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Simulator motion platform characteristics were examined to determine if the amount of motion affects pilot-
induced oscillation prediction. Five test pilots evaluated how susceptible 18 different sets of pitch dynamics were to
pilot-induced oscillations with three different levels of simulation motion platform displacement: large, small, and
none. The pitch dynamics were those of a previous in-� ight experiment, some of which elicited oscillations. These
in-� ight results served as truth data for the simulation. As such, the in-� ight experiment was replicated as much as
possible. Objective and subjective data were collected and analyzed. With large motion, pilot-induced oscillation
and handling qualities ratings matched the � ight data more closely than with small motion or no motion. Also,
regardless of the aircraft dynamics, large motion increased pilot con� dence in assigning handling qualities ratings,
reduced safety pilot trips, and lowered touchdown velocities. Whereas both large and small motion provided a
pitch rate cue of high � delity, only large motion presented the pilot with a high � delity vertical acceleration cue.

Nomenclature
a, b, c = pre� lter zeros and poles, rad/s
amodel = model acceleration, ft/s2, rad/s2

amot = motion system commanded acceleration,
ft/s2, rad/s2

F(x , y) = variance ratio with x and y degrees of freedom
Flon , Flat , Fped = longitudinal, lateral stick, and pedal force, lb
Çh td = touchdown vertical velocity, ft/s
K = control system pre� lter gain
Kmot = motion system � lter high-frequencygain
K h = control system gearing, deg/in.
L d lat = lateral control sensitivity, rad/s2/in.
M d e = elevator control sensitivity, 1/s2

N d lat = directional control sensitivity, rad/s2/in.
n = number of points in each mean
p = probability that effects are random
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s = Laplace transform variable, rad/s
Th 1, Th 2 = pitch-to-elevatorzero time constants, s
b = sideslip angle, deg
d e = elevator de� ection, deg
d ec = commanded elevator, deg
d ec� lt = � ltered commanded elevator, deg
d estick = commanded elevator from stick, deg
d lon, d lat , d ped = longitudinal, lateral stick, and pedal

de� ection, in.
f dr = Dutch roll damping ratio
f mot = motion � lter damping ratio
f p , f sp = phugoid and short-perioddamping ratio
f 1 , f 2 = control system pre� lter damping ratios
f u = numerator damping ratio in bank-to-aileron

transfer function
h , u = pitch and roll angles, deg
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s r , s s = roll and spiral mode time constants, s
x dr = Dutch roll natural frequency, rad/s
x mot = motion system � lter natural frequency, rad/s
x p , x sp = phugoid and short-periodnatural frequency, rad/s
x 1, x 2 = control system pre� lter natural frequencies, rad/s
x u = complex zero natural frequency in

bank-to-ailerontransfer function, rad/s

Introduction

A PILOT-INDUCED oscillation (PIO) is “an inadvertent, sus-
tained oscillation of the pilot-airframe system.”1 PIOs often

escape detection in the aircraft design and developmentprocess, re-
vealingthemselvesonlyduring� ightwhere theconsequencescanbe
catastrophicand costly, for example, the Shuttle, 777, C-17, YF-22,
JAS-39, B-2, and V-22 (Ref. 2). Their causes are diverse,with some
amenable to analysis3 ¡ 5 and some remaining intractable.2

Where analysis is incomplete, piloted simulation should be able
to assist in detecting PIOs; however, its record is poor. Instead, sim-
ulators typically replicate and help � x PIOs that have occurred for
the � rst time in � ight.Recognizingthis weakness,a recentstudyrec-
ommended that “validating simulation details, protocols, and tasks
and collecting and correlatingthem with � ight test results should be
given high priority.”2

Simulation can differ from � ight in many ways, including inade-
quate vehicle models, poorer visual cues, imperfect motion cues,
incomplete task demands, and lack of realistic stress. The U.S.
Air Force started to examine the effect of these differences on PIO
detection.6 Two � xed-base simulators were compared using a pre-
vious � ight test as the set of truth data.7 For the in-� ight con� gu-
rations that were the most PIO prone, neither � xed-base simulator
had strong correlation with � ight.

The purpose of this study was to extend the previous effort by
examining how the amount of simulator motion affects PIO pre-
dictability. Here, the same � ight test was replicated with three sim-
ulator motion con� gurations: large motion, small motion, and no
motion. Five pilots � ew a landing task with 18 different sets of pitch
dynamics with each motion con� guration. Both objective and sub-
jective data were recorded and compared with the previous � ight
test.7 The experimental con� guration is described � rst, followed by
results, discussion, and conclusions.

Apparatus and Tests
Task

The NT-33 aircraft in-� ight task was replicated as much as
possible.7 Pilots started at 135 kn and 1.5 n mile from the runway
and � ew three visual approaches to touchdown with each con� gu-
ration. One approach was straight in, and one each started with a
150-ft left or right lateral offset from the touchdown point. During
the approach, pilots were instructed to maintain constant speed and
remain on the glidepath ( ¡ 2.5 deg) and localizer. Deviations were
indicated on head-down instruments. At the start of the run, the
aircraft was placed 1

2 dot off the desired localizer and glideslope.
For the left and right offsets, pilots held that offset until an au-

tomated voice instructed the pilot to correct. The pilot then ma-
neuvered the aircraft to land on the desired touchdown point. The
command to correct occurredwhen the runwayoverrundisappeared
from the visual � eld of view, which corresponded to an altitude of
100 ft.

Figure 1 shows the desired touchdown point that was the near-
left corner of the 1000-ft � xed distance marker located to the right
of centerline. This desired touchdown point matched the � ight-test
study. Table 1 gives the performance standards for the task.

Fig. 1 Landing task.

Table 1 Task performance standards

Parameter Desired Adequate

PIOs None None
Longitudinal touchdown error, ft §250 §500
Lateral touchdown error, ft §5 §25
Approach airspeed, kn §5 ¡ 5/ +10

Table 2 Control system pre� lters

Filter K a b c f 1 x 1 f 2 x 2

B 3.0 3.3 10 —— —— —— —— ——
D 0.5 20 10 —— —— —— —— ——
1 1.0 —— —— —— —— —— —— ——
2 10 —— —— 10 —— —— —— ——
3 4.0 —— —— 4 —— —— —— ——
5 1.0 —— —— 1 —— —— —— ——
6 162 —— —— —— 0.7 16 —— ——
7 122 —— —— —— 0.7 12 —— ——
8 92 —— —— —— 0.7 9 —— ——
9 62 —— —— —— 0.7 6 —— ——
10 42 —— —— —— 0.7 4 —— ——
11 164 —— —— —— 0.93 16 0.38 16
12 22 —— —— —— 0.7 2 —— ——
13 32 —— —— —— 0.7 3 —— ——

Fig. 2 Longitudinal block diagram.

Mathematical Model
LongitudinalCon�gurations

A linear stability derivative model8 generated the aerodynamic
forces and moments on the aircraft. Bare airframe derivatives were
combined from several sources.7,9,10 Response feedbacks of angle-
of-attack and pitch rates to the elevator were used to simulate the
different pitch con� gurations, given subsequently, that mimic the
NT-33 variable stability aircraft.9 Figure 2 shows a block diagram
of the pitch axis dynamics.

The simulation centerstick dynamics were measured as

d lon

Flon
(s) =

0.125(222)

s2 + 2(0.7)(22)s + 222

These dynamics are slightly slower than the 25-rad/s stick longi-
tudinal natural frequency stated in Refs. 7 and 11 due to force-feel
system limitations of this simulator cockpit. The ergonomics of the
stick were matched to Ref. 11.

As in the � ight experiment, 14 pre� lters were simulated. These
pre� lters consisted of � rst-, second-, and fourth-order linear � lters.
Table 2 gives the values of these � lters of the following form:

d ec� lt

d estick
(s) =

K (s + a)
s + b

d ec� lt

d estick
(s) =

K

s + c

d ec� lt

d estick
(s) =

K

s2 + 2f 1 x 1s + x 2
1

d ec� lt

d estick
(s) =

K¡
s2 + 2f 1 x 1s + x 2

1

¢¡
s2 + 2f 2 x 2s + x 2

2

¢

Commanded elevator de� ection was the sum of the pre� lter out-
put and the feedbacksof angle-of-attackandpitch rates.The elevator
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Table 3 Aircraft dynamics

A / C Th 1 Th 2 f p x p f sp x sp

2 12 1.4 0.15 0.17 0.64 2.4
3 12 1.4 0.17 0.16 1.00 4.1
4 12 1.4 0.16 0.16 0.74 3.0
5 12 1.4 0.16 0.15 0.68 1.7

Table 4 Gearings

Con� guration K h Con� guration K h

2-B ¡ 2.94 3-8 ¡ 7.29
2-1 ¡ 2.94 3-12 ¡ 7.29
2-5 ¡ 4.33 3-13 ¡ 7.29
2-7 ¡ 2.94 4-1 ¡ 3.46
2-8 ¡ 2.94 4-2 ¡ 3.46
3-D ¡ 8.65 5-1 ¡ 1.73
3-1 ¡ 7.29 5-9 ¡ 1.73
3-3 ¡ 7.29 5-10 ¡ 1.73
3-6 ¡ 7.29 5-11 ¡ 1.73

actuator was modeled using the following second-order � lter with
NT-33 actuator rate and position limits added11:

( d e / d ec)(s) = 752 / [s2 + 2(0.7)(75)s + 752]

Four sets of aircraft dynamics were evaluated. The differences
among the dynamics were effectively in the short-periodmode. The
pitch-to-elevatortransfer function had the following form:

h

d e
(s) =

M d e

¡
s + 1/ Th 1

¢¡
s + 1/ Th 2

¢
¡
s2 + 2f p x ps + x 2

p

¢¡
s2 + 2f sp x sps + x 2

sp

¢

Table 3 gives the parametersfor the precedingtransfer function.For
all con� gurations, M d e = ¡ 3.3 1/s2.

The remaining parameter to be speci� ed is the gearing between
the elevatorcommand and the longitudinalstickposition.For the 18
tested con� gurations, which represent combinations of the aircraft
dynamics and pre� lters, the gearings are listed in Table 4. As an
example, for con� guration 2-B, the 2 corresponds to the aircraft
dynamics values in Table 3 and the B corresponds to the pre� lter
values in Table 2.

Subsequent to the experiment’s start, informationfrom the Ref. 6
authors indicated that the Table 4 gearings may have been 70%
higher than in the � ight test. To evaluate the effect of different gear-
ings on the results,a miniexperimentwas conductedusing the Ref. 6
gearings with con� gurations 3-1, 3-D, and 3-12. Differences be-
tween gearingswere less than or equal to one handlingqualities and
PIO point.

The 18 con� gurations were veri� ed by performing frequency
sweeps on each and overplottingthe result against the frequencyre-
sponse of the analytical pitch-rate-to-stick-de� ection transfer func-
tions.

The engine model consistedof a � rst-ordertransfer functionfrom
throttle input to thrust output. The time constant was a nonlinear
function of revolutionsper minute (Ref. 11).

Lateral
By the use of a lateral-directionalstability derivative model, co-

ef� cients were adjusted to achieve the following modal and sen-
sitivity characteristics: s r =0.3 s, s s = 75 s, x dr = x u = 1.3 rad/s,
f dr = f u =0.2, j u / b j dr = 1.5, L d lat =0.7 rad/s2/in., and N d ped =
¡ 0.2 rad/s2/in. These characteristics were also veri� ed with fre-
quency sweeps.

Atmosphere
Dryden turbulence was used with rms magnitudes of 3 ft/s. A

vertical 1-cosinegust occurred when the aircraft reachedan altitude
of 100 ft. The gust had a peak of 12 ft/s and was time scaled based
on the 6.7-ft chord of the NT-33.

Safety Pilot
Evaluation pilots in the NT-33 � ight study were accompanied

by a safety pilot, who ended the evaluation and assumed control
of the aircraft if a potentially hazardous situation occurred. If a
safety pilot assumes control, then questions arise immediately on
that con� guration’s controllabilityfrom the handlingqualitiespoint
of view. The presence of a safety pilot can also add a factor of stress
because another set of eyes is watching the evaluation pilot.

In this simulation, an automatic safety pilot was implemented
that assumed control of the simulated model when the nosewheel’s
vertical speed exceeded ¡ 8 ft/s below a center-of-mass height of
12 ft.This criterionwas developedempiricallyandwas well received
by thepilots.Upon activation,the pilot’s cockpitcontrolswent dead,
a voice said “my airplane,” and the mathematical model initiated a
go-around.

Simulator
Motion System

The NASA Ames vertical motion simulator (VMS) was used.12

It is the world’s largest-displacement� ight simulator with capabili-
ties shown in Fig. 3. The cockpitwas oriented for large longitudinal
travel. The dynamics of the motion system were measured dur-
ing the experiment using frequency-response testing techniques.13

These dynamics were � t with an equivalent time delay in each axis.
Software feedforward� lters were used to tune the delays to achieve
a close match among axes. The equivalent time delays for the surge,
sway, pitch, roll, and yaw axes were all 80 ms, and the heave axis
had 110 ms of delay.By comparison,delays in the NT-33 model fol-
lowing control system havebeen suggestedas being in the 45–60 ms
range.

Visual System
The visual scene was rendered with an Evans and Sutherland

ESIG-3000 image generator.Three monitors comprised the � eld of
view, as shown in Fig. 4. The visual system was tuned to have a

Fig. 3 NASA Ames Research Center vertical motion simulator.

Fig. 4 Cockpit � eld of view.
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Table 5 Large motion
system parameters

Axis Kmot x mot

Pitch 1.00 0.20
Roll 0.40 0.50
Yaw 0.65 0.20
Longitudinal 0.65 0.40
Lateral 0.50 0.50
Vertical 0.80 0.30

Fig. 5 Simulator cockpit photograph.

measured time delay of 80 ms from the pilot’s stick position to the
visual scene update, thus matching the equivalentmotion delays in
� ve axes. Figure 5 shows the visual scene with the aircraft near
the runway. The nose of the simulated aircraft is at the bottom of
the � eld of view. Window mullions were added (oval in Fig. 5) to
replicate the cockpit as much as possible.11

Cockpit
The lateral stick and pedal dynamics were measured as

d lat

Flat
(s) =

0.25(162)
s2 + 2(0.7)(16)s + 162

d ped

Fped
(s) =

0.0167(252)
s2 + 2(0.7)(25)s + 252

A head-up display was video mixed with the visual scene. The
display included a pitch ladder, altitude above sea level, airspeed,
rate of climb, heading, range, and a � ight-path marker. The � ight-
path marker represented center-of-mass � ight path and used raw
data only.

Motion Con� gurations
Three motion con� gurations were examined: large, small, and

no motion. The VMS motion platform software was modi� ed to
implement each.

Large Motion
The classicalwashout motion control laws of the VMS were used

for this con� guration.Second-orderhigh-pass(washout) � lters exist
between the mathematicalmodel accelerationsand the commanded
motion system accelerations.These � lters have the form

amot

amodel
(s) =

Kmots2

s2 + 2f mot x mots + x 2
mot

In each of the six motion degrees of freedom, both Kmot and x mot

were adjusted to keep the motion system within its displacement
limits using motion system � delity criteria suggested initially by
Sinacori14 and revised and validated subsequently.15 Table 5 shows
the values used. The damping ratio f mot was 0.7. In addition to

these cues, pitch/surgecoordinationand residual tilt crossfeedswere
present in the motion logic.16

Small Motion
A coordinated-adaptive algorithm, used on many of today’s

hexapods, was employed in the small-motion con� guration.17,18

This algorithm was used with a mathematical model of a hexapod
platform with 60-in. stroke actuators. Thus, the stroke limiting that
occurs when commandingseveralaxes simultaneouslywas present.
Euler angles and translational positions of the platform were back
solved on line from the resulting (and potentially limited) actuator
positions.19 The Euler angles and positions were then used to drive
the VMS platform.

Second-orderhigh-pass� lters were used in the translationalaxes,
whereas the rotational axes used a � rst-order high-pass � lter (un-
like the large-motion con� guration). The second-order � lters had
a damping ratio of 0.7, except for the surge axis, which was 0.8.
For comparison,Table 6 gives the gains and natural frequencies (or
pole locations) for the small-motion � lters. The gains listed are the
maximum values because the coordinated-adaptive algorithm re-
duces these values when the actuatorsnear their travel limits. These
gains were adjusted to use as much of the 60-in. actuator stroke as
possible.

No Motion
The motion system was turned off in this con� guration.

Comparison with Fidelity Criteria
Figure 6 plots each axis of the large- and small-motion con� g-

urations against the validated criteria of Ref. 15. These points are
determined by � nding the magnitude and phase of the respective
motion � lter evaluated at 1 rad/s.

In the rotational axes, high motion � delity is predicted for both
pitch and yaw motion with the large- and small-motion con� gu-
rations. Roll motion is low � delity in both motion con� gurations
because the roll axis was attenuated to minimize the false lateral
speci� c force cuing during coordinated rolling maneuvers.

Table 6 Small-motion
system parameters

Axis Kmot x mot (or pole)

Pitch 0.50 0.30 (pole)
Roll 0.25 0.81 (pole)
Yaw 0.70 0.30 (pole)
Longitudinal 0.11 0.67
Lateral 0.45 0.90
Vertical 0.13 0.90

Fig. 6 Motion � delity prediction.
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In the translationalaxes,all of the small-motioncuesare predicted
to be low � delity. For large motion, the � delity improves, especially
for the vertical axis, which providesa key cue for this task. Figure 6
shows the � delity bene� ts of large motion.

Pilots
Five experience test pilots, hereafter referred to as A–E, partic-

ipated. Pilot A was a Federal Aviation Administration test pilot,
pilots B–D were NASA Ames Research Center test pilots, and pilot
E was a Boeing Company test pilot.

Experimental Procedure
The experimental variables were 1) motion con� guration (3) and

2) aircraft con� guration (18). Thus, each pilot evaluated 54 con� g-
urations. Pilots A, B, and E evaluated each con� guration at least
twice. Pilots C and D evaluated each con� guration once.

The pilots each read the same experimental brie� ng. They had
no knowledge of the con� gurations,which were randomized.After
� ying the task, the pilots were told of their performance. Then,
they assigned a handling qualities rating using the Cooper–Harper
scale,20 a pilot con� dence factor,20 and a PIO rating (PIOR).10

Results and Discussion
Objective Data
Example PIO

Figure 7 illustrates a classic divergent PIO that occurred with
pilot B, con� guration 3-12, and large motion. The pilot was nearly
on the longitudinal stick stops. The pilot gave this con� guration a
Cooper–Harper rating of 8 and a PIOR of 5. PIOs of this severity
and for this extended period of time did not occur for either the
small- or no-motion con� gurations.

The average frequency of the PIO in Fig. 7 is 3.0 rad/s (the av-
erage in-� ight PIO frequency of this con� guration was 2.2 rad/s).
Also shown on the pitch rate and normal acceleration traces are the
motions that both the large- and small-motioncon� gurations would
produce for this visual motion.

At the PIO frequency, the large-motion con� guration provides
100% of the pitch rate cue,and it leads the visualsceneby only 5 deg
of phase angle. Thus, the dashed line overlays the solid line. These
valuesmay bedeterminedby inserting3 rad/s into themotionsystem
� lter discussed earlier with the pitch axis parameters (Table 5). The

Fig. 7 Example PIO.

small-motioncon� gurationprovided,at best,50%of thevisualpitch
rateand leads thevisualby 6 deg.By motioncuing � delitystandards,
both the large- and small-motion cues are high � delity.14,15

For the normal acceleration, the large-motion con� guration pro-
vides 80% of the visual cue and leads the visual by 3 deg (this value
includes the motion � lter and the additional 30 ms of delay that the
vertical platform lags the visual). However, the small-motion con-
� guration provides only 13% of the visual cue and leads the visual
by 20 deg. By motion cueing � delity standards, the large-motion
cue would be high � delity, and the small motion cue would be low
� delity.It is for this importantaccelerationcue that largemotionpro-
vides a simulation bene� t, and it is likely the reason or the superior
performance of the large-motion con� guration, as discussed later.

Landing Performance
Longitudinal touchdown position was analyzed using a two-way

repeatedmeasuresanalysisof variance(ANOVA).21 Whereas statis-
tically signi� cant differencesoccurredacross the aircraft con� gura-
tions [F(17, 68) =3.73, p < 0.001], differences among the motion
con� gurations were not found (p > 0.2).

Lateral touchdown position was analyzed,and no signi� cant dif-
ferences were noted among the aircraft (p > 0.4) or motion con-
� gurations (p > 0.4). Approach airspeed errors were almost always
within the desired performance standard.

During the evaluations, it was noticed that pilots had dif� culty in
judging sink rate during the � are-to-touchdownwhen less platform
motionwas presented.Indicationsof thiswere eitherharderlandings
or the safety pilot assuming control for the small- and no-motion
con� gurations.

Figure 8 shows the means and standard deviations of vertical
touchdown velocities for each motion con� guration. Each mean
is an average of 90 points (18 con� gurations £ 5 pilots). The
ANOVA on these data indicated that the motion con� guration
affected touchdown velocity independent of the vehicle con� gu-
ration [F(2, 8) = 36.8, p < 0.001]. Aircraft con� guration also af-
fected touchdown velocity independent of motion con� guration
[F(17, 68) =2.93, p < 0.001]. No interaction between the motion
and vehicle con� gurationswas present (p > 0.3). Thus, touchdown
velocity could be modeled as independent functions of the motion
and aircraft con� gurations:

Çh td = f (motion) + g(aircraft)

As moremotionwas available,pilotswere able to lower the touch-
downvelocity.A previouslimited experimentwith largemotionalso
indicated this effect when the longitudinal handling qualities were
poor22; however, the results here indicate that large motion allows
lower touchdown velocities regardless of the con� guration.

As Table 1 notes, sink rate at touchdown was not a performance
parameter in this experiment, which was also the case in the Ref. 7
� ight experiment. In � ight, pilots are likely able to use the richness
of the visual cues better to regulate touchdown velocity. In contrast,
the Ref. 6 simulation experiment added a touchdown performance
criterion of ·4 ft/s for desired performance and ·8 ft/s for ade-
quate performance. Had that been the case here, it is expected that
evenlargerdifferencesamong themotion con� gurationswouldhave
occurred.This is because when more platform motion was added, it
compensatedfor sinkrateperceptionde� cienciesin thevisualscene.

Fig. 8 Touchdown veloc-
ities.
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Safety Pilot Trips
Figure 9 shows the number of times the automated safety pilot

assumed control vs the motion con� guration. Over 1400 landings
were performed, and so the safety pilot assumed control in approxi-
mately 10% of the landings.It took control slightlyfewer times with
small motion than with no motion; however, large motion resulted
in signi� cantly fewer safety pilot trips. Many of the safety pilot trips
occurred from the inability to judge sink rate.

Although it was stated earlier that having the safety pilot assume
control should raise questions about the con� guration’s controlla-
bility, this seldom occurred because pilots often felt they were still
in control of the vehicle. However, an alternative viewpoint is that
the pilots could not control the sink rate to within a safe value if the
safety pilot deemed a trip. Had this valid point been argued more
strenuouslyby the authors, additionaldifferenceswould likely have
resulted among the motion con� gurations with the large-motion
con� guration performing even better.

Stick Activity
Longitudinal stick rms positions were analyzed. Statistical dif-

ferences occurred across aircraft con� gurations [F(17, 68) = 7.81,
p < 0.001], with con� gurations 5-10 and 3-12 having the most ac-
tivity (0.96 and 0.93 in., respectively). Con� gurations 2-B and 3-D
had the least activity (0.49 and 0.51 in., respectively). No signi� cant
differences occurred across the motion con� gurations (p > 0.1).

Handling Qualities Ratings
Large Motion

Figure 10 is a plot of the in-� ight handling qualities ratings
(HQRs)7 vs the simulation HQRs for the large-motion condition.
If simulation matched � ight, then all points would lie on the diag-
onal line. A 1-unit HQR band is plotted about this line, which is
often taken as the range of an acceptable match. Here 8 of the 18
con� gurations lie within this 1-unit band. Similar trends to that of
the Ref. 6 � xed-basedsimulation are noted. That is, the best con� g-
urations in-� ight were slightly worse in simulation, and the worst
con� gurations in-� ight were better in simulation.

Small Motion
Figure 11 shows the in-� ight vs simulation HQRs for small mo-

tion. Here, 6 of the 18 con� gurations lie within the 1-unit band,
which is a degradation from the large-motion condition.Again, the

Fig. 9 Safety pilot trips.

Fig. 10 Flight vs large-
motion HQRs.

Fig. 11 Flight vs small-
motion HQRs.

Fig. 12 Flight vs no-mo-
tion HQRs.

Fig. 13 Pilot con� dence fac-
tors.

same trend on the best and worst con� gurations existed as for large
motion.

No Motion
Figure 12 shows the in-� ight vs simulation HQRs for no motion.

Here, 5 of the 18 con� gurations were within the 1-unit band, which
is a degradation from large motion and small motion. Again, the
same trend on the best and worst con� gurations existed as for large
and small motion.

Pilot Con�dence Factors
Con� dence factors of A, B, and C refer to the pilots’ opinion that

they can assign an HQR with a high, moderate, or minimum degree
of con� dence, respectively.20 Losses of con� dence arise when sim-
ulation cues are incomplete or inadequate. Figure 13 shows that as
more motion is provided, the pilot’s con� dence in assigning ratings
improves.On average,both the no-motionand small-motioncon� g-
urationscaused the pilot to have less than a moderate degree of con-
� dence in his rating. With large motion, that con� dence improved
to more than moderate. This difference was statistically signi� cant
across the motion con� gurations [F(2, 8) =5.82, p = 0.028]. Dif-
ferences in this measure were not signi� cant across the aircraft con-
� gurations (p > 0.1).

PIORs
Large Motion

Figure 14 compares PIORs between � ight and the large-motion
simulation.Here 16 of the 18 con� gurations lie inside the §1 PIOR
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Fig. 14 Flight vs large-
motion PIORs.

Fig. 15 Flight vs small-
motion PIORs.

Fig. 16 Flight vs no-mo-
tion PIORs.

boundary.Except for four con� gurations, the in-� ight PIORs were,
on average, higher than the simulation PIORs.

Small Motion
PIORs for the small-motion con� guration are shown in Fig. 15.

Here, 12 con� gurations were inside the §1 PIOR band, which was
the worst performance of the motion con� gurations. Again, except
for four con� gurations, the in-� ight PIORs were worse than the
simulator PIORs.

No Motion
The PIORs for no motion are given in Fig. 16. No motion per-

formed slightly better than small motion, but worse than large mo-
tion. Here, 14 con� gurations were inside the §1 PIOR band. Still,
except for 4 con� gurations, the in-� ight PIORs were higher than the
no-motion PIORs.

Conclusions
A pilotedexperimentexaminedthedifferencesamongthree levels

of platform motion displacement in predicting PIOs. Objective and
subjectivemeasureswere examinedfor large, small, and no platform
motion. The small-motion condition represented the displacement
of a conventional hexapod platform.

Overall, large motion matched � ight more closely than either
small or no motion. Speci� cally, large motion better matched the in-
� ight PIORs and the HQRs than did small or no motion. In addition,

with large motion, pilots assigned higher con� dence factor ratings,
achieved lower touchdown velocities, and caused fewer safety pilot
trips as compared to the other motion con� gurations. Finally, only
with large motion did markedly divergent PIOs occur.

An example illustratedthat high-� delity pitch rate cues were pro-
vided by both the large- and small-motioncon� gurations.However,
only large motion allowed high-� delity vertical accelerationcues to
be presented. Pilots react strongly to vertical acceleration, and this
likely contributed to the large-motion con� guration providing the
best results.
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