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Abstract hexapod motion researchshould assistthe FAA in
determiningfuture researchdirectionsin the effort to
develop motion requirements for today’'s airline
evaluation and training needs.

A quasi-transferexperiment tested the effect of
simulator motion on recurrentevaluationand training
of airline pilots. Two groups of twenty B747-400 pilots
were randomly assignedto a flight simulator with or
without platform motion. In three phases, they flew four
maneuvers designed to reveal differences due to The Federal Aviation Administration (FAA) has
motion. In the first phasetermedEvaluation,the two  proposed flight-simulator Qualification Performance
groupsflew the maneuversas they would in a check  Standardghat would replacethe criteria containedin
ride. In the secondphase,termed Training, the two  the Advisory Circulars that have guided simulator
groupsflew the maneuversepetitivelyandweregiven  qualification for the past two decades.However, as
feedback on their performance.In the third phase, thesequalification criteria transition from advisoryto
termed Quasi-Transfer,both groups flew the tasks regulatory status, it becomesincreasingly important
again, but both in the simulator with motion (quasi- that, to the extent possible,they are basedon sound
transferinsteadof real transferto the airplane). This  scientific data. FAA decision making on future changes
was to determine whether or not their previous trainingto those standards, if any, would benefit from data that
with or without motion made any difference. relate training and evaluation effectivenessof the
Statistically significant effects of both motion andthe  simulator to the simulator performance.
phase of experiment were found for all four maneuversOne areathat warrants further investigation is platform
Platform motion was shown to make a differencein motion. To date, the existing qualification standards for
Evaluation, but was not found to be of benefit in simulator platform motion remain controversialdue to
Training. Results of this study and the previous the lack of supportingdata. For example,there is a
paucity of data supportingthe hypothesisthat motion
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addressingthis issuein the past used non-diagnostic
aneuversor participants,introducedbias, or lacked
the required number of participants to prevent
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individual differences from masking an effect of
motion?

To address the FAA need for data, an initial study in
the framework of the Volpe Center’'sFlight Simulator
Fidelity Requirements Prograrmvestigated the role of
motion in a typical FAA qualified Level C turboprop
simulator on recurrentairline pilot qualification. No
operationallyrelevant effects of simulator motion on
pilot  control-input behavior or pilot-vehicle
performanceduring Evaluation, Training, and Quasi-
Transferto the simulatorwith motion were found. The
presenceor absenceof motion also had no effect on
pilots’ opinionsof the simulator. The samestudy also
found, however, that the lateral accelerationmotion
cueing provided by the simulator was substantially
attenuated. A preliminary look at eight other FAA-
qualified simulators indicated that attenuatedlateral
accelerationmay be typical for the type of simulator
regularly usedin initial and recurrentairline training
and evaluation.

This paper presentsthe follow-up study to this
work, another quasi-transfer study performed in
collaborationwith the National Aeronauticsand Space
Administration (NASA). This study tested whether
improved motion cueing would affect recurrent
evaluationand training of pilots. For this purpose the
platform motion software of the NASA/FAA B747-400
simulator was modified to enhanceits translational
motion fidelity for the maneuverstested. Pertinent
results of this study are presented below.

Method

Design

Participants serving as Pilots Flying (PF), were
divided into two groups: Motion and No-Motion. In

calculated. PFs and Pilots Not Flying (PNFs) also
provided their opinions in detailed questionnaires.
Precautionswere taken to assurethat no effects
were overlookedor emergedas a result of nuisance
variablesunrelatedto the IVs. First, quasi-transfetto
the simulator with motion, instead of real transfer to the
airplane, kept constantany extraneousvariablesother
than motion that could affect PF performanceand
behavior (e.g., weatherand traffic). Quasi-transferto
the simulator also removed any restrictions on the
maneuver choice due to safety reasons. Also, PFs were
randomlyassignedo the Motion or No-Motion group,
provided that they were equally distributed across
groups with respectto seat, PNF, and experience
(number of landings in the past h2onths). To prevent
bias, the purpose of the experiment was concealed from
the PFs. Finally, simulator-calibrationchecks were
performed before each experimentrun to ensurethe
consistency of all functions.

Participants

Forty current Boeing 747-400 Captainsand First
Officers participated as PFs. Each flew from their
authorized seat. Each PF participatedin either the
Motion or the No-Motion group, resulting in 2BFs per
group.

Two retired airline captains served as the PNFs and
performed non-flying tasks as instructed by the PF. The
motion status during the experimentwas concealed
from both the PFs and PNFs. A retired air traffic
controller provided instructions and operated the
simulator.

Maneuvers
Testmaneuverswere selectedbasedon the criteria

Phase | and Phase II, i.e., Evaluation and Training, thélescribedas emphasizinga possibleneedfor motion

Motion group was evaluated and trained in the
simulator with motion. The No-Motion group was
evaluatedand trainedin the simulatorwith the motion
system turned off. Both groups were then quasi-
transferredto the simulator with motion as a stand-in
for the airplane to examine whether any effect of
motion during Training would persistsin the airplane
(Phase lll, Quasi-Transfer).

This designresultedin two Independent/ariables
(IVs), the Group variable with two levels (Motion
group and No-Motion group) and the Phasevariable
with three levels (Training, Evaluation, and Quasi-
Transfer testing). Participantsbelongedto either the
Motion or the No-Motion group, but all participants
were subjectedto the three phases.The Dependent
Variables (DVs) were derived from over 10@riables,
from which the directional, lateral, and longitudinal
pilot-vehicle performance and pilot control-input
behaviors appropriate for each maneuver were

2

cueing>® These included 1) skill- (instead of

procedure-)basedto prevent cognitive factors from

masking an effect of motion; 2) closed-loop to
accentuate feedback from motion; 3) external
disturbancedo highlight an early alerting function of
motion; 4) asymmetric high-gain to magnify any
motion effects and to reduce the stability margins of the
pilot-vehicle control loop; 5) high workload to increase
the need for multiple cues.

Four maneuverswere selected,consisting of two
engine failures with continuedtakeoff and two hand-
flown engine-out landing maneuverswith weather-
related disturbances, as follows:

1. Takeoff with an engine failure at V, (termed*V
cut”), 600ft runway visible range (RVR), 10-knots
tailwind.

2. Takeoff with an enginefailure after V, (termed“V,
cut”) at 40feet above ground level, 600ft RVR,
10-knots tailwind.
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3. PrecisionInstrumentApproachwith an engine-out,
500ft cloud ceiling and 520@ RVR, shifting 10-to-
12-knots quartering head-to-tailwinds.

. SidestepLanding with an engine-outfrom left to
right parallel runway (1200ft apart), 5 miles
visibility, 1100ft cloud ceiling, constant10-knots
crosswindand a vertical upgustwith 25 ft/s peakat
about 2nm from the runway threshold.

All failures involved an outboard engine to
maximizethe impactdue to loss of enginethrust. The
failure representedan engine flame-out with failure
profile showing exponential loss of 90% of initial thrust
in abouttwo seconds.The auto throttle was setto be
inoperative throughout the experiment to further
increasepilot workload. Both landing maneuveravere
hand-flown without a flight director. The Precision
InstrumentApproach, as well as the final part of the
Sidestep Landing, were guided by the Instrument
Landing System[ILS, localizer (LOC) and glide slope
(GS)].

Procedures

Briefings to the PFswere given upon arrival. All
briefings were given orally and in writing. The PFs
were informed that they would be flying challenging

was different for each pilot and counterbalanced
acrossgroups. Pilots knew which maneuverwould
be trained and receivedperformancefeedbackafter
each individual maneuver on the navigational display
screen.

2. Complete Questionnaire 2.

Phase Ill. Quasi-Transfer Testing

(All with motion)

1. Quasi-Transfer to motion Scenario 1, Test 1

2. Quasi-Transfer to motion Scenario 2, Test 1

3. Complete Questionnaire 3.

4. Quasi-Transfer to motion Scenario 1, Test 2

5. Quasi-Transfer to motion Scenario 2, Test 2

6. Complete Final Questionnairé.

The feedbackduring Training showed the flight
profile of the maneuver jusperformedin comparison
with the ideal profile and the boundarief acceptable
performancesuggestedn the Practical Test Standards
(PTS)! For the take-offs, performancefeedbackwas
given for heading,speed bankangle,and altitude. For
headingand speed the rangesof desiredperformance
were +5 degreesor knots from take-off heading or
desired speed (/+ 10 knots for the Y cut, and \j for
the V; cut). For bank angle, t8egrees were given as a
reference (the PTS recommend a bank of approximately

maneuvers to test different simulator configurations anc degreestoward the operatingengine, as appropriate

specifically told to fly the flight director and/or
guidancesystemsas preciselyas possible.They were
told that they would be given a chanceto practicethe
maneuverwith graphicalfeedbackon their flight path
precision and were shown generic feedbackdisplays
depicting the performancecriteria. Also, they were
informed that they would fly in the vicinity of a specific
airport and were given airport, weather,and airplane
information. During the courseof the experiment,PFs
and PNFswould completeextensivequestionnaire®n
how they perceived the simulator and their workload.

The phasesand sequenceof the experimentare
given below.

Phase I. Evaluation

(Motion group with, No-Motion group without motion)

1. EvaluateScenariol: V, cut (Engine 1) followed by
Precision Instrument Approach.

2. EvaluateScenario2: V; cut (Engine4) followed by
Sidestep Landing.

3. Complete Questionnaire 1.

4. Briefing on Feedback Displays using display
printouts createdfrom flight data collected during
Scenario 2.

Phase Il. Training

(Motion group with, No-Motion group without motion)

1. Each maneuverwas flown three times with the
opposite engine failed from the Evaluation phase.
For the landing maneuversthe simulator came off

freeze with an engine failed. The maneuver sequenc
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for the airplaneflown). For altitude, profile feedback
was given up to 1000ft, with no PTS available.For
approach and landing performance, feedback was given
on glide path, localizer, and approach speed
performance.The criteria for glide-pathand localizer
compliance were shown as #bt. This is more lenient
than the PTS criterion of +0.5dot, to compensatdor
the addeddifficulty of mandatory removal athe flight
director. The speedcriterion was setto +5 knots from
the speed selected.

Simulator

The experimentused the NASA-FAA B747-400
simulator® Its high-brightness and high-resolution
visual system provided a wide field-of-view,
panoramic, out-the-window image with cross-cockpit
viewing. The sound system provided direction and
sound-qualitycuescoveringthe entire operatingrange
of the engines, including the simulated failure. A digital
hydraulic control-loadingsystemprovidedhigh-fidelity
control-feel cues.

The simulator met the FAA Level D Quarterly Test
Guide requirements.The six hexapodactuatorswere
capableof providing a 54-inch stroke. The measured
transport delays for visual and motion cues of the
simulator were well within the Level D 150ms

™ The Final Questionnaire for the PF was open ended
&nd will not be presented here.
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requirement.Frequency-responsesting indicatedthat
the motion systemhad sufficient bandwidth (9 Hz at
90° phase lag for heave acceleration).

The motion-washout filters were adjusted to
improve lateral side-force and heave motion cues,
which were consideredcritical for the test maneuvers.

basedon Ref. 11, finding that pilots perceive strong
yaw-motioncuesfrom the combinationof translational
lateral motion and yawing in the visual scene.Thus,
actuatorusageconsumedby yaw platform motion was
put to more effective use in the lateral axis. Magnitudes
of roll- and pitch-motion cues were also reduced

Theseenhancements, which consisted of increasing theslightly. Thesetrade-offswere evaluatedby test pilots

cue magnitudeand decreasingthe phaseerror in the
lateral side-forceand heavemotion cues by trading off
rotational motion, were in compliancewith previous
motion fidelity researci*? Figures1 and 2 showthe

before-and-after motion-cueing fidelity levels according

who were familiar with motion-cueingfidelity and did
not find noticeable differences.

Results

to Sinacori and Schroeder achieved for the translationabjjot-\/ehicle Performance and Control Behavior

and rotational degrees of freedom, respectively.
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Figure 2. Angular Rate Cues Before and After Tuning

Figure 1 showsthat the washout-filteradjustments

Analyses.The details of the analysesto determine
whether a difference in the results is a mere coincidence
or may be attributed to an effect of Group or Phase are
givenin Ref. 13. In summary,maneuversvere broken
into segments,and then Multivariate Analyses Of
Variance (MANOVAs) were performedon eachflight
segmentseparately All the analysesincluded DVs to
assessperformanceand behaviorin all axes, which
were calculated from the following data: heading
(HDG) deviation, bank angle, pitch angle, roll rate, yaw
rate, airspeed deviation, wheel response, pedal
response, and column response. In some cases,
additional DVs were used as necessaryge.g. reaction
time based on pedal response in takeoff maneuvers, and
LOC and GS deviationsin landing maneuversin the
MANOVAs, highly correlatedDVs were reducedto
one representativeDV. Significant main effects and
interactions were followed up with further tests as
appropriate.

For the purposeof this paper,only the probability
that a difference betweentwo results is a chance
occurrence will be given. Any difference with a
probability to have occurred by chance of lower than 5
percent (p<.05) is considereda significant effect.
Probabilitiesof lower than 10 percent are considered a
trend (p<.10). In Phaselll, the datafor Tests1 and 2
were collapsed, because no significant differences were
found betweenthem. This paperfocuseson the results
from the most critical flight segment of each maneuver.
Results for the other flight segments are described only
briefly.

Only data from successfultrials were included in
the analyses.A successfultrial was defined as one
without loss of control or abnormal ground contact
(such as a wing or tail scrape).To be considereda
successtakeoff maneuveranust also have beenflown
within four standarddeviations (STD) of the mean
maximum HDG and bank deviation, while landing

improved the heave and especially the lateral side-forcenaneuversnust have beenflown within four STDs of

cues (from low fidelity to medium fidelity).

the mean maximum GS or LOC deviations. In

Figure 2 shows that this improvement was primarily calculating the successrate, missed approacheswere
achieved by trading off yaw motion. This trade-off was excludedfrom the numberof total maneuversAs can
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be seen in Figure 3, the success rates of the two groug@uasi-Transferwhen both groups flew with motion.
acrossmaneuversand phaseswvere remarkablysimilar,  The No-Motion group flew more precisely than the
with no significant Group differences. Motion group, with lower STDs around the desired
HDG and LOC and lower bank STD. The No-Motion
group seemedo achievethis performancewith wheel-
control inputs of lower magnitude, i.e., lower root mean
square (RMS) and fewer reversals (number of times the
a0 wheel exceedsa ten-degreeband around the neutral

oo DEvaluation position). It used higher pedal-responsebandwidth

0% BTraining (which is the frequency below which the area under the
0% B Transer pedal power spectraldensity curve constituteshalf of
0% the total area) than the Motion group.

V2Cut PIA V1Cut SSL

Motion

100%

Group Mean
Motion No-Motion
No-Motion STD HDG (deg) 3.77 2.84
STD bank (deg) 3.35 2.92
STD LOC (dot) 0.55 0.36
Average LOC
BTraining exceedance (dot) 025 0.09
B Transter Wheel reversals 8.93 6.68
RMS Wheel (deg) 2.39 2.08
Pedal bandwidth (Hz)  0.015 0.025

Variable

100%
80%

60% DO Evaluation

40%

20%

0%
V2Cut PIA V1Cut SSL

) Table 1. Precision Instrument Approach Fix-to-DH
Figure 3. Success Rates by Phase and Maneuver Results for Group, All Differences p<.05

Landing Maneuvers Table 2 shows the DVs that were significantly
affected by Phase. Both groups improved flight-

precision performance(HDG, bank, pitch, and LOC

STD) and reducedcontrol inputs (wheel and column
reversals,RMS, and bandwidths) progressivelywith

Phase, indicating that both simulator configurations
resulted in effective training.

Precision Instrument Approacithe Approach-Fix-
to-Decision-Height (Fix-to-DH) flight segment was
considered the most important for this maneuver,
becauseén this segmenthe pilots hadto track GS and
LOC closely with disturbancesfrom shifting cross
winds. In this and all other flight segments analyzed for
the Precision Instrument Approach, both overall Group Phase Differences
and Phase effects were found to be significant (p<.05). Variable Mean
This meansthat the pilot performance,behavior, or -l " -l H”*
both were affected by the motion status of the simulator>1 2 HDG (deg)  3.32 1'27* 015 1.13
and, during Quasi-Transferby whetherthe Training 1D bank(deg) ~ 3.15  0.66* -0.25 0.41
had occurred with or without motion. It also means that S1D Pitch (deg)  1.21 0'28: -0.004 0'27:
the performance,behavior, or both were affected by STD LOC (dot) 0.46  0.21* 0.004 0'21*
whether the measurements were taken during /heelreversals — 7.84 261  0.94 3'55*
Evaluation, Training, or Quasi-TransferTherewas no Column reversals ~ 4.57 2'031 1.20 3'22*
interactionbetweenPhaseand Group (any differences RMS wheel (d_eg) 224 046" -0.04 042
pointing to an interaction were likely due to chance ~ Wheelbandwidth o> 5500 503« 002
with a probability higherthan 10 percent,p>.10). This (Hz) ) . .
means that any Group effects for the Precision RMScolumn(in) 051 0.10* 0.03 0.13
Instrument Approach Fix-to-DH occurred during all ~ Column 0093 -001 0.03* 0.02
three phasesand that any Phaseeffects occurredfor ~ Pandwidth (Hz) .
both groups. Most importantly, this meansthat any *indicates significant difference (p<.05)
effects found due to the motion condition persisted evenrapje 2. Precision Instrument Approach Fix-to-DH
when the No-Motion group quasi-transferred to motion. Regyits for Phase (I=Evaluation, II=Training,

The Group variable significantly affectedsevenof | j=quasi-Transfer)
the 17 DVs examined.Table 1 presentstheseresults
collapsed over phases, because the analysis showed that For the Decision-Height-to-Touchdown(DH-to-
theseresultswere presentduring all phasesjncluding ~ TD) flight segment, Group and Phase again
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significantly affected the results, without interacting. As (Table 5), showing again that Training was effective.

in the previous segment,the Motion group showed

higherwheel activity, lower pedal response bandwidth,

and a tendencyfor worse directional control than the
No-Motion group (Table 3). In addition, the Motion
group controlled airspeedworse than the No-Motion

For pilot-vehicle performancejmprovementwas only
observedin GS tracking (lower deviation STD and
deviation exceedingPTS boundariesof +0.5dot). In
behavior, progressivelywith Phase pilots were found
to significantly reduce their yaw activity (mean of

group and had lower column-response bandwidth. As irabsoluteyaw rate), wheel reversals,wheel and pedal

the previous segment,both groups were successfully
trained, showing progressiveimprovementin flight
precision (HDG, bank, pitch, and LOC tracking) and
reductionin control activities (wheel and column) with

Phase.

. Group Mean
Variable Motion No-Motion
STD HDG (deg) 2.95 2.38
Average airspeed
exceedance (kts) 5.07 355
RMS wheel (deq) 3.81 3.20
Column bandwidth (Hz) 0.08 0.11
Pedal bandwidth (Hz) 0.05 0.09

RMS, and wheel, pedal, and column response
bandwidths.

; Differences
Variable Mean i TRTTRERET
Yaw activity (deg/s) 41 .07 -01 .0o6*
STD GS (dot) .56 .05 .04 .09*
GS exceedance (dot) .23 .10 .03 .12*
Wheel reversals 8.07 1.84* .82 2.66*
RMS wheel (deg) 293 .46* -06 .40
Wheel bandwidth (Hz) .15 .02  .07* .09*
Column bandwidth (Hz) .10 .05* .04 .08*
RMS pedal (in) 40 .12 -04 .07
Pedal bandwidth (Hz) .06 -.03 .04* .02

Table 3. Precision Instrument Approach DH-to-TD
Results for Group, All Differences p<.05

SidestepLanding. The period after the disturbance
from the Upward-Gust-to-TouchdowiiGust-to-TD) is
consideredthe most diagnosticflight segmentof the
SidestepLanding for the emergenceof an effect of
motion. In this and all other flight segmentsof the

* indicates significant difference (p<.05)

Table 5. Sidestep Landing Gust-to-TD Results for
Phase (I=Evaluation, lI=Training, IlI=Quasi-Transfer)

Except for the difference in the crosswind
disturbancesthe flight segmentfrom the Approach-
Fix-to-Breakout-of-Clouds (Fix-to-BC) at about 1180
was similar to the Precision Instrument Approach from

Sidestep Landing, overall Group and Phase effects werEix-to-DH, yielding similar Group effects (Table 6).

significant. Again, they didn't interactwith eachother,

The No-Motion group performed again better with

so all Group effects were present during all phases (i.eregard to directional control (HDG) and LOC tracking,

evenwhen both groupshad motion), and both groups
were equally affectedby Phase.Therefore,the results
are again presentedcollapsedacrossthe Phaseand
Group variables.

Group effects were observedon three of the 20
individual variablesanalyzedfor the SidestepLanding
Gust-to-TDsegmentTable 4). The two groups appear
to usedifferent TD strategiesegardlesof PhaseThe
Motion group landed softer, but at a farther distance
from the runway threshold (yet within the landing box).
The No-Motion group again employed higher pedal
bandwidths than the Motion group.

againwith lower wheel control activity. However, the
significantly lower bank-angleSTD and higher pedal
bandwidth found for the No-Motion group with the
Precision Instrument Approach were not found here,
suggestingthat these variables were affected by the

nature of the wind disturbance.The effects of Phase
were also similar to those found for the Precision
Instrument Approach. Both groups benefited from

Training with better directional performance,lower

column activity, and lower wheel responsebandwidth,
and these benefits quasi-transferred.

. Group Mean
Variable Group Mean Variable Motion No-Motion
Motion No-Motion Max HDG (deg) 6.53 5.66
Pedal bandwidth (Hz) 0.04 0.08 STD HDG (deg) 2.58 2.04
TD distance (ft) 1660 1435 STD LOC (dot) 0.23 0.17
TD des. rate (ft/min) 285 327 Average LOC 0.11 0.05
] ) exceedance (dot) ' '
Table 4. Sidestep Landing Gust-to-TD Results for Wheel reversals 261 1.62
Group, All Differences p<.05 RMS wheel (deg) 224 1.79

Both groups significantly improved on nine
variables across phasesfor the Gust-to-TD segment

6

Table 6. Sidestep Landing Fix-to-BC Results for
Group, All Differences p<.05
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For the flight segment including the side step, whichexplained by the theoretical pilot model offered by

rangedfrom Breakout-of-Clouds-to-GugfBC-to-Gust)
at about 2 nm from the runway threshold, the only
significant differencewas the higher wheel activity of

Hess:® On the other hand, if motion is making the pilot
aware of high frequency disturbances,then control
activity can increasewhen motion cuesbecomemore

the Motion group compared with the No-Motion group salient, as the pilot attempts to counter those

with no effect on the pilot-vehicle performanceTable
7). Training, regardlessof the motion configuration,
was found to have the following significant beneficial
effects on Quasi-Transfer: better directional

disturbances.For large vehicles, with relatively low
control bandwidths this increasedcontrol activity may
not translateto improved pilot-vehicle performance.
However, this conclusionappearsdependenton task

performance (HDG), more accurate GS tracking, lowercomplexity (or, perhaps, task bandwidf).

control activity (column, wheel, pedal) with lower

wheel response bandwidth, and less aggressive sidestep Take-off Maneuvers

(lower sidestep rate and lower sidestep overshoot).

. Group Mean
Variable Motion No-Motion
Wheel reversals 2.89 2.23
RMS wheel (deq) 2.74 2.32

Table 7. Sidestep Landing BC-to-Gust Results for
Group, All Differences p<.05

Discussion.The differencesin landing strategyfor
the SidestepLanding betweenthe two groups make
intuitive sense.The Motion group appearsto use the

V, Cut. The most important segmentanalyzedfor
both takeoff maneuverds betweenenginefailure and

800ft above ground. Both maneuvers were affected by

Group and Phase.This time, however, the two 1Vs
significantly interactedwith each other, meaningthat
what Group effectswere found dependedn the Phase
and vice versa.

The effect of Group on three of the 15 variables
interactedwith Phase(Table 8). The Motion-trained
group activatedthe pedal0.76s slower in response€o
the enginefailure than the No-Motion group, but this
effect emerged only at Quasi-Transfer,when both

vertical acceleration cues to arrest sink rate, resulting irgroupsreceivedmotion cues.Also only during Quasi-
softer landings but farther from runway-threshold Transfer, the Motion group had a 0.#8higher column
touchdowns than the ones of the No-Motion group. TheRMS than the No-Motion group. Finally, the Motion
fact that these performance differences were not  group reversed the pedal 0.4fes more often than the
replicated for the Precision Instrument Approach mightNo-Motion group during Evaluation, but this effect
be explainedby the lower visibility and the shifting  disappeared during Training and did not re-emerge.
head-and tailwinds distractingthe Motion group from

taking advantage of the vertical acceleration cues. . . Group Mean
The more striking result from the landing Variable Phase Motion P No-Motion

maneuversis the consistentfinding of lower control . I 3.40 3.77
activity with higherflight precisionfor the No-Motion E’edal reaction I 2.49 2.30
group, and that this finding persistedeven at Quasi-  time (S) n 3.10 234
Transferto the simulatorwith motion. This showsthat I 1.50 1.05
evenwhenthe No-Motion groupis exposedio motion Pedal reversals I 1.29 1.31
cues, it continuesthe steadycontrol strategyadopted Ml 1.49 1.61
without motion cues. This was found for all segments | 117 1.23
of both maneuvers,with the exception of Sidestep .

Landing Gust-to-TD. The lower control activity refers RMS column (in) IIIII (1)22 (1)22

to the wheel only. Pedal and column inputs were
usually the same or, for bandwidths, occasionally loweryap|e 8. \4 Cut Group and Phase Interactions, Shading

for the Motion group. Indicates Significant Group Difference
These results are different from some of the

previous tracking studies that have found increased

control activity when motion was reduced:" Other  \/, iaple Group Mean
studies,however,are consistentwith the resultsof the Motion No-Motion
present study’**® Whether or not control activity =~ Wheel reversals 3.27 2.53
increasesor decreasesas platform motion varies RMS wheel (deg) 6.97 5.44
dependson several factors. If the pilot has been  Pedal bandwidth (Hz) 0.04 0.05

utilizing motion to improve the stabilization of the
pilot-vehicle loop, as in Ref. 11, control activity usually
increases as the motion cue becomes less usable. This is

Table 9.\t Cut Group Differences at p<.05
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Group, regardlessof Phase,affectedthree control  Variable Phase Group Mean

related variables (Table 9). The Motion group Motion No-Motion
demonstratechigher wheel activity (RMS, reversals) ] [ 1.53 1.92
and lower pedal bandwidth. I?edal reaction Il 1.40 1.68
Sevenvariableswere affectedby Phaseregardless ~ time (S) i 1.46 1.42
of Group (Table 10). HDG STD and averagefailure- . I 2.28 3.04
inducedHDG deviationimprovedduring Training,but ~ STD heading T 241 259
the improvementdid not quasi-transferThis was true (deg) I 2.14 1.93
also for bank STD and wheel RMS. A pedal RMS . | 0.55 0.79
decrease during Training quasi-transferred, but some of aw activity I 0.60 0.66
the improvementwas lost. The increasedwheel and ~ (deg/s) I 056 0.50
pedalbandwidthsfound during Training was exhibited g | 563 6.40
during the Quasi-Transfer for pedal only. pitch (deg) 1 6.43 6.44
_ 11 6.39 6.12
Variable Mean Differences | 0.62 0.77
-1l -1l -1 RMS pedal (in) I 0.60 0.70
STD HDG (deg) 3.66 0.85* -0.96* -0.11 I 0.61 0.61
Failure-induced x * . | 0.11 0.08
HDG (deg) 547 5.40 4.03 1.37 Pedal bandwidth I 011 0.09
STD bank (deg) 5.69 1.54* -1.71* -0.16 (Hz) m 0.12 0.12

RMS wheel (deg) 6.20 1.22* -1.15* 0.07

Wheel bandwidth Table 11. \f Cut Group and Phase Interactions,
(Hz) 006 -0.02* 001 -0.01 Shading Indicates Significant Group Difference

RMS pedal (in)  1.07 0.19* -0.11 0.08

Pedal bandwidth Three variables showed Group differences

0.04 -0.02* 0.001 -0.02* regardless of Phase (Table 12). The Motion group used

(Hi)_ _ — _ the wheel more aggressively(more reversals,higher
indicates significant difference (p<.05) RMS), but had fewer pedal reversals throughout.

Table 10. 4 Cut Results for Phase (I=Evaluation,

[I=Training, IlI=Quasi-Transfer) Variable Group Mean

Motion No-Motion
V1 Cut. The overall effects of Group and Phase were Wheel reversals 572 2.49

againsignificant,and, justasfor the V, cut, interacted
significantly with each other. This showed that for Egﬂdsalv\rlzsgléggg) i?g ijé
some of the DVs, the effects of one IV depended on the - -

level of the other IV. Table 12. \{ Cut Group Differences at p<.05
This was true for five of the 19DVs, and one | variables i d h dl
(HDG) showeda trend of interaction(Table 11). The Two roll variables improved across Phase regardless

of Group (Table 13). Failure-inducedbank increased
during Training, but decreasedt Quasi-TransferRoll
activity decreased at Quasi-Transfer.

Motion group respondedd.4s and 0.3s fasterto the
engine failure than the No-Motion group during
Evaluationand Training, respectively.This difference
disappeared when all pilots quasi-transferred to motion :
The faster pedal reactiontime may have allowed the  v/ariable Mean Differences
Motion group to apply lower pedal RMS and higher i O L 1| B 11
pedal bandwidth than the No-Motion group before  Failure-induced 120 -044* 0.54* 010
quasi-transferto all motion. Some other effects that ~ bank (deg) ' ' ' '
appearedduring Evaluation only were lower yaw _Roll activity (deg/s) 1.36 0.11 0.10 0.20*
activity, lower pitch STD, and lower HDG STD for the * indicates significant difference (p<.05)
Motion group (althoughthis latter finding is weakened _ .
by the fact that for HDG STD, there was only a trend of ;E.?_Ie 13 M Cl_jt Resglts for Phase (I=Evaluation,

. . =Training, lll=Quasi-Transfer)
an interaction between Phase and Group).

Discussion.The mostimportantresultfor the take-
off maneuvers was the faster pedal reaction time to the
V, cut of the Motion comparedwith the No-Motion
group during Evaluationand Training. This doespoint
to an early alerting function of the enhancedmotion
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providing sufficient lateral accelerationcues. Despite
the fact that PFs were told which engine failure to
expect during Training, the No-Motion group had
higher reactiontimes thanthe Motion group. Oncethe
No-Motion group did quasi-transfer to motion,
however,it wasimmediatelyable to avail itself of the
motion cues,and the pedal reactiontime and related
differencesdisappearedThat the pedal reactiontime
advantageduring the V; cut was not replicatedfor the

Adverbswere adaptedo the questions(worse, higher,
less, harder, etc.). Many pilots volunteeredadditional
comments in the space provided. A sample PF question
is shown in Figure 4.

Pilots Flying

Not all 20 No-Motion pilots mentioned motion.
Thirteencommentedon the motion during Evaluation,
but not all of them mentioned that motion was

V3 cut might be explained by the higher altitude during completely absent. Three realized that motion was

the V5 cut, which rendersa responsdesstime-critical,
and the reducedvisual referenceto the ground, which
may haveled to consultationof the instrumentsbefore
responding.

One curious result for the V, cut is that at Quasi-

reduced during Training. Four never referred to motion
throughoutthe experiment.In contrastto the first 14
No-Motion pilots, where never more than two
consecutivepilots had commentedon the motion, the
final six No-Motion pilots (all from the same airline) all

Transfer, the pedal reaction time of the Motion group is g

slower than for the No-Motion group. Further statistical

examinationshowedthat both groupsdo quasi-transfer
the reaction time improvement achieved during

For all phasespilots found the acceptabilityof the
test simulator to be the same as their company
simulator. There were no effects of Group on the

Training, but the Motion group less completely than theacceptability ratings during any of the three phases.

No-Motion group. This may be due to fatigue of the
Motion group, which in the No-Motion group may be
counteracted by the emergence of motion.

Questionnaires

Acknowledgingthat PFsmay not have experienced
all maneuversn the airplane,they were askedto base
their comparisonson their expectationof how the
airplanewould respondin an identical situation.When
considering the results, however, keep in mind the
difficulty of the testmaneuversaand the unusuallylight
weight of the simulated airplane (550,000bs,
compared to a maximum take-off weight of
870,000bs).

Acceptability

Compare the NASA 747-400 simulator to
the last 747-400 SIMULATOR you have flown
in terms of your acceptance based on your perception of the
presence or absence of deficiencies that might affect your
flying.

Acceptability of the NASA 747-400 simulator was. ..

1 2 3 4 5 6 7

much | moderately | slightly | justlike the | slightly | moderately much

worse worse worse last better better better
than last simulator than last
sitmulator flown simulator

flown flown

Overall
acceptability

Please elaborate if acceptability is different from last simulator

Figure 4. Sample PF Question

The PNFs were askeddetailed questionson their
observationsof the PF. The PNFs were asked to
comparethe PF with their perceptionof an “average”
PF.

Scalesused in the questionnairesanged from 1

On average physical comfort in the test simulator
was rated as not different from the pilots’ company
simulator. There was one notable trend of a motion
effect (p<.10): the No-Motion group apparently did not
always like the quasi-transfetto motion, as expressed
by lower comfort ratings than the Motion group at
Quasi-Transfer.

When pilots were asked, for each maneuver,
whether there were any “other cues” that were different
from the airplane,they consistentlyratedthem as less
than “slightly different” (p<.05). The Motion group
generally found “other cues” less different from the
airplanethan the No-Motion group during Evaluation
p<.10) and during Training (p<.05). As would be
expected this effect disappearedat Quasi-Transfeito
all motion. There was never any difference across
maneuvers.

In all phases, regardless of Group, pilots found their
control strategy to be less than “slightly different” from
the one they adopt in the airplane (p<.05).

Pilots found that the controls were less than
“slightly more sensitive”than in the airplane (p<.05).
Never was there any effect for Group.

While control feel was rated as less than “slightly
lighter” than in the airplane, the No-Motion group
perceivedit as more “lighter” than the Motion group
during Training and even at Quasi-Transfer (all p<.05).

Handling qualities were consistentlyrated as less
than “slightly worse” thanin the airplane,howeveras
more “worse” by the Motion group during Training.
During Evaluation, pilots gave lower ratings to yaw
control than to airspeed, bank angle, heading and
altitude control. Similarly, yaw control was rated as
worse than airspeed control at Quasi-Transfer(all

(“much worse than”) to 7 (“much better than”), or from p>.05).

1 (very different) to 4 (the same), as appropriate.

9
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consistently perceived as less than “slightly higher”
than in the airplane (p<.05), remainedunaffectedby
Group acrossphases,with one exception: at Quasi-
Transfer, the Motion group perceived the mental

configurations,as shown by consistentimprovement
across repetitions of the maneuver. There were,
however, important differencesamong maneuversin

how the Group effects found during Evaluation and

Training quasi-transferred to the simulator with motion.
For the landing maneuvers, all earlier Group effects
quasi-transferredso that even when the No-Motion
group quasi-transferredo motion, it still flew more
preciselyand with less effort than the Motion group.
The difference in Sidestep Landing strategy also quasi-

For pilot-vehicle performanceduring Evaluation ~transferred. For the V. cut, however, all earlier
and Training, PNFs perceivedno differencesbetween ~advantages of the Motion group were lost once the No-
the PFs in the experiment and an average PF for eithd/!otion group quasi-transferred to motion, showing that
of the two groups. However for both Quasi-Transfer ~current airline pilots are immediately able avail
trials, the PNFs rated the No-Motion group, but not theth€mselvesof the enhancedmotion cues provided for
Motion group, as showing a better performance than thdhiS test. For the V cut, a new disadvantagéor the
average PF (both p<.05). The PNFs comparisons of thi¥otion group emergedat Quasi-Transfer,with the
control strategiesof the PFs with the strategyof an  Motion-group pedal response being slower than the one
average PF were unaffected by Group and Phase. of the No-Motion group. This may be a sign of fatigue,

With regard to workload, during Evaluation, the ~ Which was counteractedor the No-Motion group by
PNFsrated the No-Motion group as havinga “lower” the presentation of new cues. The fatigue explanation is
physical workload when compared with the average prStrengthenedy the higher mental-workloadratings of
than the Motion group had (p<.05). At Training and the Motion group compared with the No-Motion group
Quasi-TransfeTest 1, this differencebetweengroups ~ at Quasi-Transfer. _ .
disappearedpnly to reemergeduring Test 2. Once Pilot opinions from the questionnairesuggestthat
again the physical workload of the No-Motion group ~ the presenceof motion may not improve pilots’
was rated “lower” comparedwith the workload of an subjectiveassessmertf the simulator. While the lack
average PF (p<.05). of motion cues increasedthe perceptionof the No-

During Training and Quasi-Transfer,PNFs also Motion pilots that “other cues” offered in the test
rated the “ease of gaining proficiency” of the PFs. simulator were different from the onesexperiencedn
While they rated the two groups similarly after Training the B747-400 airplane, this didn't ~affect their
and Quasi-TransfefTest 1, after Quasi-Transfeest2 ~ Perceptionof their control strategyor their ratings of
they rated the proficiency gain of the No-Motion group simulatorcontrol sensitivity. The resultsfrom the PNF

as more effective comparedwith an averagepilot than guestionnaires confirmed_ that there was Iittl_e difference
the one of the Motion group (p<.05). betwe_enthe grqups,bqt did supportthe qua3|—tran_sfer
benefit from training without motion discussecearlier.
The PNFs felt that during Quasi-Transfer,the No-
Motion group had lower physical workload, but
This study examined the effect of enhanced displayed better pilot-vehicle control performanceas
hexapodsimulator motion on recurrentevaluationin  well as easier proficiency gain than the Motion group.
the simulator and quasi-transfer of recurrent training to
the simulator with motion as a stand-in for the airplane.
Motion significantly affected recurrent evaluation in
the simulator. For the landing maneuvers,the No-
Motion group flew with greater precision but less
control-input (especiallywheel) effort than the Motion
group. The situation was different for the ut, where effect sizes found as operationally relevant
motion provided an early alert which led to faster pedal F ttrai op h y b .f't f th
reaction time, better heading compliance, reduced pitcrl]notigr: :J?(C)?/:(;ig V\r/:g]:‘g%n doY\I{]e\f/;éltnl?eSSI?Sf:O(l’)n thg
variations,and reducedyaw and pedal activity for the : : o . .
Motion group. For the V, cut, the only differencewas landing maneuvers sh_oyved tha_t training \.N'thOUt motion
that the No-Motion group usedfewer pedal reversals. may lower control activity and Improve p|Iot—veh|_c|e
The Sidestep Landing results also showed that for somBerf_O rmanceat q“"’?S"”af?s_fe”c_’ the S|_mulator W!th
maneuvers, motion may affect the landing strategy in amot!on compare.dwnh. tralnlng in the S|mullator W'th
predictable manner. motion. St|mulat|c_m Wlt_h mothn cues may induce pilots
Training was found to occur with both motion to overcorrectwhile training without motion may help

workload as higher than the No-Motion group did
(p<.05). This mainly was due to higher workload
ratingsby the Motion group comparedwith the earlier
phases.

Pilots Not Flying

Discussion

Conclusions

Enhancedhexapodmotion, suchasthe one usedin
this experiment, may be required for accurate recurrent
evaluation of airline pilots. This conclusion is
contingent upon whether the industry perceivesthe
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pilots to adopt a more steady control strategy. Because

this control strategyleadsto successfulperformance,
they maintain this strategy even at quasi-transferto
motion. This conclusion may be dependenton task
complexity.

The differential effects of motion on the test

83ullivan, B.T., and Soukup, P.A., “The NASA 747-
400 Flight Simulator — A National Resource for
Aviation Safety Research,” AIAA Paper 96-3517,
1996.

°Bray, R.S., “Initial OperatingExperienceWith an
Aircraft Simulator Having ExtensiveLateral Motion,”

maneuvers confirm that the effect of motion depends orNASA TM X-62155, 1972.

the characteristics of the flying task. The importance of

the quality of motion is indicatedby the emergencef
an early alerting effect of motion during the @ut with

YSinacori, J. B., “The Determination of Some
Requirements for a Helicopter Flight Research
Simulation Facility,” NASA CR-152066, 1977.

enhanced lateral acceleration cues that was absent in the *'Schroeder, J.A., “Helicopter Flight Simulator

earlier study’

Results of this study and the previous hexapod
motion researchshould assistthe FAA in determining
future researchdirections in the effort to develop
improved motion standardslit may also contributeto
finding a cost-effective solution to today’s airline
evaluation and training needs via an appropriate

combination of fixed-base and motion-base simulators.
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