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PREFACE -

This report is a direct outgrowth of a series of formai papers and briefings presented
by the author to various scientific and military organizations on the training value and
engincering chidracteristics of platform rotion systems. The research this report
represents was in supgort of project 1123, Flying Training Development. Mr. James
Smith was the project scientist. .

My deepest appreciation is extended to the many friends and colleagues whose
ide~s and inspiration supported this effort. | especially thank Mr. G. Reid, Capt J.
Thorpe. Dr. E. Martin, Dr. W. Waag, and particularly Dr. E. Eddowes, whose theory of
and contributions to the cognitive model of flying training made this report possible: and
to Mr.™ F. Sun. for his incisive statistical analysis of the current motion literature.
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* compensatory, pursuit, or precognitive tracking.

MOTION SYSTEMS ROLE IN FLIGHT SIMULATORS
FORFLYINC RAINING

L. INTRODUCTION

The uvse of motion systems for flight simulators as part of military flying training programs has, in

" recent years, been the subject of considerable (and often heated) debate. As early as spring 1974, scholars of

varying backgrounds within the aircraft simulation community began to question the practice of
automatically including large, expensive, multiple degrees of freedom platform motion systems in simulator
procurements (Ref 14, 19). They pointed out several serious deficiencies associated with these devices,
including increased energy costs, facility costs, and operational maintenance costs. Incieased cost and
complexity meant that integration of these motion systems with high fidelity, wraparound visual systems
became a difticult and expensive task, a job which has not been successfully accomplished to date on any
advanced simulator complex. More importantly, critics of the motion systems pointed out that currently
available stationary training devices were highly effective and possessed considerable transfer value, while -
no known commercially affordzble motion system had shown a statistically significant transfer effect, let
alone ene of practical value from either the cost effectiveness or training effectivéness points of view. As a
result, the USAF “actical Air Command (TAC) recently took the position of refusing to purchase platform
motion systems as part of its A-10 and F-16 simulator procurement actions until such systems could be
shown to exhibit significant positive transfer. This report will review theliterature as it relates to the role of
platform motion systems in flight simulators and will attempt to place that information in the perspective
of the military flying training program. )

The issue of platform motion is regarded as a function of four primary varables in the training
environment: motion itself, aircraft type, pilot population experience level, and training objective.
Throughout the remainder of this report, unless otherwise noted, motion will be regarded as being
maneuver cofrelated and not as resulting from disturbances generated by a platform motion system. In this
report, aircraft type refers” primarily to fixed wing aircraft and not to helicopters nor space vehicles.
Experience level ranges from the Undergraduate Pilot Trainee through combat qualified pilots, although the

_einphasis will be placed on the latter, as it is in the advanced skill acquisition and maintenance that the Air -
‘Force spends the largest portion of its training dollars. Training objective refers to the purpose of the

simulator system in t.aining the person. Simulatcrs range from small, inexpensive part-task trainers, to

_highly complex (and expensive) full mission simulators theoretically capable of performing any maneuver

or task that the aircraft can. Evidence cn motisn ure comes from three areas: ground, airborne, and transfer
Studies. Within each of these areas, motion will be examined from the point of view of either

I. GROUND SIMULATION STUDIES

Ground simulation studies, like their airborne and transfer counterparts, break roughly into three

_groups: single- and multi-axis compensatory tasks, single- and multi-axis pursuit tasks, and multi-axis

precognitive tasks: although by far the largest .volume of research results is in the area of single-axis
compensatory tracking. Dependent measures vary, depending on experimental goal, but belong in two
classes: time domain and frequency domain. Typical time domain measures are RMS error, moment
functions,” and time on target. Effective time constant, crossover frequency, pilot and pilot/machine
transfer functions all exemplify frequency domain measures. This report will examine experimental
information from compensatory, pursuit, and precognitive tasks.” ’

1. COMPENSATORY TRACKING

In the typical compensatory tracking situation, the subject is provided an error signal and possibly
one or more of its derivatives, by way of various displays. He then trics to minimize error by manipulating

ey ]
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the available control(s). Extensive mathematical modeling of systems similar to Figure 1 has been generated
(Ref 24, 25, 39). Variations of controller characteristics and the resulting effect on manual control across a
troad band of dynamics have been examined. Compensatory tracking tasks are forcing functions of two
major types. single sine waves and random appearing waves. although the latter are by far the most
prevalent. In most cases. the input function has very low coherency, and thus the subject does not have
direct information concerning either the nature of the input or the characteristics of the controlled
element. '

INPUT
FORCING +
FUNCTION ERRCR ouTPuT
\ CONTROLLED |
—ox DISPLAY —1 ot —»  EORLEeh
i \/
:

Figure 1. Typical compensatory system.

Viewing the subject as a primitive information processor, in such a tracking task, the sensory system
that provides the most lead (or least lag) at the greatest resolution for the error signal will be the system
wvhich allows for better average contiol performance. It is in this regard that the vestibular system, with its
senerally agreed on lower stimulation thresholds (or lower reaction thresholds) (Ref 4, 8, 11, 40, 42),
should provide improved Ayacking performance over, say, a visual presentation alone. However, the
literature is restricted primarily to the tradeoff between very-small-field-of-view visual presentations and
motion effects, so that the effect of a large fie]d-of-view has only recently been addressed (Ref 40, 43). It is
important that the reader understand the conceptual framework that underlies the current mathematical
models of human tracking behavior! and why many researchers, including the author, reject its wholesale
application to flying training. The primary difficulty with the present theory is that its applicability is
limited to.dealing with control inputs of random, random-appearing, or transient nature. Unlike actual
aircraft flight, the pilot is presented with a display that essentially contains no information. A pilot’s
capability to “'solve™ a tracking problem (say a bombing run) over a series of trials and to “store it for
future reference is not addressed. Aithough leaming of a sort will occur (specifically, learning which of the
cues best help the pilot reduce the display error), the task cannot be learned in the sense that a loop,
overhead pattern, or barre! roll is learned. Thus. in the presence of random, random appearing, or transient
inputs. a pilot reacts like a servosystem because he has no aiternative and not because his behavior can be
characterized by servosystem properties. A second major drawback in the literature is that the control
system dynamics studied are often very dissimilar to aircraft dynamics. Much literature has been devoted to
unstable or marginal dynamics, containing substantial negative damiping ratios or higher order derivatives,
while most aircraft have reasonable control dynamics with excellent damping characteristics. A general rul‘c
is that the more unstable, or higher the order, a control system is, the more likely some form of motion
information will be of benefit in a compensatory tracking task: however, for typical aircraft-like dynamics

“(Ref 12), some researchers have found that in these situations motion tends more to interfere with, than to

aid. tracking performance (Ref 15, 16, 17). {1, is interesting to note that pilots are instructed to ignore “‘seat -
of the pants™ (i.e.. motion) stimun in the-iustrument flying environment and rely solely on the instruments. -
Mathematical models of the vestibular system also show a poor correlation between perceived and actual
motion, primarily due to the nonlinearities and adaptation phenomena associated with the vestibular

. ' . T e .
TFor an excellent sunimary of mathematical modeling of human pilot behavior. the reader is encouraged to review
Relerence 25. ) )
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dynamics and Figures 4 through 7

- \ -
system ( Ref 2, 43). It is instructive to examine one such experiment in detail. For thisyurpose, consider
the one discussed in “Evaluation of Roll Axis Tracking as an Indicator of VestibulatySumato Sensory
Funcdon”™ (Ref 15, 16, 17). In this experiment, subjects were asked to perform a roll com pensatory task as
shown in Figure 2. Zero mean, pand-limited (to .5 rad/sec) Gaussian noisc was used as the sreing function.
and iis standard deviation was set 10 90° of roll. The subject was presented the error signal via a small
field-of-view, inside-out visuai display and additionally. when in the motion mode, through\platform roll
motion. A side-mounted force stick was used for «¢perator control. Figure 3 contains the simulated
7 the results of the experinient. The reader is asked to studs, llaCSC figures
carefully and refer to the original experiment for further information if-required.

;.

3

INPUT o
FORCING + CRROR s
FUNC FION . "
— e 5 ml - HUMAN CONTROL COMMAN
i O3 DISPLAY DPERATOR ——o» STICK
)
PLANT
MOTION
CUES
PLANT DYNAMICS -
MOTION
MODE
o—
STATIC
' : MODE
N\ SIMULATED
PLANT l— A
DYNAMICS

u

Figure 2. Roll axis tracking simulator block dlagram

PLANT NUMBER
| : K
S(S+6) (S127)

> K
S(2S+1)(S+6)(S+i27)

3 K
S2(2S+1)(S+6)(S+127)

4 K —— Lo

S%(4S+1) (2S+1)(S+6)(S+127)

PLANT DYNAMICS USED, INPUT = VELOCITY COMMAND TO PLANT, OUTPUT=PLANT POSITION.

Figure 3. Transfer function dynamics.
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Before considering the data. note that the approximate roll rate to aileroi displacement rransfer
function is a simple first-order lag (Ref 11). When this is placed in the context of the experiment. wherein
the error angle is Cenoted 0. the resulting roll mode transfer function is.as shown in Figure 8. Typical values
tor the aircraft time constant, tau, are shown in Figure 9.

-

Gs - K

G slitsTy,)

Figure 8. Approximate roll mode transfer function.

) T3 A-I0 F-16
.I5-jl.Osec. .5-1.0sec. .4—.75596.

2

Figure 9. Typical roll mode time consiants.

In this experiment, plants one and two contained an additional (s) in the denominator, forcing the
subjects to generate even more lead than would be required if the dynamics had been representative of an
dctu41 aircraft. This situation is confounded further in plants 3 and 4, where the controlled dynamlcs no
longer represent.a typical aircrafi. On the basis of these data, the nyore similar to actual aircraft dynamics
the plant is, the more the ‘static display performance would improve relative to the motion display
performance. The authors of Reference 16 attributed the relatively poor motion effect in plants one and
two to, ‘the disruptive effect of the motion on the subject controllers. Two other facts need to be
mumoned First, the input forcing function wis incoherent and thus, except for its inagnitude and band*

- limited nature, was unusable as an information source to the subject. Second, unlike the visual information
available in actual flight, the visual error display in this study was a small-field-of-view bar-line system which
could not generate the additional peripheral visual cues for detecting and predicting motion. Tha utility of
these peripheral visal cues would be expected to increase. relative to motion cues. Later in this report, two
inflight Lomp(.nsatory tracking experiments which confirn these.assessments will be examined.

The study ]ust examined is consistent with a large volume of research on smgle and multiple-axis
compensatory tracking tasks. For example, in “An Experimental Investigation of the Role of Motion in
Ground-Based Trainers™ (Ref 23), a contracted research offort conducted for the Navy published in 1974,
the authors found no effect on the criterion task as a function of motion condition (off, correlated low and
high bandwidth - motion; and random, uncorrelated- motion), whereas exceptionally strong subject

- differences (both in, terms of individual strategies for aircraft control and ability to perform the task) were
noted. Addltlonally, the authors found no difference between thie effect (either on the criterion task or -
pilot output measures) of llmlted bandwidth (correlated) motion and wide bandwidth (correlated motion.
“Thus, the more responsive phtform adds nothing in terms of pilot performance, nor does it differ with

A\
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respect to pilot’s ratings” (Ret” 23). This latier cenclusion is still the subject of considerable controversy
within the simalation community. As experiments involving manual tracking behavior an platform motion

- effectiveness moved away from the oscilloscope and side-arm controller displays of th- w.ooratory and into

cockpit trainers, investigators became aware of other, powerful variables and sources of information
involved. These are summuarized in Figure 10.

bt Subject Differences, usually the largest single factor; includes the

effect of learning and experience.

*  Trial Effects, an extremely large effect on the order of magnitude of '
the-subject effect, depending on the experfence leve! of the subject

‘population.

* . Information source effects including:

ot

_Lontrol loading effects
G:Seat effects
G-Sulit effects
Instrument effects

i Platform mot fon effects

N " ¥isual system effects

* Task variables, including information processing requirements and .

"
»

motor difficulty. -

. Aircraft dynamic response characteristics.

Yoo . Figure 10. Experimentail variables involved in a typical simulaioi"br fraﬁs’fer study.

Effect sife (Rel 18). as well as ‘statistical significance, now plays a major rcic in determmmg whether
a particular fhriable or cueing mechanis-1 will result in significant training transfer. However, the
examination &f motion effect size is difficult because of the controversy surrounding differing motion
pldtform enginecring chiracteristics.-In these cases, althoug!: motion shows itself to be a very small effect,
critics provide as an alternative explandtlo.x the possibility that the observed efféct size is due to each
particular motion system’s charactenshcs Although possessing a two-axis Joystn‘k (force type) controller,
rather than a standard aircraft stick or yoke controller, and a small-field-of-view visual display, the NASA
LANGLEY. Visual-Motion Simulator (VMS) has the best (proven) overall motion servo charactenstlcs
known to the author (Ref 32). For that reason, data taken from the NASA- LANGLEY VMS have been

* selected for examination here. The VMS is a 60-inch? system (Figure 11) which currently represents the-

upper fimit «  commercial aff()rdablhty. Data from three studies ‘will be examined here: “Evaluation ofa~

* Linear: Washo * for Simulator Motion Cue Presentation During Landing Approach™ (Ref34); “Com parison .

ERIC

Aruitoxt provided by Eic:

- . .
3 A "60-inch”™ system .is one {n which the maxinium hydraulic cytinder extension is 60 mchc< For a discussion of the
engineering lunltatmm associated wnh 60- mch systeims see Rcfcrcncc 6. .

' ' 11




O

ERIC

Aruitoxt provided by Eic:

The first two studies use a common experimental design, but differ in terms of the type of motion
presented. The first experiment examined the effect on pilot criterion performance, (as measured by both

. subjective and objective measures) of a five-degrees-of-freedom (heave deleted), linear washout programmed

motion system. “The task was an ILS [instrument-landing-system] landing in a simulated Boeing 737 which
consisted of: (a) a transition to the localizer beam, followed by (b) a transition to the glide slope, and (c)
the ensuing approach to about 76m (250 ft). Three approach conditions were provided: the standard
approach previously described, the standard approach with instantaneous encounter of a weather front (a
10 knot crosswind with moderate turbulence), and the standard approach with the occurrence of an engine
failure. Instrumentation consisted of an attitude-direction indicator, vertical-speed indicator, a
horizontalsituation indicator, altimeter, airspeed indicator (both calibrated and tnie), meters for angles of
attack and sideslip, and a turn and bank indicator™ (Ref 34). Insofar as criterion performance is concerned,
the only meaningful effects are pilots (subjeus) approaches (tasks). and their interaction. The analysm of

.m.mLc table in ¥Figure 12 summarizes the resu]ls of that experiment.
l
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Figure 12, Computed F-distribution values for the analyses of variance.
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The semnd experiment (Ref 33): had nearly identical results to the first; although an improved,
nonlineat motion drive algorithm was used. In the words of the authors. “Objective and subjective data
gathered in. the process of comparing a linear and a nonlinear washout for motion simulators reveal that
there is no dlfrCI'LnLL‘ in the pilot-performance ‘measurements used during instrument-landing-system (lLS)
approaches with a Boeing 737 conventional takeoff and landing (CTOL) airplane between fixed-base.
lincar-washout. and nonlinear-washout opcratiom'-‘}'lhe primary result, that of a negllglblc‘ effect of
platform nmuon on task criterion variables, is consistent wuh dala taken from Navy (Ref 23) and Air Force
studies (Ref 22) as well. Motion effect size. defined as n°, w?. or pl (as appropriate) (Ref 18) and roughly
equivalent to the percentage of variance accounted for by a given treatment, is also consistent across studies
conducted on other simulators. As far as motion effect on criterion variables is concerned. whenever three
or more ot the categories previously listed (Figure 10) are prescnt. that effect size is very small.

The next expetiment was a pursuit tracking task. Like the first two experiments, thiz one was
conducted on the NASA LANGLEY VMS (Figure 13). Primary experimental elements ol the task were as
tollows: (See Figures 14 through 17.) N
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Figzgr_e 13, NASA-Langley ~visual-mt}iion simulator,
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Figure 14, Cockpit configuration for“_pursui't)_task call instnime;ité deactivated for test.
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Figure 16. Sketch of secondary task board and stylus,”
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1. Subject controlled vertical and horizontal separation with a target aircraft through a fingertip
controller. Longitudinal separation was fixed by the computer.

2. Asecondary tap-rate task was employed to increase workload level. (See Figure 16.)

3. Due to the relatively small motion excursions involved, platform motiorf was, except in heave, of
extremely high fidelity. *““The pitch motion was small enough so that neither washout nor scaling was
required” (Page 7, Ref 26).

4. The aircraft handling qualities and target frequency effects, as well as the time delays, were .
manipulated to both the visual and motion systems.

5. Instruments and throttles were disconnected for the experiment.

6. Precognitive trackmg was ruled out by approprate selection of target frequency. Thus, the
subject was dependent information provided by the displays.

7. Most of the exan ntal results are based on one subject (Subject “A,” as referred to by t_he

authors )
t

The primary pUl'p()SL of this experiment was to examine the effects ofmotlon and pure time delay on’

- both RMS tracking and RMS control performance. As can be seen from Figure 18, the relative motion

contribution to the overall analysis of variance s very small, even though this experiment has an extiemely
fimited number of. influencing variables such as might be found in a transfer of-training context. This effect

"is a general one. For the instrument_ tasks that the author examined, motion effect size was rarely greater

than 10%: in the visual studies examined, les than 5% and often sraaller. One effect was consistent, -
however, and that was the trend toward using smaller control inputs under the motion condition than with
the fixed base operation. Since this effect is rclatwely repeatable across simulation devices for most tasks,
the ‘important question becomes: How large is this effect and what is its likely impact on' traiping? To

“answer this question, consider the data of subject A, who was the most sensitive to platform motion.

First, with respect to criterion performance, subject “A" is considerably more sensitive to aircraft

‘type, target frequency (task), and time delay effects than to the presence or absence of motion. For -

example, congider the sumnary of Alrplanc-Motion-Delay effects for. subject “A glven in Figure 19.

It is zpparent that even for a “sensitive” sub]ect in an experiment- desngned primarily to examine
motion eflects, motion has only a very limited effect on the subject. Changes in control behavior as
measured by changes in RMS control input are, however, noticeable. The elevator and aileron deflection
data from Reference 22 are shown in Flgures 20 and 21.

It can be seen from these t‘gures that the maximum mean criterion RMS difference across all
conditions (including up to 400 ms lag) is-3.695 units (each unit is .01 radian) or 2.117 degrees RMS.
Smnlarly, a difference of .501 degrec RMS exists for the elevator deflections. If the motion and visual
systems were “both calibrated for a “zero” time delay condition, mean differences shrink to .583 degree
RMS aileron and .267 degree RMS clevator (across both aircraft conditions). Referring to the force versus
«displacement chart (Figure 17). it can be seen that elevator force and position differentials (a few
hundredths of an inch) are not dlscnmmable to the human bemg,, while the aileron force (estimated from
the diagram to be about 25 1b/radian) would differ only a few_ounces in control pressure! Here is a classic
case:wherein-the power of the statistical tests and the resolution of the data can isolate the existence of an .
effect_which, WbCD_LﬂLCﬂJ&mMMCMLimWPﬂMnG—GOHunEnce whatever. It is
important for th: reader to realize that even if a’statistically detectable difference in control strategy
existed (in fact, even if that effect were large), there is no evidence at present to conclude that any one
‘strategy is “better” than any other strategy, given comparable RMS criterion scores. These differences
simply represent different ways of solving the tracking problem. The more sophisticated the task, the larger
the class of; acceptable st ratcglcs and the lcss hkely a delec;: difference has any 1nterpretab]e meaning.

e J
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. (a) "Total error 1n-meters

Interactfon Time Motion Pilot pelay Delay Motion DeTay-motion RepTicates ~Error

delay motion pilot pilot pilot _
d.o.f. 2 1 3 2 6 3 6 9 207
F 5.3 %18.8 %988 Y5 %33 Y125 U5 112 S
w? 9.76% 2.53% 41.74% ix 1.96% 4.95%  3.76% nr
R . (b) Vertical error in meters s
e Interaction Time HMotion 'TTot Delay .De‘lax Motion De'lay-motion. Replicatds Error
x-;i-'gelay : motion pilot pllot pilot
dof . 2 %71 3 2 6 "3 6 9 207
F 2.2 237.4 21359 2.1 a9 7 2.0 1.25

U2 : 9.7%  4.29% 47.64% 2.61%  2.75% 3.78% L71% . 26%

{c) Horizontal error in meters

Interactian Time Motion Plilot DoTay .Delay Motlon Delay-motlon Replicates Error

delay movion pilot pilot pilot
d.o.f. 2 - 1 3 2 . 6 3 6 9 207
F %.8 %134 ‘416 %2  1.22 1.6 1.7 . L3 .
W2 3.823 3.0t 20.825 2.06¢  .32%  .44% 1.03% 718 -

~Figure 18. Analysis of variance for four pilots. (This figure shows the analysis of variance
and omega square calculations for the ‘motion, pilot, and time delay factors in a pursuit
tiacking task study conducted on the NASA-Langley Visual-Motion Simulator (VMS)
(Ref 26). Although the motion effect is statistically significant at the .05 level, its relative » .
effect size is very small.) - PR
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Total error in meters for units

“Total error In meters for units

of time delay® of - of time delay® of -
0 1 2 3 4 5 8 12 16 0 4 5 8 16
Basic airplane - no motion . Good airplane - no motion
6.684 6.715 9.568 B8.608,10.375 10.339 13.856 9.604 9.653 6.785 B.452 £.024 7.044 7.163 7.541
6.264 7.541 8 181 8.903” 8.196 9.418 10.866 9.485 11.485 7.138 6.812 7.012 7.087 7.900 8.656
6.099 6.242 6.925 7.602 B.547 6.468 10.342 9.894 9.860 6.087 8.062 6.427 7.65] B.678 B8.531
7.370 6.078 7.602 .3.708 7.678 .8.193 8.595.11.189 8.629 6.008 7.410 6.492 7.175 13.350 9.034
5.752 8.111 8.760 6.465 9.327 9.147 B8.394 14.624 12.524 4.901 6.505 6.487 6.258 7.269 6.962
8.111 8.089 7.276 9.083 7.757 8.092 7.903 B8.809 11.384 5.319 6.593 6.035 7.675 6.026 5.877
7.239 8.303 8.476 7.480 7.443 9.309 7.279 B.888 10.214 5.270 5.392 7.220 8.562 B8.443 -7.306
7.583 7.343 5.685 7.279 8.861 12.674 9.946 15.222 11.585 4.386 7.361- 7.498 5.870 7.507 7.306
7.230 6.111 7.995 6.224 7.556 5.816 9.720 8.°70 10.266 5.453 6.294 8.014 11.939 6.452 6.523
7.498 6.422 5.611 '5.364 6.468 6.885 9.050 9.360 11.777 7.154- 5.855 7.520 6.309 7.199 B8.605
T5n 6.913 7.095 7.608 7.572 8.224 8.634 9.595 10.605 10.738 5.850 6.773 6.873 7.561 7.999 7.638
. 751 886 1.276 1.266 1.104 ,2.020 ' 1.869 ,2.380 1.195  .951 1.047 681 ,1.730 2.047 ,1.041
ttime delay) Control .12 .91 . .84 1.82 P2.77 P3.89 “5.40 P5.61 fontro1, 1:54 1.71 P2lge B3lsg p2-98
t{airplane) 3y . 3.10 °3.01 2.53 b2.62 bg.21
Ay Basic airplane - full motion ) . Good airplane - full motion
7.446 6.322 5.697- 7.861 6.806 7.114 -7.004 8.217 7.977 6.632 6.242 6.020 7.849 7.745-
7.175 6.245 6.861 7.254 6.379 7.065 6.764 7.148 10.394 5.856 6.072 6.139 6.291 8.291
6.187 5.867 6.550 6.215 7.105 6.660 '6.733 8.236 10.747 5.806 7.132 6.907 7.239 5.742
7.33075.428 5.806 6.654 7.081 5.965 5.297 7.714 8.498 7.135 7.647 6.550 . 6.032 "8.842
5.276 5.285 5.270. 5.05I* 5.901 6.956 6.069 11.421 13.219 5.919 5.816 - 5.703°5.672 7.588
5.666 6.117 5.499 6.507 5.566 6.130 6.130 10.144 6.837 4.874 4.813 6.069 6.904 "9.095
6.215 6.184 5.938 6.611 6.779 5.816 6.709 8.220 7.928 5.904 5.136 5.907 6.011 5.358
) 7.337 6.242 4.703 5.035 7.132 7.565 6.608 B:501 9.991 ..i' . 5.374 5.733- 5.316 6.615
7.772 7.044 6.035 6.251 8.867 9.336 7.693 7.958 7.443 6.7:° 6.408 5.230 6.224 6.075
5.718 6.517 7.007 _5.791 7.093 5.715 8.915 7.724 9.824 5.218 5.901 5.364 6.212 7.916
£, 6.612 6.128 5.937 6.423 6.871 6.832--6.792 8.529 9.286  5.952 .6.058 "5.962 6.375 7.348
& 896 . .507 716 .772 .888 1.081 .978 ,1.282 1.920 - .712  .868 :° .505 .754 1.297
t{time delay) Control 1.01 ,1.40 .39 .54 .46 .32 ’3.98 D5.56 - Control .26. . .03 1,09 3.59
t(motion) - .76 P3.00 P3los P2.45 P3l;1 P2.94 baos P2.58 - 1.53 .27 1167 b2.80  2.26 |, .55
t{airplane) . 1.83- 2.08 b.38 h4.59 P2.65
Tateraction Mrﬁ&\? Hotion Time Airplane- Airplané- Motion- Alrplane-motion- Replicates Error-
. - delay motion delay delay .dela‘y - :
d.0.f1. 1 1 4 _ 1 4 4 4 9 171 -
ANOVE ¢ °80.05_ Pai.80 ®z0.38 P393 b0 Pa.37 0.3 - 0.98 -
2 _18.86%  9.74t 18.50% _ .7% _ ‘1,91% 3.22% 0 0
- 2fach unit of time delay equals 0.03125 sec.: ' ‘
Significant difference at 5 percent level.
CANOV ‘denotes analysis of variance. -‘,-;
Figure 19. Summary of data for-airplane-motion-delay interaction with subject A. (t-tests
performed treating each factor separatély) (This figure, adapted from reference 26, shows
" the relative effect size platform motion has on the RMS total error. performance of a
subject “‘sensitive” to platform motion as a function of both aircraft type and. time delay.-
Of special importance are the mean differences between the basic aircraft, with and
without motion, at zero time delay, and the “good airplane;” with and without motion,
again at zero time delay. (that is, with motion, aerodynamic and visual information
approximately syncronized). In the case of the basic aircraft, a difference of only .371
meter error RMS total exists between_the full and motion cases. Likewise, for a “good™
aircraft, this difference dwindles to~102 meter. Differences of this magnitude aré of little
consequence .in a training situation, as they are dwarfed by other, more powerful
variables: ; . .
¥
— : A}
54 N - . »
.



Aileron deflection (* 102)4 radians, Aileron deflection (* 102) radians .,

for units of time delay® of - for units of time delay’ of -
0 1 2 3 4 5 8 12 16" 0 4 6 8 12 16
Basic ajrplane - no_motion Good airplane - ro motion
2.963 2.124 3.546 3.044 3.097 2.406 3.453 2.933 ,3.466 1.901. 3.379 2.481 3.084 3.541 2.906
2.363 2.394 1.991 2,035 2.583 2.458 2.070 2.878 4.803 3.036 2.371 3.547 2.419 2.556 2.811
2.013 3.612 2.025 2.030 2.709 2.096 2.507 3.138 3.692 2.922 3.016 2.123 2.946 2.824 3.605
2.070 1.685 2.426 2.091 1.661 2.269 2.931 3.942 2.762 2.555 2.561 2.539 2.340 5.512 4.328
2.162°2.248 1.877 1.662 2.337 1.486 2.061 3.935--3.778 2.229 3.226 2.684 2.350 2.213 2.929
1.662 1.726 2.186 2.054 1.800 1.995 2.579 4.280 4.241 1.815 3.626 2.904 2.643 1.480 1.814
2.334 2.635 2.689 2.131 2.898 2.393 2.115 2.674 2.069 2.163 2.319 2.293 4.53C 2.214. 1.758
3.644 1.867 2.241 2.046 3.267 3.366 2.685 2.341 2.895 1.905 3.548 2.859 1.566 3.118 1.758
3.233 2.129 2.836 2.364 "3.552 2.449 3.208 1.897 2.910 1.738 3.187 3.391 4.589 1.865 2.416
2.734 1.855 3.023 2.396 2.424 2.324 2.743 2.450 3.302 2.900 1.824 3.429 2.049 2.925 1.623
Sa 2.518 2.228 2.484 2.186 2.653 2.324 2.735 -3.047 37391 2.266 -2.907 2.325- 2.825 2.825 2.5%6
4 4 .615 .572 .533 .363 .626 -.471 .448° 780 , .788 .497 .609  .495 .997 1.124 .897
t{time ‘delay) Control 1.10 - .13 1.25 .51 .13 .82 1.99 Y329 Control 1.77 1.54 1.62° 1.54 b .91
t(airplane) . . 1.01 .92 © .34 .51 V2.10
Basic airplane - full motion " ) . } ) -
1.328° 1.369 1.531 1.684 1.732 1.541 rl.758 2.404 2.468 1.555 1.764 1.859 1.679 1.346
- 1.563 1.632 1.638 1.462 1.207 1.803 1.583 2.497 2.470 1.787 1.840 1.352 1.910 2.111
v1.441 1.746 1.814 1.899. 1.461 1.539 1.842 3.099 2.799 1.653 1.357 1.969 1.547 1.764
».618 1.321 1.297 1.600 1.573 1.351 1.886 2.147 2.386 1.515 1.626 1.522 1.878 1.822
1.108 1.926 1.337 1.560. 1.723 1.999 1.424 2.253 3.022 1.115 1.478 1.630 1.131 1.557
1.213 1.812 1.367 1.929 1.417 1.640 1.951 2.281 2.659 1.488 1.754 1.932 2.009 2.1194
1.977 2.077 1.611 1.769 1.844 1.849 2:253--~2.634 2.472 1.750- 1.169 1,389 1.895 1.916
2.608 2.383 2.536 1.275 3.002 1.575 2.826 2.404 2.727 1.174 1.441 12376 1.891 1.627
2.708 2.350 1.162 1.386 2.955 1.449 2.516 1.793 1.477 .1.720 1.504° 1.214 "1.885 1.692
1,290 1.487 1.539 1.4} 1.752 .932°3.070 1,184 1.415 1.255 1.424 ) 1.774 1.663 2.410
Sa 1.685 1.810 :1.582 1.597 1.857 1.573 2111 2.275 2.389. 1.501 1.536 1.602 1.749 1.836
g - .568 .377 .386 .221 _-616 .285 .542 508 533  .244 209 . 270 - .259° .313
t(time delay) fontrol .60 .49 | .62 - .87 | .54 ,2.04. b2.82 93i37 gontrol, .22 .64 1.58 1.73
Tn'cion) 3:61 1.93 4.33 Pa3g b3.62 Pa.31 P2.81 b2lgs b2.77  ba.37 belgs b3.79 b2.99 . b2.42
t{airplane) . .94 1.60 b2.66 b2.92 b2 41
Tnteraction Airplane Motion Time Airplane- .- Rirplane- Folion-  AirpTane-motion- Replicates Error i
: delay.. motion delay delay delay / -
“d.0.f. 1 1 4 1 4 a 4 9 m_
ANOYE F b12.23 ®104.28 %a.30% 2.23 1.41 0.38 0.84 0.57 !
- ;
. I3
WL 3.47% 31.90% 4,083 .38t 512, 0 0 0 /
3Each unit .of time delay equals 0.03125 sec. . i .

Significant difference at 5 percent level. ' . ;
CANOV denotes analysis of variance.

Figure 20. Aileron data for subject A. (This figure shows the effect of platform motion Do

~~ . on joystick aileron commands for a motion sensitive subject-in a pursuit tracking task g
conducted on the NASA Langley Visual-Motion Simulator. Although the motion effect is
statistically significant, with a relatively large omega square, the actual joystick/ RMS
movement ranges from .01501 radian (about .86 degree) to .02518 radian (about 1.44 s
degrees) for the zero time delay (motion, visual, and aerodynamic systems synchronized) ' Y
case. The total workload effect, or resulting effect on training of difference this small is s *
.negligible. ' ' / '
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2
Ylevator deffection (* lO“)brﬁﬁms.

Elevator deflection

(* lO(A.radians;

:Each uniL of time delay equals 0.03125 sec.
Significant difference at 5.percent level.
CA4OV denotes analysis of variance.

_Figure 21. Elevator data for subject A. (Thxs figure shows the effeci of platfoﬁn motion

.~

on joystick elevator commands for a motion sensitive subject in a pursuit tracking task

_ conducted on the NASA Laagley Visual;Motion Simulator Although the motion efféct is

statistically significant, with a relatlvely large omega square, the actual joystick RMS
movement ranges from 00436 radian’(about .25 'degree) to .00902 radian (about .52

- degree) for the zero time delay (mohon visual, and aerodynamic systems synchronized)

case. The total w0rkload éffect or resultmg effect on tmmmg of a differencé this small,is

negligible.

22

for units of time delay of - for
0 1 2 3 4. 5 8 12 16 0 4 6 8 1¢ 16
- -
: Basic airplane - no motion- Good airplane - nv motion
0.843 1.060 1.074 1.253 1.288 1.341 1.297 0.766 0.771 0.568 0.665 0.530 0.696 0.750 0.767
.996 1.090 1.159 1.132 .986 1.339 1.243 .853 .906 .573 .584 .607 .529 -+ .732 .807
.975 .854 .734 .925 .928 .846 1.186 .954 1.103 .546 .628 .553 .638 .763 .780
.883 .736 .948 1.090 1.105 1.003 .900 .905 - .935 .629 .564 714 .724 1.006 .991
.749 .955 1.009 .958 1.091 1.116 1.080 1.056 1.048 .489 729 .670 .564 .635 .782
.908 1.146 .983 "1.252 1.118 1.149 .967 1.262 1.051 .543 .647 .517 .609 .612 - .614
.980 .743 .926 .505 .675 .810 .736 572 .865 .677 .603 .704 .916 .971 .636
771 .630 .728 724 .945 .967 .938 . .825 .976 .597 .694 .725 .643. .742  .636
.852 .514 1.024 .782 1.140 .776 1.068 .995 .837 .616 .658 .728 .754 .572  .645
1.065 .601 .484 .562 .723 1.050 .809 .701 .987 .605 ".683 .558 .495 .640 1.038
& 0.902 0.833 0.916 0.924 1.000 1.050 1.022 0.889 0.948 0.584 -0.646 0.631 0.657 0.722 0.770
c .102 223 .203 .260 ..191 .193 .185 . 194 .105 .052 .051 .088 .123 .123 .149
“t{time delay) Control .70 .14 .22 1.00 1.49 1.22 .14 .46 ontrol 1.32 1.0l bi- 56 bZ 96 g3.98
tmrylane) ‘ 8.74 P5.68 5.22 2,30 73.10
. - Basic_airplane - full motion Good airplane - full motion
» 0.525 0.528 0.543 0.529 0.632 0.596 0.583 0.710 0.602 0.550 0.433 . 0.387 0.526 0.487
T .566 .623 .586 .612 .634 611 .580 .632 13 .475 .396 .465 .514 .500
.535 + 681 .624, .639 .651 .665 .644 .599 .642.° .409 .486 .439° 421 .509
712 .574 .592 .070 725 .706 © .622 .626 .610 .416 .471 - .427 .497 .552
©+.601.....634 .678 .659 712 .788 .782 .722 .600 .401 .421 .552 +488  .536
.568 .643 .608 .064:  .649 722 .664 .592 .637 .278 .409 .458 .525  .461
603 .552 .529 .657 .609. .560 .638 .585 .629 .827 .403 .454 -.493° '.502
675 .630 .609 .574 . .665 .594 .712  .606 .663 .402 .408 .440 .551 .525
.604 .542 .484 .521 .694 .665 .684 .596 .514 .445 .465 .430 .543 .522
.454 .438 .517 .522 .553 .545 .. 684 . .566 .521 .455 .388 .482 .53l 7,596
BT -~ 0.5840.585 0.577 0.599 '0:653-0.646: 0.659 0.623 0 596 0.436 0.428 0.453 0.509 0.518
o .074 .072 .058 - .069 b .051 b .077 b .061  -.052 .053 .050 .035 .043 .038 b .037
t(time delay) fontrol, .01 .25 b .55 bZ 39 bZ 15 pe-63 bl 37 b .40 Bontrog .43 b, 96 g4 01 b4 53
t{motion) 6.86 t’3 36 b4 95 73.83 76.41 3.26* '5.54 "4.22 74.60 6 51 b10~87 b4 96 5.337 bS 19
t{airplane) . b5 30 P12.20 8. 53_95,13 3.87
Interaction Airplane Motian Jime  Airplane- Airplane- Motion- Alrplane-motign- Replicaies Error
N delay motion delay delay delay
- 1
d.o.f. 1 ] 4 -1 4 171
“ANOVE | b222.31 b334.36 b3.34 bNi.7l |:".5.75 1.00 0.45 0.90
2. i B R ﬁ
Wl - ‘ 27.82% 41.90% 1.18% 1.97% 2.3%%



IV, AIRCRAFT STUDIES

Or all thie experimentation relative to motion cuing performed to date,.inflight experitientation is the
teast well developed, however, one of the striking differences between inflight and many previdus
laboratory and simulator results is the profound difference between visual and instrument flight control
behavior. These differences are characterized by higher gain and less phase lag across the flight control

frequency range (Ref 29, 41). The gain difference between contact and instrument flight is a little over 10

4B ir the mid frequency regime, with 10° or greater phase lead (contact, relative to instrument; flight).
These same studies show very little difference between fixed base {instrument) behavior and actual aircraft”

behavior for experienced pilots on compensatory tracking tasks. Several authors
increased power of the visual effect to two contributory factors:

I. The high resolution of “‘real™ visual information. together with peripheral cues.

2. :'ﬂlé czi'pabi-iity of the ‘experienced human operator to. generate highly complex, organized

sequences of control actions based on partially complete information patterns.

Kuchnel (Ref 20) found that experienced pilots could detect changes in pitch disturbance and initiate
«correcting responses faster than would be expected from vestibular sensing alone, The reaction time given
for pitch was everywhere below that expected from laboratory data for roll and yaw. Figure 22, adapted
from Newell {Ref 29). summarizes this information. In his review: Newell (Ref 29) concludes that'it is
superior visual-motion discrimination which accounts for the decreased latency:

¢ In summary, it appears that visual sensing can be af finer resolution than vestibular or tactile sensing and that
(it ean operate for small motion perception without phase lag or time delays up to a frequeney of 0.4 ¢ps and
with small phase fag but no great loss of infornation up to a freq uency of 1.6 cps. :
Whatever the explanation for these data. it is clear that a motion sense more refined than vestibular sensing,
al itis presenitly understood, is at work. Since this information will always be available tor use to the pilot in

the aircraft whether or not he is trained on a simulator that cmploys platform motion, the utility o such a
platform motion system appears marginal. * '
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———0ne¢ of the difficulties remaining with inflight expeﬁmentatiqn deals. with problems in the
computation of human transfer fun_clions.\Often_ insufficient power exits at the high end of the forcing
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be expected to provide a sighificant transfer-oftrammg effect.
L

to arrcra%vo't’ tramrnz, course to aircraft is considered as a data point for trans

I

N

" ~

function spectrumn to permit a mieaningful analysis of motion/no motion effects. In other cases, instrument

" fag (or resolutron) makes comparison difficult. : , -

The next study was an mfhght simulation study conducted at the NASA Flight Research Center to
determine roll-mode simulation motion requirement, (Ref 41). White noise was passed through two
secong-order filters and used to create separate error command runs. Three values of rollimode time
constants were selected, to provide a range of aircraft performance from fighter to transport. Figure 23
shows the forcing function input function, and the results of the experiment for each of the roll-mode time
constants. In this instance; in excess of 99% of the total input povier is below 4 rad/sec In this region, not

only is visual performance considerably ‘better than either fixed base or instrument flight (with .actual
aircraft motion), but fixed base performance is better than moving base, as measured by higher gain and

lower phase lag over tie mid and low frequency regimes! Considering the number of data runs made,
comparison beyond frcquencrec of 2 to 3 rad/sec is:not meaningful. (For a discussion of error analysis
involving transfer function estimation see Bendat and Piersol (Ref 3) or Otnes and Enochson (Ref 31)).
Therefore for. expt.nenced pilots on compepsatory tasks, the case for motion is extremely weak. Even full

fidelity* (actual aircraft) motiort differs scarcely from fixed base operation. With such a minor. drfferentral:‘
cies (Ref6) canndt

for full fidelity motion, a platform motion system, with its numerous known ‘defici

The subject -of Flyrng Training transfer is an .area which, by research standards has been only
modestly developed, but from an expenence viewpoint it is voluminous. Every aifcraft to aircraft, simulator
us, the questions arise:

"Are platform motion systems necessary for training? I not, what is the*training effectiveness of their less

costly alt rnatives? Fortunately, in this area, the. data are not at all-ambiguous. For example, at the Flying
Training Division of the Air \Force HumanJ.Resources Laboratory (AFHRL/FT), almost all possrble
maneuvers and tasks for lnstrument \Iavrgatron, Forrnatron Contact, Air-to-Air, and Air-to- Surface flight,
have been examined, and as yet not a smg,lef'ﬁne has been found that is not trainable without: a platform
motion syste .

. Certainly- from the evidence availabl¢ it can be deduced that platform motion is not necessary to
produce successful trarnrng transfer for most tasks. At fhe same time, while the present evidence does not
show pl.rtform motion to-be valaable as an enhancernient to training. neither has it been shown to-be a

‘detriment. . Many proponents of ‘motion systems, including some simulator rndtQtry spokesmen, feel that |
with “increascd emphasis on motion ‘research and development, the proper software and “hardware -

co'mbination will be found to produce a.platform motign system capable of significant, econonfical,
crfferehtral training transfer. Once a system is deve]oped which rnves“trgators believe will producs the

‘desrred training transfer it can. be tested 1n actual transfer experiments. Loglcally, thrs line of reasoning
leads to a procurement and research strategy which defers large scale purchases of p]atform motion.systems = -
while research continues into dptrmrzrng {l.eir use. Thus valuable /defense dollars will not be spent on
" equiptrfent unlikely to produce any increase in defense posture. At the same time, the optron is left open to

'1nc]ude improved motion platform systems rfthey can be made srgnrﬁcantly beneficial, at a later date.

e

.

+

r
4
-

BN



“0 Fixed base, IFR
O Movingbase, IFR
4 Moving base, VFR

T

-0
W T
A
o T i [Yp¥e]
\AARLE : 3‘%&? 8.
W88 *éﬁ il li%“-wa
e ‘
— N “.e 11150 Phase deg
- .
| 10
"¢ radiansfsec
. ial 2 # (.35 recond,
A
Bl
e 1
o
0 N
PR I < 1 (A
-~ WF o
[AANTE 811
lp (! 0 - s}h’é 4.4 444 _50
N H . ;B .
LI T1Er
. Qei:: : P e
-0 T r‘o‘f g -|50 Phase, deg
v Phase ’%5 L
- 200
. A 3 107
f w, tadianshec +
K (¢) 1q®i0suconds

A
W512
olo 1::) el
- 10 nJﬁ. N
e || [
0 23 50
? }
O T 100
. ? 1ls BA
-20 R 150
Phase Phase, deg
- _ j{
ki 50
5 N 1 g0
| W, radianshse
(b} T * ).0 second.
!
‘ w? b wl
WOZ BAKD RANOOM # S ) | r 2 -
100 (I T A B L A
W LG RAD/SEC N ww, #14.0 RAD/SEC
§|'0.T {2-0.7
10} :
-~ 5'
-2 . ’ ¢
PR :}'(:/ .
% B dT
\I‘\ \y- ) .sr
. )

— iy

*, POVER SPECTRAL DENTY.of RANDUM INFYT
e g .

Lo

for NASA in-flight simulation experiment, |

Figure 23, Man machine tranfer functions and disturbance input pdwer spectrum




. V. TRANSFER OF TRAINING STUDIES

Ultimately, each training system must be evaluated in the operational context. Transfer of training
studies are designed for this purpose. Each of the two studies presented in this section were chosen
specifically to represent two distinct flying problems. The first, formation flight, is a precision flying task
which is essentially’ pursuit in nature. The second task, air-to-surface weapons delivery, is primarily a
cognitive task with a compensatory component. ‘Although the.latter experimental study included platform
motion asa variable,-the emphasis in-this section'is not on the value of a particular platform motion system,

, - buton the.‘.trainihg effectiveness of their alternatives. . ’
- The Formation .Flight Trainer (FFT) was procured to examine the effectiveness of .a low fidelity,
-formation flight, part-task trainer (see Figure 24), The system consisted of a low resolution,
wide-field-of-view visual system, simplified cockpit, and primitive (constant spring) control loading system.
(See Refs 37 and 38 for additional information.) Nine maneuvers were taught in accordance with Air
Training Command (ATC) procedures and evaluated by ATC check pilots on an expanded 12-point scale.
The maneuvers were: traight-and-level, shattow bank tums (15° to 20°), medium bank tums (30° to 40°),
steep turns (60° to 90°), route, crossunder, echelon tuins (45° bank), turning rejoin, and straight-ahead
rejoin. Two separate studies were.conducted with a combined N of 111. Both studies provided conclusive
evidence that thé trainer is an effective device, significant beyond p = .05.> This was true in spite of the fact
“that few, if any, of the critical engineering parameteis (such as control stick gain, aircraft transfer function,
etc.) resembled their physical counterparts. What did remain constant were the cognitive and decision
making components. It is a well known and important characteristic of transfer that the most generalizable

elements of a task are those that most affect transfer. In this case, it is apparent that control form -

invanance is sufficient for teaching formation flight. As was observed before, platform motion is not
essential to produce rapid, effective, econdmical training. o :

SPHERICAL SCREEN
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* Figure 24, Formation flight traivne'r'.

v
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“ Jan o was caleulated for cach experiment, and ranged from 16% for experienced subjects to 39% for inexperienced
subjects (that is. the device was more effective in enhancing the training of inexperienced subjects). This effect is.a typical

one; moreover, the higher the experience level and the mg’re familiarity with-a given task a subject has, thedower the, .

expected w? will be. ’ ‘ .
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The next study (Ref 10) examined a more general transfer effect. that of air-to-surface ‘weapons
delivery training. In this ex criment, 24 undergraduate pilot training graduates were intercepted just prior
to F-5B’ fighter lead-in tr_.uing and given instruction (eight 1-hour sorties) in air-to-surface weapons delivery
techniques-in the Advanced Sirulator for Pilot Training (ASPT). The ASPT, a full mission simulator with
wraparound computer generated visual capability located -at Williams AFB, Arizona, was configured as a
T-37. not an an F-5B, for this study. After training, each group dropped ordnance from the F-5B on the Air
Force Gila Bend Gunnery. Range. The resulting dxstnbuuona! differences between the sunu]ator trained
groups ¢ and the control group were visually distinct.

Bear in mind, th.:s was th2 first F 5B aircraft sortie ever flown by these subjects Thelr error scores

range experience. There were no motion effects (posmve or negatwe) of any kmd At this point, it is
important to consider the” training ramifications of this experiment. First, from the fidelity viewpoint, very
few of the critical simulation engineering parameters are similar to their aircraft counterparts. The control
dynamics are unrealistic, the range pattern and airspeeds were much slower in the simulator than in the
actua] aircraft, and the instruments, mil-settings, in fact, even the basic shape of the llft/drag curves are
dissimilar. Yet, in spite of these differences, transfer was. exceptionally’ high. Again. what is “simflar” is
what matters the most: the cognitive comporients, for precisely the same reasons, namely, that they ‘are
invariant under the translation from simulator task to aircraft task. Teaching *“judgement,” or more
precisely the building a strategy of flying based on expenence is the critical problem

Air-to-surface training .'m‘d experimentation have now been extended to A-10 transition and
air-to-surface research, using ‘a simplified A-10 flight model develgped at AFHRL/FT. Both phases of
trammg (through two (.]asses) have been extremely successful. In some cases, the-novice pilots transitioning
to the A-10 have actually outperformed their instructor pilots in terms of bomb scores on the Air Force
Gila Bend Gunnery Range (dropping practice bombs from the A-10 aircraft). For the A-10, study (being

- conductéd for TAC), platform .motion. is not used. Instead, motion cues are supplied by a G-seat system

and. to a large degree, by.the wraparound visual system. The effect on wnthm-smmlator performance of
experienced pilots of the wsual field-of-view is e\(ponentlal (see Flgure 25).
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It would be misleading to imply that stiong visual effects apply only to experienced pilots. In the first
of aseries of contact flight studies conducted on ASPT, eight novice subjects were taught basic aircraft
control in the simulator including takeoff, straight-in approach and landing, 360° overhead pattern and
landing, configuration change, tums to headmg, and arrspeed control. Subjects were advanced on a
proficiency basis in the simulator. Of the eight subjects, seven were successful irr landing ‘the aircraft on
their first aircraft sortie {the test flight for this experiment). The very fact that the instructor pilots:felt

confident enough about the student’s ability to allow the student to complete the landing is indicative of -

the training value of the simulator. The wide-field-of-view visual drsplay is a key element here because an

overhead pattern srmply cannot be practrced without one.

r "
V1. ANALYSIS ) ;

~In revrewmg the data felative to platform motion and flying training for ﬁxed wing-aircraft, several
salient points arise. The earlier experiments were small-sample compensatory oripursuit tracking tasks
wherein the opemtor was asked to nullify the effect of an incoherent signal- forcmg function, displayed

visually on an oscilloscope or similar device. The typical control dynamics were not ri::nerally representative -

of operational aircraft, often having substantial ‘negative damuing ratios or an extraordinarily high' number
of poles in the denominator of the control element transfer function. SubjecLEgpulatron and coptroller
characteristics were also dissimilar to the operational environment. In subsequent simulator experiments, as
well -as in later transfer experimefits the addition of platform motion had little, if any, noticeable effect on
criterion- performance in standard aircraft flying tasks; operator output behavior, however, was affected,
although that effect was seen to be small in absolute terms. Other variables were demonstrated to have an
equal or more profound effect on training (effect size) than the presence or absence of platform motjon.
These include individual subject differences, (e.g., experi¢nce and ability), practice effects, task vanables
aircraft and control loading -tesponse characteristics, and other information sources; most particularly high

resolution, wide-field-of-view visual systems, G-seats, G-suits, buffét and vibration systems, and aircraft’
.instrumentation. Of critical importance, and independent of any controversy surroundrng the engineering

limitations of specrﬁc platform motion systems, is the fact that almost all contact, formation, navigation,

instrument, air-to-air, and air-to-surface tasks can be taught quickly, efficiently (and economically) without -

emp]oymg a platform motion system. It is asserted that this is a consequence of the fundamentally

_ cognitive nature of flying (Ref 9) and the development through ‘experience of open-loop, hierarchical

control over motor behavior.

As a final note, the ]ogrcal place to teach proper use of -motion cues is not m a simulator,but in the
aircraft. The cues delivered by the present (and foreseeable) platform motion systems differ radically in

both time and frequency domain charactenstrcs from their aircraft counterparts, except in the case of .

buffet and, vibration cues. Thus, while a platform motion system might conceivably aid performance in the
simulator, prospects for ‘increased transfer to the aircraft are small. Buffet and vibration cues (often tegmed
“alerting” cues) can be generated wrthout resort to a platform motion system through some less expensive
alternative. This is not the case in some very 1mportant emergency situations, such as engine-out on takeoff
for a wide bodied aircraft. A study conducted on the Flight. Simulator for Advanced Aircraft demonstrated
the positive value of such cues (Ref 7). While it is not known if this simulator practice would transfer to the
arrcraft it is certainly hazardous, as well as unwise, to practice the maneuver in the aircraft. '

- ' .. VIL RECOMMI_iNDAT]ONS

r

2

Only two reeommendations regardmg hardware procurements can be made as the result of thrsj"

report e . - ¢

¢

1. Wherever feasible and .affordable, simulator systems shou]d be procured with the largest
t‘e]d-of-vrew visual system that is consistent wrth mission requirements. Because a p]atform motion system

.'\:"

i,
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has a considerable impact on visual system desu:,n alternatives and these will eventually affeet training
effectiveness, plalform motion should be carefully scrutinized prior to its mclusron .

" 2. Until research can develop a significantly improved platform motion system (one capable of
enh.meinr, training) simulators may safely be procured without a platform motion system, (without
compromising training effectiveness). ‘\'aturally the option to buy a platform motion system can always be
held open at some cost.

Since the early 1950's, considerable research ‘éfforts have been spent on analyzing compensatory and
pursuit_tracking tasks. The result has been a collection of descriptive mathemvatical models which can,ona .
trial-to-trial and: pilot-to-pilot basis, be made to fit observed data. The mathematical models; treat the
human® pilot essentially as a passive servo-system, while ignoring ‘his cognitive and decision making
processes. Attempts to model skilled, openloop monitoring behavior is unfortunately limited at present to
general block. diagrams.”Some excellent wotk has occurred in the arca of cognitive sets and workload *
estimation using maximum likelihood estimators (Ref 5). This work should be continued and extended.

It has long been krown that human controllers can and do develop hierarchical: control over skills
: even in-“‘unsolvable” tasks (Ref 35, 36). Invariably, this skill acquisition results in behavior that is superior
to a strictly error-feedback - strategy, giving the impression that the human operator is processing
_information at a higher-rate than would be expected on the basis of even continuous fecdback aiune, it
alone time-sampled feedback. Research is required to determine both the mechanism for this remarkable
behavior and the means for instilling it into pilot trainees. Pernaps some of the conceptual models offered
by nonlinear information processing theory (maxrmunl likelihood (Ref 21) or maximum entropy (Ref 13,
28)) will point the way. Determrnrnz, the prlot s cognltlve and: decision process is necessary to understand
and optnuue ﬂyrn;, training. :

[
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