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Response of Airline Pilots to Variations in Flight Simulator
Motion Algorithms

~ Lloyd D. Reid* and Meyer A. Nahont
University of Toronto Institute for Aerospace Studies, Toronto, Ontario, Canada

The use of physical motion in flight simulation is still a much debated topic. This paper investigates the more
narrow issue of its application in commefcial jet transport simulators. We have attempted to quantify the perceptions
of airline pilots about the quality of motion possible when a number of differeit motion-drive algorithms are tested
on a simulator employing a state-of-the-art six-degrees-of-freedom motion-base. Four broad categories of algorithmis
were tested: classical washout, optimal control, coordinated adaptive, and no-motion. It was found that although there
was little impact of algorithm type on performance and control activity, there was a definite effect on how the pilots
perceived the simulation environment. Baséd on these findings, it appears that the coordinated adaptive algorithin is
generally preferred by the pilots over the other algorithims tested. There was almost unanimous dislike of the

no-motion case.

Introduction

HE present study was prompted by the need to install a

motion-drive algorithm on the recently commissioned
University of Toronto Institute for Aerospace Studies
(UTIAS) Flight Research Simulator; shown in Fig. 1. It was
felt that perhaps ome of the more recent developments, such as
adaptive or optimal control algorithms, would be best suited to
such a research facility.

A review of reécent reports covering the design and evalua-
tion of motion-drive algofithms was carried out, with the
awareness that the present system is a six-degrees-of-freedoin
synergistic motion-base with hydrostatic bearings. As might be
expected, a perfect match between our needs and the reported
miaterial was not found, although some very helpful informa-
tion was located. For example, the work implemented in Ref.
1 was carried out on a sirmulator employing hydrostatic bear-
ings but was restricted to three degrees-of-freedom. Reference
2 utilized six degrees-of-freedom but involved the simulation of
combat aircraft, as did Ref. 3 (but with five degrees-of-free-
dom). The studies reported in Refs. 4 and 5 employed the
simulation of a B737 and came closest to satisfying our require-
ments (although only five degrees-of-freedom were active). In
fact, the nonlinear-coordinated adaptive washout routine from
these latter two references formed the basis for the adaptive
washout algorithms studied in the présent project. The work
reported in Ref. 6 was found to be extremely helpful. It indi-
cated that the adaptiveé washout was preferred by pilots over
the classical fixed filter washout in a three-degrees-of-freedom
helicopter simulation. A comparison between an optimal con-
trol and a classical washout is presented in Ref. 7, where no
significant diff¢rences in pilot preference were found in a two-
degrees-of-freedom simulation of a VTOL aircraft.

Following this review, it was decided to carry out a study to
obtain pilot evaluations of the motion quality produced by
classical washout, optimal control, and adaptive washout, us-
ing the full six degrees-of-freedom of cur motion base. It was
anticipated that the findings would also help to clarify the
relative merits of the various alternatives for commercial jet
transport training simulators.
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Description of thé UTIAS Flight Research Simulator

The motion base of the UTIAS Flight Research Simulator is
a CAE Series 300 six-degrees-of-freedom synergistic unit incor-
porating hydrostatic bearings. Its performance characteristics
are fully documented in Ref. 8, and a summary of its motion
limits is ¢ontained in Table 1. Its signal-to-noise properties and
dynamic response are equal to or better than most current
cominercial systems. A DC-8 cab is mounted on the motion
base and the whole system is run at a 20 Hz update rate by a
Perkin Elmer 3250 digital computer. Engine and aerodynamic
sounds are generated by a digital system controlled by the
computer. The other major components are outlined below. A
detailed description is contained in Ref. 9.

Aircraft Equations

The simulated aircraft was a Boeing 747. The flight equa-
tions were based on Refs. 10-12. The aerodynamic forces and
moments were obtained from Ref. 11 and stored in the form of
lookup tables. The equations were solved using a second order
Adams-Bashforth numerical integration scheme. A full set of
ground handling equations was developed ds well, along with a
JT9D-3 engine model derived from Ref. 11.

Fig. 1 UTIAS flight research simulator.
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Fig. 2 Head-up display.

Navigation and Landing Aids

Navigation and landing aids were generated to represent an
airport terminal area. The runway has an instrument landing
system (ILS) with a 3 deg glideslope. This was sufficient to
allow the pilots to complete the flying tasks assoc1ated w1th this
study.

Visual Display System

The forward out-the-window CRT display is viewed through
a colllmatmg optical unit employing a beam splltter and a
mirror (from a VITAL II'system). The field of view is 40 deg
horizontally and 30 deg vertically. The monochromatic image
(yellow) is produced by a vector generator driven by the Perkin
Elmer 3250 digital computer, and consists of straight line seg-
ments on a dark background. This system is used to produce a
head-up display representing the outside world in perspective,
as shown in Fig. 2. The display is updated at 20 Hz.

The ground plane is represented by a grid of squares, and
horizon glow is also included. A set of three T-bars along the
approach to the runway is provided as a visua} aid to landing.
When the aircraft is on the localizer and glideslope, all the
T-bars are aligned and the pilot shiould attempt to-fly through
their cross-piece intersection points. A set of pole ‘indicators
beside the runway acts as a 'visual aid during _the flare portion
of the landing maneuver. This display was quite natural to use
and the pilots had no difficulty performing their flying tasks
while looking out the window.

Turbulence

Turbulence effects ate included in the simulation through the
wind velocity at the aircraft’s center of mass and the wind
gradient in the spanwise direction. The effect of turbulerice on
the horizontal tail is accounted for by 1ncrement1ng its angle of
attack by a time delayed version of the increment in the wing’s
angle of attack due to turbulence (i.¢., the frozen flow assump-
tion). In all, three components of turbulence and two of turbu-
lence grad1ent are generated as independent non-Gatssian
processes. The technique employed is the one described in Refs.
13-15. The resulting patchy turbulence was fairly realistic. The
intensity of the turbulence was reduced smoothly from moder-
ate to zero near the runway so as not to disturb the aircraft
during the final phase of the landing approach.

Buffet and Runway Roughiness

The buffet vibration is intended to be representative of the
buffet felt in an aircraft as a result of the flaps and landing gear
being exposed to the slipstream. The runway roughness is in-
tended to indicate to the pilot that the wheels of the aircraft are
making ground contact. Only very simple sinusoidal wave-
forms are employed and no attempt is made to duplicate actual
motion time histories. The signals are fed directly to the motion
base w1thout passing through the washout ﬁlters and hence are
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unaffected by changes to the washout algorithms. The same
motion increment is applied to all six actuators, thereby pro-
ducing pmnarlly a heave of acceleration.

Motion and Visual Cue Timing

The relative time between the various steps in the simulation
process is important in determining the quality of the simula-
tion as perceived by the pilot. In the present instance, the com-
plete sequence of events corresponding to one iteration cycle
takes place in 50 ms. The overall time délay sensed by the pilot
depends on both the software and the hardware. The out-the-
window visual display and the motion drive command signals
are both generated by the Perkin Elmier 3250 computer. Based
on computer generated measurements of execution times for
the softwart and dynamic response measurements for the mo-
tion base using accelerometers and rate gyros, the following
time delay estimates were obtained for two scenarios. Under
normal operating conditions with smooth continuous inputs,
the additional time delays between pilot input on the controls
and a visual display or motion response, beyond that due to the
aircraft equations of motion (allowing 25 ms of delay to repre-
sent an average value for the time delay in sampling the pilot’s
input, are: visual time delay; 14-24 ms; motion time delay,
0-50 ms. In the case where a discontinuous step input by the
pilot is assumed to be the test signal, these time delays are
increased:

Visual time delay 114-124 ms
Motion time delay
Classical and optimal algorithms 60-110 ms
Adaptive algorithm 160-210 ms

It is felt that no s1gn1ﬁcant time delay effects were experienced
in the present study.

Motion-Base Drive Algorithms

Three types of motion-base drive algorithms were studied in
the present ‘project (in addition to a no-motion case);

1) Classical washout of the type currently employed in air-
line flight simulators!é-1%

2) Optimal control'® -

3) Coordinated adaptive.’
Our interest was in adaptmg them for use on the UTIAS Flight
Research Simulator and in abtaining an unbiased assessment
of the quality of the motion they produce. The details of the
exact form of the resulting algorithins are presented in Refs. 20
and 21. A brief description outlining their key features is given
in the following section.

Classical Washout

In the classical washout algorithm, fixed coefficient high-pass
filters are used to prevent low frequency linear acceleration
s1gnals from reaching the motion-base. This is done because it
is these low frequency signals that can cause the simulator
motion system to exceed its physical displacement limits. The
same process is used in the yaw degree-of-freedom, mainly to
wash out the large yaw angles associated with steady turns. A
process known as tilt-coordination is used to genérate simula-
tor. low frequency pitch and roll angles in response to low
frequency aircraft longitudinal and lateral specific force. This
aligns the simulator pilot relative to the loca! gravity vector so
that his vestibular system senses a resultant specific force with
the same relative orientation as that sensed by the pilot in the
aircraft. If done properly, this can be used to create the illusion
of sustained longltudmal and lateral acceleration. To be suc-
cessful, the simulator’s angular tilt rates must go undetected by
the pilot during this process. For this reason tilt rate limiting of
3 deg/s is employed in the present study. Another feature of the
crossfeed from aircraft specific force to simulator tilt is that
during a coord1nated turn, the simulator bank angle (generated
as the initial aircraft roll-rate begins) is washed out, returning
the simulator to a level condition and thereby generating the



JULY 1988

correct sensation of zero sustained lateral specific force during
the turn. A combination of the low frequency crossfeed’ and
high-pass filters applied to the aircraft pitch and roll rates tends
to produce ani unfiltered overall simulator response to uncoor-
dinated aircraft pitch and roll. In the case of a jet transport
simulation, because the actual aircraft pitch and roll displace-
ments are relatively small, this causes no serious problem.

Optimal Controller

Like classical washout, the optimal controller algorithm uses
fixed coefficient high-pass filters and low-pass crossfeed filters
to restrict the motion of the flight simulator. Two significant
differences, however, are the use of optimal control theory to
select the form of the filters and the optimal controller’s at-
tempt to match the pilot’s vestibular sensations in the aircraft
and in the simulator. The latter requires the use of a linear
mathematical model of the vestibular system. The filters are
similar in function to those in the classical washout. However,
it was found that rate limiting could not be used on the tilt-co-
ordination crossfeed because this caused excessive bank angles
in the simulator during coordinated turns. This results from the
use of lateral acceleration in the ¢rossfeed channel by the opti-
mal controller. (Classical washout uses lateral specific force.)

Coordinated Adaptive Washout

This algorithm is somewhat similar in general structure to
the classical washout. The significant difference is the use of an
adaptive control scheme to continuously adjust the parameters
in the filters in response to the current state of the simulator
motion base. As the motion limits are approached the filters
become more restrictive. This allows the use of fairly modest
filtering during the rest of the time, thereby improving the
overall quality of motion. It is found that care must be taken in
selecting the system gains and in limiting the range of the adap-
tive parameters in order to avoid instabilities.

Table 1 Motion limits for the UTIAS flight research simulator®

Roll Displacement +20.8 deg
Velocity 34.4 deg/s
Acceleration 400 deg/s?
Pitch Displacement +21.3 deg, —19.8 deg
Velocity 34.4 deg/fs
Acceleration 400 deg/s?
Yaw Displacement +23.7 deg
Velocity 34.4 deg/s
Acceleration 400 deg/s®
Surge Displacement +0.61, —0.70 m
Velocity 0.80 m/s
Acceleration 10 m/s?
Sway Displacement +0.59 m
Velocity 0.80 m/s
Acceleration 10 m/s?
Heave Displacement +0.55, —0.49m
Velocity 0.80 m/s
Acceleration 10 m/s?

2Based on motion of or about the centroid of the upper frame.
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Selecting Algorithm Parameters

In order to generate a range of motion-base drive algorithms
for testing, three parameter sets were generated for each al-
gorithm type. Complete details are contained in Refs. 9, 20 and
21. The tuning process involved choosing washout filter
parameters which would yield a range of simulator motions,
from the most active (while still remaining within the limits of
the motion base of the UTIAS Flight Research Simulator) to
the least active, for a given set of aircraft maneuvers.

The classical washout (CW) filters were tuned by niodifying
the filter characteristics. In all cases, a scale factor of 0.5 was
applied to the motion variables coming from the flight equa-
tions. The most active version, CW1, was chosen to produce
simulator motions close to the maximum actuator travel avail-
able, while responding to the three design maneuvers. The sec-
ond set, CW2, had the same order filters as CW1 but was tuned
to have a more restricted low fréquency resporise. The third set,
CW3, was chosen to be evén more restrictive and had all its
high-pass filters increased by one order.

In the case of the optimal controller (OC), the same scale
factor of 0.5 was used at the input. The most active version,
OCl, was created by adjusting the weights of its cost functional
to achieve the same level of response as CW1 to the design
mancuvers. The second set, OC2, was taken to be the same as
OCl, except that it was altered to allow more simulator roll.
The third set, OC3, was obtained by starting with OC1 and
increasing the penalty in the cost functional associated with
simulator motion, thereby creating a more restrictive filter.

The coordinated adaptive washout (AW) algorithms were
tuned by starting with input scale factors of 1.0, 0.5 and 0.25
for AWI1, AW2 and AW3, respectively. The fixed algorithm
parameters for AW1 were then selected to give peak simulator
motion similar to CW1 for the test maneuvers. The parameters
for AW2 were selected to give peak responses similar to CW2.
In addition, an attempt was made in going from AW1 to AW?2
to reduce the false lateral specific force cue in roll maneuvers
due to excessive simulator roll and its slow return to the neutral
position. AW3, the most restrictive filter set of the three, was
identical to AW2 except for the aforementioned scale factors.

Experimental Design

Because the purpose of this study was to assess the suitability
of motion-base drive algorithms for use in jet transport flight
simulators, it was decided to employ current airline pilots in the
evaluation process. The primary assessment consisted of hav-
ing the pilots fly a flight sequence in the UTIAS Flight Re-
search Simulator and then rate the quality of motion. This was
repeated for 10 motion-base drive algorithms consisting of the
nine mentioned above and a no-motion case (NM) in which
only buffeting and runway roughness were present. The test
matrix is given in Table 2.

The flying sequence consisted of the following items (see Fig.
3), selected to represent the terminal portion of a typical flight:

1) Heading and altitude hold in turbulence.

2) VOR intercept.

3) Deceleration while tracking a VOR radial.

4) Descent.

5) Sidestep maneuver to capture an ILS.

Table 2 Randomized test sequence

Run number

Pilot number

R1 R2 R3 R4 RS R6 R7 R8 R9 R10
P1 AW2 0OCl1 Cw2 Cw3 oC3 AWl AW3 Cwl1 oC2 NM
P2 Cwl1 AW3 OC1 0C3 AWl 0C2 NM CW3 CwW2 AW2
P3 Ccw3 NM AW3 0OC1 oC2 AW2 AWl Ccw2 Cwl1 oC3
P4 AWl Cwl CW3 0oC2 NM 0C3 AW2 AW3 0OCl1 Cw2
P5 OCl1 AWl AW2 Cwl Ccw2 AW3 CWw3 0oC3 NM oC2
P6 0oC3 oC2 NM AW2 0OC1 Cwl1 Cw2 AWl AW3 Cw3
P7 AW3 0C3 Cw1 NM AW2 CW3 AW1

Cw2 oC2 0Cl1
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Table 3 Pilot experience

Total Transport Flight
Subject Current flying flying situlator
number position hours hours hours
1 Captain, DC9 11,000 5,500 500
2 Captain, DC9 14,300 11,400 350
3 F/O, DC9* 10,000 5,000 200
4 F/O, L1011 5,000 4,000 250
5 F/0, DC9 5,000 150 250
6 F/O, DC9 5,000 4,000 150
7 S/0, B727° 5,500 350 180

aF/O-First officer. ®S/0O-Second officer.

*

6) ILS approach to touchdown.
7) Takeoff and climb-out, including an engine failure.
8) Wheel and rudder induced transients.
Table 3 summarizes the pilots flying and simulator experience.
Although we were hot able to recruit Boeing 747 pilots, it was
believed that with sufficient training useful results would be
l T 71 °3 produced. It was emphasized to the pilots that they were only
) Il R i to judge the quality of the motion cues and hot any other
aspects of the simulation. It was also made clear to them that
they should rate the simulator motion relative to that which
would be experienced in an actual aircraft and not relative to
l 6 that experienced in their airline flight simulators.
Both subjective and objective measurements were used to
l determine the impact of the motion-base drive algorithms on
MAJCR DEFICIENCIES- —-[— — | — -] — —|— -]= =} the pilots. The subjectwe measurements consisted of two ratmg
Lt I e N scales contained in Figs. 4 and 5. These rating scales are in-
9 tended to generate information on simulation motion quality
in a manner similar to that generated on aircraft handling
qualities by the Cooper-Harper rating scale. In addition, the
pilots were encouraged to add any comments they wished. The

GROUND CONTACT

PEDALS. (YAW)
+  THROTTLE
TURBULENCE
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4 WHEEL (ROLL)

EXCELLENT — —

|
|
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|
1
|
-
-

~

HIGHLY DESIRABLE— — -~ - - - T -T—- - T- —1

FAlR= — -T— —T— ~T— =T—--1— -1

OBJECTIONABLE ¢ -

MODERATELY } _T
DEFICIENCIES

10
* Includes touchdown bump, braking and steering.

Fig 4 UTIAS rating scale. rating scale of Fig. 4 was developed at UTIAS. It is based on

work reported in Ref. 22 and the adjectives appearing on the

The motion of the simulator will be rated on the following seven scales: Scale arc Spaced so as to prOduce an equal interval Scale Imme-
Attribute Rating Response diately following each trial, the pilots were asked to mark on
5 each vertical line their assessment of the quality of motion

SMOCTHNESS: extrenely extremely jerky associated with their control inputs on the column, wheel, rud-
» o fixenbase Hint of tolerance der pedals and throttle, and also that produced by the turbu-
sens: definitely correct totally reversed lence inputs and ground contact. The rating scale of Fig. 5 was
3 in airerafe developed at the Massachusetts Institute of Technology and is

FHPLTUDES 7o motion experienced 3t least tide reported in Ref. 7. Using this scale, the pilot must give a nu-

merical rating. The objective measuremients covered the pilot’s

PHASE LAG: none experienced at least 180°

DISCOMPORT: pone experienced canmot contimi control activity, the performance of the flying tasks and the
naneuver motion of the flight simulator.

DISCRIENTATION: | none exper fenced carinot. per fom Training took place with the simulator motion base com-

OVERALL: excellent extremely poot pletely shut down (i.e., no buflet or runway roughness present).

The pilots were allowed to practice the flying sequence until
they felt proficient in the assigned tasks. Typically, 2 h of flying
were logged during training in a single session. Next, the eval-
uation trials were carried out. The 10 motion-base drive al-
gorithms were assigned to each of the seven pilots in a

, randomized order. Only one morning or afternoon session per
H weil” day per pilot was allowed. Five ﬁlghts were performed ina
single séssion by each pilot; requiring two sessions per pilot.

Fig. 5 MIT rating scale.

AVG AMS ACTUATOR

0109 =] Each session lasted approximately 2.5 h.
0.08 g =]
E o = i Results, Analysis, and Discussion
= * [— 3 .
=] » Simulator Motion
0.04 1 = As expected, the simulator motion can be strongly influenced
002 ] by the motion-base drive algorithm. In the present case, an
) analysis of variance indicated that there was a significant
0.00 (0.1%) effect on average x and z specific force and rms actuator

T O e of1 ol o0 e mz me e length (see Fig. 6), and on all the standard deviations of spe-
. cific force f and angular velocity w (data analyzed with NM
Fig. 6 Average rms actuator length. deleted).
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Fig. 9 Opverall pilot ratings (MIT).

Pilot’s Control Activity and Performance

In general, it was found that there was no influence of mo-
tion-drive algorithm type on the pilot’s control activity and
performance. The greatest variation in performance was noted
in the touchdown rate of descent (e.g., see Fig. 7).

Pilot Ratings

In spite of the lack of influence of the motion-base al-
gorithms on such measures as control activity and task perfor-
mance, there was a definite strong impact on pilot opinion.
This was reflected in pilot comments (fully documented in Ref.
9) and pilot ratings.

Figure 8 shows the summary of pilot ratings of simulator
response to wheel inputs using the UTIAS scale. Figure 9 does
the same for the “overall” rating item included on the MIT
scale. It can be seen that the mean values of the ratings (aver-
aged over seven pilots) are affected by the motion-base drive
algorithm form.

An analysis of variance was performed on the results from
each rating scale. Table 4 shows the results for the UTIAS
scale; the MIT scale produced similar values. It is seen that
treatment (algorithm) effects are highly significant. In order to
highlight the individual items contained in both rating scales,
an analysis of variance was performed on subsets of data corre-

FLIGHT SIMULATOR MOTION 643

Table 4 Analysis of variance for the complete set of results
using the UTIAS rating scale

Degrees of  Sum of F

Effect® freedom squares value P(x > F)
Subjects 6 449026 6.9634 < 0.0001
Treatments 9 220.1021 27553 < 0.0001
Subjects x Treatments 54 213.6717 3.6817 < 0.0001
Variables 5 348173 6.4793 < 0.0001
Subjects x Variables 30 45.5486 1.4127 0.0810
Treatments X Variables 45 81.3420  1.6819 0.0067
Residual 270 290.1770
Total 419 930.5613

2“Treatments” refers to the 10 motion-base drive algorithms under study. ‘“Vari-

ables” refers to the 6 separate areas that are rated by the pilots.

Table 5 Analysis of variance summary for the UTIAS rating scale

P(x>F), %
Subject effects
Column 87.4
Wheel 97.7
Pedals 13.6
Throttle 0.8
Turbulence 1.3
Ground contact 1.0
Treatment effects®
Column 0.2
Wheel 5.2
Pedals 29.7
Throttle 6.6
Turbulence <0.1
Ground contact <0.1

2Motion-base drive algorithm

Table 6 Analysis of variance summary for the MIT rating scale

P(x > F), %
Subject effects
Smoothness 6.4
Sense <0.1
Amplitude <0.1
Phase lag <0.1
Discomfort <0.1
Disorientation <0.1
Overall 46.5
Treatment effects®
Smoothness <0.1
Sense 0.6
Amplitude <0.1
Phase lag 4.1
Discomfort 26.9
Disorientation 16.1
Overall 0.7

2Motion-base drive algorithm.

sponding to each item in isolation. The results are summarized
in Tables 5 and 6 as the probability corresponding to the com-
puted F ratio. It is interesting to note that a repeat of this
analysis with the NM data deleted produced essentially the
same results.

In order of decreasing significance, it was found for the
UTIAS scale that the motion-base drive algorithm type affects
pilot ratings of ground contact, turbulence, column, wheel, and
throttle, with little impact on pedals. For the MIT scale the
corresponding sequence was smoothness, amplitude, sense,
overall, and phase lag, with little impact on disorientation and
discomfort.

The reasons for the particular ratings given the various al-
gorithms are complex. Use must be made of both the recorded
pilot comments and the time histories of the individual flights
in order to determine their origin. This is done to some degree
in Ref. 9.
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Fig. 10 Turn entry maneuver.
Table 7 Summary of average pilot ratings (best — worst)
UTIAS rating attributes
Column AW2 CW1 Cw2 AW1 oC2 Cw3 AW3 0C3 0OCl NM
Wheel AW2 Ccw2 oC2 AWI1 CwW3 Cwl1 AW3 0C3 OCl1 NM
Pedals Ccw2 AW2 CwW1 Awie CcCw3 0C3 oC2 0Cl1 AW3 NM
Throttle AW2 CW1 Cw2 AW1 oc2 0C3 OC1 AW3 CwW3 NM
Turbulence AW2 Cw2 AW1 Cw3 Cw1 AW3 0oC2 0Cl1 NM 0oC3
Ground contact AWl CW1 AW2 Cw3 0Cl1 Cw2 0C3 0C2 AW3 NM
MIT rating attributes
Smoothness NM AW3 CwW3 AW2 0cC2 Ccw2 AW1 CwW1 OCl 0C3
Sense AW2 CW3 NM CwWl oCl 0C3 AWl
Amplitude® 0C3 AWI CwW1 0Cl1 Ccw2 0C2 AW2 CW3 AW3 NM
Phase lag AW2 CW3 CWw2 ocC2 NM AW3 CwW1 0oC3 AW1 oCl1
Discomfort AW2 AW3 cw2 CwW3 0C2 NM ocCl AW1 Cw1 0ocC3
Disorientation CWl Cw2 AW?2 AW3 CW3 oc2 0oC3 AW1 NM 0Cl1
Overall AW2 CW2 Cw3 AW1 Cwi AW3 ocC2 oCi 0C3 NM

2[talics joins identical averages. ®Most —» least.

For example, consider the time histories depicted in Fig. 10.

The traces of Figs. 10a and 10b were produced by one pilot
carrying out a turn entry (with CW1 in use). Figures 10c and
10d were generated by processing the recorded aircraft re-
sponse (corresponding to Fig. 10a) through the OC1 and AW1
algorithms. Thus, Figs. 10b—-10d show the response of the sim-
ulator to the same aircraft motion inputs. In these plots the
parameters represent the following: A/C, aircraft; SIM, simu-
lator; FYP, lateral specific force at the pilot’s head; PHI, bank
angle; and P, roll rate.
The plots of P indicate the presence of an unwanted initial
negative peak in the CW1 and OC1 simulator response not
found in the aircraft nor in the AW1 roll time histories. The
false cue generated by this negative peak was detected by the
pilots and led to adverse comments and ratings.

Table 7 summarizes the rank order of the ratings based on
the average results. As you read across any row, the algorithms
are ordered from best to worst as determined by the mean
values of the pilot ratings for the particular attribute listed in
the left-hand column. Cases with identical mean ratings are

joined together by underlining them. It can be seen that the
sequences are somewhat variable across the rated attributes.
Despite this it is possible to see some trends.

1) NM appears most often toward the extreme right-hand
side of the array, indicating that the no-motion algorithm is not
very well liked. (The smoothness case, where NM is ranked
first, is not relevant.)

2) AW?2 appears most often toward the extreme left-hand
side of the array, indicating that it produced the best motion
quality in most cases. This is borne out by its ranking as num-
ber one under the attribute “overall.” (The amplitude case
where AW?2 is ranked toward the right is only an indication of
the amount of motion perceived. From Fig. 5 it is seen that its
average value of 2.6 was near 3.0, which indicates a reasonable
amount of motion).

3) In the “overall” attribute rating, CW2 is ranked second
to AW?2. This is consistent with the performance of CW2 in the
other categories.

4) The best of the optimal controller algorithms is OC2. Its
performance is found to be, on average, slightly to the right of
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Table 8 Rating sequences from paired comparison tests

Possible sequences (best — worst)

Pilot Segment 1 Segment 2 Segment 3
1 NM-AW2-CW2-0C2 CW2-AW2-NM-0C2 AW2-NM-0C2-CW2
2 NM-AW2-0C2-CW2 OC2-AW2-CW2-NM OC2-NM-AW2-CW2
3 CW2-AW2-OC2-NM CW2-AW2-NM-0C2 NM-AW2-0C2-CW2
4 CW2-AW2-0C2-NM CW2-AW2-0C2-NM AW2-CW2-OC2-NM
0OC2-CW2-AW2-NM
AW2-0C2-CW2-NM
5 CW2-0OC2-AW2-NM CW2-0C2-AW2-NM CW2-AW2-0C2-NM
0C2-AW2-CW2-NM
AW2-CW2-0C2-NM
6 CW2-AW2-OC2-NM AW2-0C2-CW2-NM 0C2-CW2-AW2-NM
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OC2-CW2-AW2-NM
AW2-0C2-CW2-NM

center in Table 7. However, OC2 was ranked lower than CW2
and AW2 in almost every category.

5) From the “overall” attribute rating it is seen that all the
optimal controller algorithms are ranked below all the classical
and adaptive algorithms. The classical and adaptive rankings
are intermixed.

Pilot Consistency

The consistency of the pilots in assigning subjective ratings is
always a concern. Some idea of this for the present group of
pilots can be obtained from the standard deviations of the data
plotted in Figs. 8 and 9. A series of tests reported in Ref. 9 and
involving the same group of pilots immediately following the
tests reported herein (pilots 1-6 in Table 3) can be used to shed
further light on their consistency. In these paired comparison
tests, three short flight segments were used, each taking 4 min
of flying time. Segment 1 involved deceleration and descent
(items 3 and 4 of Fig. 3); segment 2 involved an ILS approach
and takeoff (items 6 and 7 of Fig. 3, but without the engine
failure); segment 3 involved test maneuvers (item 8 of Fig. 3,
plus an engine failure). Each of the three segments was studied
in a block of experimental trials. A single trial consisted of
flying the particular segment twice in close succession but with
different motion-base drive algorithms in place. After flying
each pair the pilot was asked to indicate which algorithm gen-
erated the better motion quality. The motion algorithm cases
tested were CW2, OC2, AW2, and NM. All possible pairs were
presented to each pilot, using a randomized Latin-Square de-
sign.

Based on the results of these tests, the rank orders produced
by each pilot are presented in Table 8. In three cases, a pilot
was inconsistent in ordering one pair of trials out of the six
pairs employed and this resulted in three equally probable rank
orderings for that flight segment. In 15 out of 18 cases, the
pilots were internally consistent with each of their six paired
rankings, agreeing completely with the displayed sequence.
However, they displayed a wide range of preferences, depend-
ing upon the flight segment. The between-pilot variation can be
quantified by using the coefficient of concordance W, defined in
Ref. 23, which goes from 1 to 0 as the interpilot consistency
goes from perfect agreement to a total lack of agreement. In the
present case, values of W =0.144, 0.211, and 0.189 for seg-
ments 1-3, respectively, indicate very poor agreement among
pilots.

Based on our sample of the airline pilot population, it
appears that in rating motion the following is true:

1) Pilots are very self-consistent.

2) Pilots may prefer different motion algorithm properties
when carrying out different maneuvers.

3) Interpilot differences are quite large.

Conclusions and Recommendations
1) In the present study, the motion-base drive algorithms

had almost no impact on flying performance and control activ-
ity.

2) The pilots preferred physical motion to be present in the
simulator. They felt that it added to the realism of the simula-
tion and was helpful in the piloting task.

3) In general, each pilot was fairly consistent in his ratings
of the various motion-base drive algorithms.

4) There was considerable variability among pilots in the
rating process. This was demonstrated by the pilot comments
and the small values found for the coefficient of concordance
(W) in the paired comparison test analysis.

5) In spite of the variability reported in 4) above, the trends
in pilot ratings caused by the different motion-base drive al-
gorithms were significant in the cases of the attributes column,
wheel, throttle, turbulence, ground contact, smoothness, sense,
amplitude, phase lag and overall. There were no significant
trends noted for rudder pedals, discomfort, and disorientation.

6) Under the attribute overall, the pilots ranked the motion-
base drive algorithms from best to worst as follows: AW2,
CW2, CW3, AW1, CW1, AW3, 0OC2, OCl, OC3, and NM.
However, the other pilot rating responses indicated that the
algorithm sequence for any one of the rated attributes might
differ from this in detail.

7) No instances of simulator sickness were observed, al-
though there were several complaints of disorientation in the
no-motion (NM) runs.

8) Based on the good performance of the coordinated adap-
tive washout algorithm, it appears worthwhile to investigate its
further improvement through a systematic study of alternate
forms for its cost function. Also more sophisticated cost func-
tions should be used to give the algorithm more “intelligence”
to handle specific situations.

9) Motion-base drive algorithms should be sclected to suit
the particular simulator, the individual maneuver, the individ-
ual degree-of-freedom, and the individual pilot. A means of
dynamically achieving this goal should be developed and
tested.
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