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SECTION 1
INTRODUCTION

A. BACKGROUND

Ground-based simulation is an important tool in the assessment of handling qualities of
rotorcraft for both research and development. The strengths and limitations of the simulation
facilities are well known and recognized in the rotorcraft community. What is not as well
documented, however, is the relative impact of various elements in the simulator itself on perceived
handling qualities. For example, past studies have demonstrated that rate-augmented vehicles that
exhibit good handling qualities in flight are much more difficult to control on ground-based simulators

(Ref. 1).

Besides the obvious issues of simulation fidelity and flight/simulation transference (e.g., Ref. 2),
there are other fundamental issues in simulation design that also impact the use of ground-based
simulators for handling qualities research. All of these issues, such as inherent time delays and their
compensation (e.g., Refs. 3 and 4), simulator sickness (e.g., Ref. 5), and the requirements on motion
(e.g., Refs. 6, 7, 8, and 9), have been investigated in great detail in terms of their impact on human
operator response dynamics and assessments of fidelity. Few studies, however, have explored the
specific impact of these issues on handling qualities evaluations.

A study was conducted on the NASA Ames Research Center’s Vertical Motion Simulator
(VMS) to evaluate the effects of simulator characteristics on handling qualities. The primary focus
of the simulation was on piloted assessment of the variations — i.c., Handling Qualities Ratings
(HQRs) and comments. Seven pilots from the Army, NASA, and private industry participated in the
simulation. Most evaluations were conducted with a baseline set of rotorcraft dynamics, using a
simple transfer-function model of an uncoupled helicopter with Level 1 bandling qualities based on
ADS-33C (Ref. 10). The pilots were instructed to evaluate each configuration as if it were a new
\iircraft; therefore, differences in HQRs as visual and motion parameters are changed were due
entirely to the pilots’ perceptions of handling qualities, rather than to changes in the aircraft model
itself. Seven precision and aggressive low-speed maneuvers from ADS-33C were used as the
evaluation tasks.

B. OBJECTIVES

Effects of variations in the three major elements of the simulation — the motion system, visual
system, and math rcndel — were evaluated. Specific variations and the philosophies behind them
were as follows.




Motion system: The effects of motion were evaluated by performing a portion of the experiment
fixed-base and repeating this portion moving-base. The VMS employs linear motion washouts with
second-order filters; the baseline set of washouts used in the moving-base evaluations were developed
for this experiment based on a combination of past experience and the involvement of NASA
engincers. This baseline set of washouts followed the NASA philosophy of transmitting initial
accelerations at the expense of motion/visual/model phasing. A third set of modified washouts was
developed during the simulation that reduced the phase distortions between the motion and visual
responses, but at the expense of amplitude of onset accelerations. Supporting information on the
design of motion systems in general, and the selection of the washout parameters for this simulation
in particular, is given in Appendix A.

Visual system delays: A compensation filter is employed on simulations at Ames to effectively
remove the delay-inducing effects of pipeline delays in the visual image generation system (Ref. 3).
While this filter greatly reduces the overall visual delays, it increases the mismatch in phasing between
the visual and motion responses. Past studies on such visual/motion mismatch (described in Appendix
A) have had conflicting results: it is unclear whether it is better to compensate the visual response
fully, thus increasing the mismatch, or to minimize the phase mismatch at the expense of delayed
visual response. Effects of adding and removing the visual delay compensation were evaluated and
compared to adding an equivalent pure time delay in the overall simulation.

Bandwidth/Response-Type/delay tradeoffs: Combined effects of variations in response dynamics

with varying amounts of visual or total time delays were investigated. Two Rate Response-Types
(Ref. 10) and one Attitude Command/Attitude Hold Response-Type were evaluated, though most
runs were made with the baseline Rate system that provided Level 1 handling qualities by the
requirements of ADS-33C. Incremental time delays, in the form of both pure delay in the model and
combinations of model-plus-visual delay (the latter by turning the compensation filter on and off),
were simulated, from 0 to 383 msec.

"\ Because of the key variation parameters, it was essential that a thorough accounting of the
characteristics of all elements of the simulation be made. To this end, this experiment included a full
documentation of the dynamics of the math model, visual, and cab dynamics. A procedure was
developed by NASA to provide online capability for frequency-response identification of the
dynamics. Using this procedure it was possible to change any of the math model, visual, or motion
variables and immediately assess the impact of these changes on the simulation setup. Additional
post-simulation documentation was performed using piloted frequency sweeps.




C. NATURE OF THIS STUDY

This study amounted to a preliminary assessment of the interplay among the key elements of the
piloted simulation. A considerable portion of the simulation time was devoted exclusively to verifying
the dynamics of the VMS prior to piloted evaluation; actual evaluation time was, therefore, somewhat
limited, and the results should be viewed as guides for future work as opposed to final conclusions.
For example, there was no attempt to search for an "optimum" set of motion washouts and response
gains for the tasks performed, but instead a first cut was made at one possible alternative set. A
much more thorough sweep of motion dynamics, following the first cut taken here, is justified.

D. ORGANIZATION OF THE REPORT

Section II of this report describes the experiment design, with further documentation provided
by Appendices A, B, and C. Section Il analyzes the handling qualities ratings obtained; actual ratings
and transcribed pilot comments are given in Appendices D and E, respectively. Section IV presents
the conclusions based on the analysis of Section III. Included in Section IV are recommendations
of areas worthy of further investigation in follow-on sitnulation studies.




SECTION 11
EXPERIMENT DESIGN

A. FACILITY

The simulation was conducted on NASA Ames Research Center’s six-degree-of-freedom Vertical
Motion Simulator (VMS) with the Rotorcraft Simulator Motion Generator (RSMG) system, depicted
in Fig. 1. The simulator cab was mounted such that the greatest translational travel was in the lateral
direction. Translational motion is limited by hard stops at +30 ft vertically, =20 ft laterally, and +4
ft longitudinally. Software trips in the motion system further limited the actual available range of
linear travel from center position to £25 ft vertically, =18 ft laterally, and 2.5 ft longitudinally.

The cockpit was representative of a single-pilot helicopter configuration with three horizon-level
monitors for the out-the-window view; the rightmost window included a view of the ground
environment near the helicopter as weil. Visual display generation was via a Digital Image Generator
(DIG). Conventional cockpit head-down instruments were used, with the addition of a digital
altimeter. No head-up displays were used.

Cockpit controls were conventional. with a center-mounted cyclic, left-hand collective, and
pedals. A sidestick capable of two-, three-, ur four-axis control was also mounted in the cockpit but
was not used for this simulation. Variable-feel McFadden control loaders were used on all controls;
force-feel characteristics were fixed throughout the simulation at the values listed in Table 1. The

TABLE 1. COCKPIT CONTROLLER CHARACTERISTICS

PARAMETER | LONG. CYCLIC | LAT. CYCLIC | PEDALS | COLLECTIVE
Travel (in.) =5 *5 *3 *5

| Brezkout (ibs) 05 05 4 0
Friction (lbs) 05 0.5 3 2
Gradient (Ib/in.) 1.0 1.0 10 0




s et

VMS NOMINAL OPERATIONAL MOTION LIMITS
AXIS DISPL |VELOCITY| ACCEL
VERTICAL 130 16 24
LATERAL 120 8 16
LONGITUDINAL 14 .4 10
ROLL 18 40 115
PITCH +18 40 115
YAW 124 46 115
ALL NUMBERS, UNITS ft, deg, sec

Q

Figure 1. Vertical Motion Simulator




command signals were displacement for all controliers. Cyclic stick characteristics were symmetric
for pitch and roll. Force/deflection dynamics of the cyclic were not measured in the simulation, but
were estimated based on pot settings to be approximately

F 11.42 [ &]
8 s? + 2(03)(11.4)s + 11.4* [in

in both pitch and roll.

Figure 2 is a schematic of the simulation layout. Cockpit control deflections, 8(s), are sampled
by an analog-to-digital (A/D) converter and sent via digital-to-digital (D/D) interface to the host
computer (point A on Fig. 2). The host computer for the simulation model was a CDC 7600
operating at a cycle rate, T, of 50 samples per second (20 msec frame time). Model accelerations,
w(z), are computed at every sample (point B). The model accelerations are used by the motion-drive
software to compute motion drive command signals, wd(z) (point C). These signals are sent via D/D

and D/A to the cab motion system. Sampling of the responses of the VMS motion system
accelerations, wyp(s), and rates, vy (s), requires an additional A/D and D/D interface (point D). Cab
accelerations and rates were measured in this simulation using both standard instrumentation and an
add-on package of accelerometers and rate gyros. This is discussed further below and in Appendix B.

Model rates, u(z), arc computed from the model accelerations with an advancing-integration
algorithm that effectively provides a one-cycle lead (point F on Fig. 2). Model positions, u(z), are
then integrated from the rates (point G) to compute the computer-generated imagery (CGI)
commands for the Digital Image Generator (DIG). A visual delay compensation algorithm (Refs.
3, 4, and 12) provides lead adjustment to offset these transport delays, and evaluations were made
with this compensation algorithm Soth on and off (as is discussed in more detail below). The CGI
Pposition commands, ug(z) (point H in Fig. 2), are transmitted via a D/D interface to the cockpit visual
display. The DIG computer operated at 30 samples per second (333 msec frame time). The DIG
computer uses a pipeline that requires a total of 2-1/2 computer cycles to generate an image and fill
half of the monitors in the cockpit, resulting in an effective time delay of (2.5)*(33.3) = 83.3 msec
(Ref. 3). Since this pipeline delay was known, no attempt was made to measure the actual cockpit
visual display response.
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Figure 2. Delay Sources in the VMS Simulation Facility

B. MATH MODEL

The mathematical model for the rotorcraft was a generic, uncoupled stability-derivative model
that has been used for several simulations at Ames (e.g., Refs. 13 and 14). Changes in dynamic
response characteristics are effected by altering the basic aircraft stability and control derivatives; for
example, the transfer function for pitch attitude response to longitudinal cyclic was represented by

0 M;

S sz-qu-M‘

For nonzero Mg, the Response-Type is Attitude Command/Attitude Hold with Mg = %y and Mg
= 2 wy; setting Mg = 0 produces a Rate Response-Type. Control sensitivity in both cases is varied
by changing Ms,. Variations in Response-Type and Bandwidth were achieved by varying Mq and Mg,
while M5, was fixed for each configuration to provide Level 1 control power as specified by ADS-33C
(Ref. 10). Values of the derivatives for the three pitch and roll Response-Types are listed in Table 2.

Heave and yaw dynamics were fixed throughout the simulation at values that exceeded the
Level 1 requirements of ADS-33C.




TABLE 2. DERIVATIVE VARIATIONS FOR TEST CASES

DERIVATIVE RESPONSE-TYPE (PITCH AND ROLL)
(UNITS)
Low-Bandwidth Rate | High-Bandwidth Rate | ACAH

M, (rad/sec?/in.) 0.5425 14 1.0
M, (rad/sec) -1.55 4.0 -2.94
M, (rad/sec?) 0 0 -4.41
Ls, (rad/sec?/in.) 0.92 14 1.0
L, (rad/sec) -2.63 4.0 -294
Ly (rad/sec?) 0 0 4.41

NoTE: & - % ¢ "

5. s2-Ms-M, ' 5, s-L;s-L,

C. MOTION SYSTEM VARIATIONS

Even though the VMS provides a large range of linear and angular travels, there are still very
tight limitations on maneuvering space that necessitate lowered response gains and high washout
break frequencies (e.g., Ref. 9). The selection of such gains and washouts is a compromise between
the desire for realism in motion and the realities of space limitations. Ideally, the values selc~ted
reflect the requirements of the particular maneuvers to be flown and the expectations of the pilot
(as discussed in detail in Appendix A).

The motion system of the VMS uses linear washouts with second-order filter characteristics (Ref.
9). Variables available for fine-tuning consist of the overail motion gain (which determines the scale-
down from the real world — e.g., a gain of 0.7 means 70% of full-scale acceleration) and damping
and natural frequency of the washout filter (which determines the rate at which the "correct” response
is removed and the simulator cab returned to center position).

Prior to the start of formal evaluations, a set of motion gains and washout frequencies was
developed by NASA personnel for the evaluation tasks of this simulation. The initial motion gains
and washouts were developed under the guidance of Mr. Richard Bray, who had recently retired from
NASA but voluntcered to assist in setting up the motion dvinamics. The motion gains and washouts,
referred to in this report as Baseline motion, incorporated relatively large initial responses (on the




order of 30% to 60% of full scale), with correspondingly large washouts (break frequencies of 0.2 to
0.7 rad/sec). This resulted in a simulator command that transmitted much of the initial acceleration
to the pilot, but that very quickly washed out the rates and translations. As is shown in Appendix
A, the break frequencies of these washout filters produce significant phase distortion around the
frequencies for piloted control, e.g., 0.5-5 rad/sec.

A variation to the baseline set of gains and washouts was devised that reduced the phase
distortions at the frequencies for piloted control. Emphasis was placed on reducing the phase error
between simulated motion and actual motion to less than 30 deg over the frequencie: from 1 to 5
rad/sec (Appendix A). This involved lower washout break frequencies in the pitch, roll, and vertical
axes, which necessitated the use of lower gains as well. Development of this Modified motiun set was
iterative, with repeated applications of an on-line frequency-response program (RSVP, described in
Appendix B) and piloted evaluations. This was intended to be an exploratory study only, in prepara-
tion for a more formal and systematic variation in motion response characteristics. As such, the
modified motion set was not necessarily optimized for the tasks flown in this simulation. Given
further development time, similar modifications to the motion gains and washouts would have been
made for the other axes of response. '

Table 3 lists the washout filters for the Baseline and Modified motion systems. The modified
roll and heave filters have lowered gains and greatly reduced washout break frequencies; yaw
dynamics were not changed, and the differences in pitch were due to fine-tuning of the baseline
motion system following the software changes mentioned above. The gain reduction in sway was
made to retain proper roll-sway coordination. The motion drives on the VMS include provisions for
increasing the washouts as airspeed increases. This is necessary to provide protection against large
linear accelerations that are possible at high speeds (due to velocity-dependent components of
acceleration). Between the low- and high-speed values the gains and break frequencies of the
washout filters were computed by linear interpolation. Five of the seven tasks evaluated in the
simulation (see Appendix C for a description of the tasks) were performed at hover or very low
;irspecds. Only the slalom and dash/quickstop involved operations at airspeeds above 20 to 30 kt,
so the emphasis on the development of washouts was naturally placed on the low-speed sets. As a
result, discussion of the washout filter characteristics in this report focuses only on the low-speed sets.

Frequency-response comparisons of the washout filters, as well as a comparison of their gain
attenuation and phase distortion characteristics, are presented in Appendix A.

A simple illustrative example of the effects of the two sets of motion washouts is shown in Fig,
3. The time responses in this figure are for a simple first-order representation of the helicopter in
heave, with no additional time delays, lags, etc. A double-pulse collective input was applied to this




TABLE 3. MOTION WASHOUT FILTERS

Baseline Set Modified Set
Axis V =< 30 kt V 2 60 kt V =< 20 kt V 2 50 kt
Roll 0.3(0) 0.25(0)2 0.15(0)? 0.10(0)2
[0.707,0.7) [0.707,0.85) [0.707,0.3] [0.707,0.4]
Pitch 0.5(0) Same 0.25(0)2 Same
[2.0,0.2] [0.707,0.3)
0.5(0)2
(0.054)(0.746)
Yaw 0.3(0)2 Same Same as Same as
25.03) = Baseline Baseline
0.3(0)?
(0:042)(0.958)
Surge (O 0 0 0
Sway 0.8(0)? 0.6(0)> 0.6(0) Same
[0.707,0.6] [0.707,0.6) [0.707,0.6]
Heave 0.6(0) 0.5(0) 0.4(0)2 0.3(0)?
[0.707,03) [0.707,12] [0.707,0.05) [0.707,0.5]

Notes: a) Shorthand Notation is (a) = (s + a); [{o,] = [s? + 2lo,s + 07

b) Filters are for

simulator acceleration

aircraft acceleration

c) Filter parameters vary linearly with airspeed between low and high speeds
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model with input size and timing adjusted to produce a rapid altitude change in the aircraft model
of approximately 20 ft. The actual model responses are shown as solid lines in Fig. 3. The short
dashed lines represent the responses of the VMS cab with the baseline motion filter (labeled
"Baseline” or "Bsl."), and the long dashed lines are the responses for the modified motion system
(labeled "Modified” or "Mod."). The initial collective input commanded a normal acceleration change
of almost 25 ft/sec?; because of the higher motion gain, the baseline response more faithfully transmits
this command to the cab, and results in a slightly greater initial altitude rate and height change.
When the second pulse is applied to stop the climb and then removed, however, the baseline system
actually commands an acceleration in the opposite direction, due to the high washout frequency, to
drive the cab back to center position. So while there is a commanded altitude change of 20 ft, the
cab actually moves only about 8 ft, then returns toward (and even beyond) zero ft. By contrast, the
modified system moves the cab about 7 ft, then back toward center at a much slowe: rate. The
acceleration, rate, and altitude responses for the modified system more faithfully reproduce (albeit
at reduced gain) the model responses.

Evaluations were also made with the motion system turned off entirely, ie., fixed-base.
D. TIME DELAY VARIATIONS
1. Identification and Measurement of Time Delays

Confirmation of all time delays in the simulation, including documentation of the inherent delays
in the model and motion elements, was performed at the start of the simulation. Timing diagrams
generated by NASA personnel isolated phantom delays such as "recording delays" from those delays
actually in the simulation. Values were verified using frequency-response measurements. The
techniques of this verification are discussed in more detail in the next section of this report, and data
plots are given in Appendix B.

v Figure 2 shows the sources of time delays in the VMS facility. The delays due to the A/D and
D/D (TAD + TDD) interfaces total about 10 msec. The model acceleration was subject to a one-
cycle delay of the computer, T = 20 msec. Lead compensation in the motion drive algorithms
effectively removed this one-cycle delay for commands to the motion system (ie., TMp = -T).
Motion system delays, TS, were measured from frequency responses as documented in Appendix
B. The VMS motion system frequency response may be characterized in any axis as a cascaded
combination of a second-order lag plus time delay; for the purposes of this experiment, however, this
lag-plus-delay combination may be approximated sufficiently by a pure time delay, 7. The estimated
values of 7, for the VMS (Appendix B) were 70 msec for pitch and roll angular velocities; 110 msec
for yaw angular velocity; and 170 msec for longitudinal (surge), 100 msec for lateral (sway), and

12




160 msec for vertical (heave) linear accelerations. The total throughput delay for motion response
to cockpit control inputs is, therefore (Fig. 2), 2(TAD + TDD) + ™m, resulting in 90 msec in
effective delay for the pitch and roll responses.

For the visual path in Fig. 2, the advancing integration from acceleration to velocity removes the
delay due to computer cycle time, resulting in no net delay. The compensation filter in the CGI drive
produces an effective time lead of 83.3 msec (-T) when it is active, and 0 msec when it is not. The
D/D delay TDD = 2 msec and is negligible. Finally, pipeline delay Tpy is 83.3 msec. The total delay
in the cockpit visual response to cockpit control inputs is, therefore, TAD + TpD - Tc + TPL =
10 msec (compensation on) or 93.3 msec (compensation off).

2. Introduction of Added Time Delays

Two sources of additional time delay were available in the simulation, and combinations of these
sources were tested. First, an effective aelay was introduced into the visual scene only by turning off
the visual compensation algorithm effectively introducing a delay of 83.3 msec in the pilot’s out-the-
window visual response, without affecting the math mode! and motion drive systems. Second, sample-
and-hold circuits were added to the control systems in all axes (Ta = KT in Fig. 2) that provided
capability for introducing pure delays corresponding to multiples of the host computer’s frame time,
i.e., 20 msec increments, up to 300 msec. Since this delay was immediately after the stick command,
it introduced delays in all elements of the simulation — math model, visual, and motion.

E. BANDWIDTH/RESPONSE-TYPE VARIATIONS AND DYNAMICS OF CONFIGURATIONS

Because of the importance of time delay as an integral element in the test plan, it was essential
that all sources of delay be identified. The diagram of Fig. 2 and supporting information in Appendix
B provided documentation of all time delays. In addition to the elements shown in Fig. 3, the
filtering of the cockpit force feel system effectively produces time delay as well. Force feel is

- provided by McFadden control loaders in the VMS cab, and sir. : displacement commands were used
to drive the simulation, the feel system is in series with the command path. As a result, any
measurement of dynamics referenced to cockpit control force must account for the lags introduced
by the feel system.

The dynamics of the tested configurations were characterized in terms of their pitch and roll
attitude Bandwidth parameters (Ref. 10), i.e., Bandwidth frequency @gw and phase delay 7p- Each
of the time-delay sources in the VMS facility outlined in Fig. 2 can have a very large effect on the
values of these parameters. For ground-based simulation, it is necessary to properly account for three
separate response clements, the math model, the visual scene, and the motion system, since the pilot

13




is, to some extent, aware of and operating in response to all of them. In the case of the VMS it is
possible for the Bandwidths of these three responses to be quite different for the same configuration.
An example of this is shown in Figs. 4 and 5.

The frequency-response plot of Fig. 4 illustrates the dramatic effects of cascading the individual
clements of the simulation onto the ideal math model. The model (shown as solid lines in Fig. 4) is
the high-Bandwidth Rate system (Table 2); p/5 represents the model response to measured control
position (i.e., after the A/D and D/D interfaces in Fig. 2). As expected, in the absence of time delays
this ideal system exhibits a Bandwidth frequency of @BWy = -Lp = 4 rad/sec, and phase delay 7p n
= 0.

The response of the compensated visual display (py/Fas) in Fig. 4 is referenced to cockpit
control force inputs, thereby introducing two delay-inducing elements at once: the 10-msec
measurement delay for the A/D and D/D (Fig. 2), and the second-order lag at 11.4 rad/sec resulting
from the feel system filtering. The feel system has the most profound effect on this response;
Bandwidth frequency is reduced from 4 rad/sec to 2.77 rad/sec, and phase delay from 0 sec to
0.142 sec. Turning the visual compensation filter off does not affect the magnitude curve (since,
again, we are assuming this filter is effectively a pure time delay), but there is further phase lag, with
@BWy = 2.07 rad/sec and p$ = 0.151 sec.

The actual response of the VMS cab (pm/Fjs in Fig. 4) is quite different from the model and
visual responses. The combination of washout filter (from Table 3) and effective time delay of 90
msec contributes low-frequency phase lead and high-frequency phase lag. The low-frequency lead
introduced by the motion washouts serves to increase the Bandwidth frequencies, with @BWg = 3.11
rad/sec for Baseline and 2.58 rad/sec for Modified, but the motion-system lags increase phase delay
to Tpg = 0.176 sec and 0.163 sec, respectively.

Figure 4 serves to illustrate several interesting elements of the simulation. First, it shows the
significant effect of the cockpit force-feel dynamics. Second, it shows the beneficial effect of the
“visual compensation filter, since the phase curve of the compensated response is closer to ideal to
higher frequencies (until the stick feel system dynamics swamp the response). Third, the phase
distortions and gain reductions introduced by both the Baseline and Modified washouts are evident,
as the responses of the ideal math model and cab roll motion are in phase for effectively only a single
frequency. In addition, Fig. 4 shows that in terms of visual-motion synchronization, the yncompen-
sated visual response actually corresponds most closely to the motion response, especially at high
frequencies. An important but subtle distinction should also be made about the effective "Response-
Type" characteristics of the cab (Ref. 10): the fundamental nature of the attitude response of the
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simulator is altered from that of the model such that, while the aircraft is 2 Rate Response-Type, the
simulator is not, due to the washout.

The significance of the Bandwidth differences for what is, effectively, a single configuration in
Fig. 4, is illustrated by Fig. 5. This figure shows the ten possible measurements of the Bandwidth
parameters to describe the responses of Fig. 4. The parameters for the ideal model are the most
straightforward, especially for position-referenced values of measured roll rate to measured stick
deflection (p/5). The visual-display Bandwidth, with compensation on, is referenced back to cockpit
control inputs, ¢v/835, and hence reflects 10 msec of time delay; with compensation removed the
\Bandwidth drops to about 2.5 rad/sec and phase delay increases to 0.07 sec. The phase delays for
motion are about equal to those for the uncompensated visual display, but with increased Bandwidths
due to the washouts. Addition of the stick force feel dynamics greatly increases Pé and decreases
@BW¢-

Based on Fig. 5, it is reasonable to ask: which is the correct Bandwidth? Should Bandwidth be
referenced to control position, or control { e, or both? ADS-33C (Ref. 10) states that "It is
desirable to meet the [Bandwidth] requirement for both controller force and position inputs.” The
issue of force- vs. position-sensing and how to treat the dynamics of the feel system has been
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investigated at length (e.g., Refs. 15, 16, and 17), and there are data to support both sides. These
data, along with experiences with current helicopter force-feel systems, suggest that the stick dynamics
are not important as long as the force/deflection relationship is low or, equivalently, if the effective
stick mass is low. A more recent analysis of all of the feel-system data (Ref. 18) concludes that the
conservative approach is it is always better to reference dynamics measurements to control force,
rather than position. Based on this, all analysis in this report uses force-referenced Bandwidth
parameters, unless otherwise stated. The next question is — the Bandwidth of the visual response,
or the motion response? This is not as easy to answer; it may be assumed, however, that the pilot’s
primary reference for continuous, closed-loop control is visual stimuli, with motion used to augment
the visual information. Therefore the primary Bandwidth reference in this report is for stick-force-to-

visual-response, ¢v/Fas.

Table 4 lists the matrix of configurations tested, including Response-Type and Bandwidth (Lo
= Low-Bandwidth Rate, Hi = High-Bandwidth Rate, Table 2), amount of added time delay
(in msec), whether the visual compensation filter was on or off, and if the evaluations were fixed-base.
"Baseline” and "Mod. Motion" configurations refer to the motion washout filters (Table 3). The
Bandwidths and phase delays of the configurations are listed in Table 4 for model, visual, and motion
responses to cockpit control position and control force inputs. Bandwidths and Phase Delays of the
visual pitch and roll attitude responses (control force referenced) for the configurations that were
evaluated moving-base are compared with the requirements of ADS-33C (Paragraph 3.3.2.1) in Figs. 6
and 7. (They are shown in comparison with both the UCE = 1 and UCE > 1 requirements, since
there is evidence that the UCE of the VMS may be worse than one, e.g., Ref. 13).
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SECTION I
ANALYSIS OF RESULTS

A. DATA TAKEN

Three types of qualitative pilot opinion data were taken: Cooper-Harper Handling Qualities
Ratings (HQRs, Ref. 19 and Fig. 8); Visual Cue Ratings (VCRs, Ref. 10 and Fig. 9), for
determination of the Usable Cue Environment (UCE, Fig. 10); and recorded pilot comments. Since
the VCRs were taken in a simulated environment, as opposed to actual flight (as required by ADS-
33C), the resulting UCE does not correspond to the precise definitions of ADS-33C. The concept
of a "Simulated Day UCE," or SimDUCE, is introduced in the next subsection to describe this UCE.
A summary of HQRs and VCRs is included in Appendix D, and transcribed pilot comments are given
in Appendix E.

Quantitative documentation consisted of frequency-response measurements of the primary
configurations. These measurements were conducted in three forins: 1) perturbations of the
simulation with Gaussian noise. The responses of all elements of the simulator were then aralyzed
on-line to generate frequency-response (Bode) plots of the visual, math model, and motion systems.
Inputs for this analysis were applied in the computer software and hence were entirely open-loop.
2) Pilot-generated frequency sweeps. The responses generated were analyzed off-line after the
simulation with Fast-Fourier Transform (FFT) software (e.g., Ref 20) to independently verify the on-
line results. 3) Six-axis frequency evalvation (SAFE, Ref. 21) of the motion system. SAFE applies
a sum-of-sines signal to the motion system and measures the frequency response of the cab only,
downstream of the washout logic (point C on Fig. 2). Hence the results of the SAFE runs provide
an independent, though only partial, check of both the Gaussian-noise and frequency-sweep results.
The pertinent results of all three measurement techniques are documented in Appendix A of this

report.
‘B. CHARACTERIZATION OF THE SIMULATED VISUAL ENVIRONMENT

1. Visual Cue Ratings and Simulated Day Usable Cue Environment (SimDUCE)

ADS-33C (Ref. 10) applies the concept of the Usable Cue Environment (UCE) as a method
for evaluating the effectiveness of cockpit displays and vision aids for stabilization and control in
conditions of Degraded Visual Environments (DVE). The evaluation of the UCE must be made in
flight, in a helicopter with a Rate Response-Type that possesses proven Level 1 handling qualities
(average HQR of better than 3.5 from three pilots) in good visual conditions. Tasks to be flown
consist of precision hover, vertical landing, pirouette, acceleration/deceleration (dash/quickstop),

2
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Figure 10. Defnition of Usable Cue Environments (From Ref. 10)
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sidestep, and bobup/bobdown. The tasks and desired-performance limits are defined in ADS-33C.
Because such operations are assumed to be in a Degraded Visual Environment, the performance
limits for these tasks are relaxed from those for operation in good visual conditions. In the case of
rating the VCRs in the simulator, however, the interest is not in determining the effectiveness of the
cockpit displays, but of the out-the-window environment. Therefore, for application to assessing the
visual cue environment in the simulator, with simulated day visual cues, the same methodology is
applied but the task performance standards are those for day. This simulated, day, UCE is termed
SimDUCE.

Four of the evaluation pilots — Pilots D, G, S, and T — flew the full test matrix with the
baseline motion system and high-Bandwidth Rate Response-Type. The overall average HQR from
the pilots for all of the tasks was 3.3. Several of the tasks were modified slightly from the ADS-33C
definitions, in most cases adapting performance standards to those that could be easily judged by the
pilots based on outside references. In addition, because of the known limitations in attempting to
perform a precision landing in the simulator, a vertical translation task was substituted for the vertical
landing (see descriptions in Appendix C).

The pilots assigned VCRs for attitude, horizontal translational rate, and vertical translational
rate, using the scale in Fig. 9. Application of the VCRs requires the worst of the translational rate
VCRs. Table 5 lists the VCRs from the four pilots. There is an obvious disparity between pilots in
their assessment of the visual cues: generally, Pilots D and S assigned VCRs of 3 to 4, indicating a
degraded cue environment (Fig. 9), while Pilot G, with only one exception, assigned 2 VCR of 1, and
Pilot T, with two exceptions, assigned a VCR of 1.5. Informal discussions with Pilots G and T during
the simulation indicated that these pilots seemed to be properly applying the concept of the VCR
scale, but both felt that they could be quite aggressive and precise using only the outside visual scene.
Pilots D and S, by contrast, indicated in their commentary that they felt a need to be somewhat less
aggressive. Average VCRs are included in Table 5 for all four pilots, and with Pilot G's ratings
excluded. The overall average VCRs are around 2 to 3 in all axes, with correspondingly high standard
deviations. ADS-33C requires the standard deviation between pilots to be 0.75 or less for definition
of the UCE; otherwise, either more pilots are to be used, or the UCE is to be assigned by the
procuring activity. In only one case (the accel/decel with Pilot G excluded) are the standard
deviations less than 0.75 for both attitude and translational rate VCRs. Since the focus of this
simulation was not specifically on the assessment of SimDUCE, no further attempts were made to
investigate this inter-pilot variation.

Figure 11 is a crossplot of the attitude VCR and worst (higher numerically) of the horizontal
and vertical translation VCRs for the four pilots. Noted beside each point is the associated HQR.
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Based solely on the overall average VCRs in Table 5, the SimDUCE for the VMS with the DIG was
a marginal SimDUCE = 1 (based on all pilots) or 2 (based on Pilots D, S, and T only).

Limited support for the designation of the simulation setup as SimDUCE = 2 comes from the
VCRs assigned by Pilots M and Mc (see Appendix C), who flew only a portion of the task matrix.
These two pilots, both Army pilots from the Airworthiness Qualification Test Directorate (formerly
Army Engineering Flight Activity), Edwards AFB, CA, generally agreed in their assessment of the
visual cues, assigning attitude VCRs of 2.75 to 4 and translational rate VCRs of 2.5 to 4 — i.e., solidly
in the SimDUCE = 2 region.

2.  Visual Acuity

While the determination of SimDUCE quantifies the pilots’ assessment of their visual cueing
environment, several other factors contribute to this environment. Principal among these is the ability
to detect small changes in texture, i.c., visual acuity. Tests of visual acuity for the DIG were
conducted for a simulation study of degraded visual conditions (Ref. 13). A three-bar resolution chart
was programmed into the DIG visual image (Fig. 12) and the cockpit was moved to various locations
relative to this chart for both clear and foggy conditions (RVR = 250 ft). The pilots’ ability to
distinguish the lines on this chart correspond to visual acuity, measured in terms of arcminutes/line
or cycles/mrad. Figure 13 shows the results of these tests. As a point of reference, one arcminute
is normal 20/20 vision. For the clear (RVR = unlimited) conditions, corresponding to the current
simulation, the visual acuity was about 5 to 6 arcminutes/line. Reference 13 discusses testing in
Germany to establish acuity requirements for operations with various night vision goggles, for which
minimum acuity of about 0.4 cycles/mrad or 4.5 arcminutes/line was proposed. Thus the ability to
resolve microtexture on the DIG was worse than a proposed minimum for operations with NVGs.

3. Field-of-View Limitations

Of secondary importance to the determination of the SiInDUCE is the limited field of view
provided by the VMS cab. The cab used for the simulation (FCAB) provides only a fraction of that
given in flight by a typical modern helicopter (Figs. 14 and 15). This is certainly a mitigating factor
in the more aggressive mancuvers, especially the sidestep, where sideward visibility is quite limited
(Fig. 15). Flight testing has shown, however, that ficld-of-view limitations are secondary in
importance to lack of acuity in the pilot’s ability to perform tasks (e.g., Ref. 22).




Figure 12. Three-Bar Resolution Chart (From Ref. 13)

10~
£y
- 9 ]
” — ..:'
é .[ x &3
28 S Tk % _,c,-.."’
B Bt i
2k E o s ERALKRK BB
°
[} od S
a0k % N Q\@‘f&'@s?\b\\\\q“
pun ’ o
B0 - ok
1.00 2
- 5> 4
] 1 1

1 3
S0 000 150 200 250 300
Distance to chart ()

Figure 13. Resolution Results from the VMS Singer-Link DIG I (From Ref. 13)

29




20° 4

~. ..:v' V'Mch‘B ;:‘ b
~80° V207 £20°\ 60°

-20°

Figure 15. Visual Scene as Viewed from the FCAB Cockpit (From Ref. 13)

30




C. EFFECTS OF TASK AND MOTION
1. Effect of Task

Figure 16 is a plot of the HQR:s for the seven tasks both fixed- and moving-base for the baseline
aircraft model (high-Bandwidth Rate Response-Type, visual compensation on). Average HQRs are
depicted by solid symbols that are connected by a solid line for clarity. Generally, the easiest tasks
(in terms of best HQR) were the hover, bobup/bobdown, and dash/quickstop. Since no turbulence,
gusts, or winds were simulated, the one-minute precision hover was low-workload as long as the pilot
was reasonably well stabilized before starting the formal maneuver. Pilot comments indicated that
the bobup/bobdown was relatively easy because of the decoupled helicopter model, making this
almost entirely a single-axis task, while the dash/quickstop was rated well because of the ample
forward field-of-view for initiating and stopping the maneuver. By contrast, the vertical translation,
pirouette, and slalom maneuvers were inherently multi-axis and thus tended to receive higher HQRs,
while pilot comments indicate that the high ratings for the sidestep maneuver are due primarily to
the lack of a sideward field-of-view for adequately determining the endpoints of the maneuver.

2. Effect of Motion vs. Fixed Base

The benefits of motion are evident in Fig. 16: for every task, the average HQRs degrade by
about one rating point when motion is removed. It is especially significant to note that motion is
required to obtain Level 1 average HQRs for the baseline aircraft, which was designed to be Level
1 by the requirements of ADS-33C. Only the vertical translation and sidestep maneuvers have
average HQRs worse than 3.5 moving-base, while none of the tasks received an average HQR better
than 3.8 fixed-base.

3. Baseline vs. Modified Motion Washouts

Comparison of the HQRs for the Baseline set of motion washouts and gains and the Modified
set in Fig. 16 shows a general trend for slightly improved ratings with the Modified set. There are
exceptions, however, as the average ratings for the bobup/bobdown and sidestep tasks are slightly
worse. The slight improvements for the other tasks suggest that the pilots were cither aware of the
more consistent motions provided by the Modified set, or, conversely, that the rapid washouts of the
Bascline set mitigated the beneficial effect of the increased initial accelerations provided by the
higher gains. It is likely that the answer is a biend of the two, supported by the degraded ratings for
the bobup/bobdown (where initial accelerations are an important cue to the pilot) and the sidestep
(where the Modified motion washouts overdrove the vertical axis in response to lateral commands).
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The hover, vertical translation, and pirouette are classified as precision tasks in ADS-33C, while
the bobup/bobdown, dash/quickstop, and sidestep are aggressive tasks. The slalom task flown in this
simulation has no direct counterpart in ADS-33C but the pilots found that the most difficult part of
the slalom was control of airspeed — therefore it may be considered to correspond more to a

precision task than to an aggressive task.

By their nature, aggressive tasks involve rapid changes of state — i.e., large initial accelerations
— compared to the precision tasks. Since the Baseline motion gains transmitted more of the initial
acceleration onset cues, it might be expected that this set would be preferred for the aggressive tasks,
and this is the case for the bobup/bobdown and sidestep (Fig. 16). By contrast, the Modified motion
set was designed to provide more accurate phasing of the motion and visual responses, at the cost
of reduced gain. Therefore, it is reasonable to expect this system to be preferred for those tasks that
involve continuous closed-loop operations, such as the precision tasks, and this is the case as well.

Several important factors must be considered in comparing the HQRs for the two motion
gain/washout sets: first, the Modified set as developed for this simulation was intended to be
exploratory in nature, and it did not take advantage of all axes (see description in Section II); and
second, since the basic aircraft was good to begin with, small changes in average HQR may or may
not be significant. Further testing is required, especially to determine the possible effects of motion
washouts when the handling qualities are degraded to begin with, i.e., for a Level 2 or 3 helicopter.

The Modified-motion evaluations were performed by three pilots, Pilots G, S, and T. In their
commentary (transcribed in Appendix E), Pilots G and T expressed a slight preference for the
Modified set, while Pilot S preferred the Baseline gains and washouts. Pilot G, a highly experienced
former NASA test pilot with many hundreds of hours in the VMS, G did not indicate any
dissatisfaction with the Baseline set. He was able to discern the differences between the two gain

sets:

I sense from my initial evaluation [of the modified washouts], as well as going through these
formal evaluation tasks, that you have washed out some of the motion.... Ilike it. This is
fine. I thought the motion system gave me good cueing compared to the other one
[Baseline].

By contrast, Pilot T found the Baseline washouts and gains to be inadequate expressing a preference

for the Modified set:

There’s a slight, very subtle increase in the value of the motion system. There’s something
about it that is just a little bit better for me.... It’s either the feel on the seat of the pants
or the correlation between motion and the eye, it’s hard to tell.... I think the motion cues
are just a tiny bit better on this system.

33




Pilot S’s comments on the Baseline and Modified washouts are similar for most tasks. Pilot S had
a tendency, however, to occasionally reach software motion trips with the Modified set, especially for
the sidestep task, and his commentary indicates a strong negative reaction to this.

This difference in individual assessments of the motion characteristics illustrates the strong effect
of piloting style and, possibly, pilot sensitivity to motion; Pilot S commented during several runs with
the Modified washouts that he could feel unusual motion responses that did not correlate with the
visual. Yet the comments from Pilots G and T suggest that the Modified washouts improved their
assessments of the visual/motion synchronization. It is possible that the frequent trips of motion
software limits by Pilot S resulted in his feeling more uncorrelated residual motion responses, as the
motion both contacted the soft limits and moved away from these limits. Pilots G and T may have
either hit the limits fewer times, or been less sensitive to the resulting motions. Given more
simulation time, it would have been possible to adjust the modified washouts slightly to accommodate
Pilot S, and re-evaluate this new set. Pilot S's HQRs, however, do not show any consistent
degradation for the modified washouts; his ratings either improved or remained constant for the
modified set when compared to the Baseline (Fig. 16), with the exception of the vertical translation
and sidestep tasks.

D. EFFECTS OF VISUAL VS. MODEL DELAY

The effects of the location of added time delay were investigated by turning the visual
compensation filter on and off. Since the filter provides an effective 83.3 msec of lead (see
Section II) to compensate for the generation of visual images by the DIG, removing this filter is
equivalent to introducing 83.3 msec of time delay in the visual path only, i.e., the model and motion
system responses are unchanged. By comparison, an 80-msec pure delay can be introduced in the
time-delay circuit in the model software that affects the entire simulation — model, motion, and
visual. Several evaluations were made with both of these sources of time delay.

Figure 17 shows individual and average HQRs for the seven tasks for the no-delay case (i.c.,
visual compensation on, no added delays, Configuration B in Table 4), for visual-only delay
(compensation off, Configuration A), and for total model delay (80-msec delay, Configuratic N).
The Baseline motion washouts and gains were used with the high-Bandwidth Rate Response-Type.
For the four tasks where both types of delay were evaluated, there is a slight degradation in average
HQR:s for either source of delay. With the exception of the slalom task, the degradation is less when
the delay is in the visual path only. The spread in HQRs for the slalom with visual delay indicates
large scatter: two pilots rated this better than with the compensation filter on (HQRs of 3 and 3

compensation off, and 4 and 4 compensation on), while the third gave the visual-delay case an HQR
of 7.
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Figure 17 includes HQRs from all pilots, even though only one of the seven flew all three of
the time-delay variations. In terms of the added-delay evaluations, Pilots M, Mc, and S flew the
visual-only case; two (Pilots M and Mc) generally preferred the visual-delay case over the no-delay
case, while the third (Pilot S) was just the opposite.

Comments by Pilot S for the visual-delay Configuration A deal almost exclusively with motion
problems, rathcr than visual. Since the Baseline motion washouts were used, and since Pilot S
preferred this motion (as discussed above), it is assumed that the advcise comments about motion
for these evaluations reflect the change in the motion/visual relationship. Summarizing comments
from Pilot S: '

[Vertical Translation:] The first thing I'll make a comment on is that the aircraft is still
wallowing around. There’s some residual motion. It’s like there’s too much motion for the
small corrections I'm seeing.... [Slalom:] The motion, again, seemed to be high. I hit the
software limit, which is just devastating when you hit it.... [Sidestep:] When I start the
input, I feel real subtle motion. On the arrestment, it seems like it's exaggerated, as if the
input was delayed.... [Comment card:] Compare this motion system with the other systeins
flown in this experiment? This is probably getting close to the worst one I've flown. It’s
especially showing up in the lateral. Some of the others were much more precise, crisp and
predictable. This one was lacking in most of those characteristics. Did the motion and
visual cucs seem consistent? There were times when they did not. It seemed like,
especially in the [vertical translation)] task, that our sense of motion was perceived as being
vertical motion, and not seeing anything in the visual except maybe a slight roll oscillation.
It did not appear to be consistent... Was there any feeling of discomfort, nausea,
disorientation or illness during the task? There was a little discomfort when I was getting
what ] perceived as motion cues in the [vertical translation] task that didn’t agree with the
visual, but it wasn’t very strong.

Pilots M and Mc were Army test pilots from the Airworthiness Qualification Test Directorate
(formerly AEFA) at Edwards AFB, with relatively little exposure to ground-base simulation. These
pilots generally preferred the visual-delay case over the no-delay case because of the reduction in
crispness of the response. For Pilot M,

[Configuration A] was the least as far as the crispness goes.... There were three different

motion systems I flew. The second one was kind of a little bit on the jerky side, and I had

a tendency to PIO so comparing that one with other ones, it was just a little bit more
difficult. This last one is more in tune.... It was easier to control.

Pilot Mc did not specifically comment on the visual response; instead, his comments for each task
show a consistent difference between the no-delay case and the visual-delay case. For example, with
no delay, for the hover "The problem is continuous small corrections in the lateral and longitudinal
cyclic required to maintain your position. I'd say one or two in both directions every second to keep
the cone from wandering a lot [HQR 4};" with visual delay, "it almost hovers by itself. You only have
to compensate for drift once every five or six seconds as far as fore/aft drift [HQR 3]." For the
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vertical translation with no delay, "It seems like it’s very difficult to detect and maintain your position
when you're moving up and down [HQR 4)," and with visual delay, "I got off slightly at the bottom
because ] started concentrating too hard on the cone, but it was no problem as far as noticing that
I was getting off.” Pilot Mc also made a general comment following the vertical translation that "The
motion and the visual system seem to be more in line with each other than before. The aircraft
seems to be more damped, that seems to be a good word for it.”

There was also a difference of opinion when the time delay was iocated in the model, thus
producing a uniform 80-msec delay. Of the two pilots who flew this case, Pilot D generally showed
indifference to the added delay — his HQRs improved for some tasks and degraded for others
(Fig. 17). For Pilot Mc, however, there was a degradation in HQR with time delay for all but the
hover task, where the same rating was assigned for both the no-delay and the model-delay cases.
Pilot Mc flew this configuration immediately after the visual-delay case, and his overall comments
reflected his opinion of both:

[With visual compensation off] I thought it was crisp, and I could be very precise on what

I wanted it to do. The second one [80-msec model delay] didn’t seem to be as stable....

It wasn’t as crisp, but it wasn’t sluggish.... The [visual-delay case])..., overall, felt more like

flying than any of the others... The motion and visual cues seemed to be the most

consistent between my inputs, and the aircraft response, and what happened on the outside,
using visual reference cues to attitude....

Significantly, Pilot Mc was able to discern the small added time delay in the model: *T thought
that there was kind of a delay.... in the visual response in this last simulation. I don’t know why I get
that impression, but I'd make small pitch attitude changes, and I'd see the texture of the horizon
change well after I made the input.”

Based solely on the HQRs and comments for Pilot Mc, there is evidence that it is better to turn
the visual compensation filter off, and that time delays in the visual scene are not equivalent to time
delays in the overall simulation. There is some rationale for this, since the high-frequency responses
of the visual scene (with the compensation filter turned off) and the VMS cab motion are nearly in
phase (Appendix B), whereas the implementation of the visual filter actually increases the discordance
between visual and motion responses. On the other hand, the HQRs of Pilot S are exactly opposite
those of Pilot Mc, suggesting that the pilots’ HQRs were heavily influenced either by their
preconceptions of how the helicopter should fly, or by their experience (or lack of experience) with
the flying the VMS. Neither hypothesis can be resolved using the data generated here, and it is clear
that more simulation time will be required to determine any concrete, consistent differences.

Some further information can be obtained by looking at the evaluations of four other sets of
time-delay configurations. These configurations had a nominal time delay of 200 msec — first

37




through the delay circuit, producing a pure delay in response to commands of 200 msec, and then by
turning the visual filter off, introducing 83.3 msec of visual delay in combination with 120 msec of
pure delay. Thus, in the latter case, the time delay is a combination of visual and model, and since
the model delay occurs first, the overall visual delay is 83.3 + 120 msec = 203.3 msec, while the math
model and motion delays are only 120 msec.

The HQRs for the four delay cases are plotted in Fig. 18. As for Fig. 17, the ratings are plotted
by task, and the no-added-delay (visual compensation on) ratings are shown for comparison. Two
configurations were flown fixed-base (Figs. 18e, 18f, and 18g), where it appears that the degradation
in HQR with delay is slightly less for the model-delay case than for visual-plus-model. The HQRs
shown for the moving-base tasks (Figs. 18a through 18d) are for two different Response-Types: the
low-Bandwidth Rate system for Pilot T (triangles) and ACAH for Pilot D (flagged diamonds). For
these, the degradation in HQR's is almost uniformly smaller for the visual-plus-model delay combina-
tion than for model delay alone. This is in agreement with the ratings of Pilot Mc in Fig. 17, ie,
the net effect of added time delay is lessened if it causes the motion and visual scene responses to
be more in phase.

It is clear that much more work must be performed in this area before any quantitative
conclusions can be drawn. Despite the evidence, it seems unreasonable to think that increasing
delays in any eclement (e.g., turning off visual compensation filters) is desirable. There is some
substantiation for this, however, from other studies of pilot performance in the presence of visual and
motion delays. Several of these studies are described in Appendix A.

E. EFFECTS OF ADDED TIME DELAYS

In addition to the visual-vs.-motion delay study, several values of total delay were evaluated
(Table 4). These cases consisted of both pure model delays, and combinations of model delay with
the visual compensation removed. Because of the relatively small differences between the two

‘sources of delay in the ratings of Figs. 17 and 18, for this analysis it will be assumed that the effects
of total model delay (i.e., pure delay circuit) are identical to those of model delay with the visual
compensation filter off. For example, in this subsection we will lump the nominal 80-msec-delay
ratings of Fig. 17 together, regardless of the source, and likewise the 200-msec-delay ratings of
Fig 18

The HQRs for all values of time delay, for the high-Ba “dwidth Rate Response-Type, are plotted
in Figs. 19 (fixed-base) and 20 (moving-base). The flagged points are those for which 83.3 msec of
the total added delay is due to turning the visual compensation off. Both figures show the expected
degration in HQR with added time delay, with similar trends both fixed-and moving-base. The largest
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differences are in the total pilot rating scatter, which is greater for the fixed-base ratings, and the
generally poorer HQRs fixed-base. Both of these trends have been discussed previously.

It is significant that the degradation in HQRs is such that Level 2 average ratings (moving-base)
result when the total added delay is only about 80 msec (Fig. 20). This value of delay corresponds
almost exactly to the point at which the Bandwidth of the visual response to control force inputs
becomes Level 2 for roll (UCE = 1), and for pitch and roll (UCE > 1), Figs. 6b and 6c. Added
delay as high as 200 msec is still Level 2, while the lone case with 383 msec of delay was consistently
rated Level 3 (for which the pitch and roll Bandwidths are Level 2 or 3, depending upon UCE,
Fig. 6).

F. EFFECTS OF RESPONSE-TYPE

Three basic Response-Types were evaluated (Table 4): ACAH, low-Bandwidth Rate, and high-
Bandwidth Rate. The latter was used for most of the evaluations. The HQRs for these Response-
Types are shown in Fig. 21 for the seven tasks, both fixed- and moving-base. For clarity the ratings
are shown as averages, with maximum and minimum HQRs and number of ratings per data point also
shown. Only two evaluations were made of the ACAH Response-Type, so the results for this system
must be considered preliminary at best. The trends are generally as expected, e.g., increasing
Bandwidth for the Rate Response-Type made most of the tasks easier and hence lower ratings;
further improvement was found by going to the ACAH Response-Type, which is defined by ADS-33C
as an increased Response-Type. These trends were not true for all tasks, however: the rating trends
are reversed for the bobup, dash/quickstop, and sidestep tasks. The differences in average HQR for
the low-Bandwidth and high-Bandwidth Rate systems in the bobup are not significant. The slight
degradation in HQR for the ACAH Response-Type in the bobup is somewhat surprising for an
almost entirely vertical task, but it is also based on only two ratings, single ratings of 3 and 4.
Similarly, the results for the dash/quickstop and sidestep suggest that the pilots preferred Rate over
Attitude (as expected because of the large sustained attitudes required, resulting in sustained control
forces with ACAH), and low-Bandwidth Rate over high-Bandwidth (based on one fixed-base
evaluation by one pilot, and hence not significant).

G. COMPARISON WITH ADS-33C

The Rate and ACAH Response-Type configurations were compared with the Bandwidth
requirements of ADS-33C in Figs. 6 and 7. These figures are repeated as Figs. 22 and 23, with the
average HQRs from the hover task noted beside the data points (as indicated in Section II, each
configuration has two Bandwidth/Phase Delay points — one for pitch, one for roll). The agreement
for the Rate Response-Types (Fig. 22) is excelient, as the three cases that are Level 1 in all plots
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received Level 1 average HQRs. All but one of the cases in the Level 2 region received Level 2
HQRs (the exception was a single evaluation of the 203-msec high-Bandwidth configuration, where
an HQR of 3 was assigned). The worst case (with 383 msec of time delay) received a single HQR
of 8; it lies in the Level 3 region for pitch and roll for degraded UCE (Fig. 22c), and in the Level
2 regions for both pitch and roll in good UCE (Figs. 22a and 22b), and hence may be expected to
receive either Level 2 or 3 ratings. In summary, only the single-evaluation case with an HQR of 3
disagrees with the ADS-33C boundaries for Rate Response-Types.

Only three ACAH Response-Type cases were evaluated (Fig. 23), so the trends are not as
obvious. All three cases are in the Level 1 regions for the UCE = 1 requirements, but one case
(with 203 msec of time delay — 120 msec pure delay plus visual compensation off) received a single
HQR of 4. This case is in the Level 2 region for degraded UCE (Fig. 23c), and is therefore in
agreement with these boundaries.




SECTION IV
CONCLUSIONS AND RECOMMENDATIONS

This study of the interactions of simulator motion, visual, and response dynamics on rotorcraft
handling qualities has both confirmed previous observations and revealed areas deserving of more
indepth study. Unlike most previous motion/visual simulation studies, the primary goal of this study
was the measurement of these interactions on perceived handling qualities, rather than on objective
performance measures.

The most significant conclusions and outcomes from the simulation are summarized in this
section. Since the simulation was intended to be exploratory in nature, recommendations for a more
formal investigation are also made.

A. DEFINITION OF THE SIMULATION ENVIRONMENT
1. Bandwidth Measurements

For a real aircraft in the real world, measurement of the vehicle’s Bandwidth and phase delay
parameters is relatively straightforward: it is the response of angular attitude to the appropriate
control input. The only issue to be resolved, in general, is whether the reference control signal
should be displacement or force.

For a simulated aircraft in a simulation environment, however, things are much less clear. In
preparation for this experiment, it was recognized that the response of the simulated vehicle could
be characterized in terms of several output/input relationships, consisting of the angular attitude
responses of the math model, the visual display, and the motion system. Mismatches in the responses
of the visual and motion systems, resulting from such factors as motion lags and washouts and visual
delays, will produce a concomitant mismatch in the Bandwidths of each individual component. All
analysis in this report was based on the assumption that the pilot’s primary source of information for
continuous, closed-loop operation came from the visual computer-generated imagery, and therefore
all Bandwidth measures have been based on this reference output signal. Recent studies have
indicated that the most appropriate reference input signal is control force, rather than position, and
this has been used in this report as well. The mismatch between visual and motion Bandwidths
should be considered as factors in the measurement of the response dynamics of any simulation
facility.

The baseline helicopter model used for most of the evaluations in this study was designed to
exhibit Level 1 handling qualities for the best combinations of visual and motion response. This
objective was met based on the average Handling Qualties Ratings (HQRs) for the seven tasks.
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2. Simulated Day Usable Cue Environment (SimDUCE)

The concept of the Simulated Day Usable Cue Environment (SimDUCE) has been defined to
characterize the method of measuring the usefulness of the out-the-window scene for stabilization
and control. By definition in ADS-33C, UCE is intended to be a method of evaluating displays and
vision aids in a degraded visual environment. For such operations, a special set of maneuvers, with
relaxed performance limits, is included in ADS-33C. Application of the UCE concept for SimDUCE
requires the application of the day, good-visual-condition maneuver set from ADS-33C, with their
more stringent performance limits. The Usable Cue Environment thus measured represents the
simulated, day, UCE, or SimDUCE.

Based on a full evaluation of the visual cues on the VMS with baseline motion and Digital
Image Generation (DIG) visual systems and with a Level 1 helicopter, the Visual Cue Ratings
(VCRs) from four pilots suggest that the SimDUCE was on the border between 1 and 2. Limited
evaluations by two other pilots support defining the overall SimDUCE at 2.

3. Field-of-View and Visual Acuity

The resolution of the visual imagery with the DIG display was measured on a previous
simulation (Ref. 13) to be about 5 to 6 arcminutes/line, where one arcminute/line corresponds to
20/20 vision. This lack of resolution, combined with the limited field-of-view compared to actual
aircraft, had a definite effect on the perceived handling qualities in this experiment. The extent of
this effect was not investigated, however.

B. EFFECTS OF TASK

Overall, Handling Qualities Ratings (HQRs) were better for the hover, bobup/bobdown, and
dash/quickstop tasks. Ratings were worst for the sidestep, where limited sideward field-of-view
. interfered with the pilots’ ability to judge the stopping points.
\

C. EFFECTS OF MOTION AND VARIATIONS IN MOTION WASHOUTS

A review of motion system and visual/motion tradeoff studies was conducted as a part of this
simulation and is documented in Appendix A. As a part of this review, several potential guides for
motion washout design were investigated. Time constraints in this simulation did not allow for a
thorough evaluation of these design guides, but such an evaluation should be performed.




Motion was necessary to obtain satisfactory handling qualities: none of the tasks received
Level 1 average HQR:s fixed-base. Improvements in HQRs when motion was added were generally
1/2 to 2 rating points.

The baseline set of motion washouts, consisting of linear second-order filters, was designed by
NASA personnel and reflected the philosophy of imparting high initial onsets (accelerations) to the
pilot, with rapid washout of the resulting motions. A modified set of motion parameters with reduced
washouts and decreased motion gains was developed during the simulation (Appendix A). The
modified set emphasized mid-frequency dynamics, based on the assumption that the phase error
between the desired aircraft response and the simulator response around the frequencies for piloted
control, approximately 0.5-5 rad/sec, should be minimized. Lower break frequencies achieved this,
but the modified washouts then required reduced motion gains to provide protection from motion

travel limits.

Based on average HQRs, the modified set of gains and washouts was slightly better for the
hover, vertical translation, pirouette, and slalom tasks. The first three tasks are classified in ADS-33C
as precision maneuvers, emphasizing continuous closed-loop control. The slalom has no direct
counterpart in ADS-33C, but the requirements on airspeed control for this task were sufficiently tight
that it had the characteristics of a precision task as well. Thus, the modified set of motion washout
filters was preferred for precision maneuvering. The baseline motion washouts received slightly better
average HQRs for the bobup/bobdown and sidestep tasks, both classified as aggressive maneuvers in
ADS-33C. Thus, the higher onset accelerations of the baseline set may be preferable for aggressive
tasks. The modified set received slightly better ratings for the dash/quickstop, which is also an aggres-
sive maneuver, but a maneuver that uses pitch and surge almost exclusively — two degrees of
freedom that were most limited on the VMS. Pilot comments indicate that the pilots were able to
discern between the baseline and modified sets. Two of the three evaluation pilots commented
specifically on the improved motion cueing with the modified set, while the third pilot complained
of unusual motions resulting from reaching software limits.

D. EFFECTS OF TIME DELAYS

The visual delay compensation algorithm employed at Ames Research Center results in
effectively removing the time delay between the aircraft response and the generation of a visual
image in the cockpit. Interestingly, in the absence of this algorithm the time delay in the visual path
is quite close to the effective delay in the pitch and roll angular responses of the VMS motion system,
so that the visual and motion systems are most closely in phase when the delay compensation

algorithm is off.
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Pilot opinion was mixed on the value of the visual delay compensation algorithm, with two pilots
generally pref-rring it off and one preferring it on. The effect of visual delay on average HQRs was
generally less than the effect of an equivalent overall transport delay.

Added time delays (either transport delays or a combination of visual and transport delays)
produced a rapid degradation in handling qualities. For the best rotorcraft model and baseline
motion, added delays (either pure transport or visual-only) of 80 msec resulted in Level 2 average
HQRs. An added delay of 383 msec produced Level 3 HQRs.

E. EFFECTS OF BANDWIDTH AND RESPONSE-TYPE

The aircraft model used in this simulation was a linearized representation of a helicopter with
no adverse interaxis coupling. The baseline aircraft was designed to be a Rate Response-Type with
pitch and roll Bandwidths of 4.0 rad/sec for the ideal model (model attitude/model control position).
Measured from stick force input to visual response in the cab, the Bandwidth frequency dropped to
2.8 rad/sec with the visual compensation algorithm on and 2.1 rad/sec with the aigorithm off.
Response measured from stick force to motion had a Bandwidth of 2.9 rad/sec in pitch and 3.1
rad/sec in roll. This model met the Level 1 requirements of ADS-33C, and it received Level 1
average HQRs moving-base.

A low-Bandwidth Rate Response-Type was evaluated for a limited number of runs. This model
was designed to be Level 2 by ADS-33C, and the average HQRs were generally Level 2.

An Attitude Command/Attitude Hold Response-Type, also Level 1 by ADS-33C, received
improved HQRs over the Rate systems for the precision tasks of hover, pirouette, and slalom, while
the ratings were degraded slightly from the baseline Rate Response-Type for the vertical translation,
bobup/bobdown, dash/quickstop, and sidestep tasks. The bobup/bobdown, dash/quickstop. and
sidestep are aggressive maneuvers and thus the preference for Rate over Attitude is as expected.

'\ Comparison of the configurations with the pitch and roll Bandwidth requir :ments of ADS-33C
shows very good correlation. If the configurations are compared with the boundaries for UCE > 1,
13 of the 14 configurations meet the requirements. The exception is a case with a single rating of
3 in the Level 2 region.

F. VERIFICATION OF DYNAMICS AND TIME DELAYS

Timing diagrams provided by NASA personne! identified the sources and magnitudes of known
time delays in the simulation setup. Three independent forms of frequency-response analysis were
used to both verify elements of the timing diagrams and measure unknown time delays in the VMS.
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An online frequency-response analysis program was of considerable value during initial checkout
and development of the modified motion system. This program nad a number of inherent strengths
and weaknesses; experience with its use in this simulation supports the continued development and
improvement of the software for future applications.

The response characteristics of the VMS motion drive system are best modeled as a combination
of a second-order lag and a time delay. A very good approximation is givén by a time delay alone.
Based on the analysis in this study, the delays in tne motion system, measured as the time difference
between the math model and cab responses, are approximately 70 msec in pitch and roll, 110 msec
in yaw, 160 msec in hcave, 170 msec in surge, and 100 msec in sway. Reorientation of the cab on
the VMS beam to make the long axis longitudinal and mass and inertia properties of the
interchangeable cab itself would be expected to have some effect on these numbers.

G. RECOMMENDATIONS FOR FUTURE INVESTIGATION

This experiment was exploratory in nature, and as a result did not reach any definitive answers
on any of the primary objectives. A more thorough simulation, focusing on a few topics, will be
necessary to reach any clear consensus. Following are the most critical issues to be resolved:

Motion fidelity/task optimization: The differences between the baseline and modified washout
filters evaluated in this simulation support the use of different motion filters for precision vs.
aggressive tasks. A systematic variation in motion parameters, defined in terms of phase distortion
and gain attenuation (App-~dix A), should be performed. The volume of evaluations required can
be reduced by using a smaller number of tasks, for example, two precision tasks (e.g,, hover and
pirouette) and two aggressive tasks (e.g., dash/quickstop and sidestep). It should be possible to
determine a range of washouts that is acceptable for each of these tasks.

Motion/visual/Bandwidth effects on perceived handling qualities: This experiment focused on

. perceived handling qualities for a baseline aircraft model that was designed to be Level 1, and it

\ihcludcd only a limited number of runs with a degraded aircraft. Other studies (e.g., Ref. 9) have
suggested that there is a nonlinear relationship between actua] and perceived handling qualities as
both the aircraft Bandwidth and the motion response are degraded. That is, the pilot’s perception
of the handling qualities of a nominal Level 2 helicopter may be even worse if the motion is degraded
as well. In addition, it is conceivable that the pilot’s perception of the effects of visual delay may be
different when the nominal aircraft has degraded handling qualities. Therefore, a matrix of
evaluations should be performed for helicopter models with varying nominal handling qualities
(including at least solidly Level 1, solidly Level 2, and on the border between Levels 2 and 3,
measured in terms of visual response to cockpit control inputs, and visual compensation included).
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At least three different levels of motion should be used. A selected set of combinations should be
evaluated with the visual delay compensation removed (based on the current experiment, it is also
recommended that the compensation filter be adjusted to remove only 70 msec of delay — to match
the effective delays in the pitch and roll cab responses — rather than the 83.3 msec used here).

Motion/visual/Bandwidth effects for different Response-Types: The matrix of evaluations

described above should also be investigated for other Response-Types. For example, it is conceivable
that the perceived handling qualities of an Attitude Command/Attitude Hold Response-Type, with
nominal Bandwidths identical to those of a Rate Response-Type, may be different from those of the
Rate system as the motion parameters are changed for both.

Motion utilization estimates: As the motion washouts and gains are varied, the available range
of motions (meaning positions, rates, and accelerations) in all axes will vary as well. As these changes
are made, it should be possible to define a correlation between what is available and what is actually
required. For example, for the nominal Level 1 Rate Response-Type, the perceived handling
qualities in the current simulation were best for precision tasks when the modified washouts were
employed. These washouts imparted lower accelerations than the baseline set; it may be possible,
therefore, to define the minimum acceleration requirements for good perceived handling qualities as
long as the corresponding washout requirements (i.e., phase distortion) are not excessive. This is an
important measure of the usage and capability requirements of the VMS, and it will give guidance
to design and application of other motion systems, most of which will have less travel available.
Motion utilization is also a means to quantify piloting differences, such as those found among the
pilot population in this experiment.
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APPENDIX A
SELECTION OF MOTION WASHOUT PARAMETERS

A. BACKGROUND

The selection of motion system algorithms and command parameters has typically been driven
by a combination of the capabilities of the simulation facility and the individual philosophies of the
designers. The type of washout design adopted — e.g., linear, adaptive, or optimal — as well as the
values of the washouts themselves, has been a matter of engineering judgment following extensive
analysis and experimentation. This appendix reviews some of the experiments that have been
conducted to investigate the selection of motion washouts.

In the design of any motion system, a fundamental consideration should always be: what type
of (and how much) motion does the operator need to accurately convey the proper sense of motion?
The motion washouts should always be gperator-oriented, that is, they should be based on the
characteristics of the human motion-sensing mechanisms. Included in this appendix is a brief
overview of the transfer-function dynamics of the vestibular system.

Most motion system experiments to date have used models and tasks related specifically to fixed-
wing airplanes. Further, many of the more exhaustive investigations into motion systems have been
conducted using simulators with relatively small motion limits to begin with (compared to either actual
flight or other moving-base simulators), e.g., the Visual/Motion Simulator at NASA Langley Research
Center and the University of Toronto Institute of Acrospace Studies (UTIAS) flight research
simulator. It is obviously preferable to conduct such studies on simulators that have a large range
of motion displacements available: two of these facilities, the now-retired Flight Simulator for
Advanced Aircraft (FSAA) and the Vertical Motion Simulator, both at Ames Research Center, have
been utilized only sparingly for these purposes. This appendix shows the results of several
experiments conducted on each of them.

Most of the simulation studies have also tended to focus on objective (performance) measures
of the effects of motion. While there is obvious merit to this, we are more concerned here with the
subjective measures — that is, does the motion system effectively convey the motions to the operator
in such a way that the sensation of motion is produced? Unfortunately, the data base for such
subjective studies is extremely limited; the available results will be reviewed here.

B. HUMAN VISUAL AND MOTION PERCEPTIONS

Human perceptions of visual and motion stimuli are quite complex and are best handled in
volumes on sensory perception, such as Ref. A-1. There has been a great deal of research into the
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mechanisms of visual and motion perception; the interest here is on a very narrow subset of this
research, dealing with the information necessary for the human operator to perceive visual and
motion stimuli. This discussion is therefore limited to transfer-function representations of visual and
motion perceptions around the frequencies of interest for most compensatory and pursuit tasks.

1. Visual Operations: The Crossover Model

Because of the interrelationships between visual feedbacks and motion cueing, it is important
to understand the basic character of the human operator in closed-loop compensatory and pursuit
operations. Later in this appendix we will examine some of the tradeoffs in the time delays between
visual and motion systems, and it will be helpful to have some insight into the operator’s use of visual
information. A much more detailed examination of the subject can be found in Ref. A-2.

The simplest situation to consider is single-input, compensatory tracking in a fixed-base
environment, in which the operator is exposed to an error signal and attempts to minimize the error
through a manipulator. For a wide range of frequencies around the expected frequencies for closed-
loop control, the human operator may be represented by a transfer function, Yp. given by

. Tye + 1 . 1
- ~jor -jaiw
YP Kp c [T—.—:T] c ——

where the term in parentheses is series equalization to improve the open-loop pilot/vehicle dynamics
combination near crossover; the delay term due to a derives from low-frequency lag-lead to improve
the long-term closed-loop response; and the first-order lag TN is an approximation for high-frequency
neuromuscular actuation.

For the compensatory tracking task, studies show (Ref. A-2) that the operator will adjust his
equalization in response to the controlled element, Y, to provide an open-loop transfer function,
YpYc, of approximately k/s near the region of crossover. In this situation, for frequencies well above
the low-frequency delay due to a but well below the neuromuscular mode, the open-loop transfer
function may be written (with jo replaced by s) as

-3

G)CC
Y )Y (s) = ———
§

A3




This is the Crossover Model of McRuer and Krendel (Ref. A-2). For most practical operations, the
time delay 7 is on the order of 0.15-0.25 sec and the crossover frequency e is in the range of 1 to

S rad/sec.

For pursuit-type tasks, where a command (input) is applied in addition to displayea error, the
open-loop pilot/vehicle transfer function form is more complicated than just YpYc. In the presence
of motion the open-loop transfer function is still more complex Table A-1 lists the possible
combinations of conditions for compensatory and pursuit tasks, both fixed- and moving-base. In the
block diagram sketched in Table A-1, the pilot operates on perceived error, ¢, through an effective
transfer function Yp,; control of the input is through a feedforward path with an effective transfer
function Yp;; and the presence of motion serves to provide a feedback element, Ym.

2. Motion Perception: The Vestibular System

The sensation of motion in humans is provided by a combination of vestibular and kinesthetic
cues (Refs. A-1a and A-1b). The vestibular organs, located in the temporal bones on each side of
the head, are referred to as organized systems -—— so named because their receptors, dynamics, and
effects can be defined and evaluated in an organized fashion. Various studies have defined transfer-
function forms for the human vestibular system; the forms used here were obtained from Refs. A-3
and A-4, for piloted simulation experiments. While the following addresses the vestibular responses
only, it is not meant to imply that the responses of the kinesthetic receptors are not important. The
vestibular system consists of the semicircular canals and the otoliths. The semicircular canals provide
our sensation of angular acceleration, and the otoliths are linear accelerometers for vertical (the
utricles) and lateral (the saccules) accelerations. Linear transfer-function representations exist only
for the semicircular canals and utricles.

By contrast, the kinesthetic receptors are distributed throughout the body in muscles, skin
reactions, tendons, etc. Motion cueing information is provided by the muscles of the head and neck,
"and by body pressures such as those imparted on the ischial tuberosities (pelvic extensions in the
buttocks). Research on these effectors is very limited; available models (e.g., Ref. A-5) suggest that
the importance to motion sensing of these effectors may be as great as those of the vestibular system.
The models also imply much higher effective bandwidths, with sensitivities up to as high as 2 Hertz.
Little quantitative data exist to separate these elements from the vestibular system, however, and in
the absence of such data the dynamics of the vestibular system are at least considered to be most
representative of human motion sensing for our purposes.
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TABLE A-1. HUMAN OPERATOR/CONTROLLED
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a. icircular Canals

While the semicircular canals are responsive to angular accelerations, their dynamic
characteristics are such that over the range of frequencies normally used in manual control they can
be considered as rate gyros to provide the operator with a subjective impression of angular velocity.
The model for the semicircular canal path can be represented as shown in Fig. A-1a (Ref. A4). At
very low frequencies (below the break frequency 1/T1 in Fig. A-1a), the sensors of the semicircular
canals are effectively washed out, and at high frequencies (above 1/T2) the sensors are attenuated.
There is, therefore, a region of frequencies between 1/T1 and 1/T2 where subjective angular velocity
accurately follows actual angular velocity. The thresholds for angular velocity detection are quite
small, from about 1.1 degfsec for yaw to 3.2 degfsec for roll. Pilot equalization is of a form
comparable to the visual-only model described above, with adjustable gain and lead and a time delay
on the order of 0.2 sec.

The frequency response of subjective/actual angular velocity is shown in Fig. A-2a for roll rate
(the responses for pitch and yaw are very similar, the only difference being the low-frequency mode
1/Ty, which varies between 0.125 and 0.189 rad/sec). This figure shows that for the region between
1/T1 and 1/T2, the operator’s subjective sense of angular velocity almost exactly represents the actual
velocity, with unity magnitude and minimal phase distortion.

b. The Utricles

The utricles are linear accelerometers that, like conventional accelerometers, respond not to
inertial acceleration but to the total applied specific force. For example, on the ground the utricles
respond to tilting the head relative to the gravity vector just as an accelerometer attached to the head
would.

A model for the utricular path is illustrated in Fig. A-1b (Ref. A-4). The threshold on sensed
acceleration is 3o small, on the order of 0.1 g or less, that it can be ignored. Pilot equalization is of
» form similar to that for the visual model, with a gain, leadfag, and time delay. The frequency
response for this model, for subjective/actual linear acceleration, is shown in Fig. A-2b. There is some
attenuation of the sensation at low frequencies, and a rolloff above 1/Tg (Fig. A-1b). The phase
difference between subjective and actual accelerations is less than +30 deg for a range of frequencies
from 0.26 to 1.1 rad/sec.

¢. Implications for Motion S Desi

Using the frequency responses of Fig. A-2 as a guide, it seems reasonable to require that
simulation motion washouts in angular rate should induce no significant phase distortions higher in
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frequency than about 1/Ty, i.e., somewhere around 0.2 rad/sec. Below this frequency, the pilot would
not be expected to detect the unnatural operation of the washout, which otherwise presents a false
cue to the semicircular canals. In addition, there should be no significant delays or other sources of
phase rolloff at frequencies below about 1/T?2, i.e., 10 rad/sec.

For replication of vertical acceleration motions, the utricular path response of Fig. A-2b suggests
minimal phase distortions due to washouts above about 1/Ts, on the order of 0.2 rad/sec, with no
significant lags or delays below about 1/Tg, or 1.5 rad/sec.

It must be reiterated that these proposed guides apply only to the vestibular system and do not
properly account for the very significant effects of the kinesthetic senses. Effects such as muscles
tightening in the neck during angular motions, and compression into the seat (or lightening in the
seat) during vertical motions, will also play an important role. To be safe, a reasonable range of
frequencies over which phase distortion should be minimized (motion/actual less than +30 deg, based
on Ref. A-6) is 0.2-10 rad/sec in all directions. As is shown below, first-order washouts in roll with
break frequencies of 0.4 to 0.5 rad/sec have been used in flight simulations with no apparent negative
comments from the pilots, so it may be possible to relax the lower limit somewhat.

C. STUDIES OF MOTION WASHOUT REQUIREMENTS

Despite the intense interest in motion washout designs, and the obvious need for some form of
quantitative guidelines for setting the parameters in classical washouts, there have been very few
experiments in this area and little published data is available. Such studies would clearly involve the
variation of a wide range of parameters, including washout gains and break frequencies in both
rota