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ABSTRACT

The use of ground-based flight simulators for establishing the handling
quality characteristics of aircraft through correlation with actual
flight data is still in the early stages of development. Only
qualitative and subjective opinions are available as to the proper

level of simulation that gives acceptable fidelity for a given simulation,

The purpose of this study is to provide a definition of the simulation
characteristics required to establish the simulator as a reliable and
valid tool in the development of V/STOL aircraft and helicopters.

A flight simulator employing the point light source principle to

generate a visual display was used in these studies. Previous studies

of a jet-1ift V/STOL aircraft in this simulator uncovered a pilot-vehicle
performance deficiency during lateral maneuvers, resulting in a nausea
reaction which limited pilot participation. In the present investigation,
human motion perception was studied, and solutions to this pilot-vehicle
performance deficiency were evolved by the use of a moving base.

The results demonstrated that effective simulation is possible when
certain constraints are observed. The best constraints of the drive
mechanism were determined experimentally and were compared with those
implied from physiological concepts of human motion perception.

A simulation validation rationale was also Jdeveloped to assist the pilot
in his evaluations. An example of this is described together with a
discussion of some limitatioms.

Pilot head movements, during moving-base operations for the tasks studied,
were found to be related to the vehicle motions, Similar head movements
were found in flight with a helicopter. Head movements in the simulator
during fixed~base operation were different. An explanation is offered
based on the eye counterroll reflex and certain concepts of human spatial
orientation.,

A discussion of a simulation for a large cargo helicopter during up-and-
away operations is included, and the effects of vehicle size are discussed.

The basic advantages and limitations of the simulators studied are
discussed, and suggestions for future research are given. The conclusion
1s offered that valid flight simulation can be accomplished with ground-
based simulators and that quantitative and subjective data, which closely
compare with flight results, can be obtained when certain physiological
motion and visual stimull requirements are met,
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INTRODUCTION

At this time, no well-established procedures are available for the
design of ground-based flight simulators. The main difficulty lies
in the understanding of the man-machine interface®. Specifically,
it {s not possible to predict human responses to the stimuli of an
artificial environment which only approximates the real world.,

In most cases, whether it is realized or not, simulations have been
performed using some basic assumptions, both foyr the mathematical
representation of the vehicle and for the relevant human response.
The results of ground-based simulation have varied from excellent to
poor. For example, the control moment required for a certain task,
as determined from a "poor" simulation, is considerably different
from what is actually required according to flight test,

Apparent handling qualities observed in a "poor" simulation are also
different from those of the simulated vehicle. Obviously, if simulation
is ever to become an effective engineering tool, methods must be
determined which will allow the design of a simulation for a known or
unknown flight environment to an acceptable degree of accuracy.

The approach that is being used here in determining these methods can
be summarized as follows:

1. Compare simulator results with flight data, and consider
differences in the dominant stimuli,

2. Study the latest concepts and experimental data on human
perception,
3. Interpret the interaction of 1 and 2, and formulate

assumptions regarding the relevant human perception.

4, Test the assumptions by conducting an experiment with various
simulator concepts, and determine simulator performance trade-offs.

5. Extrapolate the results to the unknown vehicles, test when
possible, and formulate simulator design criteria.

)

* Specifically, the interface of machine to man, because the
man to machine, e.g., "force feel," is relatively easy to represent.



This report summarizes results of studies that follow this approach,
Attempts were made to gather data that demonstrated when equivalence
between simulator and flight data was high., These data include pilot
comments and results of numerical analysis.,

A simulation of a jet-1lift vehicle was conducted which demonstrated the
possibility of obtaining a high equivalence between simulator and flight,
Motion stimuli were required for tasks requiring rapid movements.
Effects attributed to static forces were also found. No work has been
undertaken thus far to extrapolate the results to unknown vehicles,
although this work is planned.
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IMPORTANT FEATURES OF THE PILOT'S ENVIRONMENT

In order to enhance the discussions to follow, a descriptiomn of the
pilot's environment is necessary. The tasks studied were the precision
hover at an altitude of 15 feet while maintaining constant heading,

and the lateral quick-start and -stop maneuver. This latter maneuver
was a lateral position change starting from a hover. The bank angle

was precisely controlled so as to produce the desired vehicle linear
acceleration and deceleration corresponding to the desired position
change. Heading, altitude, and longitudinal positions were maintained
nearly constant., Position changes for the lateral quick-stop maneuver
were about 40 feet. During the initial banking portion of the maneuver,
the combination of the vehicle's thrust and weight forces resolved to
form the side force which accelerated the vehicle. When side velocity
was attained, a small negative aerodynamic side force resulted, which,
for a velocity of 6 knots, was no larger than 2 percent of the vehicle's
weight. Peak bank angles were 12 degrees, peak roll rates were 0.4
radian per second, and peak angular accelerations were about 1.3 radians
per second squared. The bank attitude motions occurred at dominant
frequencies of 3 radians per second.

The moments were transmitted directly to the pilot; however, the linear
forces acting on the pilot were composed mainly of the thrust force.
The thrust varied slightly in magnitude as altitude was being held but
remained essentially fixed to the aircraft as it banked. This is
illustrated in Figure 1.

The consequence of this is that the rotational moments correlate very
well with the observed rotational motions; however, the lateral linear
forces observed by the pilot in the body axis frame of reference

did not correlate with the lateral linear motions of the aircraft

in the earth-fixed frame of reference. The situation is analogous to a
conventional aircraft initiating a coordinated turn while flying
formation close to another aircraft. The observed relative linear
motion as the banking aircraft departs sideways from the other aircraft
does not correlate with any observed change in linear force on the
pilot.

The motions during hover were much less. Peak rotational accelerations
were + 0.15 radian per second squared, peak roll rates were + 0,07 radian
per second, and peak bank angles were + 2 degrees. Maximum sideways
position excursions during precision hover were + 1 foot. The moment

and force effects just described also applied during the precision hover.
The forces were nearly the same but the moments were considerably less.



The gust susceptibility of the aircraft used in the study (X-14A) 1is very
low. For this reason, the effects of turbulence were not studied,

2ad the conclusions offered herein are for tasks where there are no
external disturbances.,



REVIEW OF THE EARLY SIMULATIONS

The early simulations are considered to be a failure because of the
{nadequate visual displays used. For the representation of the ground,
an abstract rectangular outline of a runvay was used together vith a
horizon display. No texture was i{ncluded, and nonlinear operation of

the display for small movements was apparent to the pilot. However, the
large-amplitude sinusoidal response wvas sdequate., The scene as described
was projected on the back of a wide translucent scrcen which vas placed
about ten feet {n front of the pilot's eye statfon, Cockpit rotational
motion programmed one to one about the approximate reference center was
used for the rotational degrees of freedom. No linesr mot{ons vere used.
Cockpit features such as manipulator forces, instrumentation, and
visibility were represented accurately,

The comments of the pilot were unfavorable because of the lack of a
strong visual environment. The evaluation of the attitude control
characteristics prcceeded with the pilot projecting the vehicle motions
from the attitude response he observed since he did not have reslistic
position {nformation.

The detailed results are reported in Reference 1.



DEVELOPMENT AND USE OF A VALIDATION RATIONALE

The validation rationale described here is simply an equivalence criterion.
In Figure 2 an oversimplified block diagram of the problem elements is
presented to illustrate their interaction., The representation is for the
lateral plane only, although the concept is general, The simulation
complex here is composed of the real time computer mechanization which
solves the dynamical equations for the vehicle motions and the pilot
stimulus generator, the simulator itself., It is assumed that a
mathematical representation of the vehicle exists, so the problems of
validating these equations will not be discussed. The other component,
the simulatonr, receives outputs from the computer and supposedly generates
the stimuli pertinent to the problem. The pilot in this situation
receives task commands and attempts to execute them by reference to his
memory and the stimuli generated. A pilot with recent experience in the
reference aircraft 1Is required.

The intent is that the simulation complex be representative of the vehicle.
Considering the purposes of the research simulator, the word
"representative" 1s taken here to mean dynamically equivalent. Simple
proof of this equivalence is the matching of time histories for selected
variables such as manipulator position, body rates, attitudes, and

position when the pilot accepts the total illusion as representative of

the situation. In this sense, the pilot serves as an analyzer by

comparing his workload, scanning pattern, feelings, and general well-

being with those of the corresponding flight situation.

Unfortunately, time histories of selected variables are difficult to
sequence accurately enough for a simple comparison, if at all. To
overcome this difficulty, the time histories are sampled statistically,
and the results are reduced to power spectral density and probability
density distributions, Comparison of these distributions comprises

the test for equivalency.

The sequencing problem may be alleviated by the use of a tape recorder.
The pilot can practice a series of maneuvers in the aircraft while
commenting to the recorder. The tape recorder can be carried into the
simulator and the maneuvers can be repeated while listening to the
recording made during flight, If the tape is synchronized with the
recording of the aircraft and manipulator variables, then direct
comparison may be possible. This procedure has not been attempted yet.



Use of the same pilot reduces the variability among pilots. However, the
intertrial variability is present and contributes to the fundamental
limiting accuracy. Some data gathered thus far for the X-14A vehicle
were reduced and analyzed using an electronic wave analyzer. The
low-frequency data were transcribed to tape loops, and speed scaled to
the higher frequencies required by the machine. Splice points were
carefully chosen so as not to introduce additional error. Filter
bandwidth was chosen between 0.05 and 0.1 Hz, depending on the sample
record length. The record lengths were at least 40 seconds for the
hover task and 35 to 40 seccnds for one cycle of a lateral quickestop
maneuver, Where possible, more than one cycle was used to increase the
sample length. The data for the lateral maneuver were to some degree
periodic. The choice of the electronic method was made for economic
reasons. No detailed error analysis was undertaken, and therefore no
confidence statements can be made now. The comparison cf the power
spectra and probability density distributions was made subjectively.

It is felt that the crude way in which the data were processed did not
warrant a more detailed error analysis, especially considering that
pilot opinion was also available,

Work has been undertaken to Increase the number of samples and to
incorporate more refined analysis techniques, including confidence
statements regarding spectral equivalence. The data acquisition is
being improved elso,

The recognized deficiencies in the analysis method used here are not
offered as an excuse for ignorance, but rather are taken as encouragement
to refine the methods, especially considering that the preliminary results
appear to be reasonable.

The validation rationale is summarized below, Dynamic equivalence
between a vehicle and a simulation of that vehicle is established when
the following conditions are satisfied:

1, Power spectral density and probability density distributions
for the pllot's manipilator (and other variables) are equivalent to those
for flight,

2. The vehicle motions, workload, and sensations appear to the
pilot to be identical to those in flight,

3. The same pilot performs the same tasks in both simulat-r
and flight,

Validation of the X-14A simulation was carried out using the
criteria just described.



THE POINT LIGHT SOURCE SIMULATOR FIXED BASE

BACKGROUND INFORMATION

At the conclusion of the early experiments, a point light source visual
display system with a fixed cockpit became available. It was decided
to attempt a final simulation in the hope of attaining positive results.

The point light source simulator used (Northrop Rotational 3-Axis Flight
Simulator) is shown diagrammatically in Figure 3. Basically, a flat
transparent plate decorated with airport features such as runways,
taxiways, control towers, etc., was mounted just below an intense point
light source. A spherical screen of 12-foot radius, whose center
coincided with the light, extended 200 degrees around and + 30 degrees
above and below a cockpit placed just beneath the plate. The shadows
cast on the screen by the transparent objects represented the scene as
viewed from the light. The resulting visual scene representation of the
transparency constituted the visual display. To create the visual
illusion of movement, the transparency was hydraulically driven in six
degrees of freedom. A body-to-earth transformation was required to
drive the hydraulic actuators. Two transparency scales were used;

they were 750 to one and 80 to one. The 750-to-one plate contained the
airport scene; the 80-to-one plate contained only an abstract grid.
Small-angle assumptions were made in computing the north-south and east-
west velocities. Altitude rate computations were exact. These velocities
were integrated, and a combination of velocity and position was fed to
each actuator in order to achieve matched dynamic response for all
actuators. The bandwidth of the system was approximately 2 Hz,

A cockpit configuration representing the same jet-lift vehicle was
installed and integrated with the computers. The computers were
programmed with equations of motion which were validated using flight-test
data for the lateral quic¢k-stop maneuver and the precision hover.

These equations were also validated using full-scale data from the

Ames 40- by 80-foot wind tunnel. The research pilot who flew the flight
test evaluated the simulation. All "flights" were recorded on magnetic
tape to facilitate playback for analysis purposes. Pilot comments were
also recorded. The complete "flights" could be played back later for
the benefit of the principal engineer observing from the cockpit. The
maneuvers of interest were electrically marked and transcribed from the
tape for analysis.

The detailed results are presented in Reference 1. The highlights will
be described here. No significant training time was required by the
pilot, and it was observed that 1ift-offs and mild maneuvering were
possible immediately.



The visual illusion of flight was described as very good by the pilot,

and the visual scene was considered to be very representative in its gross
aspects. As evaluation progressed, however, certain deficiencies in the
display became apparent.

EFFECTS OF TRANSPARENCY SCALE

750-to~One Scale

Thresholds at this scale resulted in unrealistic hovering performance.
Close to the ground, resolution decreased rapidly, and the visual
illusion deteriorated. Occasional excitation of a high-frequency
transparency mode momentarily destroyed the illusion, Altitude and
pitch attitude cues were confusing at low altitude.

Pilot-vehicle performance was poor. Attitude controllability did not
resemble that in flight, and position controllability was compromised by
the servo thresholds, The power spectral and probability density
distributions for the lateral stick position during the precision

hover, and the lateral quick-stop maneuver did not appear to match those
from flight,and the pilot reported nausea, particularly during the lateral
quick-stop maneuvers. Oscillatory attitude behavior was reported by

the pilot during the attitude reversals, Inadvertent head movements

were also observed.

80-to-One Scale

Hover controllability resembled that of the aircraft. Position accuracy
also was similar, and the pilot reported the whole i{llusion of hovering
to be quite similar to flight, The power spectral and probability
density distributions for the lateral stick position appeared to match
those from flight reasonably well for the precision hover task. The
observed handling qualities were similar to those of the aircraft.

Some pitch~=altitude confusion persisted.

Results for the lateral quick-stop maneuver, however, were discouraging.
Attitude controllability was reported as poor, with frequent oscillatory
behavior during reversals, Position overshoots resulted and severe
nausea was reported, especlally during attitude reversals. Power
spectral density and probability density distributions for the lateral
stick position did not appear to match those from flight, with the most
notable difference being a large increase in the energy of the spectrum
of the simulator record at frequencies of 0.5 Hz., The nausea reported
persisted during the periods of reduced activity and increased each time
a maneuver was attempted until the "flight" was terminated due to

acute pilot discomfort. Inadvertent head movements were again observed,
especially during the attitude reversals, The head movements were not
recorded during this simulation. Brief periods of disorientation were
also reported.



THE PHYSIOLOGICAL IMPLICATIONS

The hover representation achieved with the 80-to-one transparency was due
to the choice of transparency scale, which reduced the vibratory
excitation of the plate by an order of magnitude and offered position
change information accurate enough for the precision hover. The pitch-
altitude confusion persisted, but since the task was in the lateral plane,
this deficlency was not considered to be serious for the study., For a
longitudinal plane task, such as a forward quick start and stop,
difficulty could be expected. This couplinag is explainable when the
optical characteristics of the projector are examined., These will be
discussed later.

A closed-loop analysis was conducted in an attempt to determine the
orientation information required for the pilot to accomnlish the desired
tasks, and to try to explain the observed pilot-simulator performance.
The results demonstrated that the insufficient ability to detect roll
rate at frequencies of 0.5 Hz could easily account for the observed
performance. The available literature on physiology contained many
references (for example, Reference 2) to the bandwidth:.of the human
visual system, and the performance predicted by the cldsed-loop analysis
when only a visual pathway is included agrees reasonably well with the
observed performance.

Therefore, the inference is that the vestibular pathways are also
employed for this task because it is known that an accurate sensation

of angular roll rate can be evoked by the vertical semicircular canals
at frequencles of 0.5 Hz, The utricular pathways for these tasks are
hardly stimulated at all, because the observed lateral forces at the
pilot's head are due to the rolling moment (the head is approximately
two feet above the roll center) and a small aerodynamic side force which
1s a maximum of approximately 2 percent of the vehicle's weight.

If reflexive types of head movements had been.correctly reproduced in the
simulation, the conclusion might be drawn that reduced stimulation of

the vertical semicircular canals resulted which is different from flight.
Compensatory eye movements therefore did not occur correctly either,

and the question naturally arises concerning the correctness of the
visual pathway stimuli. As it turned out in the moving-base experiments
later, head movements were observed, which further complicated the issue.

The onset of nausea during the roll reversals may be the result of
stimulus comparison in the higher association centers, which 1s recognized
as being in conflict with the precognitive information., Some evidence to
support this premise is the absence of nausea when two inexperienced
pilots performed nearly the same tasks.

10
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It is emphasized here that the absence of the semicircular canal pathway
stimulus resulted in poor performance and nausea. It is therefore very

likely that the reason for good performance during the hover task

(at an 80-to-one scale) is that the visual pathways alone are adequate.

The further inference is that a pilot-vehicle response which can be
forced to the necessary bandwidth without the need for high-frequency
rate detection will not require vestibular stimulation. Such a system
will have good performance but may still be disorientating and nausea=-
inducing. These deductions require further research.

The case has been made for the inclusion of vestibular stimulation,
and moving-base experiments were created to study this problem. Three
basic assumptions were made here to facilitate the design of the
moving=-base drive:

1. Rotational motion stimuli are necessary at frequencies
between 0.2 and 10 radians per second, the apparent bandpass of the
semicircular canals.

2, Force stimuli are necessary to frequencies from zero to the
bandwidth of the aircraft's lateral motions, namely, about 0.2 radian
per second*,

s The bandwidth of the visual information is the bandwidth
of the simulator actuators.

* The approximate bandwidth reported for the utricles is 1.5 radians
per second which is compatible with the 0.2 of the aircraft.

11



THE POINT LIGHT SOURCE SIMULATOR MOVING BASE

DESIGN AND USE OF A MOTION BASE DRIVE MECHANIZATION

As a consequence of the fixed-base results, a study was conducted to
achieve several drive mechanizations for a motion base which was
installed in place of the fixed cockpit. The motion system had five
degrees of freedom - pitch, roll, yaw, heave, and surge - with the
following limits:

pitch - + 12°
roll - + 15°
yaw - x 7°
heave - = 0.5 foot
surge - + 0.5 foot

Before proceeding with a description of the drive mechanization that
evolved from the study, a discussion of constraints is necessary.

The visual display will give the correct apparent transformation of
visual coordinates and velocities only if viewed from the center of the
spherical screen, Since the light occupies this point, a position below
this point is the usual position of the pilot's eye center. Distortions
which are a function of the vehicle orientation, the position of the
pilot's eye center with respect to the screen, and the screen radius

are therefore Introduced into the display. The pitch-altitude confusion
described earlier results from this. The distortions are minimized when
the pilot's eye center is closest to the spherical screen center and when
the screen radius is large. The distortion takes the form of a position
distortion, which means that errors in the derivatives (velocity, etc.)

exist also.

Subjective pilot comments on the visual display were always favorable;
however, in order to minimize the distortion, the pilot's eye station
was kept as close to the sphere center as possible and the pilot's head
movements were kept small. For this reason, only the pitch, roll, and
yaw degrees of freedom of the motion base were used.

The motion base drive mechanization for the lateral plane is shown in
Figure 4. This mechanization attempted to do the following:

12



l. Provide nemicircular canal stimulation at frequencies where
the stimuius corresponds nearly to perceived angular velocity, namely,
0.2 to 10 radians per second.

2. Provide utricular stimulation at low frequencies only, i.e.,
up to 0.25 radian per second.

3. Minimize false stimulation of the vestibular organs and
maintain low-frequency postural reflexes.

The mechanization attempted to do this by the usc of simple filter net-
works used with computed quantities from the dynamical equations for the
vehicle. Rotation of the simulatcr cockpit, exactly like the aircraft
cockpit, resulted in apparent linear accelerations which were a function
of the simulator attitude. Since these linear accelerations comprised

a false stimulus, a high-pass network was used to reduce the attitude

at a rate which was not detrimental to the performance of the pilot-
simulator system, considering the resulting utricular stimulus., At the
same time, computed apparent linear accelerations at the pilot's seat
station were used to tilt the simulator cockpit to an attitude that
reproduced the computed linear accelerations at a rate which was not
detrimental to the performance of the pilot-simulator system, considering
the resulting semicircular canal stimulus,

The remaining portions of the mechanization were designed to give
accurate visual stimuli at frequencies up to the simulator bandwidth

(2 Hz) and to provide compensating inputs in order to achieve dynamic
response matching for all actuators. The display corrections, due to
the pilot eye station location two feet above the center of gravity of
the vehicle, were not programmed because their values were of the order
of the visual display distortions at an altitude of 15 feet.

Estimates of the drive filter constants wp and u@ consider that the

dynamics of the v2stibular organs are the only operative processing
that takes place in the pathways to the brain. ub and wy are assumed

to be related to the long time constant of the semicircular canals
(for the corresponding axis). The estimates yield a value of 0.1 to
0.3 radian per second for e The value of Wy, 1s necessarily nearly the

same,

13



TEST RESULTS

To test the empirical prediction, evaluations by the same research pilot
were conducted using the same basic simulator setup, with the inclusionm,
however, of the motion drive mechanization. Before proceeding with the
evaluation, a brief experiment was conducted with four more pilots to
determine if an improved visual display incorporating a helipad with
familiar objects would reduce the nausea. It was thought that the
visual distortions emphasized by the grid pattern contributed to the
nausea and that a more realistic scene with less stark features might

be better. Such a transparency was built and evaluated with and without
the motion base operating, For these tests, the motion base drive
constants wy and u& were set at 0.3 and 0,25 radian per second,

respectively, The results showed that the greatest reduction (or, in
most "flights," complete elimination) of nausea was obtained with the
motion base operating and that the improvements in the visual display
had a minor effect.

Following these tests, the primary evaluation was conducted using the
same research pilot employed in the fixed-base tests. The results are
summarized in Figure 5 and are presented as overall root-mean-square

values of lateral stick position in terms of percentage of full travel
plotted versus rotational filter break frequency wp. A value of zero

for ub corresponds to an infinitely long return time, while a value of

infinity corresponds to a fixed-base operation., The flight-test value
of 11,4-percent RMS is presented also, Pilot comments are included also
and were favorable at values of 0.3 and 0.5 radian per second. For an
wp of 1,0, considerable difficulty with oscillatory behavior was

expressed by the pilot during the attitude reversals, and nausea was
reported,

Interestingly enough, for ub = (0, the linear force stimulus resulting

from not returning the cockpit to level for a constant bank was
immediately sensed by the pilot and was reported as a false cue. However,
because it was correlated with attitude, the total illusion was that of

a better handling aircraft, which suggests that the utricular pathway

was being used in the simulator, whereas it was not in flight, thus
giving erroneous results.

The resulting power spectral and probability density distributions of
lateral stick position for the four cases investigated are compared with
the flight results in Figures 6, 7, 8, and 9, The flight results are
shown in Figure 10. Note the poor comparison for wp = 0 and wy = 1.0

and the good comparison in the range from 0.3 to 0.5 radian per second.
For these tests, a value of u& = 0,25 radian per second was maintained.

14



The aircraft used for this validation generated almost zerc apparent
side force for the tasks studied, and for this reason the empirical
testing of this drive mechanizatiun for wy is not considered to be
very meaningful,

[}
The intertrial variability for the research pilot who contributed to
this research was examined during related tests on the same sgimulator.
The maximum variation from the mean root-mean-square value for six
trials was 12 percent. Unfortunately, only one sample was taken at
each condition, This value i{s thought to be consistent with the error
incurred during data acquisition and analysis,

15



PILOT HEAD MOVEMENTS

Due to inadvertent-appearing pilot head movements which were noted during
the fixed-base simulation, pilot head movements were measured using a
helmet-mounted rate gyro aligned with the sensitive axis of the vertical
semicircular canals (an axis inclined 28 degrees from the saggital axis)
for the moving-base simulator. The measurements showed clearly that
compensatory head movements occurred during the lateral quick-stop
maneuver which for moving-base operation tended to reduce the total
inertial rolling of the head. Specifically, when peak bank angles were
below 5 to 6 degrees, the head remained fixed to the cockpit. When the
peak bank angles exceeded 5 to 6 degrees, a countering head movement was
observed which limited the inertial roll to less than 5 degrees. For
fixed-base operation, the movement was reversed, i.e., the head tended
to follow the display, which moved in the opposite direction to the
direction of rolling. The sequence is {llustrated in Figure 1ll. The
same pattern of head movements was observed by the author as five
different pilots performed the same task while piloting a helicopter.
For this reason, it is deemed most interesting that such a phenomenon
should occur, and a bit of speculation is therefore warranted.

The simple explanation of a postural reflex (Reference 2) requires that

a sizable lateral force be present, but it is not. Could it be,
therefore, that this occurrence of rolling above, but not below, 6 degrees
is related to the lg counterroll limit of 5 to 7 degrees? If so, theu
one would surmise that the effect is designed to provide eye counterroll
for purposes of retinal image stabilization so as to enhance the process
of orientation., It is possible that the neck receptors are also
contributing useful information to the brain. It may be a learned
reflex; however, this seems doubtful since the eye counterroll reflex
undoubtedly is used during our everyday lives. It is the author's
opinion that head-rolling movements are used to achieve retinal image
stabilization when the external rolling of the vehicle is small enough
not to cause neck discomfort. The resulting visual and neck receptor
information is then used to maintain the reference stable visual
environment. When the external rolling is great, requiring considerable
head movements with respect to the torso, it 1is not possible to stabilize
retinal images, and the reference stable environment is changed by the
brain. When external rolling is less than the counterroll limit, no
compensating head movements are needed to achieve retinal image
stabilization, The effect is also believed to be a high-frequency

phenomenon.,

In future simulations, it is intended to measure pilot head and eye
movements more closely in the hope of collecting and analyzing data to
better understand this phenomenon.
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CONCLUSIONS

Experiences with several types of simulators were described in order to
show their suitability to adequately represent the flight maneuvers
studied. For the visual conditions corresponding to the flight tasks,
the early simulations were considered to be a failure because the visual
stimuli were inadequate. It is concluded, therefore, that an abstract
display consisting of a runway outline and a sharp horizon does not

give the visual information required for the precision hover and lateral
maneuvering tasks. However, the degree of abstraction required is still
an open question.

A validation rationale that uses random data analysis techniques to
support pilot opinion was described. This rationale appears to be able
to determine when a simulation is adequate. The criterion for adequacy
is dynamic equivalence between the simulator and the reference vehicle.
However, the random data analysis techniques employed in this study
were electronic in nature, were cumbersome, and tended to contaminate
the data.

Detailed studies of the point light source type of simulator with fixed
base are reported where the validation rationale was applied. It was
found that hover operations could be adequately represented if the
projection scale is chosen properly. The lateral maneuvers could not be
adequately represented due to physiological factors related to the
absence of motion. Nausea was also induced.

The possible physiological factors that produced an inadequate fixed-base
representation were studied in order to design an effective motion-system
drive mechanization. The resulting mechanization was used to drive a
three-degree-of-freedom motion base which was added to the basic point
light source simulator. The best motion base drive constants were
determined using the validation rationale. The results using the best
constants compared very favorably with flight, and the nausea was
significantly reduced or, in most cases, completely eliminated. The best
constants were shown to be compatible with the dynamics of the vestibular
organs,

Pilot head movements in the fixed- and moving-base point light simulator
were examined and found to be correlated with the maneuvers. Movements
similar to those with the moving base were found in flight with a
helicopter. An explanation of these movements based upon speculation of
the function of the counterroll reflex was offered.
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RECOMMENDATIONS FOR FUTURE RESEARCH

If one accepts the idea of compromising the rotational stimuli in favor
of {mproving the linear force stimuli, then it is possible with a
large-amplitude linear motion simulator to reproduce the exact apparent
force orientation with respect to the cockpit reference frame. Sustained
changes in the magnitude of the apparent force are, of course, impossible
without unwieldy motion systems,

The physiological research directed at the semicircular canals is
noteworthy., Less research has been devoted to the utricles and saccules
(Reference 3), which has resulted in a rather incomplete view of the
role of these sensors in the perceptual process. There may very well
exist a dependency of the pilot's response on a knowledge of the
stimulus, especially in the presence of a visual environment, which is
exactly the case during flight in an aircraft,.

Several questions may now be asked. What role do the linear force
sensors play in the organization of orientation information in the
central nervous system in the presence of a gravitational force? What
fremes of reference are possible under the influence of a gravitational
and an external force? What are the effects on orientation during
periods of reduced or absent gravitational force? Can the human really
distinguish between the two kinds of forces? Can the human construct
effective information regarding his environment when the stimuli are in
conflict during flight? Until some answers to the question of the force
sensor role in the nervous system are found, the practicing simulator
engineer will decide that it is advantageous to attempt exact force
simulation at bandwidths up to that of the vehicle,

Along these lines, a simulation conducted jointly by Boeing-Vertol and
Northrop may serve to illustrate this point. The vehicle simulated was

a large cargo helicopter where the pilot's seat station was located

18 feet forward of the center of gravity. Therefore, the force response
at the pilot's station was the moment response with complications due

to rotor lead-lag and aerodynamic effects. This simulation was conducted
on a large-amplitude device and demonstrated that the pilot does use
high-frequency (above 0.2 radian/second) force stimuli. The detailed
results are reported in Reference 4.

The results presented, using the jet-1ift vehicle data, apply when the
pilot is near the center of gravity, where the force bandwidth is low.
When the force bandwidth is not low, as in the case of the large vehicle
(with high pilot offset), the force-sensing characteristics of the

pilot appear to be extremely important. The force sensations may act to

18
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decrease pilot time delay in multiloop environments; thus onset alone
may be the underlying factor. On the other hand, the low-frequency
gain which is known to exist in the perception of tilt (considering
habituation effects) in a gravitational field may demonstrate a wider
use of the linear force-sensing organs. The results of the Boeing-
Vertol simulation illustrate these effects. Certainly, some additional
work is necessary before large-amplitude motion systems for simulation
can be designed. A great deal of evidence has been collected during the
performance of this simulation, and it is hoped that fruitful interpre-
tation of the results will follow. .

In order to provide a continuous flow of research information which
will lead to the establishment of accepted procedures for simulation
testing, the following research is recommended:

1. Use existing large-amplitude motion systems in conjunction with
good visual displays to determine the requirements for simulation
of vehicles with sizable offset-center-of-gravity pilot stationms.

2. Continue research on visual display quality and dynamic requirements.

3. Continue research on human sensorv processes with emphasis on the
linear force sensors and the processing of the information from all
sensors to the higher centers of the nervous system.

4, Develop automated digital cata acquisition and processing
techniques.

5. Develop digital servomechanisms which could interface directly to
a digital computer,

6. Continue the development of mathematical representations of vehicles
and auxiliary effects such as ground contact dynamics, turbulence,
low-velocity forces, and moments on fuselage shapes using hybrid
computers.
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Figure 3. Point Light Source Simulator.
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