 10 rad/s, a range more
than adequate for creating an acceptable /.. Thus, the Laplace
transform of the command trajectory [/, (s)] was obtained as

hcom(s) = hdes(s) - {1/[h/ h(‘(s)]appn)x} 9

where /o (s) is the command trajectory as just defined, Ages(s) is
the desired trajectory as just defined, and [/ A ],pprox is @ proper (as
many poles as zeros) approximation to the i/ h, transfer function
obtained from the compensatory pilot/vehicle system in Fig. 6, and
is valid up to a frequency of 10 rad/s.
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In implementing Eq. (9), it was typically necessary to include a
pure prediction time, that is, the inverse of a time delay. This pre-
diction time typically was called into play to approximate the phase
lag effects of right-half-plane zeros of i/ h, when such zeros were
replaced by symmetrical left-half-plane zeros in [/ i Jypprox. Im-
plementing such a predictorin simulation was accomplished by the
expedient of eliminating the predictor and simply delaying /4., (?)
by an equal amount.

The desired vehicle trajectory was defined here as

distance 3.7t Tt
Nges(t) = T A cos 7 —-9- cos - +8|m
d d

(10

where distancerefers to the required vertical translationaldistance of
the bob-up/down maneuvers (32 ft). T, is the completion time of the
maneuver, that is, the first time instant at which hg.(¢) = distance.
Based on the acceptabletime to capture of Ref. 7, T, was setto 6.5 s.

Of course, no desired trajectory such as that just created was
included in the VMS simulation. The pilots were simply asked to
meet the performance criteria of Table 2. In the pilot/vehicle anal-
ysis, however, the trajectory of Eq. (10) resulted in smooth pilot
model inputs with performance meeting the acceptable criteria of
Table 2 with the nominal vehicle model.

Pilot Modeling Results

Bob-Up Maneuver Time Histories

The pilot modeling results will be presented in terms of a com-
parison of the HQSF plots for the nominal vehicle and those of the
vehicle as simulated in the VMS experiments. Only the bob-up ma-
neuverwill be discussedbecausethe modelingresultsare essentially
identical for both bob-up and bob-down. Figures 10-13 show the
results of the bob-up maneuver using the program of Ref. 9. Note in
Fig. 10 how well the output of the compensatory pilot/vehicle sys-
tem, h(t), follows the hg4es Wwhen Ao is applied to the pilot/vehicle
system. Figure 13 is of particular interest because it compares the
signals Uy, (proprioceptivefeedback) and Us (vestibular feedback)
in the structural model during the bob-up maneuver. Note that U
is essentially an attenuated version of Uy,. This will always be the
case in the structural model because U, will always be propor-
tional to the rate of change of primary control loop output [here
h(1)] due to pilot control inputs. In an inanimate controller, such
redundancy would be unnecessary. In the human controller, how-
ever, the vestibular signal may serve as a tuning device for the
proprioceptive dynamics Ypr. We will have reason to return to the

40 T T
h, ft
31 /_ h(t)des |
30+ b
ol h(® |
20+ 1
h(t)com
15 q
10+ N
5r i
% 2 s s 8 0 1z 14 16
Time, s

Fig. 10 Height desired, height commanded, and height response of the
simulated pilot/vehicle system.

15 T T T T T T
h, ft/s
10F 8
51 i
0
0 2 4 8 8 10 12 14 16

Time, s

Fig. 11 Vertical-velocity response of the simulated pilot/vehicle
system.

15 : |
6,, in
1 . 4
05 .
0
0.5 .
1k -
15 ‘ . ‘ ‘ . ‘ .
() 2 4 6 8 10 12 14 16

Time, s

Fig. 12 Collective input in the simulated pilot/vehicle system.

Uy, U

Uy(t) proprioceptive feedback

Ug(t) vestibular feedback

0
-5 -
10 i
51 1
20 2 4 B 8 10 12 14 16
Time, s

Fig. 13 Proprioceptive and vestibular signals in the simulated pilot/
vehicle system.
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HQSF Normalized HQSF Metric = 1.0
5 LEVEL 3 7
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LEVEL 2
3k 1
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Frequency, rad/s

Fig. 14 HQSF comparisons for nominal and V1 configurations.

6 T T T T
HQSF Normalized HQSF Metric = 2.17
5r LEVEL 3 1
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3 |- -

LEVEL 1

Frequency, rad/s

Fig. 15 HQSF comparisons for nominal and V10 configurations.

results of Fig. 13 when the fuzzy-inferenceidentification results are
discussed.

HQSF Comparison

Figures 14-18 show the HQSF for the nominal vehicle compared
with that of each of the five motion configurations of Table 1. The
shaded areas in Figs. 14-18 indicate the differences between the
HQSF for the nominal vehicle and that of the simulated vehicle
with simulator motion limitations. A metric based on these area dif-
ferences was defined as follows and its numerical value is indicated
on each of Figs. 14-18:

normalized HQSF metric for configuration j

_ J," I1HQSF(e)]; = [HQSF(®)]aon | de> o

min [ /. ITHQSF()]; — [HQSF(e) lnom| dw]

all j

AsinEgq. (1), the denominatorof Eq. (11) representsthe best system
as reflected in the area differences between the HQSFs for the nom-
inal configuration and any of the remaining configurations. The bar
graph of Fig. 19 compares these areas with those from the average
composite scores of Table 4 and a third metric yet to be described.
As can be seen, the order of motion configurations from most like to
least like the nominal in terms of area differences between HQSFs
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Fig. 16 HQSF comparisons for nominal and V13 configurations.
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Fig. 17 HQSF comparisons for nominal and V14 configurations.
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Fig. 18 HQSF comparisons for nominal and V15 configurations.
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Fig. 19 Bar graph comparison of experimental and analytical results.

are V1, V13, V15, V14, and V10. This ranking is seen to agree
with the pilot rating ranking obtained by numerically ordering the
average composite scores of Table 4. The caveat here is that there
was no nominal configuration in the simulation study, that is, even
configuration V1 contained time delays from the visual and motion
systems.” However, an estimate of the HQRs and PIORs for the
nominal vehicle were obtained from the structural model results.
These are shown in the last row of Table 4.

Fuzzy-Inference Identification Results

Introduction

Fuzzy set theory leads to a description of cause and effect rela-
tionships that differ considerably from more classical approaches
used to describe dynamic systems.!® For example, in controlling the
heightof arotorcraftin the stabilizationmode of a bob-up maneuver,
the pilot might define control actions as follows:

1) If the height deviation is large and negative (below the target
height) and the vertical velocity is also negative, my collective input
is large and positive, that is commandingincreased main rotor pitch.

2)Ifthe heightdeviationis very small and negativeand the vertical
velocity is small and positive, my collectiveinput is very small and
negative.

The if-then type of statementsexemplified in the precedingdefini-
tions are typical of fuzzy algorithms, as are use of fuzzy-conditional
statements such as very small. The fundamental idea in fuzzy sys-
tems is a generalizationof the conceptof a set. In classical set theory,
there is a distinct difference between elements that belong to a set
and those that do not. Fuzzy set theory allows elements to belong
to more than one set, and assigns each element a membership value
M between 0 and 1 for each set of which it is a member.

Fuzzy-inferenceidentification (FII) can be thought of as a means
of generating membership functions and if-then rules so that the
inputs to a dynamic system can be mapped into the output(s) with
a high degree of precision, that is, with little matching error. The
numerical value of the inputs must be fuzzified to allow applica-
tion of FII, then defuzzified to allow mapping into the numerical
values of the estimated output. This process has been automated in
computer-aideddesign packagessuch as the MATLAB Fuzzy Logic
Toolbox.!” As will be described, this toolbox was utilized in analyz-
ing the behavior of three of the five pilots participatingin the NASA
VMS study. The advantages of FII are that no particular structure
needs be assumed for the system being identified, no special inputs
are required, and nonlinearities pose no particular difficulty. The
primary disadvantage of FII, from a control theoretic standpoint, is
that the models to which feedback control engineers are most ac-
customed, for example, transfer functions, are not natural products
of FII.

0" 45 Xy

Fig. 20 Surface view plot.

Interpreting FII Results: Surface View Plot

The if-then rules that result from FII can be interpreted graphi-
cally by means of surface view plots. Consider a system to be iden-
tified that has two inputs [x;() and x,(¢)] and one output [y(¢)].
Next, set x, equal to its most negative value obtained in the identifi-
cation experiment. Then, allow x; to vary across the range of values
encounteredin the experimentand allow the if-then rules to trigger,
that is, allow them to create the output values. Next, x, is incre-
mented and the procedure repeated. This process is continued until
the most positive x, valueis used. A three-dimensionalsurface view
plot can now be created representing y = f(x;, Xx,), an example of
which is shown in Fig. 20. If more than two input variables are in
evidence (as will be the case here), surface view plots can still be
obtained; however, the remaining input variables are held constant,
typically at their average values obtained in the identification exper-
iment. Other constant values, however, can be chosen. Note that the
selection of constant values for the variablesnot explicitly plotted is
not equivalentto assuming that they take on such constant valuesin
the FII; rather, this assumptionis required for plotting purposesonly.

FII and the Structural Pilot Model

The analytical framework provided by the structural model can
also provide some guidancein interpreting the results of FII through
surface view plots. In discussingthe structuralmodel,ithas been hy-
pothesized that the activity in the proprioceptive feedback loop de-
termines the handling qualitieslevel assignedto the vehicleand task.
This proprioceptiveactivity can also be examined in FII through sur-
face view plots. Consider Fig. 5, where now 8, = &. and M = h.
Here 6. and / serve as inputs x; and x, with &, also serving as the
output y, &, is both a pilot input and output, and the surface view
is indicating how the variables on the horizontal axes &. and / are
contributing to the pilot output 6, on the vertical axis. If there is no
activity in the proprioceptive loop, the resulting surface view plot
will be planar and horizontal. In addition, according to the funda-
mental hypothesis invoked in Ref. 4, the handling qualities will be
optimum. This idea is identical to the no tracking hypothesis offered
in Ref. 18: “Optimum handling qualities demand minimum closed-
loop control by the pilot.” As will be seen, one possibleexperimental
measure of the activity in the proprioceptiveloop would involve the
geometry of the surface view plot just described, that is, how much
it deviates from a horizontal planar surface. One measure of this
deviation would be the volume beneath the surface view plot, where
the volume is measured from a planar horizontal surface containing
the lowest point on the surface view plot. Obviously, other choices
are possible, for example, the difference between the surface area
of the surface view plot and that of a horizontal planar surface with
an area equal to that of the vertically projected surface view plot.

Identification Results

Figure 21 shows the assumed pilot inputs and pilot output for the
bob-up/down maneuvers. The appearance of the collective motion
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& as both an input and output variable reflects the role of that vari-
able as a pilot output and as a hypothesized feedback quantity in
the proprioceptiveloop of the pilot model of Fig. 5. At this juncture
a question may arise as to why the FII does not simply ignore all
input variables save o, and then produce a one-to-one mapping be-
tween the o. inputand the &, output. The answer is that FII assumes
that all of the inputs specified by the user affect the output. The FII
algorithm adjusts the membership functions and fuzzy rules to op-
timize the mapping of this prescribed input-output set. Figure 22 is
a sample comparison of the collective time history from one of the
bob-up maneuvers and the FII that resulted. The FII output is ob-
tained by using the assumed pilot inputs shown in Fig. 21 as inputs
to the identified fuzzy model of the pilot. The training parameter op-
timization for the FII was based on the Sugeno-Takagi-Kant model
that implies that the output is a linear combination of the inputs.!”
Four triangular membership functions were assigned for each in-
put, resulting in 256 (4*) rules being generated as part of the fuzzy
logic. The FII training was performed until the root-mean square
error between model and pilot (VMS simulator) output was less
than 1 X 1073 in. All of the FII results were of the quality shown
in Fig. 22. As an example of the nature of the surface view plots,
Fig. 23 shows results for a single bob-up and bob-down maneuver
for pilot A for configuration V1.

Because three repetitions of the two separate maneuvers (bob-
up and bob-down) were utilized in the experiment, some means of
averaging these was necessary to obtain a single metric for compar-
ison with handling qualities, etc. The following average normalized
surface view metric (SVM) was created:

average normal SVM, configuration j

- Z Z (VBUk)J» + Z (VBD,{)J,
i=1 k=1 k=1
"1111,'1}}"11’111.,' ; kZ} (VBUk)j + P (VBDk)j (12)

where i representsresults for the ith pilot, Vpy, is the volume above
minimum vertical coordinate on the surface view plot for the kth
bob-up, Vpp, is the volume above the minimum vertical coordinate

height error h
——ep

velocity h _
¢ oc;ty_’ collective input S5,
acceleration i Dilot Y
—

proprioceptive 8
—»

Fig. 21 Hypothesized pilot inputs and output for FII in the bob-up/
down maneuvers.

7 8,00

on the surface view plot for the kth bob-down, and min,y ;¢ ; is the
minimum sum of the volumes for all pilots and configurations.In the
bob-down maneuver, the collective, vertical-velocity and vertical-
acceleration signals were modified so that the surface view plots
could be more easily compared to those in the bob-up maneuver.
For the bob-down maneuver, these modifications were

(vertical acceleration)m,a = — (vertical acceleration) — 64 ft/s’
(collective),,,q = 11 — collectivein.
(vertical velocity)4own = —(vertical velocity) ft/s (13)

Also, the remaininginput variables not included on the surface view
plot, that is, height error and vertical acceleration (for all but con-
figuration V10) were set to values representing the terminal part of
the maneuver.

The last column of Table 4 represents the average normalized
SVM calculated as given in Eq. (12). The bar graph of Fig. 19
compares the average normalized SVM and the average composite
scores. The order of the motion configurations from most like to

R, fils oo 5, in

Fig. 23 Surface view plots for bob-up and bob-down maneuver: pilot
A, and configuration V1.

med

o Actual data ]
* Fuzzy model output

Time, s
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Fig. 22 Example of FII: comparing collective time histories from experiment and identified fuzzy pilot model.
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least like the nominal is seen to be V1, V13, V15, V14, and V10.
One sees that the ordering of the last two configurationsdiffers from
that established with the average composite scores. Nonetheless, the
results are noteworthy. Metrics other than Eq. (12) can be employed,
of course. The metric of Eq. (12) was chosen because of its relation
to activity in the assumed primary control loop in the bob-up/down
maneuvers. Obviously more research in this area is warranted.

Discussion

One important hypothesis regarding pilot utilization of proprio-
ceptive and vestibular cues can be advanced based on the research
described herein, namely, that in a control-theoretic sense both the
vestibular and proprioceptive feedback signals provide redundant
information. However, the vestibular feedback may be of higher
quality, with a broader bandwidth than that obtainable from propri-
oceptors. In this light, the vestibular feedback may serve to tune the
dynamicsof the proprioceptivefeedbackloopin additionto decreas-
ing phase lags in the transfer function of the open-loop pilot/vehicle
system. When the quality of the vestibular information is degraded
fromnominal, the FII clearly shows an increasein proprioceptiveac-
tivity that also has been hypothesized to be a harbinger of degraded
handling qualities * Degradationsin handling qualities were indeed
noted in the pilot ratings from the simulation experiment when the
motion system characteristics were degraded through either gain
reduction or washout dynamics.

The results presented have been limited to a single-axis control
task. Extension of the results to multiaxis tasks is an obvious pre-
requisite to the practical evaluation of simulator fidelity. Research
is continuing in this area.

Finally, the authors are aware that somewhat specializedsoftware
isneeded in applicationof the analysis and identification techniques
thathavebeendescribed. The MATLAB- based pilot model program
describedin Ref. 9 is availablefrom the second author, and the fuzzy-
inference software is commercially available.

Conclusions

An analytical and experimental investigation of the manner in
which pilots perceive and utilize visual, proprioceptive,and vestibu-
lar cues in a ground-based flight simulator led to the development
of a pair of metrics that were used to assess simulator fidelity.

1) The analytical approachused an established pilot/vehicle anal-
ysis technique based on a structural model of the pilot from which
were obtained HQSFs. A metric based on area differences between
the sensitivity functions for the nominal and simulated pilot/vehicle
system was shown to correlate well with compositerating scores ob-
tained from a simulation experiment conducted on the NASA Ames
Research Center VMS.

2) FII was exercised using the NASA simulation data for three
pilots. A total of 90 separate identifications were completed. After
identifying the fuzzy pilot models for each pilot, surface view plots
were obtained that graphically displayed the results of the identi-
fication. A metric based on the geometry of these plots was also
shown to correlate well with the composite rating scores obtained
from the experiment.

3) Further research is warranted in extending this methodology
to multi axis tasks and in refining the fidelity metric used in the FII
results.

Acknowledgments

The research described has been supported under a NASA Ames
Research Center-University of California, Davis Joint Research
Interchange NCC2-5238. The NASA researchers responsible for
the design and conduct of the simulation experiment are William
Chung (now with Logicon-Syre Corporation), Duc Tran, and
Jefferey Schroeder.

References

! Atencio, A., Jr., “Fidelity Assessment of a UH-60A Simulation on the
NASA Ames Vertical Motion Simulator,” NASA TM 104016, 1993.

2Hess, R. A., and Malsbury, T., “Closed-Loop Assessment of Flight Sim-
ulator Fidelity,” Journal of Guidance, Control and Dynamics, Vol. 14,No. 1,
1991, pp. 191-197.

3Hess, R. A., Malsbury, T., and Atencio, A., Jr., “Flight Simulator Fi-
delity Assessment in a Rotorcraft Lateral Translation Maneuver,” Journal of
Guidance, Control, and Dynamics, Vol. 16, No. 1, 1993, pp. 79-85.

4Hess, R. A., “Unified Theory for Aircraft Handling Qualities and Adverse
Aircraft-Pilot Coupling,” Journal of Guidance, Control, and Dynamics, Vol.
20, No. 6, 1997, pp. 1141-1148.

SKramer, U., and Rohr, G., “A Model of Driver Behavior,” Ergonomics,
Vol. 25, No. 10, 1982, pp. 891-907.

®Wu, J. C., and Liu, T. S., “A Fuzzy Model of Rider Control for a Motor-
cycle Undergoing Lane Change,” International Journal of Vehicle Design,
Vol. 15, Nos. 1/2, 1994, pp. 27-44.

7Schroeder, J. A., Chung, W. W. Y., and Hess, R. A., “Spatial Frequency
and Platform Motion Effects on Helicopter Altitude Control,” AIAA Paper
99-4113,1999.

8Powers, B., “Space Shuttle Pilot-Induced-Oscillation Research Testing,”
AGARDograph 262, 1984.

9Zeyada, Y., and Hess, R. A., “PVDnr, Pilot/Vehicle DynamicsNonLinears
An Interactive Computer Program for Modeling the Human Pilot in Single-
Axis Linear and Nonlinear Tracking Tasks,” Dept. of Mechanical and Aero-
nautical Engineering, Univ. of California, Davis, CA, 1998.

10Hess, R. A., “Feedback Control Models—Manual Control and Track-
ing,” Handbook of Human Factors and Ergonomics, 2nd ed., edited by
G. Salvendy, Wiley, New York, 1997, Chap. 38.

Hess, R. A., “Analyzing Manipulatorand Feel System Effects in Aircraft
Flight Control,” IEEE Transactions on Systems, Man, and Cybernetics, Vol.
20, No. 4, 1990, pp. 923-931.

12McRuer, D. T., and Krendel, E., “Mathematical Models of Human Pilot
Behavior,” AGARDograph 188, 1974.

B3Hess, R. A., “Model for Human Use of Motion Cues in Vehicular Con-
trol,” Journal of Guidance, Control, and Dynamics, Vol. 13, No. 3, 1990,
pp- 476-482.

14Ferguson, S. W., Clement, W. F.,, Cleveland, W. B., and Key, D. L.,
“Assessment of Simulation Fidelity Using Measurements of Piloting Tech-
niquein Flight,” American Helicopter Society, Paper A-84-40-08-4000,May
1984.

I5Ferguson, S. W., Clement, W. F., Hoh, R. H., and Cleveland, W. B.,
“Assessment of Simulation Fidelity Using Measurements of Piloting Tech-
niquein Flight, PartII,” American Helicopter Society, 4 1st Annual American
Helicopter Society Forum, May 1985.

167adeh, L. A., “Outline of a New Approach to the Analysis of Complex
Systems and Decision Processes,” IEEE Transactions on Systems, Man, and
Cybernetics, Vol. SMC-3, No. 11, 1973, pp. 28-44.

17Fuzzy Logic Toolbox for Use with MATLAB, User’s Guide, Math-
Works, Natick, MA, 1998.

18Smith, R. E., and Geddes, N., “Handling Qualities Requirements for
Advanced Aircraft Design: Longitudinal Mode,” U.S. Air Force Flight
Dynamics Lab., AFFDL-TR-78-154, Wright-Patterson AFB, OH, Aug.
1979.



