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SUMMARY

A simulator study vas conducted to measure the effectiveness of
predictor information incorporated into a CRT display of a computer
simclated aircraft's horizontal and vestical situation. Professiondl
pilots served as subjects for the task of executing a standard instru-
ment procedure turn at constant altitude im constant crosswinds with
and without their predicted ground track displayed.

The resulte showed that the display with the predicted ground
track was markedly and significantly superior to the display without
this information and that the subjects were generally satisfied with
this type of information. Msan rms lateral path error was independent
of the crosswind velocity with the predictor information, and increased
without it with increseing wind velocity. Rms stick activity decreased
with the predictor display which aleo "uncoupled" aileron and elevator

activity.

This reeearch is part of a general investigation into the effec-
tiveness of pictorial displays for manual control and monitoring at
NASA-Amec, Man/Machine Integration Branch.

INTRODUCTION

1t 1is sure that the future of commerclial aviation will be marked
by increasing pressure for tighter epscial and temporal flight con~
straints on individual aircraft as well as imtroduction of complex
trajectories particularly for V/STOL aircraft. This pressure will be
nec y for t of density, sconooy, safety and conaideration
of public human factors such as noisa abatemeat and area exclueions.

The human'e role in the aircraft in the coming decades is still
to be determined but clearly it may vary from direct msrual iavolve-
ment in piloting to a flight management type of position in which the
buman may, among other functions, monitor autcmatic systems and opstats
as 8 goal setter and multiperformance evaluator. (For diecussion of
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such possibilities ses Warner(1)(2),) 1t 1s sure that the total
flight system will be optimized by researching and exploiting the
best man-machine match.

A primary difficulty in msn-machine system design is |..siding
adequate information to the humsn in an easily assimilable form.
Thies is true whether the human has direct ("inner-loop”) manusl in-
volvement or systesm monitoring responsibility. Cocaplete operationsl
man-mcehine systeme have a tendency to mest acceptable performsace
standarde until they fasil catastrophically with a very steep transition
between these two phases. Much of this characteristic can be traced
to man’s limited mentsl information processing capabilities and limiced
prediction ability,

It has been shown nusstous times that the Zisbolz-Payater(d)
philosophy of predicting the behavior of an operating dynemic system
and feeding this information back for use in the system cen radicslly
improve total system performance. Xelley has extended this technique
to fesding back to the human s visual display of the predicted per-
formance of the dynsmic system. This has resul.ed in marked and
significant ioprovemsnts in controlling systems such as submarines
and aircraft, Much x; the use of this technique ard philosophy 1s
discuesed by Kcucy( '

This report discusses a sinulation sxperiment in which professional
pilot-subjects flew a standard procedure turn in crosswinds using
horisontsl sud verticsl sttitude information presented on & CRT. The
turn vas "flown" with and wichout predicted ground path informstion
divplayed on the CRT in order to gain objective and sudjsctive evalw-
ation of the effect of a predictor display in a simple routine task.
(Work along this line is also being pursued st Soeiwg by Werner(3),)

The predicted path comsinted of & s0lid line extending from the
aircraft symbol center out to a time length of 30 seconds., The phy-
sical length of this line depends upon the aircraft sttitude, velocity
and the strength of the crosswinds. The path shaps is determined by
the equations used to compute each predicted position but generslily
is vesponsive to winds and aircraft attitude also. As in all pre-
dictor displays, the farcther forward i time ths prediction is made,
the more sensitive it becomes to operator and environmental influences
incorporated into the prediction equations. Thus the “tail” of the
predicted path can have disturbing movemsnts. However, the thirty
second prediction spen used in this experimsnt did not seem to be,
excessive given the generally smooth control used by ths subjects.

The thirty second span was chosen so that its leangth under zers cross~
wind conditions was sufficient to "fair-i1" che flight psth throwgh
vegions in which the actual path wes infersblie but not sctuslly
displayed.
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Altitude and elevator control was available but not rudder nor
throttle control.

PREDICTOR MATHEMATICS

As originally formulated by Ziebolz & Payuter, the behavior of
a "plant" can be predicted over some time span or at some interval
by modeling the nlant dynamice and (by suitable ecsling) running this
aimulation plant in fast-time (or "speeded-up”) with the same inputs
to both actual and fast-time plant. Actually, a number of subtle
approximations enter into this philosophy such as the assumed behavior
of the plant inputs over the future time being predicted and the plant
dynamics model used.

This may be put imto context by considering the functional block
diagram of the A/C and display system equations as used in this ex-
periment. Figure 1 shows the system in its essentisl form of human
operator, A/C dynamics, Euler transformations and ground coordinate
tranaformatione. Notice for example that gusts are input to the A/C

:onetant crosswinde are input to the ground coordinate trans-
foi. .ioms.

In this experiment, only the x, ¥, values were predicted and
combined to display a future ground track. Any of the output quan~
tities could be predicted and displayed, in principle.

PREDICTOR EQUATIONS

There are several ways of predicting the ground coordinates.
The most direct merhod is tu consider s series like expansion of
the outpute assuming that, in fact, this is possible. The Tayler
series expansion for x ueing t as the present time and <t as
the future time would look like:

2
x(t,1) = x(t) + x"(t) * t + x"(¢) ¢ iT + ..

x"(t) = faitial condition at time ¢ (1)

x(t,t) = predicted value at time (t + 1)

In principle this assumes x(t) to be analytic. It is not clear
without experiments how far to carry ocut the expsnsion in order for
the displayed values of x(t,t) to be %ﬁ# as a prediction. This
approach has, ia fact, been used by Dey in single point predic~
tions vith the series terminated after the squared term: the advantage
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of this method is the avoidence of any A/f dynanics modelling sad
dirsct measurability of the cosfficients. A disadventsge is that
direct knowledge of the environment and its future behavior such as
winds 1s not used to best sdvantage.

A next approach would be to move further back slong the path and
expross x as a function of the winds (W,) eed the inputs to the
ground coordinate transformations. At this poiat either Taylor series
spproximations to 9, ¢, ¢, could be used or aseunptions asde about
their behavior. Again, if series spproximstions sre used, knowledge
about the A/C dynsmice, wind gusts and coutroller movements is mot
utilised.

Therefors, at any stags, one has the choice of basing autput
predictions oni

(1) (Taylor) series spproximation (extrapolation) of the outputs
(2) assumed behavior of the inputs with consequent transformation
(3) expression of the inputs as s function of inputs to the
".v“:' bm:md behavior of the output
as T o L] .
mta&aly. option (3) simply moves co::uuum of (1) amd (2) back
to a prior dblock.

fa order to be more specific and revesl some similarities and
differences in (1) snd (2), the epecific A/C dynsmice and spproxi-
mations of the experinent will be used. To simplify msttets sud to
correspond to the sctual experimsut which did not use z (altitude)
prediction, only prediction of x sad ¥ will be consideved.

The equations used in tha experimsnt to sisulsce the dynenies of
s Navicn single-engine, four-plsce light airvcraft are given below,
pe L’.p +* l.‘..c.
te (I/lig).p

P

¢ i'x“ X, -8/8 u.‘ ,'o ! (2)
! 1

Q.!'zn z. u° ""'iza.""-
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The main approximations in this simulation were:

(1) Throttle control not used.

(2) Wind gusts not present.

(3) Coordinated turns for small bsuk sngles.
(4) Rudder control not used.

(5) Pitch angle (8) generally less than 20°.

Thue the pilot-subject always made coordinated turns, and only
had aileron ($5) and elevator (8,) control.

The numerical coefficients can ?3 found in the Appendix and are
the same 23 used by Palmer and Wempe in a previous report.

The Euler transform approximations and ground coordiun trans-
forms age shown in Equatiod 3 producing only pitch rate (8) and yaw
rate (¥) needed for x, y positions. These x, y coordinates wore
displayed as the instantanecus poeition of the A/C on che horizontal
situation display (HED).

APPROXIMATE EULER TRANSFORMS
6mq.Cos¢ -1 8ino
Veq-5in¢+r Comd

e=pel . ¢
8

APFROKIMATE GROUND TRANSFORMS

= U
xe o.c“B.Coov-fwx

)

Y-un . Cos & ., sin&-i-wy
z = uo . 8in 8 + (W + 0,05236 L'o) ., Cos ¢
Predictor Bquations for Simulation

Two further simplifying assumptions were made in establishing the
predictor equations. The pitch angle (8) i imertisl coordinates
was assuned small enough that Cos 6 was nearly unity. This is not a
severe reatriction since a pitch angle of 20° produces only a 62 devia-
tion from unity. In addition, the bank angle (¢) was also assumed to

be less than 20° with the same result. In the actual dynamic simulation,

the bank angle for a standard turn rate of 3°/sec would be about 16°.
With these approximaticns made for the predictor equations, the set of
equations in (3) reduces to the following necessary set.

- o
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The pradigted results will be in error to the extent that these
assumptions are violated in the simulation.

Assuning 48, as the input and ‘¢ & the ocucput, ¢ can be
written in leplace and tise dovain form as:

¥ . F P &.(s)
vo = Bepet iy en, & oy

§_(s)

|4

The first chree terms depend only upon initial conditions of yaw
sngle (v,), yew rate (5 = ¥,) and roll rvace (P,). The lssc terme
depend upon the bshevior of eho sileton control (8,). For demcnstra~
tion purposes, the sisplistic sssumption can be usde that ¢
not change but maintains & value of D over the prediction erval.
Then sfcer gathering terms together, snd noting that prediction imter~
vals will be longsr then 1 second:

t>1 sec
a. - m-oc ) (6)
theo

we) = v, —-19-»,«1Lm + e e, —-% «;Lm (1
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It 18 instructive to compsre this exsct terminating equation for
?(t) with the taylor series approximastion based upon ite instan-
taneous derivatives.

tz t3
w(c)-v°+w;-t+og--z-+w';;-T+... (8)

A direct term-by-term identity of (7) and (8) is not obviously
possible.

One could make nearly any assumption about aileron comntroller
movement (8,) over the prediction interval. The more complicated
it becomes :ﬁe higher the order terms in (7). However, a fairly
reasonable assumption made for this experiment was that 7, is

zero over the prediction interval, or in other words, the pilot would

fly in a zero stick posicion. Thus the actual equation ueed for
prediction extrapolation was

glllo slu°
v(:)-wo———r-?o+c LI -Po (9)
LP p

¢ = {nftial yaw angle

)
[ ]

initial roll rate

foit lal yaw rate

G
[ ]

It may be puzzling that in the sbove equation (9)

o) # ¥, 10

however, (9) 1s not valid at t » 0 because of neglect of the
exponential term (equation (6)). Equation (9) 1is equivalent to
assuning that the yaw rate is comsatant.

Displayed Equatioms.

Equation (9) was used to predict the values of x, y from tims
t (now) to {(t + t) by obtaining the initial condition values at ¢t
and transforming to ground coordinatee.

s/v 8/,
o(et) = fece) - —3! e p(e)| # 1o fete) - 2 (o)
4
4 (1)

Aac(:) * az(t) K 4

k(e,1) = W, + U, + Cos $(e,1)  %(L,0) * X(¢)

12)
(1) = wy + U, * 8o »(t,7) y(t,0) = ¥(¢)
yielding
v
x(ty7) = H’ LN 4 -I--;E ¢ Sin eo(t) + al(t) (IR
oy - 2
+ |x(o) - ) 810 co(t)
X 13)
1]
y(t,1) = H, I 0 ;: ¢ Cos °o“) + “1“) LK §

v
+ | y(o) + ;i’- Cos co(t)

In order to reduce computstion, the predicted path coordinates
(x, y) wers computed and displayed for every other second into the
futuze ftom 1 * 2 to 1 = 30 secomds with straight lines commecting
the points. These prediccions were updated 20 times per second with
the effect that the sssumpcion of sero sileron comtrol was offset by
picking up new initial conditions fraquently enough.

Thess spprouimations and display conditisns seemed to preduce a
eatisfactory looking result inasmuch ss the predicted path always
atarted from the present position, had no "kisnke" in it and moved
smoothly. A very slight ripple could sometines bs discerned in the
path due to the updating frequency and the amount of deviation of
each teaporal peth point from its previcus positien.
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It is clear from the equations used in (11) and (12) that if
¥(t,1) is non-zero comstant over the prediction interval, a straight
line predicted path results while if ¢(t,v) 18 a non-zero constant,
second order curves will result. In general, the higher the order of
¢(t), the higher the path order.

EXPERIMENTAL DESCRIPTIONS
Instrumentatica

The basic instrumentation used for the experiment was a two
axes fingertip side arm displacement controller with spring center-
ing, a start-stop button, a SEL 816A CRT and SEL 840MP coumputer.
Figure 2 shows the CRT and controller at the subject's position.
During a test, a 6' high screen enclosed the subject and display.

The digital computer calculated the A/C dynamic responses, the
predictor information, all display elements and transformations and
recorded the raw data for later analysis. A functional block diagram
of the experimental setup is shown in Figure 3.

Task and Display Elements

The task to be performed was the exacution of & 180° procedure
turn at constant altitude with a crosswind of 0%, 10%, or 20% of
the nominal A/C forward valocity. This task was axecuted with and
without predicted path information so that each subject received 6
different conditions (3 x 2). The crosswind always blew at constant
velocity in the 'irection shown in Figure 4.

A map-like display of the desired A/C path projected onto a
horizontal ground plane was displayed along with the A/C symbol and
predicted path (when used). This information constituted the hori-
zontal situation display (HSD). The vertical situation display (VSD),
positioned directly above the HSD, contained the following 6 informa-
tion display elements: an A/C wing symbol staticmary in the middle
of the VSD with the movable artificial horizon in an insilde-out con-~
figuration; an error box centered on the A/C symbol in compensatory
fashion for zero lateral and altitude error when on the correct
course; a turn rate indicator with bare marking 0°, :3°/sec.; and
altitude and veiocity information. Figure 4 is a labeled photograph
of the HSD and VSD information display elements.

A brief word about the standard tura path. The circular arcs
that should act. ~lly be flown between *‘.: linear portions are sup~
pressed in order o decrease the cor v’ ...aomn and diseplay required.
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Instead, the curved portions were boxed by their tangeat lines snad
both the A/C symbol snd the error box flasked on aad off biiefly
when the A/C (projected back to the psth) eatered ths cturning podat.

The map vas stationary ard the A/C moved so that the A/C was
primarily u:ad-dm over most of the flight. Thus, thers wsre tices
of control-display incompstibility for the HSD inssouch as a right
bank hand motien would produce a left turning display motion of the
head-down A/C.

Since the procedurs turn is flown by time rether than distence,
the sctual size of the map is velatively immaterial and wes made as
large as feasidle within the HSD.

edicted future path of the A/C wvas sdded as a projected
3row?:rzk 30 seconds u:: Inassuch as the crosswind was also
entered into the prediction equatiocns, the predicted path changed
in length and cutvature in responss to the wind as well so that it
might appear very short or very elongated, Figures Sa, b, and ¢ »
show sample sppesrances of this predicted path. Notice in Pigure
the yaw angle of the A/C while etill on the path. The dynanice were
adjusted to saks cnly coordinated turne.

Subjecte and Test Procedurs

Six expsrienced airline pilots served ae subjects. Their flight
exparience is summasrized in Table I.

befors.

TABLE 1
PILOT EXPERIENCE

Nons had used predictor displsys

. _ Ixperience (hoyry)
lator sual &
 popryon  |azRceAvT INood wich Jast. Only | Total Plight Time
F‘iﬂ- Captain B747 210 8,350
2 Co~Pilot 8707 1,150 3,600
3 Captain B720 32% 15,350
4 1st Officer | B707 150 4,070
5 | Piight Officer] B707 500 6,350
6 2nd Officer | B727 (No data reported) 3,000
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A subject would, on his test day, fly either with or without the
predictor receiviag four runs of each wind condition in & randomized
order for a total of 12 runs per day, with a short rest after every
4 runs. Bach subject received one day of practice without the pru-
dictor and one day of practice with the predictor with three runs each
of the randomized wind comiitions for practice. Three subjects prac-
ticed with the predictor first. The test days were likewise balauced
for predictor-no predictor use. Practice and test conditions were
independent.

Performance Measures

(1) The main performance measures ware the mean and rms values
of the lateral and altitude path errors; (2) elevator and aileron
stick activities in the form of rms deflections were also racorded
with (3) the total flight time also taken as seconda:,; item of inter-
est. (4) A short pilot-opinion questionnaire about the experiment
was given to each sabject to fill out after his series of tests vas
completed. (5) The actual lateral paths were also recorded for visu
inspection later in order :o study the efficacy of the predictor 1.-
formation.

RESULTS AND DISCUSSION
Lateral and Height RMS Prrors

[All results are based upen data from S subjects. The sixth subject's
data which conformed to the trends shown had several extremely largs
error scores for the no predictor case and was judged atypical in
several other ways and was, therefore, eliminated from the comprehen-
sive results.)

The major results can be seen iu Figure € which compares the
rme lateral offset and Tme height ervor with and without the ground
track predictor display.

Two results are apparent in Figure 6.

1. While the average values of the rms errors tend to increase
in the no predictor case with increasing winds, :he average rms errors
are lower and are independent of the crosswinds with the predictor
display.

2. The variation about each mean value slso appears smaller with
the predictor display.

This figure indicates that when the predicted horizontal ground
track was displayed, performance on the altitude holdiag tashk iomproved
as well even though no altitude prediction was displayed. There was
an average decrease in rms lateral ervor of 1102 and an average de-
crease of 64X in the rms height when using the predictor display.
Table II sunmarizes the reduced dats for these two error scores.

TABLE II

Reduced Data for the Lsteral and Altitude Offset Errors With snd Without the
Predictor Display During a Standard Instrument Procedure Turn

Crosswind Velocity +
Aircraft Velocity

0.0 j 0.1 i 0.2
redictor Diepla
acor 149.2 | 285.9 |149.9 | 301.4 4
Difference 91 101.1 139,5  |Lateral
ignificance Lever(l) >99.0 >99,0 >99.9
Offset
D, of the rme
cores (£t) 29.0 | 76.2 | 48.4 | 105.3 | 40.1 120.5
0.2 >99.9 >99,9 99,9
(£1) 16,0 | 18.4 § 14,9 | 22,6 | 13.9] 28,8
Difference W 1.4 51,7 107. Alcttude

‘9,°’° ,”'o > 9.

Offeet
«D. of the rms

2
0
cras (£8) 4.2 ] 6.7 | 7.3 tm.z s8] 2.9

tgnificance of 8.D.(2)|Significant Significant >99.0

Data based on 5 subjects
(1) Fisher F Test - 13 D.¥.
{2) X° Test - 1 D.F.

Thus, there is a beneficial carry over of the horizontal predictor

display elsment to the vertical situation as well. 1t is probably
sefe to conclude that ths improvement in sititude performsnce using
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the horizoncal predictor display is attributable to both decreased
attention loading on the horizontal display and less horizontal
maneuvering leading to less vertical interaction. In the first case,
more attention can be directed toward the vertical situation display
and in the second case, fewer corrective actions need to be taken.

The correlation (p) between the lateral and height errors was
.91 and .88 for the predictor - no predictor case respectively with
no significant difference and each correlation was significant past
the 99.9% levael. Thus, a high lateral error score corresponded to
a high height error score with and without the predictor element.

One could conclude, that if the predicted ground track is
displayed, lateral offset information on the VSD could most likely
be eliminated with a consequent savings in computation/display re-
quirements and an uncluttering of the VSD.

Stick Activity

Alleron (8;) and elevator (8y) movements of the controller
were also sampled during the flights and the mean and rms values
obtsined. The rms values (in arbitrary units) measure a pilot's
stick activity and are an indirect indication of the sizes and fre-
quer v of corrective actions and the "smoothness” of the fligat.

Figure 7 shows the general behavior of the two activities with
and without the predictor element.

As with the lateral and height errors, both the average activities
and the variance of the activities were significantly lower where the
predicted ground track was displayed. Aileron activity dropped by
64% while elevator activity dropped by 42%. The reduced data for the
stick activities are shown in Table III.
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TABLE III

Reduced Data for the Elevator and Aileron RMS Stick Activity During a
Standard Instrument Procedure Turn

Crosswind Velocity *
.geraft Vi t

0.2

0.1

ASleron

Activity
S.D. of the rms é
lscoces ,22 +53 .16 + 54 .21 .49 e

Data based on 5 subjects
(1) Figsher F Test ~ 13 D.F.

As Figure 7 indicates, there was no epparant wind effect on
stick activity with or without the predictor display and a reduction
in activity with the horizontal predictor element carried over from
the horizontal to the vertical situation.

The average correlstion between aileron and elevator stick activ-
ities was eurprisingly high for the no predictor case (o = .97, sig-
nificant at the 99.9% level) and rather lower (p = .67, significant at
the 99% level) with the predictor. Introduction of the predictor ele-
ment, thersfore, seems to "uncouple” somewhat the two tasks of main-
taining altitude and path. This decresse in correlatiom in the stick
activities with the predictor display is unexpected siace the lateral
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and height errors were fairly highly correlated with each other with
and without the predictor display.

Stick Activities and Errors

As wight be expected, rms height error and elevator stick activ-
ity are strongly correlated with and without the predictor (p = .94
and .92, significent beyond the 99.9% level) with no sigaificant dif-
ference between the two conditions. 7This is reasonable since an alti-
tude error is either introduced or corrected by elevator stick movement
generally.

On the other hand, rme lateral error and ailerom stick activity
were weakly correlated with and without the predictor (.26 and .39
respectively, not significant at the 932 level). This alsc is expected
since following the tura exactly would still require appreciable
aileron activity.

Flight Times

The flight times increased linearly with increasing crosswind
velocity as would be expected. The theoretical minimum time to fly
the path would be 225 seconds as the course was displayed. 7he
aversge time, using the predictor display, ranged from 230.% seconds
in zero wind to 248.5 seconds in a 202 wind. The times wera slightly
longer without the predictor display, being 234.8 sec. to 249.5 for the
alove wind conditions. The rela%ively small dependence om the wind can
be attributed to its direction reiative to the path. The wind generally
aided as much as delay~. che flight except for the very initial leg.
The extra time without “he predictor can be attributed Lo the error
path generally being lovzer than the actual one.

Anecdotal Information

The subjects were generally more relaxed using the predictor
dieplay which was easily observed by noting the set of their shoulders,
and their body distance from the display. With no predictor, the
subjecte tended to lean in to the CRT and also raise tieic shoulders,
denoting a streesful condition. The subjects seemed al.® o show
wmore forear:s .uscle stiffness after the no predictor tlighzs.

Ore subject, an experienced airline piloc, hed 31ff1i_ulty flying
the simuiation without the predictor element. However, with the pre~-
dictor element his performance was typical of the group's.

All the subjects were highly cooperative and generally enthusiastic
about participating. Several expressed a desire to have similar
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predictor elemente iucorporated into their actusl flight displays.
SUMMARY OF RESULTS
The major rasults may be summarized as follows:

1. Iatroduction of ths predicted ground track imto the HSD
decreased mean rms error scores and their variances for both lateral
offset and altitude deviation.

2. The predictor element caused the mean rms lateral offset
and altitude error scores to be constant and indepsndent of the
crosewinde.

3. Aileron and elevator stick activity cecreased significently
as well with intvoduction of the predictor element. Stick activity
temained essentially constant for the different crosswinds with and
without the predictor element.

4, The predictor element "uncoupled” the aileron and elevator
activitiees by nearly half,

5. Because of the nature of the task, altitude rme error aud
elevator stick activity were strongly correlated while lateral off-~
set rue error and sileron stick ectivity were not significantly
correlated.

In general, the percentage improvement in performance was great-
est for the situation for which the predictor element was primary
(BRSD). Beneficial improvements carried over to the secondary situa~
tion (VSD) as well.

FUTURE WORK SUGGRSTIONS

While the experimental results unequivocably show the supe-iority
of the predictor dieplay in this type of simulation, it still vemains
to demonstrate its superiority in actual flight conditfons and the
relative magnitude of performance improvement thers.

The apparent reduction in stress level and work load vhich can
be attributed to use of the predictor display should also he deter-
oined. It is reascnable to assume that decreased stress and work
loads are desirable and beneficial to optimum performance in either
dnner or outer loop control for dealing with a wider range of con-
tingencies than would otherwise be possible.
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Altitude prediction should be evaluated in conjunction with the
ground path prediction. Integration of altitude and track predic-
tions would be useful in simplifying eye scan and permitting wmore
rapid evaluation of attitude and comtrol corrections. Data of eye
scan while using the predictor display elements would also be valuable
information leading to an understanding of how they are used.

Better theoretical and practical understanding of the h'man's
use of predictor information would allow more efficient Jesiyn of
predictor displays with the possibility of designing task-adaptive
features to the displays. Mar-Machine system modaling incorporating
predictor elements should, therefore, be pursued. An early model of
the human as a predictor can be found in Reference (9).

Use of predictor ianformation in probability assessment should
also be studied because of its relevance to the flight management
sicuation.

AIRCRAFT SIMULATION

The following equations and coefficients were used for the
Navion aircraft dynamic simulation.

Airframe Dynamics

[\ x, X, ~g/e u °
w - zu zw uo * 1w L 26e . ée
H LI . q My
P = LP-MG‘.6.
25, = -8.45 ne~2 v, = 53.0 sl
Mg, = -11.1897 o~ L, = 8.402 a1
= 0.03607 571 Lg = 23,984 ¢~2
a
-1 -1
X, *-0.0451s M, =-0.0166 ms
= -2,0244 s~1 - -2, -1
z, [ Mq 2.0767 8

z = -0.03697 s}

The yaw rate (r) was approximated for small bank angles by
tepe ill.
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PILOT QUESTIONNAIRE

The responses to each question are paraphrased without altering
their intent. Replies that appeared basically the same are reported
28 one entry. The number of replies if greater than one is noted
next to each entry.

Replies were quite extensive in some cagea with supporting pencil
{11lustration.

(1) Did you use the predictor display to a signiffcant degree?
All pilots agswered affirmarively.
(2) vhat difficuleies (if any) did it help you to cope with?

Eased turning and crosswind complications, provided instan-
taneous heading corrections, could anticipate turns and main-
tain track. Solved intercept angle and wind crab corvection,
prevented correcting in the wrong direction, aided in deter~
minieg the correct bank angle.

(3) What did you like about the PD?

Allowed an ease-off on scan while flying on heading. Con-
venience. Could see future course under present control
action. Removed guesswork in track interception. Permitted
easy vavigation of a prescribed course.

(4) What did you dislike about the Pp?

Length of predicted path too long for display aircraft.
Nothing. Requires too wuch scan away from horizon. Inicial
"whipping" (due to large, frequent control wotions) initially
disturbing. However, excellent behavior with gentle control.
Alrcraft symbol should always appear to move toward the top
of the CRT.

(5) what was your strategy in using the PD (i.e., how did you use it)?

Keep predicted path on the course to be flown. Fly the far
end, once on track, on straight sections. Or turms, keep
the predictor going through the desired point until the air-
craft grrives. Anticipeted turns to rollout on proper course
in order to maintain or correct track.
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{2} To remove control~dieplay incompatibility in head~down
positions.

The tip of the predicted path was used for its error magnifica~
tion properties.

In turns, the far end of the predictor was set tangeant to
or coincident with the course line.

{6) What information did rhe PD make available?

{4] Advance track information under present control actioa.
Future error.

(7) How would you improve the PD?
Arifec
Shorten predicted path to 1/4 length. Feed changing
informaciou into the predictor. No changss. Make it 8 com~
pand function at pilor'e discretion. Larger A/C sysbol on
map. Rotatable map area.

(8) Wwhat additjonal lnformation would you want for flying the
simulator

(a) Without the PD?

(b) Wich t. PD?
Suggestions common to both (a) snd (b) are so noted

- Different colors for both A/C wings and error box ia
(.5 VSD. Hack marks at turn points om track. Curved track.

{2] Rotstable map.

- srevtly colored “single ecan” display of altitude
@ ?.:fdicucor Zamnd and steer indicator command.
{2] Heesding indicator,
Bsnk angle in degrees.
Cradb angle indicator.

{b) -~ Nothing.
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Figure 1. Functional block diagram o1 the human operator and the

system transformatio .s.
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