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PILOT PERFORMANCE DURING SIMULATED APPROACHES AND LANDINGS MADE WITH

VARIOUS COMPUTER-GENERATED VISUAL GLIDEPAT11 INDICATORS

Introduction.

The role of visual cues used by pilots making visual approaches and land-

ings is incompletely understood. Not only do we not know how pilots land an

airplane when presented with the "stimulus-rich" environment of an airport in
daylight on a sunny day, we are also unable to specify the minimum cues

needed to make a safe landing during less than ideal lighting or weather

conditions. However, the development and use of visual glidepath indicator

systems located next to many primary runways have eased the pilot's task in
guiding his aircraft to the runway in a safe manner. Nevertheless, even with

these Visual Approach Slope Indicators (VASI) systems in use, too many

accidents continue to occur, especially when the availability of visual cues

is reduced by darkness and/or inclement weather. These systems include three

currently in international use, the 2-bar and 3-bar (Red/White) VASIs which

are standard in the United States, the Australian "T" Visual Approach System

(T-VASIS), and one experimental system, the Precision Approach Path Indicator
(PAPI), a system that is currently under test in Great Britain and the United

States.

The studies described in this paper represent an attempt to quantify, in

terms of pilot performance, the effectiveness of four different visual glide-

path indicator systems under conditions in which the stimulus environment is

severely reduced. Although previous experimeiiLs (2,4) have compared perform-

ance with the T-VASIS and 2-bar VASI, these four indicators have not been
compared in the same study and, to our knowledge, quantitative data on

approach performance with the 3-bar VASI and PAPI systems have not been

published. The most recent studies of 3-bar VAST, T-VASIS, and PAPI systems

have involved subjective pilot assessments rather than performance measures

(5,6,12,13,14).

EXPERIMENT I

Method.

Subjects. Twenty-four pilots with instrument and/or multiengine ratings

served as subjects. All subjects had at least 20/30 acuity at the distances

of 30 and 40 inches as measured by a test developed at the Civil Aeromedical
Institute. All subjects were examined for color vision deficiencies with the
Farnsworth Lantern; no evidence of color vision defect was indicated.

The 24 subjects were randomly assigned to four groups of six. Their

experience levels varied from 360 hours to 24,000 hours of flying time.
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The total flying time for each subject in each of the four groups is shown
in Table 1.

TABLE 1. Total Hours of Flying Experience of Experimental Subjects

GROUP

2-bar VASI 3-bar VASI T-VASIS PAPI

360 550 480 650

2,400 3,000 580 1,350

10,500 6,600 950 9,000

11,000 10,000 7,500 10,000

11,500 12,500 10,400 10,500

21,500 24,000 16,000 14,000

Apparatus. The subjects flew simulated VFR approaches in a fixed-base
Convair 580 aircraft simulator with an attached computer-generated-image
visual system that has been described elsewhere (9). A 17-in multicolor
cathode-ray-tube display was mounted in front of the left-hand seat at eye
height. This display was controlled by a Digital Equipment Corporation PDP-
11/45 computer equipped with a VBll display controller and an AD01 analog/
digital conversion system. The display simulated a dynamic nighttime visual
scene synchronized with the maneuvers of the aircraft simulator. Approaches
were made to a simulation of Will Rogers World Airport (Oklahoma City),
modified to align the main runways with magnetic north. The runway used for
all approaches in this study was 9,800 ft in length, 170 ft wide (simulated
separation between edge lights), and equipped with centerline and touchdown
zone lighting. Lights simulated taxiways, terminal areas, and two other
runways, but approach lighting was omitted. With these conditions the simu-
lated scene represented what is usually described as a "black hole" environ-
ment, i.e.; the approach was made to an airport surrounded by darkness with
no additional ground detail to aid the approach. Four types of ground-based
visual glidepath indicator systems for vertical guidance were simulated.
These included the standard 2-bar and 3-bar (red/white) VASI systems (16), the
Australian "T" system (T-VASIS) (1), and a British experimental system (5)
called the Precision Approach Path Indicator (PAPI). These visual glidepath 44

indicators are described below. The intensity of all simulated lights varied
with distance. The intensity of the lights in the scene was set in relation
to runway lights to have a realistic appearance, with the exception of the

2 2



simulated red lights, which were relatively dimmer than in the natural situa-
tion due to limitations inherent in the penetration type of cathode-ray tube
employed.

Procedure. At the beginning of each session, the subject's acuity and
color vision were examined. The subject was acquainted with the simulator and
the aims of the study. Recommended control settings, airspeeds, and vertical
speeds for the maneuvers to be used in the experimental session were discussed
when the subject was introduced to the simulator.

Since red lights were dimmer than in the natural situation, it was
required that all subjects be able to see the red light bars in the glidepath
systems at a simulated distance of at least 4 nautical miles from runway
threshold as determined by a check during preexperimental familiarization with
the simulator. The subjects were further instructed to adjust for the low
relative intensity of red lights in the glidepath indicators by responding at
far distances (greater than 4 miles) to the apparent absence of red lights.
For example, with the 2-bar VASI, the "on glidepath" signal is red-over-white,
the "high" signal is white-over-white, and the "low" signal is red-over-red.
At far simulated distances (greater than 4 miles), subjects could identify
these signals entirely in terms of the number of white bars visible, with two
white bars indicating "high," one white bar indicating "on glidepath," and no
light bars indicating "low." This strategy has been reported as being used by
pilots in actual landings involving the PAPI system (14). However, in the
present experiment performance was measured only at distances of 4 miles or
less, a range within which the pilots were able to see all simulated lights
and identify their color.

After at least two preliminary flights for practice, each subject flew six
experimental missions consisting of takeoff, climb to 2,500 ft altitude, turn
to heading of 1800, flight until approximately 8 miles south of the runway,
turn to heading of 3600 (approach heading), approach, and landing. The pilots
were instructed to begin the approaches as soon as they had the runway in sight
after turning to a heading of 3600. Basic flight instruments were always
available including altimeter, vertical speed, airspeed, turn and bank,
heading, and attitude indicators. All approaches, with or without glidepath
indicators, were flown VFR, and in no case was ILS information available. A
10-minute break was given after the first three experimental flights. Each
flight took approximately 10 minutes. The entire experimental session did not
exceed 2 hours.

Each subject made three approaches with one type of glidepath indicator
system and three approaches with no glidepath indicator. On approaches made
with glidepath indicators, subjects were instructed to fly the glidepath
defined by the indicator with as little deviation from that glidepath as
possible. In all cases, glidepath indicators were designed to define 30
glidepaths. On approaches made without glidepath indicators, subjects were
instructed to maintain a 30 glidepath as closely as possible. Order of
glidepath-indicator and no-glidepath-indicator approaches were counterbalanced

over subjects in each group. On all missions, east-west travel of the simu-
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lator was fixed so that the task represented maneuvering in altitude and
heading only. Once he had achieved the proper heading, the pilot could
concentrate his attention on the glide slope.

Glidepath Indicator Systems.

2-bar VASI. A standard 2-bar VASI (16) was simulated with light bars on
the left side of the runway. Both first (downwind) and second (upwind) light
bars were 32 ft long and 50 ft to the left of the runway and were 650 and
1,350 ft respectively from the runway threshold. Each light bar appeared red
when viewed from an angle less than the cutoff angle and white when viewed
from a greater angle. Cutoff angles and light bar locations are presented in
Figure 1. The appearance of the VASI lights when viewed from various vertical
positions relative to the VAST glidepath is illustrated in Figure 2. When on
the proper glidepath, the upwind bar appeared red and the downwind bar

2- Bar (Red/White) VASI

Upwind Downwind RThreshold
Light Bar Light Bar

Figure 1. Cutoff angles of simulated light bars in the 2-bar VASI.

appeared white. Both bars appeared white when the approach was high and both
appeared red when the approach was low. In actual VASI installations, the
transition between red and white occurs gradually over a vertical angle of
approximately one-fourth of a degree with the color changing from red to
pink to white or vice versa. The actual apparent width of the pink zone is
known to vary with ambient illumination and atmospheric conditions. Color
transition in the present experiment represented the limiting case of
instantaneous change as the cutoff angle was passed. All simulated red/white 4
bars had this characteristic in this experiment. The implications of this
difference between actual and simulated red/white light bars is considered
in the discussion section of this paper. ft
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2-BAR VASI

HIGH

fjON GLIDEPATH

:/3 LOW
Figure 2. Illustration of 2-bar VASI signals. Open and closed

rhomboids indicate white and red lights respectively.

3-bar VASI. A third bar was added to the standard 2-bar VASI 700 ft
upwind of the second light bar of the 2-bar VASI configuration to produce a
3-bar VAST of the type used at airports handling large-bodied jet transports
(16). The 3-bar VASI defines two glidepath zones (Figures 3 and 4). In the
present experiment only the downwind zone as defined by the downwind and
middle light bars was employed. Since the aiming angle of the middle light
bar (which defined the upper limit of the glidepath) was 30, the "effective
glidepath angle" (as the term is used in Reference 16) was the same for both
2-bar and 3-bar VASIs, but the width of the visually defined glidepath was

,. approximately twice as great in the case of the 2-bar VASI due to the differ-
ence in cutoff angles of the first light bar in the two systems.

T-VASIS. The Australian "T" Visual Approach System provides vertical
guidance based on pattern of lights rather than color. Vertical guidance
information is provided in terms of seven distinct zones of position relative
to the ideal approach path (1). The T-VASIS consists of two parts, the
$owing bar," which is always visible, and the position lights, which are not.
The wing bar in the present experiment comprised two light bars 20 ft long
separated laterally by 40 ft. The wing bar was centered on a point 50 ft to

-i5" A-. . "... °w, "7 " ' ,
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3- Bar VASI

Upwind Center Downwind R.--Threshold
Light Bar Light Bar Light Bar

Figure 3. Cutoff angles of the simulated light bars in the 3-bar VASI.

3-BAR VASI

HIGH

SLIGHTLY HIGH

ON GLIDEPATH

jLOW

Figure 4. Illustration of 3-bar VASI signals. Open and closed
rhomboids indicate white and red lights, respectively.
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the left of the runway, 1,000 ft from threshold. The position lights
consisted of six shorter light bars arrayed at equal 296-ft intervals on a line
running parallel to the runway with three located upwind and three located
downwind from the wing bar as shown in Figure 5 along with their respective

cutoff angles.

T-VASIS

-; 4*..q - , - . -. - -

3.23* 3.12* a 3

L--Upwiod Lights- -  S'--D..nwnd LIgs Thohod
(Fly Down) (Fly Up) o - 1.9*

Figure 5. Cutoff angles of the simulated light units in the T-VASIS.

The three downwind units can be seen only when the aircraft's position is
below the optimum glidepath. As illustrated in Figure 6, the number of down-

wind lights visible below the horizontal wing bar increases with deviation
below the ideal path so that a "T" is formed whose vertical segment varies
with deviations below the glidepath. Similarly, the number of upwind
position lights visible increases with deviation above the optimum glidepath
to form an inverted "T." When the aircraft deviates below a 1.90 glide
slope, the transverse wing bar and all three downwind position lights in the
"T" turn red. At approach angles less than 1.90, all these units appear red.
The "T" wa. set to define a 30 approach angle in the present experiment.
Light boxes designed for the T-VASIS have a transition zone of 0.10 (in
transition from visible to not visible). In the present experiment this
transition was instantaneous as the cutoff angles were traversed.

PAPI. The British PAPI system (5) is an experimental system involving
red/white light boxes that have a sharp red/white transition zone of 0.0330 or
less. It should be noted that this sharp transition of color was closely
approximated by the present simiIbtion. The PAPI system has four light units
arrayed in each of two bars, one at 650 ft and one at 1,350 ft from threshold.
The aiming angles of the light units in each bar are varied in small steps.
In the downwind bar the innermost unit is set at an angle that is 0.080 below
the glide slope angle; other light units in the same bar are set to progres-
sively lower angles in 0.330 steps. The outermost light unit of the upwind
bar is set at 0.080 above the optimum glidepath angle; other units of that
bar have aiming angles which increase in 0.330 increments (Figure 7).

7
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T-VASIS

HIGH

uN

SLIGHTLY HIGH

ON GLIDEPATH

SLIGHTLY LOW

LOW

EXTREMELY LOW

Figure 6. Illustration of T-VASIS signals. Open and closed
rhomboids indicate white and red lights, respectively.
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Upwind Downwind
Ligit Bar Light Bar

Figure 7. Cutoff angles of the simulated light units of the PAPI.

The simulated width and separation of light units in both bars was 10 ft.
The normal red-over-white VASI signal is seen when on glidepath. As
illustrated in Figure 8, as the aircraft starts to deviate below glide slope,
one white light in the downwind bar will appear to turn red; with further
descent below glidepath more light units in the downwind bar will turn red
until all are red at an approach angle of 1.90.

Increasing deviation above the optimum glidepath causes a similar
gradual change of lights in the upwind bar from ill red to all white. At
a glidepath angle of 4.10 all light units appear white. Both T-VASI and
PAPI provide greater information concerning both position with respect to
the optimum approach path and the rate of closure of vertical deviation from
the optimum path than do the 2-bar and 3-bar VASI systems. The T-VASIS is
more sensitive to deviations than is the PAPI system.

Results.

The six subjects in each or the four glidepath indicator groups had
three test trials, following practice, in which the glidepath indicator was
used for vertical guidance during the approach and three test trials in
which no glidepath indicator was used for vertical guidance. Simulated

altitude and distance of the aircraft were recorded at I-second intervals
during ill approaches. One aspect of the pilot's task in flying an approach
is to produce or generate a glidepath that is as close as possible to an
ideal approach path, commonly 30, that intersects the runway plane 1,000 ft
upwind from threshold. In the present experiment, the flight path profile
(the function relating generated altitude to distance from threshold on the
approach) was examined with regard to altitude deviations from the 3' path as
a function of distance. Since the importance of a given altitude deviation

K9



PAPI

L HIGH

CeEoD \ SLIGHTLY HIGH

/Zg ON GLIDEPATH

L7\ SLIGHTLY LOW

"4 3- EXTREMELY LOW

, Figure 8. Illustration of PAPI signals. Open and closed rhomboids
indicate white and red lights, respectively.
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varies with distance from the aim point (1,000 ft upwind of threshold), a
second analysis involved the magnitude of deviation from the 30 approach
path in terms of generated approach angle (measured with respect to the ideal
touchdown point) at each second during the apprcach. Generated approach
angles were calculated by finding the angle whose tangent was the ratio of
generated altitude to distance. Data for approaches made with glidepath
indicators were analyzed separately from data obtained on trials with no
glidepath indicator. The former are presented first.

Root mean square (RMS) altitude deviations, measured in feet, from the
30 approach path, as a function of indicator type, trials, and distance, were

evaluated by analysis of variance. RMS altitude deviations were obtained for
each of the four 1-nautical-mile segments of approaches for a distance of
24,000 ft to threshold. The only significant effects present in these data
were the main effect of distance (p < 0.01) and the interaction of indicator
type with trials (p < 0.01). Figure 9 shows t]'e main effect of distance on
RMS altitude deviations from the 30 approach path for each indicator type in
each of the four 1-mile segments of approaches. The significant decrease in

250-
2- 2-BAR VASI

O--O 3-BAR VASI

ISOS
I-I

W 200 v--"v T-VASIS

-
V-

S0---0 PAPI

e 
0

0-z 150 I 1 2- -

> I00 ,,

tyead dist.ce

/ "

1

0-1 1-2 2-3 3-4

DISTANCE INTERVAL (NAUTICAL MILES)

Figure 9. RS altitude deviations as a function of glidepath indicator
I type and distance.



RMS deviations with distance is clear. The interaction of indicator type with
trials is shown in Figure 10. No significant change in performance occurred
over the three trials flown with the glidepath indicators except in the 2-bar

- 2-BAR VASI
200- O--O 3-BAR VASI

I v----vT-VASISW
W o---o PAPI

- 150

z
0

S100

Wa 50 '

0 0 "7

01
I 2 3

TRIAL

Figure 10. RMS altitude deviations as a function of glidepath
indicator type and trials.

VASI group where deviations increased after the first trial. Analysis of
individual cell means for this interaction showed that the only significant
difference due to indicator type occurred on trial 3 between the 2-bar VASI
and T-VASIS groups.

RMS generated approach angle deviations from 30 were also analyzed as a
function of indicator type, trials, and distance. Again, the only signifi-
cant effects were the main effect of distance (p < 0.01) nnd the inter-
action of indicator type with trials (p < 0.01). RMS approach angle devia-
tions are plotted as a function of indicnfo- type and distance in Figure 11.

This illustration shows that the generated approach angle deviations are
fairly constant until a distance from threshold of I nautical mile (2 miles
in the case of the VASI group) at which point altitude deviations increase
relative to distance by a statistically significant amount. The interaction
of indicator type and trials is shown in Figure 12.
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RMS approach angle deviations in the 2-bar VASI group were significantly
higher in trials 2 and 3 than in the 3-bar VASI and T-VASIS groups, and
significantly higher than the PAPI group on trial 3. No differences among
the three other groups were statistically significant.

Deviations in all four indicator groups were consistently much greater
when visual indicators were not used in approaches. Only RMS generated
approach angle deviations will be discussed, for brevity, concerning
approaches made without glidepath indicators. There was a significant differ-
ence between indicator groups on approaches in the no-indicator trials. This
can be seen in Figure 13 in which RMS generated approach angle deviations are

a-e NO 2-BAR VASI

2.0 0--0 NO 3-BAR VASI
W -- v NO T-VASIS
w

0---1 NO PAPI

w 1.5

z 0 0

o 1.0 *

W .5

S 0
0-1 1-2 2-3 3-4

DISTANCE INTERVAL (NAUTICAL MILES)

Figure 13. RMS generated approach angle deviations on no-indicator
trials as a function of glidepath indicator type and
distance.

plotted as a function of which indicator group subjects were in and distance
interval. Analysis of simple effects revealed that on no-indicator trials the
2-bar VASI group had significantly higher RMS approach angle deviations than
the 3-bar VASI and PAPI groups, but deviations of the 2-bar VASI group were
not significantly greater than those of the T-VASIS group. On trials
involving the glidepath indicator (shown in Figure 11), in contrast, the
greatest difference occurred between the latter two groups. The significant
(p < 0.05) interaction of indicator group and trials is shown in Figure 14.
This effect reflects the fact that the significant difference between groups
discussed above occurred only on trials l and 2 in the no-indicator condition.
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.2.0 - NO 2-BAR VASI
t 0- -0 NO 3-BAR VASI
wt. V-. --- NO T-VASIScD 1.5 -1. O---0 NO PAPI
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S.5V.

CC 0

I 2 3

TRIAL

Figure 14. RMS generated approach angle deviations on no-indicator trials

as a function of glidepath indicator type and trials.

24 0

z
S/ .--. 2- BAR VASI

.- 23 -0-0 3-BAR VASI

-J ,.J V-- -V T-VASIS
O 22 -0Q---0 PAPI
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Figure 15. Flight path oscillations in indicator and no-indicator
(no-aid) conditions as a function of glidepath indicator
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The instability in approarh paths flown with the different types of
glidepath indicators was also studied. Flight path oscillations, a measure
inversely related to stability, was measured in each of the approach flight
profiles by counting peaks and troughs, or turning points, in the function
relating altitude deviations (from the 30 path) to distance. The number of
oscillations between the distances of 0 and 24,000 ft from threshold was
calculated by dividing the sum of peaks and troughs in this distance range
by 2. Oscillation data are summarized in Figure 15 for the four groups and
approaches made with and without the glidepath indicators.

Only the 2-bar and 3-bar VASI systems produced a significant (p e 0.01)
decrease in oscillations and there appears to be no correlation between
number of oscillations and magnitude of deviations from the 30 glidepath.

Flight path profiles obtained in this experiment are summarized in terms
of descriptive statistics for distributions of generated altitude at distance
intervals of 1,000 ft over the range from runway threshold to 24,000 ft from
threshold for each indicator type in Tables 2, 4, 6, and 8.

Similar descriptive statistics are given for the same groups under
no-indicator conditions in Tables 3, 5, 7, and 9. The statistics presented
for a particular distance and glidepath indicator condition are based on
18 observations (6 subjects x 3 trials) and include the high and low scores,
the first (Ql), second (Q2, median), and third (Q3) quartiles, as well as
the range, mean, standard deviation (unbiased estimate), and measures of
skewness and kurtosis. Skewness and kurtosis measures were obtained using
equations given by Kendall and Stuart (7). To facilitate interpretation
of these data in terms of differences among groups regarding deviation from
the 30 approach path and dispersion of generated altitudes in these
distributions, generated altitude values in Tables 2, 4, 6, and 8 for highs,
lows, and quartiles were converted to generated approach angles and plotted
in Figures 16, 18, 20, and 22. Similar descriptive statistics are plotted
for the no-glidepath indicator conditions for the four indicator types in
Figures 17, 19, 21, and 23.

The descriptive statistics in these tables and figures indicate that
flight paths tended to be lower and more variable when the glidepath
indicators were not used. When glidepath indicators were used, the
performance of groups in terms of both constant deviation errors measured
with respect to the 30 approach path and variation of flight paths about
that reference was ordered in terms of decreasing performance as follows:
T-VASIS, 3-bar VASI, PAPI, and 2-bar VASI. Although overall performance
with the 3-bar VASI was better than in two other groups, the only occurrence

of short landings when using a glidepath indicator were with one subject in
the 3-bar VASI group: On two occasions with the 3-bar VASI present, the
subject landed short of runway threshold by as much as 450 ft. The only
other short landing occurred during an approach with no visual glidepath
indicator present with a subject in the PAPI group.
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EXPERIMENT II

Experiment I demonstrated that pilots making simulated approaches using

the T-VASIS performed better than pilots making approaches using the Red/White
2-bar VASI. Experiment II was directed towards the determination of the

efficiency of these two systems in terms of their effects on pilot observing

behavior. The rate at which a pilot looks at a given glidepath indicator is

one measure of the importance of that indicator to safe flight. An indicator
designed to facilitate safe approach and landing performance can be of

utility only if the pilot looks at the indicator. From previous research on

observing behavior it is well known that one factor that influences the rate-

of observation of a given stimulus is the rate of information change that the
stimulus presents. Since, for a given approach slope, the T-VASIS presents
more information (magnitude of deviation as well as direction) and at a
higher rate of change than does the 2-bar VASI, it would not be unexpected for

the observing response rates for these two systems to differ in favor of the

T-VASIS.

Method.

Subjects. Three men with instrument and/or multiengine ratings served
as subjects. All had at least 20/30 visual acuity at the distances of 30 and

40 inches and showed no evidence of color vision defect when screened by the
tests described in Experiment I.

Apparatus. The apparatus was the same as in Experiment I. Only the 2-bar
VASI and the Australian T-VASIS were simulated.

Procedure. Each subject was tested in four 2-hour sessions with each type
of glidepath indicator in counterbalanced order. Two practice sessions were

given with each type of indicator before test sessions began. In every

practice and test session, eight approaches were flown with only one type of

glidepath indicator. The flight plan for each mission consisted of takeoff

and climb on a north heading to 2,500 ft altitude. At that altitude the
simulated position of the aircraft was moved by means of computer commands to

a position 50,000 ft south of the runway threshold on the extended centerline

of the runway. As before, east-west travel of the simulator was fixed.

During the first practice session with each type of indicator, the indi-
cator was turned on and was visible throughout the approach. During subse-

quent sessions with each type of indicator,, the indicator was turned off.

During approaches the indicator became visible for 1-second periods each time
the pilot pressed a button on the control column. Thus, each button depres-

sion defined an observing response. In addition to recording aircraft altitude
and distance at I-second intervals, a separate record was maintained of these

same variables each time an observing response occurred.
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Results.

Observing responses were counted for each half-mile segment of all

simulated approaches from a distance of 24,000 ft to 0 ft from runway thres-

hold. These data are summarized in Figure 24.

oJ 4.0 -

S4- 0o. ---o T-VASIS

W 3.0 - VASI

z 2.0 o
0

w
S1.0

Z

> 0 I II _I
0-.5 .5-1 1-1.5 1.5-2 2-2.5 2.5-3 3-3.5 3.5-4

(n
00 DISTANCE INTERVAL (NAUTICAL MILES)
0

Figure 24. Frequency of observing responses in 2-bar VASI and

T-VASIS approaches as a function of distance.

The analysis of variance of observing response frequency as a function

of indicator type, trials, and distance indicated that the main effects of

indicator type and distsnce were statistically significant (P < 0.01 for both).
Both effects are clearly visible in Figure 24. Observing response frequencies

were consistently higher for all subjects and at all distances with the T-VASIS

than with the 2-bar VASI. Frequencies varied from approximately 20 percent
higher with the T-VASIS at the 4-nautical-mile distance to approximately 30

percent higher at runway threshold on the average. The effect of distance

was also large. Observing response frequency more than doubled as distance

decreased from 4 nautical miles to runway threshold.

RMS altitude deviations from the 30 glidepath were also analyzed as a

function of indicator type, trials, distance, and subjects. There were

significant main effects of indicator type, trials, distance, and subjects,

and significant first-order interactions between indicator type and trials
and between indicator type and distance. All effects were significant at

the k < 0.01 level. The main effects and interactions of indicator type

and distance are illustrated in Figure 25.
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Figure 25. RMS altitude deviations on 2-bar VASI and T-VASIS
as a function of distance.

Although altitude deviations decreased with distance, they did not
decrease in proportion to distance, so that deviations increased when
expressed in terms of generated approach angle as shown in Figure 26, which
also illustrates differences among subjects.

Large effects of indicator type occurred with subjects I and 3. The
effect was in the same direction but of lesser magnitude in subject 2, who
also had the highest experience level in terms of total flying hours. The
interaction of indicator type with trials did not appear to represent
important lon7-term trends over the 16 trials and will not be discussed further.

Flight path oscillations were measured and analyzed as in Experiment I
as a function of indicator type, trials, and subjects. This analysis revealed
that only differences between subjects (p < 0.01) were significant. Oscilla-
tions are plotted as a function of indicator type and subjects in Figure 27.

Flight path oscillations did not appear to be correlated with deviations
from the 30 glidepath.

Descriptive statistics are presented in Tables 10 and 11 to describe
distributions of generated altitude values as a function of indicator type and
distance. Each value in the tables is based on 48 approaches, 16 by each of
three subjects. Again, variability of distributions of T-VASIS approaches was
less than that of the 2-bar VASI approaches.
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Figure 27. Flight path oscillations on 2-bar VAST and
T-VASIS approaches for each subject.

Generated altitude highs, lows, and quartiles from Tables 10 and II
were converted to generated approach angles and plotted as a function of
distance in Figures 28 and 29. Comparison of these figures for the more
highly practiced subjects of Experiment I with Figures 16 and 20 for
the 2-bar VAST and T-VASIS conditions of Experiment I shows that
variability in approaches was lower at most distances for the subjects of
Experiment I. The most notable difference was the relative lack of
deviations below 20 in Experiment II as compared with Experiment I in
approaches with the 2-bar VAST.

Discussion.

The significant findings of these studies may be summarized as follows:
During simulated approaches and landings, pilots deviated less from the ideal
(30) glidepath when making approaches with the Australian T-VASIS. Deviations

in the other three glidepath indicator groups increased in the order: 3-bar
VAST, PAPI, and 2-bar VAST. Deviations with the T-VASIS were significantly
smaller than with the 2-bar VAST. Although performance with the T-VASIS,
3-bar VAST, and PAPI decreased in that order, there were no statistically
significant differences among these groups. Deviations in both the 3-bar
VAST and PAP! were found significantly smaller than in the 2-bar VAST group
only in the more sensitive analysis of the generated approach angle deviations
from the 30 glidepath. The present findings concerning approach performance
with the T-VASIS and 2-bar VAST are in agreement with previous evaluations
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(2,4) of these glidepath indicators, studies which also found the T-VASIS
superior in terms of reducing deviation from the desired approach path. In
one of these studies (2) which presented data in comparable form, RMS
deviations from the ideal glidepath with both systems were approximately

one-half the magnitude of deviations found in the present study. This
probably can be attributed to the present study's use of pilots who were not
required to have type-ratings in the nimulated aircraft and to the drastically
and deliberately reduced visual information presented in the current
experiments. The second experiment replicated the finding that approach and
landing performance with the T-VASIS wnq snerior to performance with the
2-bar Red/White VAST and demonstrated that pilots make more observing
responses with the T-VASIS than with the Red/White VASI.

All glidepath indicators greatly reduced deviations from the desired 30
glidepath in the simulated nighttime conditions in which cues from runway
lighting were the only other extra-cockpit source of visual information for
vertical guidance. In all four groups of pilots, when no ground-based glide-
path indicator was present, approaches tended to be low on the average, with
dangerously low approaches occurring in some cases. These data involving
simulated night approaches give empirical support to previous demonstrations
of similar illusions in laboratory situations (8,11) and anecdotal reports of
illusions in the perception of approach angle during actual approaches. This
finding clearly suggests the great importance of ground-based glidepath
indicators for night approaches, especially when "black hole" conditions
exist.

The higher frequency of observing responses obtained with the T-VASIS was
not unexpected. The higher rate of change of information presentation
predicts such a finding and together with the superior performance with the
T-VASIS suggests that observing response rate is a significant factor in
performance of safe landings.

Consider an aircraft that begins an approach with a glidepath slightly
steeper than the 30 ideal. Unless corrected, such a glidepath will result in
a short landing. As indicated in Figure 1, however, only two changes in
appearance of the Red/White VASI occur: the first is a change from a WHITE-
over-WHITE aspect to a RED-over-WHITE aspect as the aircraft penetrates the
envelope defined by the VASI's cutoff angles. At this point the VASI indi-
cates "on glidepath" when, in fact, the aircraft is making a too steep
approach. As the aircraft continues to descend through the envelope, the VASI
continues to display the "on glidepath" aspect. Since the information
presented by the VASI does not change as the descent continues within the
envelope, we would expect the frequency with which the pilot observes the VASI
to decrease. As a consequence it is possible for the pilot to fail to make
an observing response (i.e., "attend" to the VASI) when the lower limit of the
envelope is finally penetrated and the VASI indicates "too low" (RED-over-RED).
Indeed, we would predict that approaches would occasionally result in just
such a profile and with a resultant short landing if cues in the runway image
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failed to provide adequate vertical guidance at the same time. This seems
likely to happen on occasions in view of the literature concerning the high
accident rate in night visual approaches, a rate that has been attributed to
visual illusions involving a perceptual tendency to overestimate altitude or
angle of approach at night (3,7,9).

Now consider the same aircraft beginning the same "slightly too steep"
approach with the T-VASIS. As indicated in Figure 3, a comparatively high
rate of information change occurs as the aircraft descends. The relatively
rapid change in the visual aspect presented by the T-VASIS makes it much more
likely that the pilot will make an observing response and check the descent.
In other words, the same analysis that would predict some approaches to result
in short landings with the Red/White VASI would predict that significantly
fewer approaches with the T-VASIS will result in short landings.

Frequency of responding to the glidepath indicator for vertical guidance
may not be the only problem in the use of glidepath indicators. After
receiving a low signal from the glidepath indicator, the pilot, in order to
maintain a relatively stable flight, is likely to make a flight path correction
by reducing rate of descent rather than by eliminating further descent. It is

possible that the reduction in rate of descent would be insufficient to make
the flight path intersect the visual glidepath of the indicator. Unless the
pilot receives rapid feedback from the indicator concerning the adequacy of
his correction, he may continue a low approach. The T-VASIS and the PAPI are
designed so that if descent below the desired glidepath continues, feedback
is provided so that additional flight path corrections can be made. After
once deviating below the 2- and 3-bar VAST glidepaths, no further information
about change of position relative to the visual glidepath is presented unless
the correction is sufficient to make the flight path intersect the VASI glide-
path. This might be an especially important problem if downdrafts were
present. The pilot's strategy in the use of glidepath indicators is very
important and obviously must involve careful integration of information from
the glidepath indicator on the ground with information provided by altitude

and vertical speed indicators. Quantitative information about deviation
below the desired glidepath as provided by the T-VASIS and the PAPI would seem
to be very helpful in this integration Drocesn.

It should be noted, however, that the same theoretical analysis that
predicts superior performance with the T-VASIS also predicts superior
performance with the PAPI. Both systems share the characteristic of presenting
quantitative information about deviation from ideal glidepath in addition to
the directional information presented by all systems studied. (To some extent
the 3-bar VASI can be regarded as presenting some quantitative information
about deviations above the ideal glidepath for pilots using the downwind pair
of bars and some quantitative information about deviations below the ideal for
pilots of large-bodied transports. It could be argued that the intermediate
performance obtained by using the 3-bar VASI was due to the presence of this
information.) It is apparent then that the presence of additional information
in a glidepath indicator is not a sufficient condition for superior performance,
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since the PAPI group was not superior to the 3-bar VASI group. It appears
possible that the ease with which pilots interpret the information displayed
is an important factor. Thus, the T-VASIS presents an easily interpreted
"T" that tells the pilot to fly in the direction indicated: fly up for the
normal "T"--fly down for the inverted "T." The PAPI may not be as easily
interpreted and may require greater experience before a pilot becomes
proficient in readily interpreting the information encoded in the lights.
Another possible reason for the differences between T-VASIS and PAPI
approaches may be the difference in precision of information (size of approach
angle steps betwecn cutoff angles of adjacent light units). However, the
failure of the PAPI to prove superior to the 2-bar VASI argues against this
second interpretation.

The failure of the PAPI system to prove significantly superior to the
3-bar VASI system was unexpected in view of prior reports to the contrary
(5,12,14). This discrepancy is haxd to evaluate since existing reports about
the PAPI do not present data other than a very small number of illustrative
profiles of anproaches with the PAPI and VASI (14) or subjective evaluations
of pilot3 (3,12); no quantitative data are presented. Further research would
seem appropriate to resolve this apparent discrepancy. The absence of the
pink zone in simulated Red/White VASI and PAPI units in the present simula-
tion should not have adversely affected performance in the PAPI condition,
since the PAPI light units have very sharp transition zones (2 min of arc or
less) that would provide an almost instantaneous change of color as did the
present simulation. The similarity between 3-bar VASI and PAPI systems
regarding angular width of the visually defined glidepath, shown by the
hatched areas in Figures 13 and 22, may be one reason that performance did not
differ substantinlly between these groups. With the exception of the relation
between these two groups, performance with the four indicator systems is
correlated with the angular width of the visual glidepath defined by the
particular system as can be seen in Figures 16, 18, 20, and 22. This finding
suggests that the effectiveness of the standard 2-bar VASI might be improved
by reducing the 0.500 difference between cutoff angles of upwind and downwind
light units to the 0.250 of the 3-bar VASI system, or perhaps to an even
smaller value. It should be noted that a second version of the PAPI has only
one row of light units (10); this later version wag not included in the
current study, because the report describing it was received after the
present experiment was completed.

With regard to the simulated 2-bar and 3-bar VASI systems, the absence
of the pink zone in simulated light units might decrease performance relative
to the real world system, if the pink zone does provide some quantitative
information about deviation from VASI glidepath as pilots suggest (See
appendix). Nevertheless, the relative performance in 2-bar VASI and T-VASIS
conditions of the present experiment was similar to that found by Baxter,
Cumming, Davy, and Lane (2) with real 2-bar VASI and T-VASTS systems. In
both studies RMS altitude deviations were about two times greater with the
2-bar VASI than with the T-VASIS over the distance range of 0 to 4 nautical
miles from threshold, with a tendency for the advantage of the T-VASIS to

r

I, . ..



increase as distance from threshold decreased. The ratio of RMS altitude
deviations in 2-bar VASI and T-VASIS conditions was 1.74 in the nighttime
data of Baxter et al. and 2.06 and 1.77 in Experiments I and II, respectively,
of the current study. The similarity of findings in these two studies
suggests that the possible auqntitative information in the pink zone may not
be a very effective source of quantitative information and also suggests that
the reduced intensity of red lights and lack of pink zone in the present
simulation does not invalidate its use for the study of such systems.

The salient features of the T-VASIS are (1) presentation of
quantitative information about deviation from ideal glidepath, and (2) use of
a narrow cutoff angle to define the "on glidepath" envelope. These studies
do not permit us to state which of these factors is more important in
design of visual landing indicators. Clearly, the relative values of these
features are amenable to test. (Again, note the failure of the PAPI, which
also possesses these features, to prove significantly superior
statistically to the 3-bar VASI, but note also the intermediate performance
of the 3-bar VASI, which has narrower cutoff angles than the 2-bar and
which, as indicated above, can be considered to present some quantitative
information.) We recommend that any future evaluation of visual landing
indicators include a test to determine the relative value of these features
and also the ease of interpretation of the information presented by the
various indicators under study. Strategies taught pilots for using the
glidepath indicators should also be considered. The present experimental
methods involving simulation do not, of course, achieve complete realism and
cannot replace an ultimate operational evaluation of visual glidepath
indicators. However, these methods do provide a technique for preliminary
analysis of indicators in which variables such as cutoff angles and geometric
configurations may be varied conveniently and reliably. New indices of
performance (such as the observing responses in the present study) can be
explored to identify the processes by which various glidepath indicators
produce differences in approach performance.
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APPENDIX

Subjective Assessment of Simulation

Although absolute realism may be impossible (15), visual simulation
systems must strive for realism in generating the visual information that
imitates "real world" situations. All simulation systems thus far developed
involve deliberate compromises based on practicalities, usually involving
cost and limitations of technology. It is important to recognize these
compromises and their implications for the meaning of performance data
derived from research utilizing these simulation systems.

One limitation common to visual simulation systems with computer-
generated images is the inability to reproduce the full range of colors and
light intensities that the human eye can identify. In the present system,
the intensity of the red lights was lower than in actual VAST systems, and
the pink zone apparent during the transition between red and white sectors of
real VASI light units could not be simulated. The intensity problem was

dealt with in the present experiments by questioning pilots during practice
runs to make certain that the red lights of the VAST could be identified
correctly at simulated distances of at least 24,000 ft from the runway. It
was not possible to compensate for the lack of the pink zone. To further
evaluate the importance of these departures from realism, subjects were

questioned after the experiment regarding the effectiveness of the particular
glidepath indicator simulated for their group.

The subjects who participated in Experiment I were asked during
debriefing to compare the effectiveness of the particular indicator simulated
for their group with that of the 2-bar VASI as experienced in actual
approaches prior to the experiment. Subjects in the 2-bar and 3-bar VASI
groups gave very similar comments and, in all but one case, indicated that
the real VASI signals were preferred. The preference by 7 of the 12 subjects
in the 2-bar and 3-bar VASI groups was based in part on their feeling that the
simulated red lights were dimmer and harder to identify at long distances than
are the red lights of the real VASI. Three subjects of these two groups
stated that they missed the information provided by the real VASI's pink
zone, which indicates small glidepath deviations. The one subject who
preferred the simulated 3-bar VASI over the real 2-bar VASI stated that it
gave more information about "how high you are."

The comments of three subjects in the 2- and 3-bar VASI groups suggest
that the absence of the pink zone may represent a decrement of information
which might affect performance in the simulator adversely. This factor cannot
be assessed in the present data and an experimental study of the effect of the
size of the pink zone would seem indicated. Although subjects felt that
simulated red lights were dimmer and thus harder to identify at long distances.
this dimness should not have caused a problem since performance was not
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measured at distances beyond 24,000 ft from the runway, a range at which
subjects were tested for ability to see the red lights.

Four subjects in the T-VASIS group and four in the PAPI group preferred
these simulated indicators and stated that they provided better vertical
guidance information than the real 2-bar VASI and thus made flying approaches
easier. One subject in the T-VASIS group who preferred the real 2-bar VASI
did so because he thought the greater sensitivity of the T-VASIS caused
approaches to be more unstable. The other subject in the T-VASIS group
preferred the real VASI signals with their "shades of color between red and
white."

One subject in the PAPT group preferred the real 2-bar VASI because the
brighter red signals of the real 2-bar VASI gave "stronger low" signals. The
other subject in the PAPI group felt there was not a significant difference
between the effectiveness of the simulated PAPI and that of the actual 2-bar
VASI.

Although the comments of pilots suggest that the pink zone may provide
quantitative information about deviation from VAST glidepath, the relative
performance in T-VASIS and 2-bar VASI conditions with the present simulation
was similar to that measured by Baxter et al. (2) with real 2-bar VASI and
T-VASIS systems, as discussed above. This similarity of findings suggests
that, in contrast to the subjective impressions of pilots, the pink zone may
not constitute an important source of information in terms of performance.
The effect of variation in pink zone width on performance should receive

further experimental study.

Initial Test of System

To initially evaluate the visual simulation and data collection systems,
a brief preliminary study was conducted to compare the relative effectiveness
of the 2-bar (red/white) VASI and ILS systems in minimizing deviation from the
ideal approach path. A simple demonstration of the greater precision of the
ILS system relative to the VASI for control of vertical position relative to
the ideal 30 glidepath was conducted.

Method.

Subjects. Six male pilots with instrument and multiengine ratings served
as subjects. All subjects were screened for defective color vision with the
Farnsworth Lantern. No evidence of color vision deficiencies was found.

Apparatus. All details of the apparatus and visual simulation are the
same as in Experiment I.

Procedure. Details of the experimental procedure were identical to those
of Experiment I with the exception that each subject flew three approaches
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with the ILS and three with the VASI in counterbalanced order and that the
VAST was simulated bilaterally.

Results and Discussion.

Aircraft position was recorded once per second during approaches over
the distance range of 35,000 ft to runway threshold. Graphical records of
flown approach paths for all landings are presented in Figures 30 through 35
for each of the six subjects. Figures 30 and 34 contain the best single
approach for any pilot for ILS and VAST landings, respectively. Figures 31
and 33 contain those approaches involving the greatest deviation from the 30
glidepath of ILS and VASI landings, respectively.

ILS approaches tended to be slightly high in five of the six subjects,
as shown in Figures 30 through 35. This tendency is similar to one found by
Lina and Canavos (10) in ILS approaches when large jet transports were
simulated. In contrast, VAST approaches of the present study were, on the
average, more variable and below the ideal 30 glidepath. This effect was due
to consistently large deviations flown below the 30 glidepath by three of
the six subjects. The exceptionally low approach of subject 4 was probably
not due to inexperience with the VAST, because two prior VAST approaches made
by the subject were not extremely low. On the low approach, subject 4 did
demonstrate an appropriate response to the VAST at a simulated distance of
12,000 ft from touchdown and managed to return to a safe altitude. It is not
known whether this subject did not see the VASI on the extremely low approach
until the 12,000-ft distance or did not interpret the signal properly. Visual
illusions in the nighttime scene in which pilots tend to overestimate approach
angle might make a pilot think that he was just barely under the glidepath
provided by the VASI's lower boundary, when, in fact, he was much lower. In
general, althoiigh VAST approaches tended to be slightly low in the last
10,000 ft, the large errors occurred at greater distances, a situation in
agreement with the analysis of RMS altitude deviations in both
Experiments I and TI.

The expected superiority of the ILS system for vertical guidance was
demonstrated and is undoubtedly due to the greater amount of information
provided by the ILS concerning the aircraft's position relative to the ideal
glidepath. With regard to the latter point, the VASI system indicates only if
the aircraft is above, below, or within an approach corridor approximately
0.50 wide as defined by the upwind and downwind bars of the VASI. While the
aircraft is within the VASI approach corridor, no information concerning
deviation from the ideal glidepath is provided unless transition outside the

approach corridor occurs. In contrast, the ILS provides a continuous analog
picture of deviation from the ideal glidepath. This scalar display identi-
fies the ideal glidepath more precisely and permits quicker identification of
deviation than does the discrete display provided by the VASI. With the
limitation that the effect of absence of the pink zone cannot be presently
assessed, the present method is thought to provide a convenient and flexible
system for preliminary evaluation of different concepts in development of
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Figure 30. Approach path profiles for 2-bar VASI and ILS approaches
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Figure 31. Approach path profiles for 2-bar VASI and ILS
approaches for subject 2.
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Figure 34. Approach path profiles for 2-bar VASI and ILS approaches
for subject 5.
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Figure 35. Approach path profiles for 2-bar VASI and ILS
approaches for subject 6.

visual glidepath indicators during approaches in the simulated "black hole"
situation where the only visible details of the ground plane are provided by
runway lighting. This method is not seen as a substitute for operational
evaluation of glidepath indicators, but as a possible preliminary way of
examining strategies for analysis and defining important performance variables.

56

- a' -


