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RBSTRACT

The purpose of this study is the development and experimental simulator

evaluation of superimposed predictor symbology in computer-generated pictorial

displays. The display under investigation, is a tunnel display for the
four-dimensional commercial aircraft approach-to-landing under instrument
flight rules. It is investigated whether more complex predictive information
such as a three-dimensional perspective vehicle symbol, predicting the future

vehicle position as well as future vehicle attitude angles, contributes to a

better system response, and suitable predictor laws for the predictor motions,

are formulated. Methods for utilizing the predictor symbol in controlling
the forward velocity of the 3ir;raft‘in four-dimensional approaches,are
investigated.

The simulator tésts show, that the complex perspective vehicle symbol
yiclds improved damping in the lateral response as compared to a2 flat two-
dimcnsiénal predictor.cross, but vields generally larger vertical deviations.
Methods of using the predictor symbol in controlling the forward velocity of
the vehicle are shown to be effective. The tunnel display witk superimposed
perspective vehicle syrbol yiclds very satisfactory results and pilot
acceptance in the lateral control but is found to be unsatisfactory in the
vertical control, as a result or too large vertical path-angle deviations.

The research is carried out in the framework of the Termiral Configured
Vehicle (TCV) program at Langley Rescarch Center, Hampton, Va., as part of an
ongoing research on integrated advanced display concepts for the future com-.

mercial airvcraft flight-deck. The development and quantitative simulator
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evaluatibn of the predictive information, has been carried out at the Flight
Control Laboratory of the Technion - Haifa, Israel. In parallel, all
developments are implemented in the tunnel display software package at Langley
Research Center, for operation in the TCV research cockpit, and in a later
-stage, for operation in the TCV B-737 research aircraft. At Langley Research

Center, a qualitative simulator evaluation has been carried out.
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I. IRTRODUCTICH

Computer-generated pictorial displays.facilitate the integration of control
information in a format, analog to the through-the-windshield visual field.
The tunnel display, in which the three-dimensional approach path is displayed
perspectively as a winding and descending "tunnel-in-the-sky" is useful in
partichlar for following complicated curved trajectories. In previocus work
(1], (1980), the tunnel display was successfully implemented to the steep
and curved helicopter approach-to-landing under instrument flight rules. It
is shown in Ref. [1] that pictorial displays, without further augnentation,
yield impaired system damping due to the lack of periphefal visual cues. It
is also shown, that superimpoﬁed predictor symbology furnishes the systeﬁ
with the necessary damping cues.

This research deals with the implementation of the tunnel display to the
fixed-wing commercial aircraft approach-to-landihg and with the exploration
and development of more complex predictive information. 1In a curved approach,
the trajectory curvature constitutes the main forcing function to the pilot/
vehicle system and is responsible for a large part of the pilot activity.

The predictive information serves the pilot in coping with this forcing
function. Two predictor laws are considered: (1) a non-linear, basic
predictor iaw; baséd on a circular future vehicle path which is forrulated

such that it enables following steady curves of the trajectory with zero steady-
state error in the lateral deviation and (2) a linear, rmore sophisticated full-
state predictor law which provides a more accurate prediction but yields a

steady-state error in steady curves. A linear/non-linear predictor law is

e e e A8 e e
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formulated which combines both the advantage of a zero steady-state error
given by the bé.sic predictor law, with the advantage of a more accurate
prediction given by the full-state predictor law.

In addition to the future vehicle position, displayed by a flat two-
dimensional predictor cross, the three dimensional perspective vehicle-symbol
alsé displays the future vehicle attitude angles. Since the intercept angle

between the vehicle and tunnel trajectory is equivalent with the rate of

deviation from the traiectory, the display of the future attitude angle is
expected to contribute to the sygtem damping.

In addition to providing the mnecessary damping cues, the perspective
vehicle symﬁol is utilized in controlling the forward velocity of the aircraft
in four-dimensional approaches. This is accomplished by using the changes in
predictor distance, resulting from changes in forward velocity as a control
cue. The advantage of using the perspective vehicle symbol for controlling
the forward velocity is that all control information, necessary for lateral,
vertical and velocity control remains concentrated in the central area of the

display.
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II. DESCRIPTION OF THE DISPLAY

- Tunnel with Perspective Vehicle Symbol

The basic tunnel display configuration for the 4-D approach-to-landing,
is shown in Fig. 1. The winding and descending three-dimensional approach
path is presented to the pilot as a tunnel-in-the~sky, which is inertially
fixed in space. In order to follow the desired approach path, the pilot
rust keep the vehicie inside the tunnel. The image éhown in Fig. 1 is
analog to the "througﬁ-thedwindshield" visual field and shows th'e horizon
(a) and the tunnel image with cornerlines (b). The tuunel cross-section
is constant and square and of 300 ft width and remains at all time upright
with reépect to inertial space and thus parallel to the horizon. Analog
to the natural visual field, a left bank is visualized by a clockwise

rotation of the image about the monitor ceanter and a nose-up pitch motion

is visualized by a vertical downwards displacement of the imape, perpendicular

to the horizon.

Basically, the square tunnel elements are drawn at 200 ft intervals.
However; to prevent clutter, all elements are omitted in this configuration,
and only the interconnecting cornerlines are shown. These lines are of
200 ft length and the points at whch these lines are connected, appear as
bright spots. While moving through the tunnel these spots highly contribute
to the impression of forward motiqn.

Superimposed on the tunnel image is the perspective vehicle symbol (c¢).
The center of gravity of the vehicle symbol indicates the predicted vehicle

fad
4

locatioz, 7 seconds in advance, and the angular orientation of the symbol
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indicates the predicted attitude angles of the vehicle. This predictor
:. symbol is located at a distance D aheéd of the vehicle, where D is
predicted from the actual vehicle velocity, vehicle states and control in-
puts, T seconds in the future. The wing-span of the vehicle symbol is
jdentical to the tunnel width, i.e. 300 ft., which is about three times as %
large as the wing-span of the actual aircraft. The bars (d) are positioned

on the vertical axis of the vehicle symbol, and serve as a vertical reference.

The distance between these bars is identical to the height of the square,

i.e. 300 ft. 1In contrast to the tunnel image, the vehicle symbol is not

a "wire-frame" structure. A wire-frame symbol, in which all lines are

visible,_is arbiguous and can equally well be interpreted as pointing towards
the observer, as well as away from the observer. An unambiguous vehicle
syrbol is obtained by removing the "hidden lines'" from the vehicle sysbol
fugelage. An efficient technidue for removing the hidden lines is given ¢

in the appendix.

The four cormer "tick-marks" (e) indicate a cross-section of the tunnel,
which moves along, ahead ofithe vehicle, at the séme distance D as the i
predictor symbol. The solid square (f) ig a cross-section of the tunnel |
as well but is positioned at distance Do = T/Vo ahead, where Vo is the
desired velocity. Since the solid square corresponds to the desired velocity
and the cormer tick-marks to the actual velocity, the velocity of the vehicle
in 4-D approaches is controlled by matching the tick-marks to the solid square.
In addition, an increase.in velocity and thus an increase in predictor distance,
manifests as an apparent thrinking in size of the predictor symbol and a

decrease in velocity manifests as an apparent growing in size of the predictor
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symbol. In order to augment the difference between the tick-marks and
the solid square, the tick-marks are drawn at three times the intensity
of the solid square. Furthermore, the tick-marks are blinked at a 3 Hz
frequency, when the velocity error exceeds a 5 ft/sec threshold.
A digital read-out of the vehicle velocity (g) is displayed in
the bottom center of the display. In Fig. 2 a-c this display configuration

ig shown for Dg = 900, D¢ = 1500 and Do = 2000 ft,

Zgnnel with Two-Dimensional Predictor Cross.

The tunnel display with é flat two-dimensional predictor cross is
chown in Fig. 3 a-c for three nominal predictor distances. The height
and width of the cross are identical to the tunnel sqﬁare, i.e. 300 ft.
The center of the cross is ideﬁtical with the center of gravity of the
perspective vehicle sycbol. However, in contrast to the perspective syrbol,
the predictor cross remains at all times upright with respect to the display

and thus does not display the future attitude angles of the vehicle.

-Bgll—Stabiliggd Tunnel

In Fig. 4 the roll-stabilized tunnel display is showm. In contrast
to the roll-version of the display, the horizon and tunnel image renain
at all times level on the display and the roll-motion i{s visualized by
banking the vehicle symbol. A disadvantage of this configuraticn is that
the vehicle symbol displays the predicted bank-angle rather than the actual
bank-angle. The bank-angle information is correct in the steady state only,

since then the pradicted and actual bank-angle are identical.

Y e £ P00 B A P B A At s 0
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Banked Tunnel

In Fig. 5 a configuration of the roll-stabilized tunnel display is
shown, in which the tunnel elements are banked in curves. The trajectory
bank-angle corresponds to the bank-angle which is required in a coordinated
turn at the desired vehicle velocity. Thus, the trajectory bank-angle pro-

vides a bank-angle command. Both in level fiight, as well as in a steady

bank-angle and the wings of the perqpective vehicle symbol, will be parallel

to the base of the tunnel square.

In Fig. 6 the roll-version of the banked tunnel is shown. In a steady

-

turn both the wings of the vehicle symbol as well as the square will be
parallel to the base of the monitor. In this situation, the inclined
horizon provides the only actual bank-angle information.

In Fig. 7 the roll-version of the banked tunnel is shown for a tunnel
width of 450 ft. The perspective vehicle symbol and tunnel cross-section

are enlarged accordingly.
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ITI. EXPERIKENTAL EVALUATION

A. OBJECTIVES OF THE EXPERIMENTAL PROGPAM

The objectives of the experimental progran are:

(1) To corpare the performance of the tunnel display with a
' 3-D perspective vehicle symbol with the one with a flat 2-D -
predictor cross.

(2) To evaluate the use of the perspective vehicle symbol with
velocity tick-marks for controlling the velocity of the afrcraft.

(3) To evaluate a more complex full-state predictor law.

(4) To investigate the effect of the tunnel width.

(5) To evaluate the effect of displaving the commanded bahk—angle by
banking the twunnel elements in curves.

(6) To corpara the roll-version with roll-stabilized version.

B. EXPERIMENTAL SYSTEM

The experimenfal progfam was carried out at the Flight-Control Laboratory
of the Technion, Haifa, Israel. During the sumnmer of 1981 all developments
wera implemented in the tunrel software package at Langley Research Center,
Hampton, Virginfa, for operation in the Terminal gpnfigured Vehicle (TCV).
research cockpit. At Lanpgley Research Center preliminary qualitative
simulator tests were carried out.

A functional diapram of the experimental system at the Technion is
shown in Fig. &. vThe vehicle response was computed in two parts: Linear
corputations, such as velocities and angular rates in the body coordinate

syster, were carried out by analog simulation, and non~linear corputations,



e e mamee mra ~ e e b A A F g (B R RSt b e U P vy B, N N e an o hn e e s e e e - P A

such ag transformations from body to intertial system as well as the computa-
tion of the vehicle path were carried out digitally. Two EAI-580 hybrid-
analog computers served for simulating the linear part of the lateral and
vertical dynamics, disturbance input shaping, as well as simulating engine
dynamics, servo—-actuators and stability augmentation system. Analog

random processes for the distrubance inputs, were generated by a Hewlett~
Packard HOI-3722-A noise geunerator. fhe analog signals were converted to
digital by a RIP 7431/30 analog-to-digital converter. All the digital

computations were performed by a Data General Corporation Eclipse cdﬁputer

A e gt e e~ kb

with a 16-bit word length and 128-K extended memory. Vehicle path compu~
tations were performed in floating point with 32-bit precision. Tne integ-
ration timing was controlled by a real—timé clock,.and the analog system
was fully slaved to the digital system. About 80% of the Eclipse Central
Processing Unit (CPU) capability was devoted to the generation of the
images of the various display configurations. Optimised, special pro-
gramming techniques were developed, basedon efficient assembly written
subroutines, using 16-bit fixed point arithmatics, for obtaining a sufficient-
ly fast update rate. The generated images, digitally coded in a sequence
of move/draw comzands, were translated into analog voltages;by a Hewlett
Packard HP- 1350A graphics translator, for drawing the stroke-written image
on a Hewlett Packard HP~1310A cathode ray tube, with electrostatic deflection
system measuring 19 in. diagonally. Vehicle mtions, thus presented to the
pilot, were utilized in generating the control commands which, in their
turn, were-imparted to thé analog computers.

Control manipulators consisted of a two-axis spring-loaded control stick

and an unloaded throttle control lever. The range of the two~axis control
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stick was from +2 to -2 cm and the maximum spring torque was 0.3 Mm, for botﬁ
axes. A forward stick displacement created a pitch motion and a lateral stick
displacement a roll motion. Rudder pedals were not present and turn coérdina-
tion ‘was carried out by the stability augm: ttation system. The cange of the
throttle control lever was from +8 to -8 cm.

Recorded time-histories of vehicle motions, control commands and
disfurbances were recorded on-line in extended memory of the CPU, and memorized
after each run on a 100 ..egabyte magnetic disk. The memorized time-~histories
were retrieved off-line for further reduction. Condensed results, such as run
averages and scores were tabulated and printed'on a line-printer; time-historie:
and graphs, were plotted on the CRT screen and photographed for documentation.

All condensed results were permanently stored on magnetic tape.

C. TLIECIPTICH OF TIE EXPLRIMENTS

The experiments were concerned with thevapproach-to—landing in the range
from 30,000 te 1,000 ft from the touch~down point. A plan view of the desired
trajactory is shown in Fig. 9 and ;he vertical descent profile along the
‘trajectory is shown in Fig. 10. The commanded veiocity Vs was set at
243.6 ft/sec over the complete approach path. A description of the two types

of experiments that were conducted is given hereafter.

1. Trajectory following in the presence of random lateral and vertical gust
disturbances; The subjects were instructed to minimize the lateral and vertical
deviations from the trajectory with minimum contrel ‘effort. Each run started

from initial lecation 7 with an initial lateral deviation of 200 tt to the left

ot Ao —————————— 1\ tiu o e
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of the trajectory, a vertical deviation of 100 ft below the trajectory and zero
intercept angle. Thus, control action was required from the subject, immediately
after starting the simulation run, to bring the vehicle back on the trajectory.
The lateral gust di§turbance components vg and pg and the longitudinal
gust disturbance components ug and wg wefe generated by passing band-limifed.
white noise with a band-limit of 1.5 Hz, through first-order shaping filters.
The RMS value of vg was 13.5 ft/sec, of Py 0.086 rad/sec, of ugwas9.0ft/seé
and of w_ was 12.2 ft/sec, and the break frequency of all shaping filters was
0.2 rad/sec.

Each run lasted 128 seconds, during whiéh the means and auto-covariances of

deviations, state variables and control commands, were computed.

2. Entering the trajectory from a random chosen, unknown location outside the
trajectory: The experiment attempted to simvlate a sudden confrontation with
the situation of being located ovtside the trajectory. The subjects were
instructed to bring the vehicle back on the desired trajectory, as fast as
possible, as smooth as pessible and with minimum control effort. Gust
disturbances were not present in this experiment. In order to érevenc the

subject from knowing his initial position before the start of a simulation run,

.the display was initially blanked and was made visible only immediately after

s;arting the simulation run.

Each run started randomly from one of the 6 initial locations éhown in
Fig. 9. For all locations the initial lateral deviation was 2,000 ft to the
left or to the righ of the trajectory and the initial vertical deviation was
300 fr above or below the trajectory. The initial.intercept angle was set

between 0 and 60 degrees.
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Each entry run lasted 38.4 seconds during which the following performance
scores were computed. 1. The lateral settling time Tsl defined as the time
from the start of the run to the moment the lateral.deviation settles within
a *100 ft settling tolerance about the desired trajectory and the vertical
settling time Tsv’ for which the settling tolerance is *75 ft. 2. The means
and auto-convariances of deviations, state variables and control commands.

3. The lateral d-viatien score, defined as the averaged absolute value of the
lateral deviation, computed between ¢t =T; and % =7z, where T1 =10 sec and
T: =38.4 sec, according to:

T2 )

B -——1__- . . . .
seluy) = o J lglde ' W
t1=T

The vertical deviation score was computed in the same way as the lateral ome.
The lateral and vertical deviation scores were chosen to be averaged absolute
values rather than averaged squared values, in order to prevent these scores

from being dominated by the large initial deviation. For the same reason the
averaging process only started at t=T; sec. I is chosen to be about 25%

less than the best possible settling time.

D. RESULTS

Four subjects participated in the experimental>program. Apart from
supject A, all subjects were male. Subjects A, C and D were Aeronautical
Engineering students with no prior flight or simulator training, and subject B

an Aeronautical Engineer with extensive simulator experience. Each subject

" R

PR IR
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participated in 2-3 2-hours/week simulator sessions. All subjects reached a
? » stable well-trained level after 6 weeks of training. Subject motivation was
largely enhanced by using a reward system, based on a general performance
5 score, which was displayed to the»subject at the end of each run. This score
was composed of the weighted sum of mean-squared deviations and control
commands. The reward, given in the form of extra pay, was determined by the
performance level which was reached and maintained during the session.
The résults of the four subjects are treated separately and are
summarized in Tables I-V. The results for each experimental condition
represents the average and standard deviation of a set of six or more repeti-

tions.

D.1 Results of Trajectory Following

Comparison of the 3-D perspective vehicle symbol with flat 2-D

predictor cross.

The lateral results of the four subjects are shown in Figs. 11-14.
Both for the perspective vehicle symbol, as well as for the predictor cross,
the lateral deviation was found to increase strongly with the predictor
distance D, whereas the roll activity and lateral stick activity were found to
decrease strongly. The contribution of the perspective vehicle symbol was
fourd in particular in the significantly lower roll-activity, for all
four subjects and almost over the complete range of D, which proves that the

perspective vehicle symbol contributes to the system damping. On the other
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hand, the perspoctive vehicle symbol yielded a somewhat larger lnfctal
deviation. 1In the vertical control these effects were less pronounced. The
vertical rosults of the four subjects arc shown in Figs. 15~18 and indicate
that also the vertical deviation strongly increased with D. Tha pcrupoccivc
vehicle symbol yielded a somewhat larger vertical deviation Lﬁan the predictor
cross, which might be attributed to the fact that the vehicle symbol wicth its
complex shape is harder to match to the tunnel &quare,

Time hintories of aingle runs of subject B, for the perspective vehicle
symbol and for the 2-D predictor cross, are compared in Figa. 19-24, Fin;.
19 and 20 clearly demonstrate the lower rollbnctivity as well as lateral stick
activity for the perspective vehicle symbol at Do = 1,500 and I'; «900 {r. At
5= 2,000 the difference is leas pronounced, probably because the lateral
motion of the vuhiclu‘nymhol provides sufficient damping cues, nee Fig. 21,

The time-histories o° ihc vertical control, shown in Figs., 22-24,
indicate larger vertical Jdeviations for the perspective vehicle symbol,

whereas the piteh and stick activity are the sarce as for the predictor cress.

The results of auto-thvottle control and manual velocity control by seans
of velocity tick-marks, are shown in Figs, 11-18, Neither in the lateral, nor
in the vertical contrel did the results for the manual throttle differ
wiguificantly from the results for the auto-throttle, which proves that

velocity control could be earried out without affecting the tuanel follewving

performance,  For comparizon, manual velocity control was carried out by weans
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of the digital velocity rcad—odc, shown in Fig. 1. In this experiment the
predictor distance was kept constant at D = Dy regardless of the variations
in velocity. In contrast with velocity control by means of the tick-marks,
velocity control by means of the digital read-out yielded a markediy
deteriorated tunnel following performance, as seen by the significantly
larger roll-activity and lateral and vertical deviations, but also a
significantly larger velocity error auto-covariance and throttle activity.
These findings are confirmed by the time-histories shown in Figs., 25-27.
The large overshoots in velocity error and throttle displacement shown in
Fig. 27 clearly demonstrate the lack of damping for velocity control with

the digital read-out.

§esu1ts of the banked tunnel.

The banked tunnel was investigated, both in the roll-version, as well as
in the roll-stabilized version. The performance of the roll-version of the
banked tunnel was very similar to results of the straight tungcl, see Tables
1-1V. The subjgcts comnented, that in the roll-ﬁcrsion, the bank-angle command
information, provided by the tunnei elements banked in curves, did not really
contribute to the following performance, and was ignored in most cases.
Furthermore, the bank-angle command was only correct after entering a steady,
coordinated turn. {he incorrect bank-angle commaud in transients to curved
sections was found confusing. . .

The roll-stabilized version of.the banked tunnel yielded generally larger

lateral deviations and roll-activity, than the roll-version, sce Tables I-1V.

This was attributed to the fact that the actual bank-angle, which in the roll-
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version is displayed by the inclination of the horizon, is no longer available
in the roll-stabilized version. The predicted bank-angle, displayed by the
vehicle symbol was clearly not sufficient. These results are confirmed by
comparing the time-histories in Fig. 28 for the roll-stabilized banked tunnel,
with the tirme~histories in Fig. 20 and 23 for the roll-version of the straight
tuanel, Subjectopinioﬁ of the roll-stabilized version of the banked tunnel was

leas favourable than the one of the roll-version of the banked tunnel.

The effect of the.tunnel width.

The results of the tunnel of 450 ft width varied between the subjects, sce
Tables 1-1V. 'For subject B the roll-activity was significantly lower and the
lateral deviation significantly larger for the 450 ft tunnel than for the
300 fr tunnel. Also for subject A the roll-activity was lower for the 450 fr
tunnel, but the lateral deviation was the same. However, both subjects A and
3 showed a lower predicted lateral deviation for the 450 fr tunnel, which
indicates that the subjects devoted more attention to the lateral error
between vehicle symbol and tunnel square. Also subject C showed a lowerl:oll—
activity for the 450 ft tunnel, and smaller lateral deviatien. The subjects
cornented that generally the 450 ft tunnel was easier to control than the

300 fc tunnel.

Results of the full-state predictor law.
The full-state predictor law yielded slightly larger roll-activities and

slightly larger lateral deviations than the basic circular path law. This

might be attributed to the fact that in the full-state law the bank-angle rate
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component of the bank-angle prediction, is much smaller than in the basic law,
see Eqs. (A. 96) and (A. 97) of the Appendix. However, subject opinion was
more in favour of the full-state predictor law, since disturbingly rapid roll-

motions found with the basic law, were missing.

D.2 Results of Trajectory Entry

The entry experiment was conducted in a series of six runs. For each run
the initial location was chosen at random and witﬁOut replacement from the
set of six initial locations given in Fié. 9. Significant differences bctween
the scores were observed, for the various initial locations. In order to rate
the general entry performance, a series score was co%puted by averaging the \
cesults of the 6 runs in each series. For ecach display configuration at least
6 series of runs were performed. The experimental results are summarized in
Table V and Figs. 29-32 and represent the average and standard deviation of
sets of at least 6 series-scores.

The roll-activity and lateral stick activity tended to be lower for the
nerspective vehicle symbol than for the 2-D predictor cross. Note the
41fference in control strategy between the subjects: in contrast to subjects
¢ and D, subjects A and B show less control activity on the account of a
larger lateral score, see Fig. 29,

The vertical tc:;ul_tu in Fig. 30, clearly show a lurger vertical score for
the perspective vehicle symbol, which might be explained by the fact that the
perspective symbol is harder to match to the tunnel square. Time-histories of
single entries are shown in Fips., 31 and 32. No significant diffcrence in control

o

stratepy between the perspective vehicle symbol and the 2-D predictor cross are

noticed.
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D.3 Results of Preliminary Simulator Tests at Langley Research Center

In the qualitative evaluation at Langley Research Center the tunnel with
perspective vehicle symbol and basic circular path predictor law, was investigated.
In most runs, no atmosphleric disturbances were present. The pilot subiects found
the perspective vehicle symbol more difficult to familiarize with, than the flat
2-D predictor cross. After familiarization with the display, the predicted pitch
and yaw attitude angles, were found useful, However, the predicted bank-angle was
found to be confusing since it was composed of both actual bank-angle as well as
bank-angle rate. 1t was fouhd preferable to bring tﬁe bank-angle rate portion of
the prediction to zero and to display the actual bank-angle cnly. Note that for
the full-state predictor law, the bank-angle rate portion of the bank-angle
prediction is considerably smaller than for the basic predictor law, see Egs.
(A.96) and (A.97) of the Appendix.- The pilot's rejection of the bank-angle rate
portion of the prediction, thus confirms that the first order bank-angle predic-
tion of Eq. (A.34) is not sufficient.

The following parameters were varied: (1) Nominal predictor distance D,
(2) Turnel width, (3) Predictor size and (4) Trajectory curvature. At a nominal
airspeed of 130 knots, the most suitable predictor distance was between 900 and
1,250 ft. A tunnel width of 450 ft and a perspective vehicle symbol with a wing‘
span of 80% of the tunnel width, was found adequate.

; Two trajectories were tested: a strongly curved path yielding steady state
bank-angles of about 27.2 degrees and 5 moderately curved path, yielding steady

- state bank-angles of about 16.6 deprees. Both for the strongly curved path, as

well as for the moderately curved path, the perspective vehicle symbol vielded an

adequate performance. However, the maximum bank-angle for the strongly curved

path was too large to be acceptable in actual flight.

S
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Manual velocity control by means of velocity tick-marks proved successful.
Accurate velocity control was obtained without overshouots and with minimal

throttle activity. The manusal velocity control did neither significantly

"

increase pilot workload, nor affect the tunnel -following performance.

The banked tunnel was investigated, both for the roll-version, as well

as for the roll-stabilized version. The roll-stabilized ve;sion was found

preferable due to the fact that the bank-angle command was directly

A s o~ i o

perceived as the inclination of the tunnel elements with respect to the
stabilized horizon, and thus only with respect to the monitor frame aswell.In :
contrast with the simulations at the Technion in which the predicted bank- V
argle was displayed, at the Langley version the actual bank angle was
availabie, since the bank-angle rate portion of the prediction was set to
zero. Favourable opinion was given to the fact that in a steady coordinated
turn the wings of the perspective vehicle symbol were parallel to the tunnel
square.

Two main problems were encountered: (1) The verticul'control was too
inaccurate and yielded unacceptably large vertical path-angle variations;
(2) In the lateral control transients to and from curved sections of the
path were too sudden.

The reasons for the unsatisfactory vertical control are two-fold:

(a) Since a contact analog display is used, horizontal and vertical picture
scales are identical, i.e., 45 degrees of visual angle. The visual angle
which is satisfactory in the lateral control, is too insensitive in the

vertical control. However, a reduced vertical visual angle is not possible
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Nt s o aecmpongs at A

2 since it would seriously distort the image. (b) The path-angle is not

. explicitly displayed.

; Pilots cormented, that although the lateral control was very satisfactory
in straight sections as well as in steady curves, the transients from straight
to curved sections Qere too sudden. This resulted from the fact that the
curvature along the trajectory was varied in steps, without transients from
one section to the other,
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IV. CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH

The perspective vehicle symbol requires a longer time to familiarize with
than the 2-D predictor cross.
The perspective vehicle symbol yields a smaller roll-activity and thus

contributes to the lateral system damping.

The perspective vehicle symbol yields generally larger vertical deviatioms.

The perspective vehicle symbol with velocity tick-marks enables accurate
velocity control, without overshoots, with mo&érate throttle activity and
without increasing the pilot workload or affecting the tunnel following
performance.

A tunnel yidth of 455 ft and perspective vehicle symbol with a wingspan of
80% of the tumnel width yields the best pilot acceptance.

The full-state predictor law yields a better pilot acceptance than the
basic'circular path law, in particular with regard to the bank-angle

prediction.

The vertical control in the present display configuration is too inaccurate

and yields too large vertical path-angle variations. Future research
efforts should be directed to the augmentation of the display vith super-
imposed symbology, explicitly displaying the vertical path-angle in the
correct scaling. The symbology should be located such, that it does
neither interfere with the lateral control, nor clutter with existing
symbology and yet is located as centrally as possible on the display.
The.banked tunnel in the present configuration, is only effective in a

steady coordinated turn. Incorrect bank-angle commands in transients are

8 s e g o A 4 At o st T % 145 gy s s
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found confusing. Future developments should deal with the definition of
a higher-order continuous functioﬁ for the trajectory curvature and
commanded bank-angle. This function should be custom-taylored to the
average vehicle response, in order to enable the pilot to follow the
trajectory through straight, transient and curved sections by matching

the actual bank-angle to the commanded bank-angle.
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V. APPERDIX

A. VEHICLE MODEL

The lateral and longitudinal dynamics are assumed to be fully decoupled.
The linearized lateral equations of motion of the vehicle, for small devia-

tions from the nominal trim condition, are given by:

8 0 -1{ {8 Y: o xs
I_ Y, g/Us S "6
: L, ' O L Ly Lg i {8
p _ 8 p P pr + Ga 61‘ ag| 4
® 0 1 0 ol le 0 0 fs
s
! ! 0 ' N! n!
r HB N I_JI’ r Ga _ Gr )
. — -t A = b -
-y 0]
v
-Lé -L! 8 ) B
+ p g (A.1)
0 0
| e
<M? N!
_.VB Hp_
where: Y(’S‘ = Y(S/Uo H Bg = vg/u‘-’
and the "primed" derivatives Lé and Né are given by
L.+N.J_ /T Bl d /1.
L! = 1_3 ;,2i fx ) Hé =71 _J f/ii 7 ) (4.2a,b)
v xz * ‘**‘zz XX 23

where 7 can be B, p, r, éa" 611'

In this study, the stability derivatives of a DC-8 aircraft are chosen,

in the approach-to-landing, trimmed at a nominal airspeed of 243.5 ft/sec and



- 23 -

with flaps extended to 35 degrees. The dimensional stability derivatives

are derived from Ref. [2] and given in Table VI.

| The lateral stability is largely improved by a lateral stability augmenta-
tion system including a roll-rate on aeleron feedback, a yaw-rate on rudder
feedback with wash-out and a sideslip on rudder feedback. Aeleron and rudder
servo.actuators are modelled by a first-order lag with a 10. rad/sec break
frequencv. The equationé of motion of the control systen, including servo
actvators, are given by:

é_; = -10.06as + 10.0 °, (A.3)

§, =-10.05 +10.0 e, (A.4)

S 8

where ¢ and ¢ are the inputs to the servo actuators given bv:.

1

S o y

t_c 1.0: + (G » (:\.5)

<, = -8.08 + 8.0 » (A.6)
where »  is the state of the wash-out filter, given by

;r = =1. A " 4 & ;7

s 1 OIU + 2 (A.7)

and ¢ is the command input to the system, originating from a lateral control
stick motion. Turn coordination is accomplished by means of the sideslip on
tudder feedback and the rudder pedals are not used.

The linearized longitudinal equations of motion of the vehicle, far small

deviations from the nominal trim condition are given by:
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(A.8)
H ' = J . 4 ' = Y -
where: Mu Mu + szu s M A Mw + szw
' = . . ! = . ‘ { -
Mq Mq + Mon H M5 Mé' + szd . {A.%9a-4d)
e e e

The dimensional stability derivatives are given in Table VI.

The longitudinal stability is augmented by a pitch rate on elevator feed-

back and an angle-of-attack on elevator feedback. The elevator servo is

modelled as a first order lag and the equations of motion of the control systenm

are given by:
§ =-10.08 +10.0¢ : (A.10)
e, e, e :

where: e, = 6.0 ¢ + 0.05 w + s, (A.11)

Throttle and engine dynamics are modelled by a first order lag with a
time constant of 10 seconds. The auto-throttle includes a feeéback of
velocity error and of forward acceleration. The equations of motion of the

auto-throttle system including engine lag are given by:

3th = ~0.1 éths +0.1 e (A.12)

s h

where:- e, = -0.05u - 0.5 a, (A.13)

th




A .

v

FV i e

L see tP%

Ao g
P Xt iR

e . T e e e g T ML R R s A L o 4 oy e = s e o oo eoeon e e et e g n

ryraves 2B R ai At ol
CRiCHL L Frlz s

- 25 - OF POOR GUALITY

For manual throttle control €, is directly connected to the throttle,
so that eth = Gth'
-
In order to compute the vehicle path, the components of V in the body

coordinate system, Ub’ Vb’ ”b have to be transformed in the components of V

in the inertial coordinate system X, Y., z, according to:

1% : , ‘ (A.145

where Eb* (A.15)

is the transformation matrix for rotation from bedy to inertial svstem, which
is the transpose of the Euler matrix Ei-»b for rotation from inertial to body
system. The Euler matrix is composed of a successive yaw, pitch and roll

rctation, in that orde- according to:

A
E. = [z:w][EG][E‘Y,,] (A.16)
where:
1 0 (] cos € 0 v-sin ¢
- A . A
.—,w=0 cos ® sin Qf; E8= 0 1 0 I;
0 -sin® cos © ' sin6 0 cos @
cos V' sin 0
S¢ é -sin ¥ cos ¥ O ' (A.17a-¢)
0 0 1

e



LR N

-2 - OF FOOR QUALITY

. L d
The vehicle path is obtained by integration of Tis Yg and z;.

The relation between the body rotations p, ¢, r and the Euler angle

rates (I), 8, ¥ is given by:

S
¢« O
o o

+ [E¢] [E,] (A.18)

N a0
n
o
+
)
S
Qe
<

o
o
C-e

and the inverse relations are given by:

@=p+qgtan O sin @ + r tan O cos @

o e 4 g

6 =qgcos-rsing (A.19a-c)

i; = r(cos Y/cos 8) + g(sin @/cos 9)

The Euler angles are obtained by integration of ¥, 6 and 12:. For

relatively small values of 8 and ¢, Eqs. (A.19a-c) become:

GD
i
s

e
"
<Q

(A.20a-c)
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B. PREDICTOR LANS
- B .. Prcd ctor Laws Rased on a Circular Predicted Vehicle Path
The predicted vehicle path is assumed to be tangential to the velocity
-
vector of the vehicle, V. The projections of the predicted vechicle path on
the ) locally level planc and on the =3, locally vertical plane, are
hercafter referred to as the lateral and vertical vehicle path, respectively.
The vehicle path is computed from the lateral and vertical path accelerations,
witich are derived hercafter,
The translatory equiations of motion of the vehicle are given by:
& + b - RV, « 5 sin 0 - l-x = an
b b by . " £
P ek, P -gcosOsineslyeal A.21a-c)
pt A, -, -gcos Usin@ = 2l . “, (N.21la-c
;:'of“’ G ? cos O o:l'-‘nﬂn
BT ivy T WYy T Eoc0s b oS motE Cay
b ” b} s s o -
vhere Gz a"l and iz, constitute the specific forces measurcd by accelero-
AN b
reters in Ty i, and &, body axis directicn, respectively. The inertial
accelerations in body axis direction are given by:
d:; = Uy e 8RR
I3
JS:; e, e Bl - By (A.22a-Q)
al e 5} o B -y,

From fgs. (AL21) and Eqs. (A, 22) it follows that the inertial accelerations

in hody axis direction can be conputed from the measured accelierations by:

T A e e s ot o s A

(Y
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- at = az - g sin ©
- TD b
a’ = a? + gcos 8 siney (A.23a-c)
Y . 9
T m
a, =a, *+gcos 8 cos @
b “b

The lateral and vertical path accelerations ap and a, are then obtained by:

[y

R i .
2, = a* cos O -a, sin© (A.29)
} 8 u b4
“b b
a =a sin®Y+a cos© (A.25)
v yb zb :

Assuming the lateral and vertical path accelerations remain constant over
the prediction span, a circular lateral and vertical vehicle path is obtrained.
The instantaneous lateral and vertical path-angle rates i and £ are computed
from:

X(¢) = a (£)/V  and £(t) = a,($)/V ‘ (A.26a,b)

respectively. The situation for the horizontal path is shown in Fig.:SS. The
acpuul path-angle and lateral deviation are denoted by X and ¥, respectively,and the
predicted pnth-angleAand predicted latefal deviation by Xp and ydp, respectively.
For relatively small angles of v, 8 and ¥, the predicted path angle and

lateral deviation, T seconds in the future, are given by:

X, () = x() + v() (A.27)
v, (8) =5 5) + D X&) + D S ¢ R (A.28)
s < 1+ VIZV(E)-

where w(3) = T X(2) (A.29)
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and D is the predictor distance for a prediction T seconds in the future.  For
constant V the distance D is given by D = IV. Note that the lateral |
diéplaccment §f the vehicle symbol on the display scréen is given ﬁy tﬁe
visual angle at which the symbol is seen in the Y3y body coo;dinéte system,

The lateral visual angle Az is given by:

v(t)

A (E) = x(t) +
1 + VI-V(£)?

(A.30)

Eas. (A.29) and (A.30) shows that the variables necessary for .positioning the
vehicle symbol on the display, are the path angle and path-angle rate only.

For small y, actual path-angle and lateral deviation are related by:
¥q(2) = x(&)/V _ » (A.31)

Substitution of Eqs. (A.31) and (A.29) in Eqs. (A.27) and (A.ZS) yields after

lincarlization:

Xp(8) = x(8) + T x(t) : (A.32)

ydp(t) =y 8) + T, ¢ 272 () | DN

which are Taylor series expansions, until the first and second derivative.

Similariy, the predicted bank-angle “b can be approximated by:'~

6, (2) = olz) + 7 o(2) © (A.34)

The circular predicted vehicle path given by Eqs. (A.27) and (A.28) is

useful in particular in following constantly curved sections of the trajectory.
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In thé Steady staté, the.radius of the vehicle path will be equal to the ', I
radius of.the trajectory which enables a zero steady-state error in the
lateral deviation. .

The equations for the vertical vehicle path are identiéal to Eqsf (A.27)
and (A,zsj. Since constantiy curved sections:do not exist in the vertical
profile of the trajectory, the linear appfoximations of Eqs.(A;SZ) and (A.33)

will be sufficient for the vertical vehicle path. . : K .

B.2 Predictor Laws for Forward Velocity Control

For a given prediction time T, the predictor disténce D can be computed
from the present states of the longitudinal dynamics and from the ﬁresent
control commands. Since the engine dynamics and velocity contrcl are of a
nuch lower natural ffequency than the short-period dynamics, the computation

-

of I can be simplified. The engine dynamics are represented by a first-order

iag with time-constant 1/c seconds, given by:
{A.35)

where a_ is the forward acceleration, due to engine thrust and sth is the
thirottle position setting. The forward velocity U is the integral of a_,

and the travelled distance S is the integral of U. The state equation for the
simplified velocity control system is given by:

ax-I -c 0 0 lay

0! é h ' (A.36)

A
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or written shortly as:

Z,(8) = Ay 2,(8) + By 84, (8)

R ]
....... v -
! '

(A.37)

Assuming ath remains constant over the prediction span, a linear prediction,

T seconds in the future, from the present time t onwards is given by:
z,(t+7) = 8,(1) 2, (8) + T, (V) By 8,5 (%)

where Qt(T)~is the transition matrix at T and

T

Ft(r) = 0=OI @t(o)dc
where
s | o o0
0, (1) = | - = (" -1) 1 o
é%-(e‘cr set -1) T 1 {
and ) )
_‘%(écT_ N 0. o]
£ () = 5%-(&"T + et - 1) T 0
-313-(-0'{-02;24’0'(-'1) _T_zf_ ,

The travelled distance at (£+7) is given by:

(A.38)

(A.39)

{A.10)

(A.41)
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- 1 -cT
S(t+7) = = (e + oT - 1] a_(t) + T U(L) +
k - 2.2
+ S5(t) - E;-(e et _ ¢ i + et - 1) 6th(t) (A.42)
For T = T the predictor distance D is given by:
D = S(z+7) - 5(¢) (A.43)

Expanding the exponential term in Eq. (A.42) until the third derivative and

substituting Eq. (A.42) in Eq. (A.43) yields:

2 3 3
=T () + (ii' -c %) ax(:) + -"%- k 5th(t) T (A44)

The vehicle syrbel with velocity tick-marks will be positioned at distance
Z ahead, whereas the solid reference square at distance Ds = T Us ahead,
where J» 1s the desired velocity, see Fig., 1. The velocity U is brought to

the de

h

irad value 7': by bringing the distance between D and D¢ to zero. Thus

the error for velocity control is defined as:

(A.45)

ry

and the structure of the control system is shown in Fig. 34a.

7
(]
14
14l

fect of variations in U are strongly observed in apparent changes in
size of the predictor symbol. Tbus, an increase in I yields an increase in [,
which is manifested in an apparent shrinking in size of the vehicle symbol.

On the other hand, 2 decrease in ¥ yields an apparent increase in size of the

vehicle syubol. fq. {A.39) also shows than an increase in cngine thrust due

o
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- to a forward throttle displacement, results in a simultaneous forward motion

of the vehicle symbol, so that throttle displacement and vehicle symbol motion
are in the same direction.

Note that, apart from a change in apparent symbol size, the location of
the vehicle symbol on the image is not affected by variations in predictor
distance. This location depends on the visual angle Ap only which does not
depend on D, sce Eq. (A.30).

The diagram of Fig. 34a is further simplificd ;n Fig. 34b, which shous

the existence of a second order lead-term in the feedback path, given by:

m3 -
D(s) = ‘_6_ (32 + ;—,s + I~6—> ) (A.46)

The zeros of Lq. (A.40) have a natural frequency which is inverse proportibnal
to I according to w, = 2.45/7 rad/sec and a fixed damping ratio of I = 0.61,
Since the pilot response is much faster than the systemrresponsc, the pilot
transfer function can be considered as a simple gain Kb. For sufficiently
large values of Kn’ the closed loop system poles will be located at the zeros
of £q. (A.46), and will be the dominant system poles. Arsmall value of T
vields a well damped, fast response, vhereas a large value of T yields 2
sluggish response. However, a fast response will be at the account of
considerably increased throttle activity. A value of T should be chesen which
vields a satisfactory response with still acceptable throttle activity.

Since the dvnamics of the velocity control system are of a much lower
naturil frequency than the lateral and vertical dvnamics, the value of T,

optimized for velocity control will probably be too large for the lateral and

vertical control. Fig. 31¢ shows the realization of a system in which the
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prediction time for velocity control differs from the prediction time'for
lateral/vertical control. The prediction time for veiocity control is
denoted by Tv and the prediction time for lateral/vertical control is ;
denoted by T. Like in the previous cases the solid reference square is again

positioned at Do = I Uc. However, the deviation d = Dy - D between the 3
solid square and the tick-marks, is computed by means of prediction time Tv, !

Adequate results arc obtained for Tv = 2T,

8.3 Full-State Predictor Laws

The full state predictor law is derived for the lateral predictor motions
only. The derivation-is valid for the vertical predictor rotions as well.
The lateral dynamiés with stability augmentation sysiem engaged, are derived
in Appendix A, For simplicity, the yaw-rate wash-out filter and servo
activator dynamics are replaced by unity gains. The augmented lateral system

is given by:
VA 7 : !
T, = Acfo + Bog * hogg ' (A.47)

where A, is the system matrix, 5, the control input matrix and ¥, the
disturbance input matrix of dimensions (m>rm), (m x») and (= xX), respectively,
and

o 8 col[B,r,0,r); u 4 & ; and v 4 colfd ,r.] (A.18a-c}

= ad L ; :

For small angular deviations from a straight reference trajectory the
N £ R Yo

heading angle ¥ and lateral deviation y, are chtained by integration of:

'

o= p (A.49)
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and Yg = viy + B) | (A.50).
Addire Eqs.(A.49) and (A.50) to Eq. (A.l) yields the following augmented system:
: '-:—l e l - po o= - = e =y ’
8 | B8 !
. |
p A : p
. 0 ] B W
® ; | © 0 0 ‘
. = i + U+ v (A.51)
r i r g
— % —— . ——
. |
v 6 o o 110 oflv
. | ! ° °
vy v o o olv ofly
Lal L | 4 Gal L L :
, _ i
Defining ‘
A )
z = col[w,yd] (A.52)
Eq. (A.51) can be written as:
Bo We
4 fea - : AS3
U+ by (A.53)
o Q

where P, and P, are partition matrices of dimension (2 x m) and (2x2),

respectively. Eq. (A.53) can be written shortly as:
“x =Az + Bu + W (A.54)
- - - -g

(A.55)

A
where x =

5 1 18]
— H o’

M
|
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A linear prediction T seconds in the future, from the present time ¢
onwards, is given by:

T ' T
z(t+1) = (1)x(t) + I ¢(T)Bg(tir)dd + ] ¢(1)V§g(t+1)d0
0=0 o=0

where ®(T) is the transition matrix at T of the system of Eq. (A.54). The

. prediction of Eq. (A.56) consists of three parts: the first term at the

right-hand side constitutes the homogeneous system response, the second

term constitutes the forced motion due to control commands and the third ternm

constitutes the forced motion due to external disturbances. A
Assuming g(t} and gg(t) remain constant over-the prediction span,

Eq. (A.56) can be.simplified as:

(A.57)

(A.56) -

2(£+T) = p(0)r () + T(VBu(t) + NOLINC)
where [(3) is the first integral of $(7) according to:
T
T = I ¢(c)do (A.58)
o=0
¢(7) and T'(T) are given by the series expansions:
2 n .
®(1)=I+AT+A2:§—!- PO An;:-!—+... (A.59)
2 3 n
T T n-1 1
I(t) = Ix #)1—2—!—*442-3—!-* cee + 4 E"" (A.60)

Expanding the sys

tem matrix A by means of Eqs. (A.59) and (A.60) yields:
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& (1) I o
Q(T) = : (A.61)
PiTo(T) + P2Pilg(7) | I + P27
and
To (1) ]
() = : - (A.62)
Piho(T) + PaP1Zo(1) | IT + P, 1_2_

where ®¢ is the transition matrix of Ao and To, Ao and Zo¢ are the first, second

and third integrals of P, respectively and are given by the following series

expansions:
¢o(r)=f+Aor+A%32-2!—+...+A’3§:-+... (A.63)
F0(75=IT+AQ%—2!—+A§-§-3—+. +A'3";Tz-n£-+... (A.63)
I\o(t)=I%2;-+Ao-§-j-+/1§%+...+‘4’g'2%+... (A.65)
Eoti‘)=I§—3-+Ao 5-}+A%§-j-+...+4’3"%+... (A.66)
From Eqs. (A.63)-(A.66) the following relations can be derived:
Ao(T) = AcSe(T) + I 1;- (A.67)
Fo(7) = Aoho(¥) + IT | - (A.68)
$e(T) = AoTo(T) + I ' (A.69)

Substitution of Eq. (A.68) in the lower left partition of Eq. (A.61)

vields:

L e e e P s e s
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et 1 S Vo s

and substitution of Eq. {A.67) in the lower left partition of Eq. (A.62) yields:

To(T) .

9

r =

P3Ze (1) + P -

2

— s e

It + P2

.l.2

2

where P3 is a matrix of dimension (2_4m) given by:

P3 = Pi1do + P21

i

a.71)

(A.72)

Evaluating Eq. (A.57) with Egs. (A.55) and Eqs. (A.70) and (A.71) yields the

prediction of Zi:

]

i (t+T1)

+

P3lo(T)zo(2) + Pr11xe(2) + 04 +'PzT)§1(t) +

2
PsZo(T)Bou(t) + P1 - Bou(t) +

2

+

P35C(T)Woyg(t) + Py

2

Hop, (£)

(A.73)

?rovided gc(t) and fl(t) are known exactly, the first terms on the right-

hand side of Eq. (A.56) can be computed exactly. However, the remaining

terms depend on the future values of u and vg which are not known. With

respect to the future values ~f u and vg, three assumptions can be made which

are shown in Fig. 35:

(1) u and v, remain constant over the prediction span; (2) u and v

are set to

zero; (3) u and vg decay exponentially over the prediction span,
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according to:
u(t) = u(e) e %, (A.74)
o (1) = v () e T : (A.75)
=g =g ‘

where le-and T4, 3Te the time-constants of the decay. It is clear that le

or sz + o js identical with assumption (1) and also that le or sz +0 is

jdentical with assumption (2). Assuming u(?) and ga(t) can be approximated

by first-order Markov processes with spectral demsities:

- 1 . R S
%0 ®) = Ty ey &, (&) (A.76,77)

“T@i-s) (@ai+s) °’ = (az-3) (@2+5)

g9

then the optimal prediction according to Wiener-Hopf is given exactly by

Eas.(A.74) and (A.75), vhere T, = 1/ay and Td2= 1/a;... Thus the time-constant
of decay is determined by the break frequency of the Markov process.

Substituting Eqs.(A.74) and (A.75) into Eq. (A.56) yields:

z(t+1) = 0(0)z(t) + T*(DBu(e) + I** (D, (t) (A.78)

where T'* and T** are expanded according to Eq. (A.60) but with the matrix A

replaced by

A* = [A - ayI) (A.79)
and . A** = [4 - a1} ’ (A.80)

respectively.

The prediction of xz;, subject to decaying control and disturbance inputs,

is then given by:
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21 (5+1) = Paha ()20 (8) + PrTzo(8) + (I+P2 1)z (£) +
2
= T
+ PAEE(T)Bou(t) + Py — Bou(?) +,
) :
ok T
+ Ps*::*(T)Wogg(t) + P, 75-W°gg(t) ' _ (A.81)
*) *x) . s . .
where the and superscripts indicate that the corresponding :'itrix is
genorated with:
* . ’
Ao = [4o - arl] (A.82)
* x ’ . . )
ard Ay = [Ao - a2I] (A.83)

respectively.
In Appendix B.1l it 1is shown, that linearization of the circrlar path yields
a Taylor series expansion, until the second derivative. A prediction of i based

on a Taylor series expansion is given by:

o

9gm=guw¢1@W)+%éwﬂ (A.84)

ni1fferentiating the lower half of Eq. (A.53) with respect to © and substituting
in Eq. (A.84) and using Eq. (A.72) yields:

2

z (t) = (I+tP2)x1(t) + Pytzo(t) + %T-Paxo(t) +
- - - . -
12 12
+ == PxBo}_l(t) + = Pﬁt’c?_r(t) (A.S5)

The difference between the two prediction methods is defined as:
2 (E47) = X (207 - z1, (%) (A.86)

Subt-acting Eq. (A.85) from Eq. (A.81) and substituting Eq. (A.67) yiclds:
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Az (t41) = PrdoZe(T)ze(t) PAZR () Bou(t)

s PHES(ON,2 (1) (A.87)

Eq. (A.87) yields predictions for the heading angle ¥ and the lateral

deviatioen, Yo However, it was found more useful to provide the lateral

path-angle X rather than the heading angle, =0 that the vchicle sywbol 1s at

all times tangential to the vehicle path. A combined linear/non-linear

predictar lax can be formulated by replacing the tera %%-ix(t) in Eq. (A.84)

by a circular path. At T = 7 the predictions for path-angle and lateral

deviation ave given by:

X(2+T) = a(2) + TX(t) + AX(t+7) (A.88)
yd(h"_“) u _::c.(t) + Dx(2) + D () - Ayd(t.ﬂ.") (A.89)

1eV1- X )"(:. )} N *

Eqs. (A.88) and (A.89) are identical with Eqs. (A.27) and {A.28) of the circular

path prediction with the addition of the terms 2x(247)  and y (247}, The
'y ie

Judition for the lateral deviation follews from Kq. (A.87) and is given by:

Ayd(t‘r) = rev‘[”34e~c( }]h.( ) +

N EHGER TG

M "__,.

P [-n:—»AQ -1":}.«(5) o (A.90)

where v |0 denates the second row of matrix [(..}. The addition for the

path-angle is 0htdihcd by using the relatien:

»

e
i
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9
A (E+T) = %.3?-[Ayd(t+r)] (A.91)
Differentiating Ed. (A.87) with respect to T and substituting T = T yields:
Ax(t+T) = %—{rO\\'z[Psﬁvo(T)].Eo(t) +

+ row, [PIA] (T) B, Ju(?) +

+ rowz[P;*A:*(T)Wo]gn(t)} (A.92

The linear/mon-linear predictor law given by Egs. (A.88), (A.89) and
Eqs. (A.90) and (A.92) combhines the advantage of a circular path predictor law,
i.c., the zero stcady-state error in constantly curvea sections, with the
ddvantagc of thelsophisticated full-state predictor law of providing a more
accuracte prediction.

The prcdiction for the bank-angle follows directly from Eqs. (A.78), (A.55)

and (A.48a) and is given by:
- . . A vy .
O(t+T) = row3[¢0(4)]§°(t) + rowalxo(i)oc]g(t) + row3[Ia (‘)”D}ga(“)

s (A.93)

T
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B.4 Nurerical Solutions of Predictor Laws
§ The lateral vehicle dynamics with SAS engaged and servo actuator and
E wash-out dynamics considered as unity gains, are given by the following
5 matrices:
-0.302 0.0 0.132 -0.810
-2.832 -1.677 0.0 2.059
Ag =
0.0 1.0 0.0 0.0
3.869 -0.177 0.0 -3.377
and
0.0
-0.726
Be =
' 0.0
-0.053
For T = 6 sec and V' = 243.5 ft/sec the transition matrix and integral
-matrices are given by:
= -1
-0.0191 0.0510 0.0906 0.0360
0.0049 -0.0134 -0.0234 -0.0093
de =
~0.1766 0.4711 0.8359 0.3324
° -0.0224 0.0597 0.1059 0.0421
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[ 0.6851  0.2870 0.5323  0.0001
-0.1766  0.4711  -0.1641  0.3324 :
Fo= 1 .1.2420 2.7950  5.4960  1.9040 i

| 0.8008  0.2864 0.5871  0.2665 | :
4.027 0.772 1.491  -0.495 |
-1.242 2,795 -0.504 1.904
-3.815 7.930 17.01 5.187 :
| 4441 0.653 1.564 1,051 | :

11,30 1.377 2.775 -1.723 1 - :

-3.815 7.930 -0.987 5.187
-7.466 14.91 34.58 9.3544
' 11.83 0.968 2.768 2.779

tr}
o
{

The matrix Pz i computed with Eq. (A.72) and is given by:

[‘ 3.869 -0.177 0.0 -3.377 ]
3 =

3]

[=73.46 0.0 32.19 46.36 J

When assuming 5a remains constant over the prediction span, then Td]“ = and
t
2y = 0 so that A3 = Ao, and substituting the previous values in Eq. (A.90)

and Eq. (A.91) vields:

Aw,(c +6) =1110. B +228.8 » -69.0 ©-583.4 r-357.0 ° (A.99)
g :
and
AY(r +6) =1.59 B +0.337 » -0.115 ©-90,830 » -0.737 ¢ (1.93)

-

The first order toll-prediction of Uq, {A.34) is given by:

©.() = 1,00 « 6.0 7 (A.50)

»-
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and the full-state roll prediction of Eq. (A.93) is given by
©O(t +T) = -0.1766 B + 0.4711 p + 0.8359 © + 0.332 r - 2,136 6a (A.97)

Fig. 36 shows the coefficient of 6a in the computation of Ayd, as a

; function of T and for various values of sz. 'Fig. 36 shows, that the curves
can be closely approximated by quadratic functions, which might considerably
simplify on-line on-board computations. Fig. 37 shows these curves for the
coefficient of 6a in the computation of ¥x. Also the cﬁrves in Fig. 37 can be

approximated by linear or quadratic functions.

C. ALGORITHMS FOR COMPUTING THE TRANSITION AND INTEGRAL MATRICES

The computation of the transition matrix and integral matrices starts with
the computation of the third integral matrix Z3(1), by means of the series
expansion of Eq. (A.66). The expansion is continued until the norm of the n-th
term is sufficiently small. The second integral matrix Ag (1) is obtained by
substituting Zo(T) into Eq. (A.67), .the first integral matrix T¢(7) is obtained
by substituting A:(T) into Eq. (A.68) and finally the transition matrix ¢e (D)
is obtained by substituting T¢(1) into Eq. (A.69).

Computational difficulties may arise for large values of 1, resulting in

» overflow before the series converges. For the computation of %5(7) this
cifficulty can be overcome by subdividing 7 in & intervals At according to:

> T = NAt, and using the relation:

$a(T) F ooty = {dpam) )Y ’ (A.93)
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However, this relation is not valid for the integral matrices, and
expressions are derived hereafter.

Given the homogeneous systenm equation of order m:

1Ne

o = AcZo

The first, second and third integrals of z¢ are defined as:

+ A + A = A
Z1 =20 5 B2 =3y 5 23 % 22

aad an augmented system of order 4= is defined as:

. i I ] i 1’ T
2l deo p o0y o)z
. i i ]
-~ T
‘_Ei_ |- 12 0, 0 21
. 1= | ] ]
] z2 6 | r 1t ot o© 23
-z S} p——I——p--C =
‘ 23 0 ' 0 bro b, 23
-4 b= v = N O

or shortly written as:

1IN
{
T

[ B3]

The transiticn matrix P is obtained by expanding A according

ard is given by:

Ty oo oo boy
|- I S S S
o) L7 b 0 b0
O I fommmeet 4o
IEPYC N DS S T B
mmmmmes pmmmm et 4 ;
T A I B !
SR B B R

the correct

(A.99)

(A.100a-c)

(A.101)

(A.102)

to Eq. (A.59),

(A.103)

A

w4
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where the first partition column contains the required matrices. The relation,
given in Eq. (A.98) is applied to the augmented system matrix of Eq. {A.103)
and thus ¢(AT) is raised to the power ¥ by (N-1) repeated multiplications. The
n-th ﬁultiplication yields a matrix, from which the first column partition -

contains the following expressions:

gl 2 gl (A.104)

si+l 7

it e rle, 4 T, (A.105)

A':”‘ = A?(ﬁ’o + n‘:I’O + 1'~.0 (A.106)

“n+l o ony, n?tt A+ = e :

2, = Zo% * =3y o+ nthy + 2 : {(A.107)
where:

1 A 1 A

2 e () T, ST (AT)  etc. (A.108a,b)
and

s fe 2o an 5 or A2 (A ete. | (A.109a,b)

The algorithm starts with subdividing T into X sufficiently srall intervals
47. Next, Ze, h¢, Te and ) are computed by means of the expansion of Eq. (A.66)
and by means of Eqs. (A.67), (A.68) and (A.69). These matrices are =zubstituted
in Eqs. (A.104)-(A.107) to obtain the value of the matrices at n = 2 or (247).

The results are used in the next iteration to obhtain the values 2zt n = 5
or (3A37). Thus, starting with = = 1 the process is repeated Qntil n o= N-1,

which finally vields the values of the matrices at 7 = M

- e am s - N T T
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D. COMPUTER-GRAPHICS METHOD FOR DRAWING THE 3-D PERSPECTIVE VEHICLE SYMEOL

A vehicle symbol, which is generated as a vyire-frame" structure is
ambiguous because it is not clear whether the vehicle symbol is pointing
towards or away from the observer. In order to obtain an unambiguous vehicle
symbol, the hidden lines should be removed from the image. However, commonly
used algorithms for removing hidden lines, require considerable computational
efforts which might unfavorably affect the update rate.

An alternative fast method has been developed to remove hidden lines from
the imagc without requiring additional CPU time. Although the vehicle symbol
chosen in this program has a square and constant fuselage cross-section this
method applies to any, not ﬁecessarily constant cross-section. The hidden-
line removal is restricted to the fuselage structure. Thus the fuselage
appears "solid" but the wings and tail still appear transparent. In spite of
these restrictions a clear and unambiguous image is obtained with minimal
computdfional efforts.

The basic vehicle symbol structure is defined b&Aa set of coordinates in
the object coordinate system xp,yp,zp, in between wﬁich straight lines are
drawn, see Fig. 38. The coordinatcé are given in Table VII. The image is
obscrved in the eye coordinate system (aligned with the body coordinate system)
with the observer's eyc at its origin, see Fig. 39. Thus each coordinate
in the object coordinate system is transformed into a coordinate in the eye

coordinate system according to:

-— | - —
[-:2 ‘ x, dz, |
& [}
|
- jas A
I v, |t i dy, | (A.110)
{ h 4
pA b4 aa
el | Lol L%
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where dxe, dye, dze is the location of the center of gravity of the vechicle

symbol in the eye coordinate system and

A
E_2F £ =&

© e ¢
r r P p

(A.111)

is the Euler matrix for rotation from object to eye coordinate system given
by Eqs. (A.16) and (A.17a-c). The symbol image is obtained by projecting the
ERICN coordinates on an image plane in front of the observer and perpendiculér
to the z, axis. The limits of this image plane are from +45 to -45 degrees
horizontally and vertically. In order to draw the image, the coordinates on
the image plane have to be interconnected by lines. The pattern in which the
coordinates are connected is dcfined.by a list of move/draw instructions.
Each instruction is a coordinate number, which can have a pesitive or a negafi;e
sign. A positive sign indicates that the CRT beam moves from its previous
location to the specified coordinate while drawing n.visiblc line (draw) and a
negative sipn indicates a shift to the specified coordinate with the CRT bean
blanked (mOVC); The first location in the list contains a count of the total
nurher of move/draws. Special treatment is required for lines from which one
or betk coordinates fall outside the limits of the image plane. In that case,
the line is only partially visible and the interscections of these lines with the
image plane borders have to be computed (clipping). An efficient algorithm
is implemented for handling this problen.

In order to deterrmine which lines of the predictor fuselage are visible,
the position of the observer's eye in the object coordinate systen is to be

computed according te:
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d = - E dy A.112
Yp e Y, ( )
dz dz
p L e
where Eé*p is the Euler matrix for rotation from eye to object coordinate
system and
£ =& ¥ (A.113)
e’p pe

This transformation is shown in Fig. 39. The minus sign indicates that if the
displacement of the vehicle position in the eye coordinate systenm is positive,
the displacement of the eye position in the object system should be negative.

Since Ev4a was already computed previously, its transpose is readily availabe
D2 -

and the transformation of Eq. (A.112) can be carried out with minimal computa-

tional effort. Seen from behind, the observer's eye can be located either

above or below each one of the four planes applied through the fuselage sides,

see Fig. 4C. These planes are giveﬁ by:

for right upper side A : ZP + yé =b (A.114)
for left lower side C : zp + yp = -D B (A.115)
for left upper side D : zp - ¥y = b (A.116)
for right lower side B : zp -, = -b ' A.117)

where » is half the diagonal of the fuselage cross-section. Altogether, there
are nine areas in which the eye position can be located. In ecach of these
areas different lines of the fuselage will be visible. A four-bit code

determines the area in which the eye rosition is located. In order to compute

v mes
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this code, four tests are made and accordingly, the appropriate bit in the code

is set in the following way:

above righ-upper : dz_ +dy_> b bit 0001 is set

P p
below 1eft-loweri: dzp + dyp < .b bit 0010 is set
i
above left-upper : dzp - dyp > b bit 0100 is set
below right—lowef: dzp - dyp < -p bit 1000 is set

For cach one of the nine areas, an individual pove/draw list is defined.

which only draws the lines visible in that particular area. All the individual

move/draw lists are stored sequentially in one area of the memory.

According to the value of the code, the appropriate move/draw list is
referenced through an uddress table which, for each code, contains the address
of the first location of the required list. If the code remains zero, none of
the fuselage sides are visible and the image is completed after drawing the
always visible parts of the image, e.i., wings, tail and rear surface of
fuselage. A flow-chart of the computational method is shown in Fig. 41.

The movc/dfaw lists are given in Table VIII, and the address table in Table IX.

The method can be applied equally well to a fuselage with a non-square

cross-scction. For cxample, for a triangular cross-section the total number

of areas, in which the eye position can be located is 7 and each area is labelled

by a 3-bit code. For a hexagonal cross-section there are 19 possible areas,

which are labelled by a 6 bit code and for an octagonal cross-section, there are

33 possible areas, labelled by an 8 bit code.
The vehicle sywbhol with hexagonal ¢ross-section, is defined in Fig. 42 and

the coordinates given in Table X. The pessitle areas in which the eye position

RPN . T T e At
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can be located, are shown in Fig. 43. In order to compute the 6-bit code, six

tests are made and the appropriate bit is set as follows:

for dz +
p
Vfor dz +
I4
for dz_ -
p
for dz_ -
p
for gy >
p
for dy < -
Ip

1
—dy_> b (above A)
Vi P

1 dy < -b (below D)
\/3 p

L dy_ > b (above F)
Vi P

L gy < -b (velow C)
vs P

5 V3 b (right of B)
LVib (lefr of B)

where b is half the diagonal of the hexagon.

bit 000
bit 000
bit 000
bit 901
bit 010

bit 100

001

010

100

000

000

000

is

is

is

is

is

is

set

set

set

set -

set

set

The codes for the 17 areas are shown in Fig. 43, and the corresponding

move/draw lists and address table are given in Tables XI and XII respectively.

It is clear that a more complex fuselage cross-section will primarily increase

the storage reguirements for the move/draw lists, and, to a nmuch lesser extend

affecct CPU requirenents.
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TABLE 1. RESUL1S OF TRAJLCTORY FOLLOWING: SURJECT A, :
“Straipght” Tunncl; Width: 300 ft; PRoll Version "Barked" Tunnel
2-0 Predictor 3-0 Predictor Manual Throttle
" . - 3.D Predictor
Full' 3-D Predictor Do 1500 ft

Lo = D P P State D, = 1500 ft ' i
ol T 0" 0" Co* Dys D= Predictor Width: Width: Width: :
900 ft 1500 ft 2000 ft 900 ft 1500 ft 2000 ft Law veiek" Digital 300 ft 450 ft 300 ft {
1500 ft Marks Read-Out Rell :
Roll-Version stabilized i
KUMBER OF ;
RUNS [ 6 8 6 & & 6 6 b 8 6 6 :
Cov (IIJP) 9.141 1.008 1.943 0.250 1.213 2.053 0.972 0.857 0.789 0.623 0.484 §
[1adee’) $0.045 10,122 £0.241 10.036 10,093 20,246 | *0.118 0,216 £0.077 10,060 £0.064 | - }
Heov (24) 0.312 2.001 4.066 0.759 2,742 5.108 2.715 4,269 3.0064 2.010 2.137
{10t 1t ) 0,066 20,278 40,649 20,067 £0.187 10.638 £0.391 $1,737 $0.591 $0.199 $0,261 -
L )
Cov (44) 0,100 0.361 0.438 0.310 0,288 0.488 0.381 0.318 0.438 0.374 0,342 0.563 ' t
10ft?) 10,069 10,046 20.073 10.065 £0.058 10,081 £0.031 £0.048 £0,159 £0.057 0,063 $0.11 A b
' :
Cov (z,) 0.331 0.561 1.093 0,677 1.042 - 1.803 1.270 1.525 1.198 1.739 3.461 0.926
[10’fe?) 0,072 10,123 10,3064 10,184 10.192 20,307 30,307 £0.348 10,259 0,557 +0.802 $0.230
— 1
Cov (%) 0.142 0.134 0.123 0.143 0.136 0.123 0.134 0.137 0.141 0.129 0.126 0.139 4
frad?] £0,003 £0.001 £0,003 $0.006 £0.003 £0.003 £0.003 +0.003 +0,003 £0,004 $0.003 $0.003
0O 3
' Mg
Cov (p) 0.814 0.439 0.468 0.565 0.410 0.368 0.463 0.442 0.456 0.386 0.333 0.5 | BB |
et LR 20,056 20,175 £0.,105 10,082 £0.053 10,062 £0,028 10,050 10,063 £0.,035 0.017 | 9% ;
s P
Cov (u) 3.860 2,892 Q ;
(107 1/ - - - - - - - +3.033 11,184 - - - S
sec)’] el {
- em
Cov (A4p) 0.686 1.285 <
{10 (ft/ - - - - - - - - - - i
m&q +0.096 10,918 2
Cov (%a) 1.102 0.901 0,642 0.902 0.887 0.450 1.088 0.582 0.439 0.444 0.520 1.120 i
107 'rad?) 10,116 20,178 $0.334 10.216 £0.222 £0.112 40.148 £0,077 £0.107 10,099 £0.141 £0.152 :

Cov (fe) 0.332 0.216 0.280 0.246 0.209 0.192 0.441 0.310 0.218 0.199 0.253 0.237

(107 rad?) +0,088 10,051 10,136 20,0060 10,035 40,045 10,071 20,118 $0,083 $0.035 £0.068 $0.,060
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o
wr
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TABLF 1. RESULTS CF TRAZCTORY FCLLOLWING:  SUBJLCT B.
! "8traipght®” Turnel; width: 300 ft, foll Version *Banked” Tunnel
H —
2 Predictor 3-D fredictor Marual Throttle
i b o e e m e . 3.0 rradictor 3-D Predictor
i Do = 13C0 f2 Dy = 1500 ft
[ Halte
i e s Ty = Uy » lis » Ly Do State vidth: ridth: ¥idth:
: wa fr | s g 2000 ft 900 ft 1500 ft 2000 £t P"iff°' “tick” pigiear | 0O Mt 50 ft 500 f2
l Iee1500 ft tarks Read-Out Pol1.vers] Roll
i oli-tersien Stabilized
L. - l e
NP s 0
Fiag ! 4 , [ 0 6 s b. 10 6 7 6 6 é
[ SIS UUIUEPIID SUIIIUSITHOUNY PSRy I
Pt ) 1] { 1,074 2,188 0,266 1,788 2.253 0.747 72 0.741 0.6%0 0,596 .
Haotee] j_ LRI RTINS ~0.235 20,022 0,273 £0.33% 20.142 20.074 £0.110 20,061 £0.693
| : % 0,458 2.9 5.469 n,721 2,055 €.080 2.066 2,835 3.348 2.073 1.746 .
SRR £ 30 SR R TN AT 10,824 0,044 00,543 *0.925 +0,326 20.5%9 20.477 20,258 20,228
U U P U O —
[.m U TIR B T2 0.30 | 0L 0.251 0.293 0.374 0.307 0,26} 0.340 0.23 0.37¢ 0.272
{||«~‘|e " i g LRIV RN 0,010 S ) 0,008 40,060 10.023 10,082 20,028 $0.062 20.014
:('(:\v Gt [CORNT 1R 1,257 0. 5KL 1.065 1.774 1.199 1,338 1.519 0,974 1.010 0.89¢
Enn’n‘ } L ils 20,593 0,378 +0.092 20,190 10,534 0,400 £0.565 20,413 20,145 20,192 £0.1587
v;t.'(w 3] 0,151 0,138 0.138 n.113 0.131 0.134 0.141 0.140 0.149 0.134 0,129 0.134
Plrad' QLU0G LIV 10,001 10,004 *0.00% £0.003 20,003 £0.008 20,004 20.002 - 20.003 10,003
;}"“v.!! ). 0,947 gt 0,595 0,687 0,375 0.3 0.490 0,337 0,567 0.374 0,284 0.457
’ﬂl"‘i),-;”‘“ 0 “ii.063 10,069 20,102 £0.063 +0.03 0,044 £0.073 £0.085 £0.027 £0.023 20,064
phoel P S
oot . - . . . . 0.492 2.718 . . .
ETIUEEAVA .
PR I ; . 3 80.212 t],455
Cov th . .
f1o st . . . . . . . 0.9%6 2.713% . . .
u-c')*l 20,240 10,604
Cav 141) 1.282 0.930 1.004 0.938 0.581 0,725 0.909 0.34}1 0.993 0.687 0.780 0.99}
(10" rad?] £0.165 0,147 +0,327 40,218 20,325 20,219 0,22 20,201 10,170 20,142 10.160 20,144
Cov Lfe) 0.416 0,226 0,495 0.22 0.232 0.407 0.387 0.359 0.495 0.387 0.498 0.539
{107 ead®} 0,100 10,082 0,158 20,030 10.033 20,150 10,133 20,093 20,144 10,133 £0,088 10.129
|
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TAELE 171, PESULTS OF TRAJTCTORY FOLLONING: SUBSECT C.

"Straight' Tunnel; Width: 300 ft; Koll Ycrsiqn

"Banked" Tunnel

2-0 Predictor 3-D Predictor Manual Throttle 3.0 Predictor
3-D Predictor Ds = 1500 ft
Dy = 1500 ft ’
"Futy®
Dy » Dy » Do = Dy = Dew Los State ¥idth: Width: ¥idth:
200 ft | 1300 ft § 2000 fr [ 900 fr | 1500 fr | 2000 fr | PrEAIEtOr foupyopu | opyogegy || 300 fr | 450 ft 00 ft
Dasis0o frfi Mazks | Read-Out Rol1.version Roll
¢ Stabilized
””ﬂﬁﬁﬁior 3 6 6 : 6 7 o 6 7 6 6 7
Cov (v ) 0.085 . 0.568 1.646 0.107 0.681 1.842 0.941 0.831 1.065 0.652 0.716 .
[10°£24) £0.012 10,087 +0.229 20,048 £0.048 20,249 20,113 0.057 20,135 £0.035 £0.070
Cov (z,) 0.480 1.520 4.294 0.658 2.024 £.038 2.596 3.543 3.027 2.563 3.368 .
[10°ft?) £0.042 20,327 £0.812 0,175 0,285 £0.537 20,421 20,552 +0,388 20.137 20,337
Cov (¥ ) 0.313 0.231 0.412 0.223 0.250 0.305 0.397 0.265 0.472 0.326 0.248 0.486
(10°£¢7) £0.076 +0.027 20,154 10,046 0.068 0,120 £0.048 " 20.060 20,124 £0.046 20,024 20.072
Cov (2,) 1.1%0 0.969 1.748 1.574 1.448 2,382 2.056 1.630 1.783 2.637 4.523 1.695
{100 10,182 0,151 20,611 20,391 £0,278 £0,72 +0,389 20,359 0,539 20,192 20,783 20,250
Cov (&) 0.153 0,136 0.133 0.148 0.137 0.130 0.138 0.141 0.137 0.133 0.135 0.133
{rad®}) 20,008 £0.005 +0.,004 20,007 £0.002 £0.005 20.003 £0.004 20.004 20.003 20.002 20,004
Cov (1) 1.018 0.746 0.743 0.769 0.574 0.438 0.596 0.538 0.639 0.402 0.344 0.449
-7
‘12c)§;°d/ £0.123 ¢0.111 £0.099 £0.060 £0.057 £0.039 £0.002 £0.053 £0.088 £€.061 £0.044 £0.049
Cov  (u) 1.390 2.508
(107 (fr/ - - - - - - - , - - -
rec)’] 20,429 +1.431
Cov (%4;) 0.476 1.370
(1ofx/ : : - - - - - 10,123 10,725 - - -
sec?)’]
Cov (1a) 0.962 0.704 6.694 0.846 0.529 0.516 1.172 0.589 1.132 0.452 0.410 0.824
[10=rad- | £0.145 20,102 10.124 ¢0.186 40,087 20.097 +0.264 20,119 0,297 20.087 20.072 20.141
Cov (“¢) 0.258 0.214 0,179 - 0.262 0.227 0.241 0.526 0.262 0.319 0.199 0.206 0.187
{10"'rad?] 40.078 0,031 £0.035 "20,043 20.077 20,061 0,102 20,063 20.076 £0.038 £0.030 0,037
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TAKLE 1V, PRSULTS OF TEAJLCTON? TOLIGRTNG: SupiLCl .

“Stralght” Tunnel; Widthe 00 ft; Roll Versfon | "Banked" Tunnel ;
3. Jic - 3 ) . '
2.D Predictor 3-0 Predictor . ri;r:;a:‘r:?]{(c::;ie 3.0 Predictor j
i e = 1500 ft Do = 1500 ft ;:
“Full” : }-
. State Width: Width: Width:
Ly = Do = Do = Dy » Do = Doy = _“Iu' .
900 ft 1500 ft 2600 ft- | 900 ft 1500 £t | 2000 ft P'“‘,i;f,"” "ok pigital 300 ft 450 ft 300 ft i
. : P Marks | Read-Out :
Dp=1500 ft Roll !
Roll-Version Stabilized | ]
KUMBLR OF . g
RUNS ! 7 6 7 8 5 . 8 6 7 - - :
Cov (1) | o.0m 0.530 1.654 0.140 0.820 2.011 0.771 1.161 0.670 }
[10%re? 0,014 10,069 0,255 20,013 +0.108 10,132 - 10,148 $0.064 £0.134 - - ;
: 1
Cov (74 ) 0.270 0.503 4.078 0.398 1.008 4.548 . 1.241 4,397 2.650 . . 3 )
{105ty £0.160 20,197 +0.514 $0.178 £0.249 £0.322 - £0.251 £0.449 $0.453 f;
Cov (¥ ) 0.231 0,409 0.254 0.223 0.319 0.459 oo 0.301 0.470 0.345 . . i
(10 erY] 10,056 40,125 20,053 0,027 +0,069 £0.025 20,058 10,090 20,089 \:,‘ i
——t— N
Cov (=) 1.213 2.575 1.156 1,365 1.804 1,077 ) 1.574 2.341 2.173 ) . v A
f1o’e’) 10,244 +0.652 £0.227 20.412 £0,447 10,274 | 10.472 20.371 10.336 e
P
tov ($) 0.157 0129 0.128 0.139 0.130 0.131 . 0.135 0.140 0.136 . . ; 3:'
[rad} 0,001 0,004 0,003 £0.006 10,002 £0.003 £0.003 20.004 20,004 IR
Pl
Cov (1) 0.901 0.607 0.678 0.548 0.387 0.488 ) 0.446 | 0.468 0.440 . . ba
SR e BN 10,151 +0.137 +0.122 20,073 £0.042 20,072 £0.078 10,097 , ;A
s . v ¢ :
Cov (u) 0.922 2.501 . . . ! :
{107 (re/ - - - - - - - ’ (@] _C\ : ;
sec)’) 0,248 1.479 ™2y 4
" oLy !
Cov. (%,) R . . . . 0.851 2,447 . . - o |
trogse/” ) - o5 i
f_‘:‘.‘?'):‘ 0.177 0,595 B 1 :
Cov (&a) 1.203 0.727 0.7065 0.0687 0.542 0.549 0.602 0.899 0.546 rgvf,: : :
- - - S ;
A0 7 rad?) 20,158 20,251 10,167 20.121 £0.062 40,008 10,105 10.304 10.119 Fs 6 4
[l ST ‘
cov (&) 0.379 0.336 0.221 0.445 0.339 0.193 . 0,327 0.21 0.237 . . ;j 5 :
{107 rad?} £0.070 40,001 10,029 20,095 0,052 10.041 $0,090 $0.073 10,022 .




TABLE V.

RESULTS OF TRAJECTORY ENTRY,

nStraight' Tunnel, Width: 300 ft; Auto-throttle; Roll-Version; D¢ = 1500 ft
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0

PTYIIavLY)
i e

TR

ALTVYND UCOd 40
d T

il e W

Y T

SUBJECT A B

PREDICTOR TR 2-D 3-D 2-D 3-p 2-D 3-D
No. 'of' Scries 6 6 6 - 6 6 6 6

ot 6 Runs
T, 0.199 0.205 0.207 0.206 0.191 0,189 0.195 0.182
[107sec] £0.014 $0.027 20,009 10.006 10.009 $0.010 +0.,010 +0.006
(. 0,127 0.140 0.129 142 0.125 0.132 0.124 0.125
[10°sec] £0.000 10,014 +0.004 $0.013 10,002 40,011 10,003 +0,002
L____._" ——— .
s () 0.209 0.211 0.213 0.210 0,103 0.155 0.175 0.167
(ro’re’] 10,038 10,054 10,019 0.011 20,018 +0,005 $0.016 30,011
s (z) 0,249 0.394 0.296 0.368 0.278 0.391 0.299 0.358
[109ft7) 10,016 £0.040 10,028 10,022 £0.023 £0,022 +0,037 $0,042
Cov () 0.197 0.199 0.197 0.195 0.222 0.225 0.221 0.214
{rad’] £0.010 £0.010 20,004 20,002 20,009 £0.003 30,006 20,006
Cov (1) 0.402 0.365 0.331 0.238 0,494 0.400 0.465 0.367
iﬁ?)}}r"d’ £0,080 '0.107 20,018 +0.,020 £0.099 10,022 10,080 £0.,039
tov (&) 0.313 0.268 0.226 0.164 0.330 0.259 0.328 0.244
1107 rad?) £0.065 10,084 10,013 40,011 +0,064 $0.016 £0.062 £0.027
Cov (Se) 0.620 0.697 0.644 0.638 0.659 0.765 0.664 0.654
107 rad”] £0.053 20,174 10,053 $0.049 $0.042 10.076 20.053 10.043
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TABLE VI. STABILITY DERIVATIVES OF DC-8 AIRCRAFT IN APPROACH-TO-LANDING

Lateral ‘Longitudinal
Y = -0.113  sec”’ X = -0.0291 sec”’
v u
-1
4 o =
Y‘Sa 0. Xw 0.0629 sec
¥4 = 0.0238 sec” /rad Xs = 0.
r e
[,B' = -1.328 Sec-z Z = -0.2506 sec”’
u
L:‘ = -0.951 se(;-l ZU = -0.6277 sec !
I’;» = 0.609 SEC-I Z6 = -10.19 ft sec'zlrad
e
11 = -0.726 sec™?/rad Moo= 0. (sec ft)!
a
L!' = 0.1813 sec */rad M = -0.0087  (sec ft)'
Sy w
¥l o= 0.757 sec ? Ms = -0.0011 ft”!
,':"’ = -0.123 sec™? : Hq = -0.7924 sec !
1: = -0.265 sec”! ”6e = -1.35 sec-z/rad
¥l = -0.0532 sec™*/rad Us = 243.5 ftfsec
H a
] -
h's' = -0.389 sec 2/rad "o = 0.
Je = 243.5 ft/sec g = 32.2 ft/sec?
= 9 2 o 6 =
g 32.2 ft/sec - flap 35 deg.
I, = 3,090,000 slug ft*

I_ = 5,580,000 slug ft’

I 28,000 slug ft’

S a1 e A A o A, I SPIAD 48 -
. B et



TABLE VI1. LIST OF COORDINATES OF PERSPECTIVE VEHICLE SYMBOL WITH SQUARE FUSELAGE CROSS-SECTION.

Value in units of half ‘ Velue in units of half
Coordi - the fuselage width: d . . | Cootdi- the fusclage width: d - :
nate Dea;r\p- nate Dcs?rlp-
Nurber z u 3 tion Nunber x Y z tion
p p P - p p p
)| 8.0 1.0 0, 12 -8.0 2.5 4.0 hori-
. zontal
2 8.0 0. 1.0 13 -8.0 -2.5 4.0 stabi-
3 8.0 -1.0 0. 14 -5.5 0. 4.0 lizer
4 8.0 Q. 1.0 | picetage] 15 1.0 1.0 ‘
5 -8.0 1.0 0. 16 -3.0 6.0 : ifg;
6 -8.0 . 1.0 17 -3.0 1.0 .
7 -8.0 -1.0 0. .
- 5.0 0. 1.0 18 -3.0 1.0 0. e
19 -3.0 -6.0 0. w’;ng
E) ‘8.0 0. “.() Vcrt.icul 20 4.0 -1'0 0' ?
10 -7.0 0. 4.0 - stabi-
1 4.0 0. 1.0 lizer .21 0. 0. 6.0
22 0. . 8.0 vertical
23 : -6.0 tick-
marks
24 . . -8.0

o n mamma . ea sam e = ee
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TABLE VIII. MOVE/DRAW CODING LIST FOR PERSPECTIVE VEHICLE SYMEOL KITH
SQUARE FUSELAGE CROSS-SECTION.

(Bgﬁgiy) (Eggf 653?2;5 Cgigt Coding List Description
imal) in Core
0000 -0 A 22 -6,7,8,5,6, vReax'fuselagesurface
9,10,11, vertical stabilizer '
-14,12,13,14, horizontal stabilizer
-15,16,17, right wing
-13L19,20, left wing
-21,22,-23,24 zb-axis/vertical
reference
) -A+22 [
i Q000 1 A+22+1 4 -6,2,1,5 side A
2010 2 +6 4 |-8,4,3,7 side C
0100 4 +11 4 |-7,3,2,6 side D
1000 8 a6l 4 |-5,1,4,8 side B
{1001 9 +21 7 1-6,2,1,4,8,-5,1 side A,B
1010 10 +29 7 {-5,1,4,3,7,-8,4 side B,C
0110 6 +37 7 1-8,4,3,2,6,-7,3 side C,D
0161 5 +45 7 -7,3,2,1,5,-6,2 side D,A
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TABLE IX. ADDRESS TABLE FOR SQUARE FUSELAGE CROSS-SECTION.
Code f Address Location Move/Draw List in Core
*) **) *ﬁt‘)
0-7 A B “+1 B+6 B+11l ..B+45 |. B+37
' ****)
8-15 B+16 B+21} B+29 1] 0 0
*) A is the address in core of the first location of list 0.

**Y B =A+C where C

*+*} An address value 0 indicates that no move/draw list exists for this

value of the code.

is the move/draw count of list 0.

might be ommited, provided 0 < CODE < 10.

For code 11-15 no move/draw lists exist and this part of the table

s e ——

"oy e



TABLE X,

LIST 0OF COORDINATES

7 DPERSPECTIVE VEHICLE SYMBOL WITH HEXAGONAL FUSELAGE CROSS-SECTION

Value in Units of ihalf

Value in Units of Half

Cii:g:_ the “Fuyelage Width: d Descrip- Ligftzn- the Fusclage Width: d Descrip-
Nu;hér X 7] tH tion Nu;bcr x ] 2 tion
‘ “p + p p p p
1 8.0 1.0 -0.58 16 -8.0 2.5 4.0 hori-
2 8.0 1.0 0.56 17 8.0 | -2.5 4.0 | Zoneal
3 8.0 0. 1.15 18 -5.5 0. 4.0 lizer
4 8.0 -1.0 0,58 19 4.0 1.0 -0.58
5 8.0 -1.0 -0.58 20 ) 6.0 -0.58 ‘lgﬁz
6 3.0 0. -1.15 fuselage 21 -3, 1.0 -0.58
7 -8.0 1.0 -0.58
2 - -
8 -8.0 1.0 0.58 22 3.0 ol 0.58 right
23 - - -
o 8.0 0. 118 23 3.0 6.0 0.58 wing
oy - -
10 8.0 1.0 0.58 24 4.0 1.0 0.58
11 -8.0 -1.0 -0.58 25 v. 0. 6.0 vertical
2 -8.0 0. -1.15 26 0. 0. 8.0 tick-
~ 6 marks
13 8.0 0. 4.0 . = 0. ' 6.0
vertical 28 0 0 -8.0
14 -7.0 0. 4.0 stabi- ' ! )
15 -4.0 0. 1.15 lizer

- et v pan s

ar e A ik A 2

pog

C e e ot e AR D - N P Pl e n R LT Bt e
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TABLE XI. MOVE/DRAW CODING LIST FOR PERSPECTIVE VEHICLE SYMBOL WITH HEXAGONAL
FUSELAGE CROSS-SECTION.
(ng::y) gﬁgg} Qggggiz Cﬁégt Coding List Description
000 000 0 A 24 -9,10,11,12,7,8,9, rear fuselage surface
v 13,14,15, vertical stabilizer
-16,17,18,16, horizontal stabilizer
-19,20,21, right wing-
-22,23,24, left wing
A+24 -25,26,-27,28 b-ax1</\ert1cal
reference

.’ 000 001 1 A+23+1 4 -9,3,2,8 side A

! coo 010 2 +6 4 -12,6,5,11 side D

| 000 100 11 4 -10,4,3,9 side F

; 001 000 8 +16 4 -7,1,6,12 side C

. 010 000 16 +21 4 -8,2,1,7 side B

1100 000 32 +26 1 -11,5,4,10 side E

| 010 001 17 +31 7 .9,3,2,1,7,-8,2 side A,B

i 011 000 24 +39 7 .8,2,1,6,12,-7,1 " |side B,C

; 001 010 10 +17 7 -7,1,6,5,11,-12,6 iside C,D

§ 100 010 34 +55 7 12,6,5,4,10,-11,5 {side D,E

| 100 100 36 +63 7 -11,5,4,3,9,-10,4. |side E,F

- 000 101 5 +71 7 -10,4,3,2,8,-9,3  |side F,A

b o1t 001 25 +79 10 -9,3,2,1,6, 1-,-8,_,

: 21,7 lside’A,B,C

é 011 010 26 +90 10 -8,2,1,6,5,11,-7,1,

3 -6,1Z2¢side 5,C,D

L 101 010 142 +101 10 -7,1,6,5,4,10,-12,

: ' b -3,11 side C,D,E

{100 110 ; 38 12 10 -12,6,5,4 ,3,9,-11,

' ; :,--« 10 side D,E,F

. 100 101§ 57 «125 1 10 -11,5,4,3,2,8,-10, |

: ' | 4,-3,9 ‘SIdc E,F,A {

oo 101 ;21 a5t 100 (-10,4,3,2,1,7,9, | B

i P ! 3,-2,8 {side F,A,B l

e e oo
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TABLE XI1. ADDRESS TABLE FOR HEXAGONAL FUSELAGE CROSS-SECTION.

{—_Codc <J Address Location Move/Draw List in Core

g)
)

P2 A
F

e P
}

i
s
o)

**) | B+6 Be11 | BeT1 0

A 1s the address in coOT¢ of the first location of 1ist O.

g = A + C where ¢ 1is the move/draw count of list 0.

an address value 0 indicates that no nove/drav 1ist exists for this
value of the code. 7

for code 43-63 no move/draw 1ists exist and this part of the table

might be ommitted, provided ¢ < CODE ¢ 42.
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0,=2000 ft

VTR T 243\
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D= 1500 ft
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- g

FIGURE 2. TUNNEL DISFLAY WITH PERSPECTIVE VEKICLE SYMBTL AT VARIOUS PREDICTOR DISTANCES:

(A) ¢, = 2000 ft, (8) 1, = 1500 ft, j r = 500 ft.
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D, = 1500 ft

r A

\

4

c)

Do = 900 ft
/

)

FIGURE 3. TUNNEL DISPLAY WITH TWO-DIMENSIGNAL PREDICTIR CROSS AT VARIOUS FREDICTOR DISTANCES:

(a) &, = 20C0 f¢, (p) <, = 1500 f¢, (c) «©, = 90C ft.
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