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ii
CONTEXT

The Aviation Research Laboratory of the University of Illinois has
investigated integrated synthetic-imaging displays and computer-augmented
flight control for the Office of Naval Research. Mr. Gerald Malecki,
Assistant Director, Engineering Psychology Programs, was the techunical
nmonitor of the research. Profegssor Stanley N. Roscoe was the principal
investigator during the initial phase of study and experimental apparatus
development; Professor Robert C. Williges served as principal investigator
while Professor Roscoe was on academic leave during 1975-76.

The research was directed toward (1) the isolation of minimum sets
of visual image cues sufficient for spatial and geographic orientation
in the various grounq-refetenced phases of represontative flight wissions,

(2) the generation and spatially integrated presontation of computed

guidance commands and fast-time flight path predictors, and (3) the match-

. ing of the dynamic temporal relationships among these display indications

for compatibilicy with computer-augmented flight performance control
dynamics, both within each ground-referenced mission phase and during
transitions between phases. The investigative program drew scvlectively

upon past work doae principally under ONR sponsorship or partial sponsor-

 ship, including the ANIP and JARAIR prograwms.
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To study experimentally the effectiveness of alternate sets of
visual cues the Aviation Research Laboratory developed a highly versa-
tile computer-generated display system to present dynamic pictorial
images either on a head-down, panel-mounted CRT or on a head-up tele-
vision projection to a large screen mounted in front of the pilot's
windshield on the Link GAT-2 simulator. Due to the great flexibility
of the pictorial display, visual cues and flight status information
could be manipulated experimentally. The experiment reported herein was
conducted to isolate the visual cues sufficient for approach and landing
by measuring subjects' orientation responses to TV-projections of static
computer-generated images containing various combinations of skeletal

syabology from various positions and attitudes on final approaches to

landings.
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BACKGROUND

Aircraft technology has advanced rapidly since its beginning at
the turn of the century, yet only recently has there been widespread
recognition by the aviation community of the counstantly changing role
of the pilot in aircraft operations. Innovations in display techmology,
made possible by the advent of advanced airborne digital computers, can
improve the pilot's performance by processing imformation to minimize
transformations, including integrations and differentihtians as well as
simple arithmetic computations, raquired in the decision making and
flight control process. In this way, computers can help pilots perform
their new duties better.

| In making and carrying out flight decisions, a pilet MKt convert

long-tern uisslon—objectiQes to,subgoalé for each flight iastruévnt.

‘relate instrument subgoals to cach other and control inpuls te aiveraft

responses and instrument indications. For each of these functiens,
;coiputera can inprevé pilot performance by storing, transforming, and
integrating sensed information. With the ever {acreasing air traffic
densities, expaud;ng requicemcats for all-weather, night, and nap-of~

the-earth operations, and the burgeoning complexity of navigation and

veapon delivery profiles, the applic _lon of airborne computers to contrel

augsentation and display fntegrativa is no longer guncrally disconnted

as a radical, irresponsible, dangerously unreliable folly.




Pictorial Vertical Situation Displdys

To apply computers effectively to the transformation of sensed
information and the generation of synthetic displays, :nformation that
is closely related functionally should be presented in a common frame
of reference. More specifically, information concerning an airplane’s
attitude and flight path relative to surface objects, :uch as ground
targets, alrport runways, or carrier decks, should be vresented in a
pictorial, forward-looking, vertical situation display (VSD) context.
All pictorial displays, by Carel's (1965) définittou.rhave Lwo common
chavacteristics: first, the elements in the display are peometvically
similar to those in the contact world: and second, the motion of displayed.
clements is analagous to that of their real-world correlates.

Literal VSDs. The most literal VSDs for npproneh-nnd lanéiug arve
flight periscepes énd faruard?iooking IR and TV displavs. Roscoe,

© Hamler, and Doughtery (1966) conducted several studiex using a projection

perfgcope mounted {n a Cossna T-50. The pilot saw the forvard view aa
an 8-inch scroen mounted above the instrument panel with the perincope
projectiag theough an alumioum viudnhmld‘. Although safe wakeolis :md o
landings uér@ sade by roference to this projocted férvard view, the |
aecuracy of léndings {n terms of constant and variable errors vaé
reliably infludaced by image a:agnxncaubn; the eoptioum valué befag i
about 1.25. Campbell, NeBachern, and Mars (1955) used a bisocular
periscope to favestigate approach and landing perroraauév and teached

L . similar conclusions as to image magaification.




Kibort and Drinkwater (1964) tested the effectiveness of a TV display
in a DC-3 aircraft for the final approach and landing., A steerable
camera was mounted on the nose and a second camera was placed just forward
of the tailwheel. The output of either could be fed to a l4-inch monitor
that subtended 16—17 degrees at the pilot's eye., The task of the pilot
was to fly landing approaches from three miles out through touchdown
and rollout. Kibort and Drinkwater concluded that onlv quantitative
airgpeed, vertical speed, and altitude information was necessary when
flying the TV display.
From the evidence available, an unaided literal TV display appears
inadequate for use as the primary instrument for approach and landing.
The addition of quantitative information on flight and navigation guidance
parameters would improve the pilot's spatial and geographical orientation
cues. Information presented by a literal pictorial display is helievable
T due to the availability of all the real-world landmarks, and this allows
| the pilot to decide among alternative courses of action with high confidence.
In this way, literal displays take advantage of the overlearned perceptual
habits that pilots acquire from VFR flight. |
Analog VSDs. 1In the late 1950s through early 1960s, the ANIP program
: . -f ‘i'a} (Army-Navy Instrumentation Program) followed by the JANAIR (Joint Army
1o :1; .5j‘¥j; Navy Aircraft Instrumentation Research) program were conducted, These
a B ;‘ﬁrograms included investigations and development of advanced instrument

~ R

systems for aircraft and staudards for electronic and optically-penerated

'iﬁ.\[ e .. - . aireraft displays.
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Carel (1965), in his frequently cited JAWAIR report, defined a

contact analog display as '"the point perspective projection of a three-

dimensional model to a picture plane.”" Typical computer-generated models
contain reference objects significant for flight performance, such as a
surface representing the horizon and ground plane, a surface representing
the command path for the pilot to follow, and other surfaces or objects
useful during various phases of a mission. Most importantly, the dis-
played surface dynamics are similar to those of their analog surfaces

in the natural visual environment. The displayed surfaces still follow
the laws of motion perspective, thus providing information coded in a

fashion analogous to the coding provided in vigual contact flight,

Investigators at Bell Helicopter Company carried out simulator and
E ' flight tests using a contact analog display developed by Norden. Abbott
and Dougherty (1964) studied the accuracy with which altitude and ground=
E speed could be interpreted using the Norden display. No contrel was
required of the subject pilots in the open-loop task. It was concluded
that the display of fered the same problem areas as docs VIR flight in

the presentation of altitude and groundspeed information. The higher

the altitude or speed, the poorer was the fudgment, and an interaction
existed between speed and altitude judgments, with increasing difficulty
in interpreting either as the other increased.

Emery and Dougherty (1964) studied low-altitude, ground-referenced
mancuvers in the Bell moviug-base helicopter simulator. Thq content of
Py the displays was varied {n four test conditions: ground plane only,

ground plane and landing pad; ground plane with FHight path boeders and

SRy
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ground plane, flight path border, and "tarstrips" perpendicular to the
border edges. Pilot performance improved as command guidance informa-
tion was added in the form of a desired flight path.

In a third investigation, Dougherty, Emery, and Curtin (1964) com-
pared pilot performances when flying with standard instruments and with
the contact analog display. Two groups were trained to a criterion of
"performance equivalence" with the two types of display in the moving-
base helicopter simulator. Subjects were required to control altitude,
heading, course, and airspeed while concurrently performing a digit-
reading side task at variable ratcs. Pilot performances with the two
types of display did not differ reliably under the control condition
(no digit-reading task) or under the slowest rate conditiun; however,
as the side-task rate was incraased prograssively, performance on the
contact analog display remained relatively stable, while performance
on the standard instruments deteriorated.

The authors concluded that “the pictorial JANAIR display was by far
the superior display as the visual workload increased," and attributed
this to three factors:

1. The pilot may more quickly assimilate qualitative
information from the pictorial display.

2. Usiug conventional information, the pilot samples
one parameter of information per glance. With the
pictorial display, he accumulates information on
more than one paramoter per glance.

3. Because of its relatively large sungular field ol view,

the plctorial digplay peraits use of peripheral vision.

PR




Williams and Kronholm (1965) reported the results from simulation
studies of an integrated electronic vertical situation display developed
by Norden under JANAIR support. The obiect of the Universal Contact
Analeg Display (UCAD) research program was to formulate a methodology
for determining VSD requirements and to generate design criteria for an
integrated cockpit display applicable to both fixed-wing and rotary-
wiug aircraft. Significant among the conclusions and recommendations
were: 1) the desirability of quantitative indications of altitude, air-
speed, vertical velocity, turn rate; and 2) the desirability of incorporating
~omputed control information into the display fo: critical tasks.

Ketchel and Jenny (1968) surveyed the literature, presented display
design considerations, and delineated areas in which further vesearch was
needed. Their .eport included cousideration of informition requirements,
symbology and format, and quantitative display characteristics, with the
prinury omp..asis on CRT displav - tor fixed-wing aircrafit. Following
publication of thy Ketchel and Jonny report, a new program of experimentation
on contact anulog displays was indertaken at the Naval Missile Center, Pt.
Mugu.

Crogs and Cavellero (1971) iuvestigated pilot performance during
simvlated lanaing approaches to an alrcraft carrier., lerformances in the

Y omparable™ to serformances on aoproaches to

simulator ware found to be
a CVA zarvier in an actual P-4 atrcraft. Iu addition, pilots -xpressed
‘thc opinion that the nature and level of task difficuliy experfenced

in the stnulatof vere similar io those encounteréd in the alreealt in the

Tandlag phase. P‘rm_ the evidence, synthetically genverated contart analog

[
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displays appeared to facilitate spatial orientation and allow manual control
L not greatly different from literal imaging displays of comparable dimensions.
7 A projected flight path indication was added to the display used by
Cross and Cavallero to allow investigation of a possible means of further
improving performance during approach and landing. Wulfeck, Prosin, and
Burger (1973) had pilots fly approaches in a fixed-base F~4 simulator

with the baseline contact analog display, the predictor display, and a
glideglope reference element of the predictor display. The predictor display
proved reliably superior to the baseline display in all comparisons,

including altitude and lateral error variability, oscillatory control

patterns, landings within error criteria, and "acceptable" approachus at

the ramp.

Unanswered Questions

Although much has been learned from the experiments just veviewed,
the overriding conclusion is that pilots caun land alrplanes by reference

to an infinite number of sots of visual cues, cach of which may he

é’ _ suffieient to support performance at a particular level, no one of which
l is uniquely hecessary. Thus, when one speaks of the “esgsential" visual
cues for landing, he is implteiclyrnddreasing the unanswered questions
concerning the relative effectiveness of the various sets of cues that
; . _ i_ unight be presented by a visual display withian our preseat sensing, com-
- ‘ puting, and display technology. |

The approach taken {n the present experimental tnvestigation was

to select a clearly sufficient set of visual indicacions syabolfic

-
matsoramrn,
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of geometric aspects of the contact visual scene and to conduct a
parametric comparison of their various combinations in terms of the
performances of qualified pilots in judging their flight positions and
attitudes relative to the nominally correct landing approach path.
Open-lo0p responses were made to successive static presentations of
flight situations represented by computer-generated images of the
various display configurations projected onto a large screen viewed

from the cockpit of a flight simulator.
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METHOD

Apparatus

A Raytheon 704 digital computer was used to generate the displays,
control the experimental display presentations, collect the dependent
measures, and record the data. The computer-generated displays were
imaged on a CRT from which a TV camera relayed them to an Advent Video-
beam projector. The Advent projector, mounted above the simulator cab,
projected the TV image onto a 68.5 x 51.5-in spherical-section screen
mounted in front of the simulator, a modified Singer-Link General Aviation
Trainer (GAT-2). The left half of the windscreen was removed so that the
subject, sitting in the pilot's seat, had an unobstructed view, straight
.ahead, of the Advent screen. The simulator's cab and Advent system as
showm in Figure 1 were entirely enclosed in a black plastie eurtain that
ghielded the projection screen from ambient light. The vesponse device
was a niae-button keyboard, 1ns;alled on the end of the subjéet's right

ararest and adjustable for various arm and finger lengths.

Experimental Design

The displays were developed by the full factorial cowbination of _
five symbolic eleuents, four rvopresentative of visible aspects of an
' airport scene and one synthetic element not present in the real world.
(N The real-world or “contact analog" display clements fncluded:
‘,§3 ' (1) runway outline, (2) touchdown zone, (3) rumway centerline, and

(4) a grid of “section lines" that served to dofine a textured surface.

— .




RAYTHEON 704
COMPUTER

e
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GENERATOR

l

Figure 1. Pictorial landing display simulation equipment.
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The synthetic element was a row of four "T-bars" of increasing height
positioned along the approach centerline at 1/4, 1/2, 1, and 2 miles
from the touchdown aimpoint to provide a visual representation of an
imaginary glideslope and localizer path (analogous to a "highway in the
sky") .

Two additional elements from the contact scene, present in all 32
displays, were touchdown aimpoint and horizon. To approximate the
viewing condition that would result in subjective equality of distance
judgments relative to those obtained with a direct, centact view of a
real airport, the computer-generated scenes were projected with a
magnification factor of 1.2 as measured at the pilot's eyc position
(Roscﬁe. Basler, and Dougherty, 1966). The 32 displays were divided
into fuur groups of eight displays each by selecting two ¢lements, run-
way outline and glideslope-localiser path, as between-subjects fnctnrs,
The four groups of displays are given in Table 1 and in Figurex 2-5.

A central-composite design (CCD) was used to derive 27 different
vievwpoints from which subjects would respond to the airport sceues pro-
jected onto the screen mounted in front of the simulator. This-syschatic
strategy prﬁvided an cconowical sampling of ranges from touchdown almpoint,
vertical and lateral deviation from the glideslope/localizer T-bars, and
aircraft pitch and bnnkrntcitudes. ‘The coded foctor levels and correspond-
ing real-world values used to generate the 27 different perspoctive viows
of the landing approach scene (for ecach of the 32 displayai are shown in
Table 2. A one-half replicate of a 2S factoriai combination of varlables
(t1 values), plus 2 x 5 extended axial "star® points (fta values), plus

10 roplications of the centerpoint (0 values) ylelded 36 prosentat foax
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TABLE 1

Visual Elements Present or Absent in Each of the Eight Displays in Each
of the Four Display Groups Presented to Independent Groups of Eight
Flight Instructors Each

Group I Group I1 Group 111 Group 1V
W 1N 1 N
Y o] R4 Q
N N ~ N
[} i D wl "] o~ 1] ot
. -1 — =3 -4 =S ] [- B
wi o wd [, wi ] Ll [ )
4 Q¢ ~ 3] Uy 9 ~ U QO QO - J ¢ 4 [3]
S g8 W Q g8 8 W Q £ o W Q g 8 W [}
- O 4 T . “h Q O W w QU v W3 - O ¢ Y .2
= N N W N - N B e N =t N M o N M et
] § 5 & ] § &5 & 5 § & & 3 g8 &
ggu [} ogu <] Ogu Q o§8 [+
[} U - Q Q - Q U ~ ) P
T2 F 5 TE RS S T T s 2% 53
§3%§3 égg‘iﬁ ES%%B %s%ga
g0 &80 2 & & & O @ 8d& 2 & & &3
006000 1 0000 00 01 1 0 01
01000 11000 01001 11001
00100 1 0100 00101 1 010 1)
00010 1 0 0.1 0 0 0 01 1 1 0011
01100 11100 0110t 11101
01010 11010 01011 11011
00110 10110 0 01 11 1L o111
01110 11110 01111 1 1111
i
Legend:

0 = without ¢clewment; 1 = Qlth clemoent

-5' , All displays with afmpoint and visible horizon.
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oo 01100

Touchdown Zone Touchdown 2008
Runway Centerline Runwoy Conwlmo
Texture Grid

Figure 2. Group I display clements: composite of all Group I clemonts
(left) and composite of Group 1 elements with Texture Grid
omitted (right).

v ”’f;’”
- :
Figure 3. Group 1I display elements: composite of all Group 11 elewents

Ly (left) and composite of Group 11 cloments uith Toaturc Crid
b oudtted (right).
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Figure 4. Group III display elements: composite of all Group 111
elements (left) and composite of Group III elements with
Texture Grid omitted (right).
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Texture Crid omittod (right). '
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TABLE 2

Coded and Real-World Values of the Flight Position and Attitude Variables-
in Accordance with the Central Composite Experimental Design

Coded Values

- -1 0 +1 +a
] Position Variables Real-World Values
RANGE
- (feet from aimpoint) 1000 2730 4460 6190 1920
3 VERTICAL DEVIATION
(degrees (rom glideslope) =-1.0 =-0.5 0 0.5 1.0
&‘ LATERAL DEVIATION A
i (degrees fro- localizer) -1.0 0.5 0 0.5 1.0
Attitude Variables
PITCN '
(degrees from horizontal) 0 - =2 =4 -6 - -8
BANK | | w0 s
E (degrees from horizontal) -10 o) 0 - S 10
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of each display (Cochran and Cox, 1957). The value of & was set at 2
to make the design rotatable (Myers, 1971; Williges, 1976).

Subjects were randomly assigned to one of the four display groups,
and within a group each of the eight subjects saw the eight displays in
a different order in accordance with a counterbalanced design. The
counterbalancing of the presentation orders caused each display to
appear once in each serial position and to precede and follow every
-other display once across ecach group of eight subjects. The 36 view-
points from which subjects responded to any one display were randomized,
with the constraidt that no display was presented to wmore than one

subject in the same viewpoint order throughout the experiment,

Subjects

Thirty-two Univcrsi:y»of I1linois flight instructors volunteered to
participate. Thirty sales and two females between th¢ ages ot 20 and 45
each had at least 5 hours of flight time during the six wouths preceding

their participation in the experiment.

Experimental Procedure

A subject beguq by reading a short introduction to the eaﬁcrta@nt‘
and an explanation of his tusk. He was given a written explanation of
the vtsuni-uarld cues he would sce according to his grtup-asiignuent.
All quosticns ueré answered béfore the next phase of the task begaa.
The oébjec: was then seated in the left scat of the simulator, and the
are-irest aeyboard was adjusted if uecessary.‘ The keyboard and its hnu

wiere explalned to the sabiject o aml anv quest laan bie lad weee auswerald,
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When a subject had no further questions, he was given a series of
16 practice trials identical to the subsequent test trials. A square
appeared on the display screen, signalling that t"he computer was ready
for the trial. When the subject was r-ady, he pressed and released tﬁe
home-base key. Immediately, a display appeared on the screen. The
subject would then make a response indicating his vertical and lateral
deviation relative to a 4-degree glideslope and localizer path by
pressing the appropriate key on the keyboard. During the practice trials,
the cues in the display were pointed out, and the appropriate responses
were discussed. Practice trials consisted of both "right on" approaches
with no deviation from the desired approach path and ones with vertical
and lateral deviations from the desire& path, all viewed from various
flight attitudes.

After appearing for 15 sec, the display disappeared whether or not
the subject had responded. When the computer finished recording the data
for the trial and generating the next displa&, the box reappeared on the
screen indicating that the.next trial could begin., The subject again
pressed the home-base key when ready. 1In éhis manner the subject had
control over the pacing of the session. Afte; the practice trials,
questions were answered, and the test trials uvegan. 'The 16 practice and

‘ 288 test trials required about 80 minutes. After the session the subject
: . was given a short questionnaire, any questions he had about the experi-

ment were answered, and he was thanked for his participation.
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RESULTS

Table 3 presents the Percent Correct Responses and Median Latencies of
all responses, both correct and incorrect, for each of the 32 displays at
Far, Medium, and Near ranges from the runwav aimpoint. "Far" and "Near"
ranges from aimpoint include, cespectively, the +1 and +a ranges and the -1
and -4 ranges called for by the central-composite design, whereas the Medium
range is the 0, or centerpoint, range called for by the design. The analy-
ses of variance of these data are summarized in Tables 4-9.

In addition to these overall response data, the latencies of correct re-
soonses only were tabulated and analyzed, as were the incorrect resronses and
their associated latencies in the lateral and vertical dimensions separately.
Although these detailed breakdowns are not presented, the multiple regression
equationsrbgsed thereon are given in Table 10. All statistical analyses of
responge latencies were performed on the logarithmic transformations of the
raw data, thereby more closely satisfying the agsumptions of normality of dis-
tributions and homogeneity of variances implicit in the applicatio: of para-
nmetric statistical treatments (Muller, 1949; Edward:, 1950).

Both an analysis of variance and a multiple regression analysis were
petformed on each set of data. Because the experimental variables were all
dichotomous (each of the five display elements was either present or absent),
the regression equations and the analyses of variance are merely alternate
ways of expressing the same basic information. Of primary Interast wias the
effect of each of the 32 visual element combinations on performance, both
singly and {n combination with the various other eclements. Tahlos 4=9 show
the main effects of the five displav elomonts and thefr statistically reliable

first-order interactions.
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TABLE 3
; Percent Correct Responses and Median Latencies of All Responses to Each of the
? 32 Displays at Far, Medium, and Near Ranges from the Touchdown Zone

DISPLAY RANGE TO TOUCHDOWN
@ o
& & Far Medjium Near
9 ¢ = O
38 % 8 @
Y e &3 Percent Median Percent Median Percent Median
38d & © Correct Latency Correct Latency Correct Lutency
0 0 0 0O 31.9 3.52 -~ 56,9 3.10 45.8 3.81
01 ¢ 00 25.0 3.33 66.7 3.13 335.6 3.55
0 01 00 58.3 3.16 51.4 3.05 84.7 2.79
0 6 010 48.6 3.58 55.6 2.96 57.0 3.30
01100 55.6 3.27 63.9 2.85 80.6 2.71
01010 44,5 3.90 54.2 3.40 57.0 4.10
0 0110 62.5 4,03 61.1 3.69 83.3 3.43
01110 44,5 4,22 51.4 3.85 81.9 3.43
1 60 0 00O 59.7 2.72 70.8 2.54 65.3 2,63
11000 59.7 3.01 73.6 3.02 75.0 2.94
1 01 00 61.1 3.50 75.0 3.02 61.1 3.75%
1 0 0 10 63.1 3.20 62.5 3.09 58.3 3.08
1 1100 63.9 3.13 68.1 3.30 73.6 3.16
11010 75.0 3.64 68.1 3.92 61.1 3.34
1 0110 75.0 3.45 61.1 3.20 59.7 2.88
11110 75.0 2.93 61.1 3.18 62.5 2.85
00 0 01 98.6 1.60 91.7 1.44 90.1 1,93
01 0 01 97.? 1,57 91.7 1.70 87.5 1.92
¢ 0}y 01 98.6 1.78 94,5 1.73 90.3 2.11
¢ 0 0 11 98.6 1.70 93.1 1.83 91,7 2.18
01101 100.0 1.67 94.5 1.79 95.8 1.76
61011 98,6 1.79 93.1 2.43 93.1 2,06
0 0111 94.5 1.67 97.2 2.04 - 91,1 2.04
01111 95.8 1.72 98.6 1.85 98.6 1.92
. 1 0 0 0 1} 98.6 1.95 94.5 1.98 97.2 1.82
: 11 0 01 98.6 1.88 48.6 1.87 94.4 1.724
B 1 ¢ 1 01 98.6 1.64 97.2 1.84 100.0 1,35
: 1 0 0 1 1 94.6 1.74 92,2 1.70 97.2 1.713
. 11101 100.0 1.57 91.7 1.88 95.8 1.68
; 11011 100.0 1.68 93.1 1.95 91.2 1.77
L 1 01 11 98.6 1.67 95.8 1.73 97.2 1.62
i [T T R I | W45 1.74 94, % 1.8 9,4 1.27
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Summary of Analysis of Variance and Results for Percent Correct Responses

at Far Range

Source of Variance

Runway Outline
Touchdown Zone
Runway Centerline
Texture Grid
Glideslope/Localizer

Reliabie Interactions

Outline x Glideslope
Centerline x Glideslope

Cel)l Means and Effects

Cutline
0=72.1
1 =82.8

Touchdown Zone
0=78.1
1= 76,7

Centerline
0=751
1 » 79'8

Texture
0=1754
1=79,5

Glideslope
0 = 56,8
1=98,1

Outline x Glideslope
0/0 = 46.4 0/) = 97,7
1/0 = 68.0 1/1 = 98.4

Centerline x Glideslope
6/0 = 51.6 0/1 = 98.6
1/0 = §2,0 1/1 = 97.6°

M BN AN Bk M S WS W W LMD WK e

F o
7.856 1,28
1.059 1,28
4,998 1,28
1.300 1,28

115.759 1,28
6.876 1,28
7.466 1,28

Presence of Runway Outline (1) resulted in a
higher percentage of correct rusponses,

Percentages for absence (0) an:d presence (1)
Touchdow: Zone did not differ reliably.

.009
.312
.034
. 264
.000

014
011

reliably

Presence of Runway Centerline (1) resulted in a
raliably higher percentage of vcorrect responses.

Percentages for absence (0) and presence (1)
Texture Orid did not differ reliably.

of

Presence of Glideslope/Localizer T-bars (1) resulted
in a reliably higher percentage of correct responses.

Presence of the Ruiway Outline had no evident effeet
when the Glideslope/localizor was present (0/1 and 1/1).,_

but its presence ylelded a higher percentage

of corroct

rospouses whon the Glideslope/tocal fzer was abseat

(170 versus 0/0),

Presence of the Runway Centerline interacted

with the-

absence of the Glideslope/Localizer in the same way

that the Ruaway Outline did.

C L a b s b M 81 . b mmoms » & & e
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Summary of Analysis of Varilance and Results for Percent Correct Responses at

Medium Range

Source of Variance

Runway Outline
Touchdown Zone
Runway Centerline
Texture Grid
Glideslope/Localizer

{(No first~order interaction was statistically reliable.)

Cell Means and Effects

Outline
0= 76.0
1= 81.4

Touchdown Zone
0 - 7805
1= 78.9

Centerline
0 = 7808
1 - 7806

Texture
0 - 8000

1 L 7703

Glideslope
0 - 6206

1 - 96'8

¥

1.658
0.157
0.039
1.439
57.491

Percentages for absence (0) and prescace (1)
Runway Outline did not differ reliably.*

Percentages for absence (0) and presence (1)
Touchdown Zone did not differ reliably.

Percentages for absence (0) and presence (1)
Runway Centerline did not differ reliably.

Percentages for absence (0) and présuﬁcc-(l)
Toxture Grid did not differ reliably.

1,28
1,28
1,28
1,28
1,28

.208
312
.845
<240
.000

Presence of Glideslope/Localizer T<bars (1) resulted
in a reliably higher percontage of correct responses.

*
The corresponding regression analysis (see Table 10), which took into

account all of the individual response data for the ten veplications of
the centerpoint of the central composlite oxperimental design, showed the

presence of the Runway Outline to contribute reliably to correct responses
at Medfum Range (p ¢ .05). The analysis of variance included only the fiest

of the ten centerpoint responges by wach subject,

¢ i b




TABLE 6 22

Summary of Analysis of Variance and Results for Percent Correct Responses at

i o iy I oty e arers s <

Near Range

Source of Variance F daf P
Runway Outline 0.002 1,28 .970
"Touchdown Zone 1.258 1,28 272
Runway Centerline 21.958 1,28 .000
Texture Grid 0.073 1,28 .790
Glideslope/Localizer 39.037 1,28 .000

Reliable Interactions

Qutline x Centerline 23.910 1,28 .000
Centerline x Glideslope 12,712 1,28 001

Cell Means and Effects

Outline
0= 80.4 Percentages for absence (0) and presence (1) of
1= 80.6 Runway Outline did not differ reliably.
Touchdown Zone
0= 79.5 Percentages for absence (0) and presence (1) of
1= 81.4 Touchdown Zone did not differ reliably.
Centerline
0= 76.5 Presence of Runway Centerline (1) vesulted in a
1= 84.5 reliably higher percentage of correct responses.
Texture
0= 80.8 Percentages for absence (0) and presence (1) of
1= 80.1 Texture orid did not differ reliably.
Glideslope _
0= 66.4 Presence of Glideslope/lLocalizer T-bars (1) resulted
1= 94.5 in a reliably higher percentage of correct responses.

Cutline x Centerline
0/0 « 72,2 0/1 = 88.5 Presence of Runway Centerline in the absuvnce of a
, _ 1/0 « 80.7 1/l = 80.4 Runway Outline (0/1) resulted in a digproportion-
; ately high percentage of correct rosponses.

Centerline x Glideslope

. P!
I B 0/0 = 59.4 0/1 = 93.6 Although the highest percentage of correct responses
- 170 = 73.4 1/1 = 95.5 occurred whea both Glideslope/Localizer and Runway
i Centerline were present (1/1), the percentage was
i - disproportionately high when either was present in

the absence of the other (1/0 ov 0/1), and the
percentage with Glideslope/Localizer present in the
absency of Runway Centerline (0/!) was wearly equal
to thut with both prescat.
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Summary of Analysis of Variance and Results for Median Latencies of All

Responses at Far Range

AEBRE e NS 2]

Source of Variance

Runway Outline
Touchdown Zone
Runway Centerline
Texture Grid
Glideslope/Localizer

4 af
0.124 1,28
0.000 1,28
0.007 1,28
3.232 1,28

23.496 1,28

(No first-order interaction was statistically reliable.)

Cell Means and Effects

Qutline
0 = 2,47 sec

1=2.3

Touchdown Zone
0=2,40
1=2.40

Centerline
0 = 2-61
1 = 2,40

Taxture
0=2.3)
1 = 2,48

Glideslope
0=3.39
1=1.7

Latencies for absence (0) and presence (1) of
Runway Outline did not differ reliably.

Latencies for absence (0) and presence (1) of
Touchdown Zone did not differ reliably.

Latencies for absence (0) and presence (1) of
Runway Centerline did not differ reliably.

Latencies for absence (0) and presence (1) of
Texture Grid did not differ reliably. '

.728
.988
.936
.083
. 000

Presence of Glideslope/Localizer T-bars (1) resulted

in reliably shorter response latencies.
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TABLE 8

Summary of Analysis of Variance and Results for Median Latencies of All
Responses at Medium Range

¢t LA o g PEET ROk e am s

Sources of Variance F df P
Runway Outline 0.001 1,28 .972
Touchdown Zone 3.118 1,28 .088
Runway Centerline 0.673 1,28 419
Texture Grid 5.324 1,28 .029
Glideslope/Localizer 12,459 1,28 .001

Reliable Interaction

Touchdown Zone x Centerline 4.791 1,28 .037

Cell Means and Effects

Outline
0 = 2,42 sec Latencies for absence (0) and presence (1) of
1= 2,40 Runway Outline did not differ reliably.
Touchdown Zone
0=2,33 Latencies for absence (0) and presence (1) of
1=2,48 Touchdown Zone did not differ reliably,
Centerline
0= 2,38 Latencies for absence (0) and presence (1) of
1= 2,44 Runway Centerline did not differ reliably.
Texture
0= 2,30 ~ Presence of Texture Grid (1) resulted in reliably
1= 2,52 , longer response latencles.
Glideslope
0= 3,19 Presence of a Glideslope/Localiger T-bars (1)
1=1,82 resulted in reliably shorter respense latencies.
Touchdown Zone x Centerline
0/0 « 2,24 0/1 = 2,43 Presence of Touchdown Zone marker in the absence of a

1/0 = 2,53 1/1 = 2,44 - Runway Centerline (1/0) resulted in disproportionately
: long response latencies, whercas its presence made wo
reliable difference when the Runway Centerltno wis -
present (0/1 versus 1/1).
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TABLE 9 25

Summary of Analysis of Variance and Results for Median Latencies of All
Responses at Near Range

Source of Variance F df 2
Runway Outline 0.581 1,28 .452
Touchdown Zone 0.168 1,28 .685
Runway Centerline 1.542 1,28 225
Texture Grid 1.306 1,28 .263
Glideslope/Localizer 14,087 1,28 .001

Reliable Interactions

Outline x Texture 4,264 1,28 .048
Touchdown Zone x Texture 4.742 1,28 .038

Cell Means and Effects

Outline
0= 2,58 sec Latencies for absence (0) and presence (1) of Runway
1= 2,31 Outline did not differ reliablyv,

Touchdown Zone
0= 2.46 Lat.ncles for absence (0) and presence (1) of
le 2,43 Touchdown Zone did not differ reliably.

Centerline
0= 2,50 Latencies for absence (0) and presence (1) of Runway
1= 2,39 Centerline did not differ reliably.

Texture
0= 2,41 Latencies for absence (0) and presence (1) of Texture
1= 2,48 Grid did not differ reliably,

Glideslope
0= 3,21 ' Presence of Glideslopef/Localizer T-bars (1) resulted
1= 1,86 in reliably ghorter response latencies.

Outline x Texture
0/0 = 2,49 0/1 = 2.70 Presence of the Texture Crid fn the absence of a
170 = 2,34 1/1 = 2.29 Runway Outline (0/1) resulted in disproportionately
, long responge latencles, whereas its presence in
combination with a Runway Outline (1/1) resulted in
the shortest latencles.

Touchdown Zone x Texture
0/0 = 2.48 0/1 = 2.44 Presonce of the Touchdown Zone in the abuence of a
170 = 2.33 1/1 « 2.53  Texture Grid (1/0) resulied in disproportionately short
response latoncien, vhoreas {ty prescoce in combloat fon
with Toxture Grdd (1/1) resulted tn slightly Jonger
latenctes than with Texture Grid aloae (D/1),
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TABLE 10

Regression Equations, with their Associated Multiple Correlation Coefficients,
for the Presence (1) or Absence (0) of the Various Display Elements at Near (N),
Medium (M), and Far (F) Ranges from the Runway Aimpoint (underlined regression
coefficients are statistically reliable; p < .05).

DISPLAY ELEMENT

PREDICTED Runway Touchdown Runway Texture Glideslope MULTIPLE
VALUE OQutline Zone Centerline Grid Localizer CORRELATION
Xy X, Xy X, Xg

Percent Correct Responses:

Iy " .000):1 -i-.039x2 +. 1._@_53:3 -.Olloxa +.mx5 R = .622
Yy * ._1_1_7_::1 +.009x2 -.006::3 -.058::“ +.§g§xs R= .707
e ® '.11-2“1 -.026&2 4-.081);3 +'°72"6 +._7_1_33:s R = .745
Median Latency, Correct Responses:
Y " -.092x1 4-.019::2 -.007::3 +.059x6 -.ﬁxs R = .546
Yy ™ -.Olle 4-.061:&2 -.006x3 +.05lx6 -.ﬁ}_xs R = .500
p = -.062::1 +.016x2 --.()053:3 -0-.0.‘18:1:A "ﬂ."s R = .608
Median latency, All Responses:
y“ - -.°9axl --01382 “0063‘3 '0'.02984 -o&xs -R_ - ,582
YK - .OOOK)I +.05632 "'0021‘3 "'.0793‘. 'ti’i‘s E - .5‘0
Y " -.0:\9::1 +.000x2 --.0€)‘2x3 +.056x4 -.gz_g_xs R = .656
Parcent Incorrect Responses, Lateral Deviation:
,.N - *.1_9_1_!1 “.066”2 '._],_3_22) -.06‘“‘ -tmxs !‘ = .”‘
y“ - ‘téﬁgxl #.010&2 '30&9*3 -2 !‘BR‘ ‘tm‘s “_ - .515
v =+ 235% +.020x, = 204x, -+ 108x, =+ 390xg R= .51
Median Latency, Ingorrect Lateral Responses:
Y " =002, ~.090s,  ~.13%x, +.020x, - 322, R 286
y“ - -.076xx #.05‘!2 -.09533 -.0798‘ "o_._B_L's L - Iso’
yv’ - -.33_;&1 *.0&&2 -.097:, -‘le‘ -._4_15_:5 R = ,488
Percent Incorrect Mesponses, Vertical Deviation:
L A3, =011,y ~.079x, +.036x, =310, R= 56
" -.052:1 -.om, 0.033;:3 *.,_x_g_a.u‘ -._27_‘.!5 R» ,600
,r - -.057!1 -.02533 ‘|“3‘3 *om‘ '.mﬁs .._ - -630
. MNedian Latency, Incorrect Verrieal Nesponmest
y“ L nml -.033&2 "d‘!}'gﬂ, -.0203‘ "o_‘ﬂ“s ! - .510
™" +042x, +.057x, +.039, +.060x, «.33xg Lo 568
,, . -.N)ﬁl 0.00)32 '.'-00‘!3 0.020:‘ ‘.m‘s ! - .‘“
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T AR o mei s

j o The findings from this study of final approach position judgments
? % by flight instructors, in response to statically presented images of
‘ h computer-generated skeletal "airport” scenes, can be summarized as
follows:

1. The accuracy and speed of judgments are enhanced more by
the presence of synthetic guidance information than they
are by the perspective projections of any combination of
four "contact analog" elements representative of the real-
world visual scene on an approach to an airport. UWhen the
four T-bars that defined an imaginary Glideslope/localizer
beam (a "highway in the sky") were present, position judg-
ments were rapid (less than 2 sec versus more than 3 sec,
on average) and quite precise (in some condit(uns_without
error during 36 trials from various positions bv eachvof
eight pilots).

2. The relative contributions of the real-world cues varied as
a function of range from runway afmpoint. Specifically, !n_
the absence of the synthetic puidance symbols, judgments
wvere consiscently better when the contact analog elements

{ncluded the Runway Outline, particularly at Far ranges from

ORI

the touchdown aimpoint (which was alwavs visible), whereas

the presence of the Runway Centerline contributed more at

pre——
[ R

Near ranges,

3

——
& e

3. Reither the presence of Touchdown Zone markings (in addition

' ' to the ever present aimpoint) nor the surface Texture firid

£ Pl g St
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contributed reliably to the overall accuriacy or speed

of judgments. In fact, the vresence of the Texture Grid
was consistently accompanied by slower judgments, and at
Medium range it resulted in reliably more incorrect re-
sponses in the vertical dimension.

There were several statistically reliable first-order
interactions between visual elements as indicated in
Tables 4, 6, 8, and 9: most notably, the presence of

the Runway Outline contributed less when the Glideslope/
Localizer T-bars were present than when they were absent,
and the Texture Grid contributed favorably in the presence
of the RunwayVOutline wheoreas it interacted unfavorably
with the Touchdown Zone markers, and the latter resulted
in disproportionately slow responses in the absence of

the Runway Centerline.

v A 2
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DISCUSSION

The generalizability of these findings is qualified by several
factors. The pilots' judgments were made in response to the sudden
appearance of static projections of skeletal visual scenes. The sudden
appearance of the scene can be considered roughly analogous to breaking
out of an overcast on afinal instrument approach to a runway. The
dynamics of movement toward the runway were not represented, and the
scene disappeared immediately following the pilot's response with no
indication of the correctness or incorrectness of the repsonse.

The superior performance associated with a svnthetic perspective
representation of an extended Glideslope/Localizer appro@rh nath
illustrates the uffecttveneserof including specific guldanee fuformation,
clearly encoded, relative to the perspective reprcsentntinu of real-
world-"concﬁcﬁlanalog" scenos. This is not to sav that dynamie contaetr
analog presentationsalone do not contribute to spatial oricntation, hut
ic apponré'that such displavs do not support the precise paﬂitiau and
projected flight path discriminations required for all-weather {hstrument

© flight, The Inclusfon of guidance and/or predict fon {nformation in |
addition to the essential r@ul~uorld-el@uents in contact énalag displaye
supports boeh rapid ordentation and accurate control.

The lineat regrossion equations pregented in Table 10 account for a
substaucial proportion of ;he experimontal varfaovce ohserved hdtruqt for

11 of the varfance that can be isolated. la view of the several reliable
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interactions among some of the visual elements, revealed by the analyses
of variance, regression equations that included the corresponding higher-
order terms would similarly account for additional increments of variance
and thereby vield higher multiple corrclation ceoefficients. The values
of these higher-order regression coefficierts can be determined dirvectly
from the analvses of variance for dichotomous variables,

The use of a central-composite design, in coajunctinn with a conven-
tional factorial combination of experimental displav variables, served a
somewhat different purpose from that for which €CDs are normally used, In
this case, its purpose was to provide an efiicient sampling of rlight
variables likely to affect the pilets' discrimination tavk, namely, three
positional variables (lateral and vertical deviation from desived flight
path and vange from vunway nimpéint) and two flight a;tigudr var Labloes
(pltch and bauk). Thus the task vagtéhlcﬁ xampled 1 aceetdance with

the CCD wore not experimental variables in the usunl getine, although they

Ceould he treated as puch, and the data obiained could Be submitted o

overail regrennion analveer {n which the Jependent perforsance varlables
would be related ro thoge contiovoue tasy warfshles av vl an e the

disepete disnl.v variables of orimary irtere s,

The testing of pilots' rospolwes to static presentations of sompuier-

generated vivual diaﬁlays wag & legical initial sies fa the weevening of
elemenes of real-vorld alrpart srvnésrthdl supperl vuledntw of T1ighe
att:tude and poiition on Tinsd apprunrﬁv» to tandines . The lapical nest
wtep i the mcasurenent of dw"‘_”k' vlaged=Joop lot wepformime ey in

response to a telatively limited subset of the 32 displave stueied
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statically in this experiment. In fact, research currently in progress
has already shown that the four essential contact analog elements — hori-
son, runway outline, runway centerline, and 1an?ing aimpoint (or target) —
do resuit in consistently accarate simulated landings by skilled pilots.

Furthermere, as would be predicted from the results of this experi-
ment, the inclusion of synthetic guidance information, encoded in a form
similar to that studied in this experiment, has a comparably beneficial
effect upon dynamic, closed-loop landing performance. When presented
and withdrawn automatically in accordance with an appropriate adaptive
logic, the synthetic guidance cues also appear to facilitate the initial
acquisition of landing skills and the subsequent transier of those skills
to situations in which synthetic guidance is not presented (Lintern,
doctoral research in progress).

In view of the evident benefits of the integrated presentation of
guidance information within true-perspective contact analog scenes, the
possible interactive benefits of including dynamic flight-path prediction
symbology in the same integrated display should also be iavestigated.

An illustrcation of how flight-path prediction and a modified "highway

in the sky" might be combined in a computer-generated contact analog is
shown in Figure 6, If flight-path prediction is presented in this way,
the resulting flight control task becomes one of pursuit rather than
compensation., Pursuit displays, by definition, have at least two moving
indices within a common reference system, one representing the pilov's
own airplane or projected flight path and the other represcnting his

desired position or flight path.
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Any flight maneuver, including ones defined in relation to surface
objects such as airport runways or ground targets, can be reduced to an
abstract, error-nullipg task with approoriate sensing, computing, and
symbolic display devices. However, when the pllot's tracking task is
reduced to that of a simple amplifier providing control inputs propor-
tional to displaye& error signals, his unique potential contributions

can be lost, namely: resolving uncertaintv, judging the reasonableness

of the situation, and adjusting his indices of desired performance

.accordingly. It is by facilitating his intelligent action in the face

of opportunity or adversity that pictorial situation displays of the
type developed and tested in this program may contribute most directly

to flight safety and mission success.
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