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ABSTRACT

Both the effectiveness of pilot training
and the safety of flight can be influenced
by the distvribution of texture in the visual
scene, the distance to which the eyes accom-
modate, and the asscciated shifts in the
apparent size and distance of objects in
eentral and peripheral vision. Results to
date indicate that these factors are in-
volved in various misjudgments end 1llugions
experienced by pilote: (1) when seavching
for other airborne traffiec or tavrgets, (2)
when making approaches to airports cver water
at night, (3) when breaking out of low
clouds on a final approach to a landing by
reference to head-up or head-down displays,
and (4) when practicing simulated approaches
and landings or aiv-to-surface weapon deliv-
eries by reference to synthetically generated
visual systems.

WHAT THIS TALR IS ABOUT

1. Making landing approaches over
water on a dark night towaxrd a
brightly lighted city.

2. Looking for intruding airplanes
from the flight engineer's seat.

3. Sditting inside a screened porch
and trying to read a NO FISHING
sign down by the lake.

4. Projecting afterimages onto the
walls of a football stadium.

5. Watching the moon rise over Miami.

What do these seemingly unrelated ac—
tivities have in common? And what does all
this have to do with head-up flight displays,
head-down imaging displays, heimet-mounted
displays, and visual systems for contact
flight simulators? In each case visuwal iillu-
sions occur: systematic misjudgments of
size and distance relationships, departures
by varying amounts from the so-called
"aize~distance invariance hypothesis.”
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VISUAL ILLUSIONS IN FLIGHT

When pilots make approaches and land-
ings with any type of imaging flight dis-
play projected at unity magnification, they
tend to come in fast and long, round ocut
high, and touch down hard. On the Ffinal
approach the runway appears smaller, farther
away, and higher in the visual field than it
does when viewed directly from the same
flight path on a clear day. This finding
has been obtained independently both with
flight periscopes and with simulated contact
visual systems (Roscoe, Hasler, and Dougher-
ty, 1966; Palmer and Cromn, 1975; Roscoe,
1976). -

In stark and tragic comtrast, when
pilots make approaches to landings over water
on a dark night toward a brightly lighted
city, the runway appears larger, nearer, and
lower in the visual field than it does when
viewed directly from the same flight path on
a2 clear day. On several occasions Iin recent
years, a commercial alrliner has landed in
the water short of the airport when making an
approach at night. Kraft (1968; 1978) has
shown that pilots will systematically mis~
judge the height and "tilt" of the runway
and make low approaches under these condi-
tions.

In another experiment by Kraft, Farrell,
and Boucek (1870), a group of pilots judged
the threat of midair collision with intrud- --
ing airplanes at varying distances and an-
gles, none of which represented an actual
collision threat. The pilots were presented
a series of pictures projected onto a screen
viewed from a mocked-up Boeing 737 cab. When
the judgments were made from the flight en-
gineer's seat, as opposed to the pilot's
seat, the same pilots comsistently judged
the intruders to be a greater threat at all
ranges out to 3500 feet, From the rear
seat, the intruders appeared reliably larger
and closer than from the front seat.

The viewpoint from the f£light engineer's
seat is nearly two meters from the windshield
aperture; from the pilot's seat it is less



than one meter. Furthermore, the view from
the flight engineer's seat includes much of
the instrument panel when searching for in-
truders. When searching head-up from the
pilot's seat, the Instrument panel appears
in the dim periphery; the pilot sees mainly
empty space through a windshield that wre—
flects glare and may be dirty or scratched.
These conditions suggest that pilots may un-
knowingly be subject to the "Mandelbaum
Effect.”

Tn 1960, Mandelbaum reported an infox-
mal experiment in which he asked subjects to
read a distant sign from a screen-enclosed
porch. For each observer he found a criti-
cal distance from the screen at which the
gign could not be read, although it was
clearly legible from other distances, either
nearer or farther. Upon questioning, the
subjects realized that they could not help
focusing on the screen from the critical dis-
tance but could readily focus on the sign by
moving either nearer or farther from the
sereen or by quick movements of the head from
side to side. Mandelbaum concluded that the
"offect" was due to involuntary accommoda-
tion.

It was noted that the critical distance
from the screen varied from person to persom,
with an average distance of about one meter.
In an ingendlous series of experiments at
Pennsylvania State University, Owens (in
press) has subsequently determined that the
critical distance is the distance of the in-
dividual's dark focus, or resting accommoda—
tion. TFor the young, healthy eyeball, that
distance on average is slightly less thamn
one meter (slightly more than one diopter in
optical terms), the distance of the dirty
windshield from the pilot. Almost any tex-
tured visual stimulus at that distance is a
powerful involuntary "accommodation trap.”

A SCIENTIFIC MYSTERY

In addition to the misjudgments of size
and distance discussed so far, bias errors
in depth discrimination have been discovered
independently by designers of submarine peri-
scopes, tank perlscopes, laboratory micro—
scopes, "one-power" scopes for shotguns, and
helmet-mounted CRT displays. All require
some optical magnification to cause objects
to appear at the same distances as when
viewed by the naked eye. TFurthermore,zll in-
volve reductions in the field of view and in
the textural gradient that serves as the
stimulus for distant accommodation.  These
biased perceptions of size and distamce are
not fully explained, at least not sufficient-
ly to give comfort to the pilots and passen-
gers of airplanes.

The mystery manifests itself in many
forms that have puzzled psychologists from
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Ptolemy who tried to explainm the "moon illu-
sion" to Young (1952) who had subjects pro-
ject visual afterimages onto the walls of
the Ohio State football stadium from various
distances across an open field. The farther
the afterimage is projected, the larger it
appears, but not in direct proportion as
would be predicted by the size-digtance in-
variance hypothesis. The "size" of the moon
also varies with the extent of the visible
textural gradient, appearing larger over a
distant horizon than it does over a near

-horizon, as shown by Kaufman and Rock (1962).

Throughout the literature of vision re-
search may be found additional examples of
unexplained experimental findings and assort-
ed "optical illusions” that may be related to
the observations by Wheatstone (1852) and
Belmholez (1867/1962), and more recently
verified experimentally by Biersdorf and
Baird (1966), by Leibowitz, Shiina, and
Hennessy (1972), and by Roscoe, Olzak, and
Randle (1976), that the spparent size of an
object changes with shifts in the distance
to which the eye is accommodated, The phe—
nomenon can be illustrated by any ome of
several simple experiments.

For example: close one eye, focus your
open eye on your thumb held at arm’s length,
observe a more distant object such as a window
or a picture on the wall, and while continuing
to focus on your thumb, draw it toward you and
observe the change in the size of the window
or picture. Better yet: look at the moon
through a peekhole through your fist, alter—
nately closing and opening the other eye. Not _
only can the moon on the horizom be made to
appear smaller, but also the moon overhead can
be made to vary in apparent size by a surpris-
ing amount.

INVESTIGATING THE MYSTERY

To investigate the possibility that
shifts in apparent size are associated with
shifts in visual accommodation distance, an
experiment was conducted at NASA's Ames Re—
search Center in which wisual accommodatiom
was measured continuously, using a2 Crane-
Cornsweet infrared optometer, while subjects
viewed discs that subtended a constant 3°
angle at distances ranging from 1/4 to 4
meters, with and without the distance cues
provided by a sometimes wvisible textural
gradient (Roscoe, et al., 1976). Shifts from
binocular to monmocular viewing were accompan-—
ied by shifts in accommodation, both inward
and ocutward, toward an intermediate distance
of a 1ittle less than one meter (1.13 diopters,
on average).

The reliable inward shifts from the most
digstant targets at 4 meters were accompanied
by reliable reductions in apparent size. A
contingency analysis, summarized in Table 1,



TABLE 1,

SUMMARY OF CONTINGENT PROBABILITY ANALYSIS
OF PREDICTED JUDGMENTS OF RELATIVE SIZE WITH
CORRESPONDING SHIFTS IN ACCOMMODATION
(CHANCE PROBABILITY OF CONTINGEWNCY = 0.25).

DISTANCE TO TARGET, METERS

112 2 4
CHANCE CONTINGENCY .25 .25 .25 .25
OBSERVED CONTINGENCY .23 .36 .38 .45
chi? _7.59  11.34 25.01
P n.r. <.01 <002 <,00L

showed that the correlation between shifts in
apparent size and shifts toward the resting

accommodation distances of the imdividual sub-

jects increased with target distance., At one
meter there was a chance relationship, at

1 1/2 meters the contingency was reliable at
the p <.01 level, at two and four meters the
p values were < .002 and < .00L, respectively.
At four meters the contingency was almost 2

to 1 greater than chance, which shows a highly

likely relationship but still leaves z lot of
varilance unaccounted for.

To clarify the relationship between
accommodation and apparent size, 12 of the
original 16 subjects were tested on near
(1/4-meter} and far (4-meter) targets with
a l-mm diameter artifieial pupil placed 8 cm
from the entrance plane of the eye used for
monocular viewing. An artificial pupil al—
lows the eye to lapse farther toward its
resting position without causing a blurred
image (Hennessy and Leibowitz, 1975). In
binocular viewing the second eye was unob-
structed, thereby requiring more accurate
accommodation to obtain a clear image of the
target. The results of this comparison are
shown in Table 2,

The arrows in Table 2 indicate the
shifts in zccommodation toward the resting
position from binoccular to momocular view-
ing, and the plus-signs indicate coincidence
of positive accommodation shifts and 'Monoc—
ular Smaller" judgments, or comnversely,
negative accommodation shifts and "Monocular
Larger" judgments. The introduction of the
artificial pupil clarifies the relationship:
for the 4-meter target, the coincidence is
virtually perfect, 23 of 24 cases in agree—
ment; for the 1/4-meter target, accommoda—
tion shifted in the predicted direction ¢
times In 12 under both light and dark ambient
illumination, but only in the dark is there
evidence of a trend toward "Monocular Larger"

TABLE 2,

SHIFTS I¥ MEASURED VLSUAL ACCOMMODATION AND JUDGMENTS OF THE RELATIVE SIZE
OF THREE-DEGREE DISCS, VIEWED MONOCULARLY (M) AND BINOCULARLY (B)
AT DISTANCES OF 25 CM (4.00 DIOPTERS) AND 4 M (0.25 DIOPTER)
UNDER NORMAL ROOM LIGHTING (LIGHT) AND REDUCED ILLUMINATION (DARK) ,
WITH AN ARTIFICIAL PUPIL IN FRONT OF THE LEFT (MONOCULAR) EYE.

Distance to Target Disc

25 em (4.00 diopters)

4 m {0.25 diopter)

Dark Light Light Dark
5 B by B ¥ M B M B
1 2.64 + 2.07 + 3.07 * 2,27 + 0.69 * 0.24 + 1.18 * (.28 +
2 3.70 + 2.81 + 3.88 7 2.50 1.06 * 0.32 + 0.12 % -D.43
3 3.86 > 2.86 + 4.42 ¥ 1.78 + 0.87 * 0.26 + =0.21 * -0.78 +
4 0.26 *+ 0,17 0.49 0.79 -0.15 * ~0.67 + -0.58 * 0,97 +
5 1.86 * 1.51 2.18 * 1,06 ~0.12 * =0.61 + 0.17 * -0.33 +
6 4,13 * 2,86 4,40 + 3,38 0.07 * -0.14 + 0.53 * -0.56 +
7 3.04*1.76 + 3.75 * 2,14 1.02 + 0.68 -+ 0.63 * 0.39 +
8 4.30 * 2.66 + L.66 > 4,12 + 0.26 * -0.,11 + -0.10 * -0.54 +
9 2,18 * 1.83 + 1.71 * 1.07 + -0.13 € -1.02 + . -0.08 * -0.84 +
10 3.13 * 1.94 + 3.95 * 3.15 + 0.58 * 0.06 + 0.22 * 0.02 +
11 2.58 * 2.24 + 3.12 + 2.51 1.73 = 0.35 + 1.25 * 0.45 +
12 3,32 % 1,98 + 3.08 * 1.54 + 0.18 * 0.05 + -0.33 * -0.41 +
Mean 2.92 2,086 3.23 2.19 0.51 -0.05 0,23 =-0.31

Legend: Arrow Iindicates that shift from binocular to monocular accommodation

is toward intermediate distance.

+ indicates that a positive shift in

accommedation is accompanied by a judgment of "Monocular Smaller” or,
conversely, a negative shift by "Monocular Larger.”



judgments with outward shifts in accommoda—
tion (9 of 12 cases, p < .10).

In addition to the fact that correla-
tions do not guarantee causal relationships,
these findings are equivocal because of the
confounding of shifts in accommodation, which
were measured, with shifts in comvergence be-
‘tween binocular and mopocular viewing, which
were not measured., Furthermore, the accommo-
dation data are not sufficiently clean for
confort, and a few individual data are sus-
pect by inspection. Nevertheless, neither
the data nor their implications can be dis-
counted as completely spurious in ihe absence
of better data. 1In any case, the mystery is
not so much how we judge the size and dis-
tance of near objects that afford binocular
cues as it is how we judge distant objects
that provide only monocular cues.

To gain a better understanding of the
effects of visual accommodation upen judg-
ments in tasks invelving complex, dynamic
visual scenes, another experiment was recent-
ly conducted at Ames Research Center using
the Crane—Cornsweet infrared optometer and

an experimental night-landing visual display

generated by a digital computer (Randle,
Roscoe, and Petitt, in press). Professional
pilots made judgments of whether they would
undershoot or overshoot their landing aim—
point as the computer flew their simulated
jet transport om final approaches to the
computer—generated airport sSceme.

{&N)

Experimental variables included:

the magnification of the visual scene, which

was varied in five steps between 0.83 and
1.67, (2) the visual accommodation distance
induced by five sets of ophthalmic lenses
with dioptric pewers ranging from zero to
three, (3) the actual descent path of the
simulated airplane, which included overshoots
and undershoots as well as correct landing
approaches, and finally, (4) whether the
landing scene was presented as a real image
viewed directly on & TV monitor or a virtual
image produced by a collimating field lens
mounted between the momltor amd the pilot.

The first finding was that the eye dees
not respond obediently to the accommodation
distances called for by ophthalmic lenses;
the eye is lazy and reluctant to be drawn
away from its intermediate resting position.
The brain, in turm, seems happy to accept an
amazingly ocut-of-focus image uncritiecally
and, in fact, without conscious recognition
that it is out of focus. In response to
ophthalmic lenses covering the range from
zero to three, diopters, the pilots' eyes, on
average, accommodated to the virtual and
real images over ranges of only 1.27 and
1.46 D, respectively.
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Despite the relatively small shifts in
accommodation “induced” by the ophthalmic
lenses, there were statistically reliable in—
teractions in the predicted directions be-
tween actual accommodation levels and the
pllots’ judgments of whether they would over-
shoot or undershoot their landings. There

_is now little doubt that such judgments are

related in some complicated way to visual
accommodation distamce, which, in turn, is
affected far more by the various viewing con—
ditions encountered in the spectrum of mor—
mal flight operations tham it was by the oph-
thalmic lenses used. ’

An experiment typically raises more
questions than 1t answers, and this one was
no exception. The pilots made two judgments
along the final approach, the first at 20
seconds, or 4000 feet, before passing the
runway aimpoint and the second at 10 seconds,
or 2000 feet. With unity image maguifica-
tion, they predominantly indicated an over—
shoot on the first judgment and an undershoot
on the second. If they had been flying man-—
ually, they would have tended to overshoot.
Veridical judgments were obtained at the
nearer distance with an image magnification
of 1.25, as has been found with flight peri-
scopes (Roscoe, et al., 1966).

The possible explanations for this cu-
rious reversal in judgments are Infinite. of”
course, the finding might be unique to the
particular computer—generated night visual
scene used., However, based in Kraft's find-
ings, it could be that pilots habitually
make low approaches at night to aveid over-
shooting and, when they are still 4000 feet
out, "expect” the runway to appear as it does
from a position below the 3-degree approach
path. At 2000 feet out, they can see thelr
position better and maintain thrust to carry
them to the touchdown.

At 4000 feet out the dominant cues for
accommodation, namely, the airport lighting
system and the lighted city beyond, appear as
a thin horizontal band of point sources at a
relatively great distance; far accommodation
is required to resolve the scene. 4As the air-
plane approaches the runway, the band deepens
and comes nearer; the runway lights are more
easily resolved, and accommodation drifts in-—
ward from its distant "trap." The so-called
"size constancy” of the runway is not main-
tained; 4in effect it shrinks a little, and
pilots tend to overshoot theixr aimpoint once
they have safely crossed the threshold.

To test this wild speculation, two ex-
periments have just been conducted at the
University of Illinois (Taveechia, 1978). A
1/2-degree collimated disc of light, simulat-
ing the moon, was projected onto a 45~degree



combining glass so that it appeared as a
virtual image superposed on the outside visu-—
al scene {a la Kaufman and Rock). A second,
comparison "moon" of adjustable diameter was
presented as a real image at a distance of
one meter in an otherwise dark surrounding. The
two views were presented alternately in the
same visual position by means of a sliding
mirror arrangement, and the subject adjusted
the diameter of the comparison until a satis—
factory apparent-size match was obtained.

In the first experiment, counducted in
clear daylight, subjects viewed the colli-
mated moon against the scene visible from
corresponding windows of the third to the
eighth floors of the Psychology Building
overlooking the Urbama campus and residential
area. On the third fleoor the moon was pro-
jected against the roof of a nearby sorority
house, and on successively higher floors
against succesgively more distant rooftops
and large trees. At the fifth and sixth
floors it appeared just above the horizon,
and on the seventh and eighth, higher and
higher zbove the horizen. The apparent size
of the moon ipncreased from the third to the
gixth floors and then reversed itself as it
rose above the horizon.

The mean apparent size ratios of the
moon, relative to its apparent size when pro-
jected onto a newspaper viewed from one meter,
were (3vd floor) 1.143, (4th) 1.250, (5th)
1.311, (6th) 1.364, (7th) 1,330, (8th) 1.282.
These means differed reliably (p « .05). As
the moon was projected against increasingly
distant surfaces from the 3rd through the 6th
floors, its apparent size increased monotoni-
cally. From the 6th flooxr, the moon was pro—
jected against the sky just above the most
distant surface texture, From the 7th and 8th
floors, it was projected against the sky
higher and higher above the horizon.

In the second experiment the distance and
vertical position of visible texture was mani-
pulated more systematically by viewing the
scene from the fifth floor through a series of
masks. Four of the masks revealed horizontal
bands of texture in the Near, Intermediate,
Far, and Very Far visual fields. Apother mask
obscured all gurface texture in the visual
field so that the moon was projected against
the open sky just above the "horizon" formed
by the mask. Finally, a clear mask revealed
the entire scepe. The results of these tests
¢larify the situatiomn.

When viewing the moon against the
"unmasked' background sceme (clear-mask
control condition), its apparent size ratio
was 1.369. With the mask that revealed only
Meer texture, it was 1.225; for Intermediate
texture, 1.235; for Far texture, 1.289; and
for Very Far texture, 1,395. With the mask
that obscured all surface texture below the
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horizon (similar to a view of the mecon over-
head), the apparent size ratio dropped abruptly
te 1.136, only slightly larger thaan its
apparent size when projected onto the news-
paper viewed from a distance of one meter.

What these two experiments show is that
the apparent size of objects well beyond the
6-meter, or 20-foot, distance to "optileal
infinity" change reliably with changes in the
spatial distribution of textural stimuli to
accommodation in the background visual scene.
The greater the distance through empty space
to resolvable texture, the larger the apparent
gize of centrally fixated objects, such as the
moon or an airport runway. As the textural
pattern extends downward or moves nearer, the
central object fails to maintain a constant
"apparent size.” As the pilet approaches a
runway over water at night, his visual image

- of the rumway grows, but not in perfectly .

inverse proportion to distance remaining.

When no resolvable background texture is
present, as when viewing the moon against a
clear sky, the textureless moon provides an
inadequate stimulus to distant accommodation
and shrinks in size, as do the symwbols of a
head-up display when flying in clouds. Even
a partially clouded sky apparently cannot hold
distant accommodation to a textureless colli-
mated moon or display symbols. Thus, the
"moon illusion” is not manifested by a spuri-

" ously large moon on the horizon but rather by

a perceptually shrunken moon overhead.

IMPLICATIONS FOR FLIGHT SAFETY

For years Kraft, Henmessy, and several
other investigators have recommended that
pilots routinely wear bifocal lenses at
night and when making IFR approazches in day-
light conditions. The lower section would
optimize their vision for instrument panel
and chart viewing distances. The upper
section would provide negative correction
to aid distant accommodation for ocutside
viewing. Owens and Leibowitz (1976) have
shown that, if night drivers with normal
wision are asked to select the lenses that
allow them to see best, they will choose
thogse with a negative correction halfway
between their dark focus and optical in-
finity,.

To combat the possible underaccommoda-—
tion experienced by some pilets while making
*black hole'" approaches over water at night,
iead-in light buoys should be considered
and tested for use at major airports. Al-
though no specific data are available, it
would be expected that, in the absence of
visibhle texture in the near field, pilots
with extremely distant dark foecus would be
the ones who tend to make low approaches at
night apd occasionally land in the ocean.



Perhaps they should wear positive correc—
tive lenses at night, but evidently no such
tests have been made,

The wse of head-up displays for night
and IFR approaches warrants further investi—
gation. It has been racitly assumed and
strongly agserted by the advocates of such
displays that the collimated presentation
prepares the eyes to resolve immediately
whatever is out there to he seen. Avail-
able experimental evidence does not support
that assertion. The CIG/NVS landing
approach study at Ames (Randle, et 2l.) and
the moon-illusion studies at Illinois
(Iavecchia) clearly show that collimating
bold, well defined symbology, whether
viewed directly or reflected from a combin-
ing glass, does not necessarily call the
eyes to a far accommodation distance. When
the pllot breaks out of the clouds, rapid
negative accommodation is required, and
the scene "explodes.”

IMPLICATIONS FOR PILOT
SELECTION AND TRAINING

The evidence presented suggests that
dark focus, or resting accommodation dis—
tance, in addition to basic visual acuity
and colexr vision, should be taken into
account in pilot selection and assignment.
Having 2 far resting accommodation distance
might be one basis for assigning military
pllots to air combat duty; they should be
less troubled by empty-field myopia. Those
with a nearer resting position might bene-
fit from negative lenses, as in the case of
civilian pilots watching for intruders. As
pilots get older their resting accommoda-—
tion may retreat iato the distance, occa-
sionally to a point at which they could
have serious problems making "black hole”
approaches.

There is ample empirical evidence that
pilots learn to compensate for the biased
distance judgments they experience at night
and with flight periscopes and the visual
systems used in flight simulators. Specific
training in the relationships between view-
ing conditions and the direction and wmagni-
tude of the associated visual biases would
expedite learning the appropriate compensa-
tions. Providing wvariable magnification in
computer-generated night visual systems as
a function of the wvariations in visibility
and illumination simulated would give the
manufacturer another training feature to
sell--one that might be worth its cost.
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