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“~JThls investigation had two primary objectives : (1) to determine the direction
and magnitude of cyclophoria resting states in a sample of observers taken from

— a select population (AF pil ots); (2) to determine whether the magnitude of
cyclophoria found had the potential of affecting the pilots ’ perception of the
runway plane on final approach.

The Circle/Bar test was administered to 12 pilots under 0,5 and 10
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~~creased the measured cyclophoria from .01 degrees encyclophoric to .65 and 

—

• .82 degrees excyclophoric.
A second , previously developed , test (the ARC test) was used to measure
cyclophoria under conditions of a more complex and structured image than
the Circle /Bar test. The ARC test was given wi th zero and ± two degrees of
image cyclorotation , which corresponded to ± 114 arc seconds of induced dispar-
ity into the ARC test.
Image cyclorotation produced significant effects in responses on the ARC
test, wi th observed shifts, in the expected direction from the non-
rotated condition,of 13.5 and 13.6 arc seconds for two degrees excyclo-
rotation and encyclorotation respectively. The magnitude of this shift
is only about 12 percent of the induced disparity , a reflection of the
interaction of the complex stimulus pattern.

An unexpected result in the ARC test responses\was an overall shift of
11.5 arc seconds (encyclophoric) in the ARC tes~t responses as comparedwith the physical null. Review of data from a previous study showed a
similar shift , as yet not fully understood.

• Also unexpected, and not yet understood, was the low and negative corre—
lation (- .34 N.S.) between the individual cyclophorlas as measured by

• the Circle/Bar test and those derived from the ARC test. It is sus-
pected that this is a reflection of a complex interplay of cyclophoria
and central processing of the di sparate images.

The technique of ± two degrees image cyclorotatlon was also utilized in
the test of the pilot ’s perception of the runway plane. In this test,
photographic images of CGI runways, taken on a three degree glide slope ,
were presented in pairs , the first as a standard, non-cyclorotated (on
glide slope) image and the second as a comparison wi th zero, or + two

• degrees of cyclorotation. The observer was asked to indicate whether
the comparison image was above or be l ow glide slope as compared with the
standard.

As with the ARC test, image cyclorotation produced significant effects• in the predicted direction in responses to the runway test. Encyclo—
rotation of the runway image resulted in 61 percent of the responses

• being “high” or “above glide slope,” while two degrees of excyclorotation
yielded only 41 percent “high” responses. Other conditions , such as day
vs. night runway scenes , three different runways, and different dis-
tances to the runway, had non-significant effects although there were
some trends in the data.

These results substantiate the potential of cyclophoria to affect
a pilot ’s perception of the runway plane. The pilots ’ individual cyc l o—
phorias and their perception of the runway plane appear to be corre—
lated, but not In a magnitude sufficient to be statistically signi-
ficant.

To further establish this relationship, a method of measurement of the
perception of the runway plane wi th greater degrees of freedom is recom-
mended . Subsequently a direct test In a flight simulator with a real time
visual scene was also recomended.
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INTRODUCTION

BACKGROUND OF CYCLOPHORIA DEVELOPMENTS

Cyclophoria, or wheel-like torsion of the eye about the visual axis , has
been described by early researchers of eye movement~ (Donders , 1847;
Listing, 1854; Hering, 1868; and Landolt , 1876), and had become a popu-
lar subject of debate when Landol t’s classical data appeared in von Helm-
holtz ’ “Treatise on Physiological Optics ” in 1925. These early re-
searchers found that with one eye occluded , when the direction of regard
of the other eye is changed either in elevation , azimuth , or obliquity ,
both eyes appeared to suffer some degree of rotation about their optical
axes. The difficulty in describing the complex eye movements contri-
buted to a continuing controversy over “false ” and “real” torsion until
Glenn Fry , et al. (July and October 1947) proposed the adoption of a
standard system of axes for analyzing eye movements which would simplif y
and , hopefully, resolve the confusion.

Al though much of this early work dealt wi th monocular eye movements , it
was recognized early on that cyclotorsiona l movement took place (in the
interest of single binocular vision) when the horizontal lines or pat-
terns , observed in a stereoscope, were rotated in opposite directions
(Nagel , 1861; Helmholtz , 1865). In discussions of binocular cyclo-
phoria , excyclotorsion is used to describe the condition in which the
top of each eye rotates outward or temporally (positive values), and

• incyclotorsion to rotation of the top of the eyes i nward or nasally

• 

• 

(negative values). Cyclotorsion occurs normally under many binocular
situations , acting to align the eyes to provide or maintain fusion and ,
in this regard , is referred to as “cyclofusional movemer~t.” Ogle (cited
in  C ib i s , 1952) described the most salient characteristics of cyclo-
fusional mechanisms by association wi th their early developers : “(1)
Both eyes perform essentially equal , but opposite , cyclotorsional move-

• ments (Hoffman and Bieschowsky , [1900]); (2) Cyclofusional movements are
limited entirely to the so-called Panurn ’s fusional areas (Verhoeff [l934fl;
(3) The cyclofusional amplitude is unaffected by vertical divergence of the

t eyes enforced at the same time (Herzau, [1929]); (4) •Cyclofusiona l
movements vary In amount and reaction time with the individual subject.”

• 

1
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These cycl ofusional movements are distinguished from the naturally
occurring monocular rotations which Listing ’s Law (Helmholtz , 1910)
describes in the fact that the former are induced , thaL is, they are
compensatory reactions. In experimenta l settings , these cyclofusiona l
rotations are produced using similar patterns in a stereoscope or haplo-
scope, or by the use of prism or mi rror devices , in which the individual
images to the eyes are rotated in opposite directi ons around their
optical axes. After a short lag, the eyes follow the rotation of these
images , with the amplitude of cyclotorsion being dependent upon the
amount of detail in the patterns used (Ogle and Ellerbrock , 1946). A
simple hori zontal line produced the least amplitude while a complex
print or photo resulted in attainment of the highest ampl i tudes.

• Ogle and Ellerbrock noted that a single vertical line was not considered

• suitable for study since contrarotation of such images produced retina l
disparities which , with no cyclotorsion of the eyes, made the line
appear to incline toward or away from the observer. However , this pheno-
menon was used to advantage by Ogle and El l erbrock to study the effects

• of various antagonistic stimulus patterns on cyclofusiona l movements.

• A lso , it is one of the key concepts in the development of this proposal.
Ogle and El lerbrock , (1946), and later , Cibis (1952) in his study of

• • “Faulty Depth Percepti on Caused by Cyclotorsion ,” used verti cally sepa-
:~ rated points of light in their studies. Our interest in the effects of

cyclophoria began quite coincidentally from results gathered in a quasi-
depth perception test utilizing similar stimuli.

CYCLOPHORIA IN THE ARC TEST

Following some early work (Kraft and Anderson , 1973 a and b), the Boeing

~nvestigators, under contract wi th AFSC/AMRL , developed a test for the
• precision measurement of “chromostereopsis” (Vos, 1966), the illusion of

differential depth experienced when stimuli of different hues , located
in the fronto—parallel plane , are viewed binocularly (Anderson and Kraft,
1977). The stimuli for this test, the Alternati ng Ramp Chromostereopsis
(ARC) test, consisted of photographs of a physical model board (figure
1), taken from l eft and right-eye positions , and presented in a Wottring
Troposcope (stereoscope). The model board held rows of aluminum rods

2
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Figure 1 . Model for ARC Test of Chromostereopsis
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(of which only the polished end surfaces showed up in the photographs)
which were of i ncreasing lengths across the row, i.e. , ordered in a
stepwise linear ramp function. The direction of the ramp alternated
from row to row so that when any two rows were compared , they would

• present a pair of alternating ramps of clear discs on a black background .

In presenting the test to the observer, the photographic transparencies
of discs were transilluminated with alternating rows being saturated red or
blue (an achromatic version was used as a control condition). The obser-
ver was asked to compare each pairing of rows (A wi th B, B with C, etc.)
of different hues and opposing ramp function. The task was to locate
the column position at which the two discs (one from each row) appeared
to be equidistant from the observer. This point was called the “cross-
over” point and could fall at, or between, any column from #2 to ~9.

The degree of chromostereopsis appears to be normally distri buted in the

• observer population , wi th over 200 arc seconds of hue—induced disparity
having been measured between extreme “red—advancing ” and “blue-
advancing ” observers (Anderson and Kraft, 1977). For an observer wi th
some degree of chromostereopsis, the crossover point will appear to
shift from the null or true crossover position , either left or right ,
(depending upon the directions of the ramp functions and the observer ’ s
chromostereopsis) in direct proportion to the severity of the observer ’s
chromostereopsis. The measure of the chrornostereopsis effect is taken ,
then , as the difference between the responses to the achromatic and
chromatic versions of the test. The response distri bution of one obser-
ver on one of the six formats of the ARC test is given in figure 2.

A curious response pattern was noticed as prevalent in almost all obser-
• vers, and can readily be seen in figure 2. The responses on the achro-

matic form of the test tended to follow a rhythmic pattern around the
“null” position , and this pattern was dupl i cated wi th the chromatic
stimuli. In searching for the cause of this anomaly, the one constancy
over all conditions was that 11 of 12 observers responded as though

• they perceived the top row of the two they were comparing as being
displaced further back than its true position , thus effecting a shift in
the apparent crossover point. Since wi th each pair of rows, the direction

4
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-144 -120 -96 -72 -48 -24 0 24 48 SECONDS OF ARC
-6 -5 -4 -3 -2 -l 0 +1 +2 RESPONSE STEPS

A/ B.

0 THEORET ICAL (NULL)

B/C A a ACHROMATIC

C/D . 
0 CHROMAT IC(RED/BLUE)

D/E’

~~~

G/H >

Figure 2. Response Distribution by Row Pairs for Observer #1
on Achromatic and Chromatic Versions of Format B of ARC Test

5

- - 
— -  .— • • • ~~~~~~~~~~~~~~~~~~~~~~~~~~~ • ~~~~~~~~ - ‘ ‘  • • 

~~~~~~ ‘~~~ ° ~~~~~~

U— - ~~~~~~~~~~~~~~~~~ ~ 1 ~ . .. .i&.i~~~~. .,. . ~~~~~~~~~~~~~~~~~ ~~~~ ~~~~ —‘—k ~~~~~~~~~ -~~~



I

of the ramp reverses , this produced the rhythmic shift in the responses,
H rather than a unilateral shift. This phenomenon was termed the “layback”

effect and was quite consistent over all formats of the test, although
there was considerable individual variability in the strength of the
shift. Figure 3 depicts the distribution of responses over all formats ,
with the average shift for 648 observer responses being 20.7 arc seconds.
In searching for the cause of this shift it was discovered that the
effect could be nullified , or even revers ed , by contrarotation of the
two images in the Troposcope. A surprising aspect of this procedure was
the fact that, within a range of ±. two degrees of cyclorotation of the
images , there was no significant tilt (layback) of the overall image ,
even though there was a perceived dispari ty shift between vertically
adjacent discs of at least 40 arc seconds. If accumulated over the 10
rows of the format (a visua l angle of about eight degrees) , this would

• amount to a disparity from the vertica l plane of over 360 arc seconds.
Yet ti lt of the overall image was not noticed. Thus, this appears to be
a striking example of incomplete cyclofusional movement, in which the
cycloincongruity between images and eye meridians was small enough to
provide fusion and perceptual verticality , but large enough to produce
significant disparity between the vertically separated discs.

• There were three possible explanations for the results observed in the
ARC test:

1. The Troposcope and/or the image mounts may have been misaligned ,
producing cyclorotated images and resulting in the cyclofusional
eye movements.

2. The observers may have possessed varying amounts of cyclophoria
which were not completely overcome by cyclofusfonal compulsions.

3. A combination of (1) and (2) may have been present.

Examination of the Troposcope indeed uncovered a small amount of rota—
tional misalignment C < .5 degrees) in one arm, though insufficient to

6
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produce the effects shown . The individual differences of the observers
supports the hypothesis that a portion of the induced shift was due to
individual cyclophoria. It may well be that, just as there is a “res-
ting state” of accommodation which falls inside relaxed (infinity ) focus
(Leibowitz and Owens , 1975), individuals may also exhibi t a residual
cyclophoria under viewing conditions in which cyclofusiona l stimuli are
minimal or absent.

THE PROBLEM OF RUNWAY PLANE PER CEPTION

The significance of individual differences in the cyclophori a resting
state lies in its potential effect in situations where there are verti-
cally oriented stimuli with insufficient field pattern to completely
control cyclotorsional eye movements. One such situation faces the

• pilot making an approach to a runway either at night , or wi th other
homogeneous field conditions (snow-covered ground , over water, in fog,
etc.). Under such conditions , there are minima l distance and altitude
visual cues available to the pilot. Since runway dimensions vary a great
deal , the shape 0f the runway itself cannot be reliably used as an
indicator of altitude or distance, although the rate of change in the
shape (when correlated with approach velocity) may be more useful. In a
preliminary laboratory study, Hasbrook (1975) found that “professional
pilot estimates of flight path angle (using only computer-generated
runway outl i nes) showed a wide variation in judgment.”

The significance of this problem may be extended to situations in which
cyclophoria may interact wi th other cyclotorsional (induced) effects.
Convergence of the eyes and some degrees of depression of the line of
sight induce larger cyclorotations than the resting state. Pilots in
making instrument letdowns, through overcast skies , spend the greatest
amount of time on the AOl. This instrument, which provides both alti-
tude and relative position on the azimuth and glide slope , is 28 inches
from their eyes and 35 degrees below the horizonta l line of sight.
Therefore with a head tilt of 15 degrees, a visual depression of 10
degrees and a convergence of five degrees to read this instrument the
cyclotorsional influence is generally to increase excyclorotation. The
additiona l rotation of the eyes will be dissipated wi th time . As the

8
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pilot looks up to gain a visual reference to the runway, however, init ial
momentary perception of the aircraft ’s height may differ from the subse-
quent judgments. If such an influence exists , a possible contribution
to the ‘duck under” phenomenon may exist in cyclorotation of the eyes.

Night Visual Approach Research and Runway Visual Angle

A series of 16 experimenta l investigations conducted under the auspices
of the Military Aircraft Systems Division of Boeing and the Boeing
Commercial Aiplane Company led to the development and testing of the
effect of runway visua l angle on approach performance. The impetus for
this research came from four crashes of the 727-100 series as they

were first introduced into airline operations. The four accidents had a
comonality that really described the research probl~ n. They were all
approaches over darkness toward large well-lighted cities , under weather
conditions where the pilot could clearly see the city lights but not

• necessarily a horizon. In every case , the pilot called thru to the
tower and got permission to change from instrument flight rules to
visual flight rules for the approach and landing phase of the flights.
In three of the four instances, there was no recognition that the air-
craft was exceedingly low or descending too rapidly.

The hypothesis tested was that if the light patterns were truly
random, they would not adequately describe (in a visual sense) terrain
that had hills or slopes , and therefore the visually filled space be—
tween the nearest lights and the farthest lights would appear to be a
flat plane . If the runway and the airport were on the near side of the
l i g h t  pattern , the pilots could descend to too low an altitude at some
distance from the runway in an attempt to make an upward sloping terrain
appear flat. The visual angle under consideration is the inclusive angle
from the nearest lights to the pilot’ s eye and thence to the farthest
light along the flight path of the aircraft. If the pilot were flying a
fixed-wing airplane , maintaining his altitude and overflying the city,
this visual angle will increase until the first lights begin to pass
underneath the glare shield. If however , he were flying a helicopter ,
and maintained his distance but descended vertically, this visual angle
decreases as a function of the lower altitude. So on a fixed wi ng

9
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approach and descent, these two factors, an increasing angle due to the
approach and a decrease of the angle by lowering the altitude , could
approximate a null , and an excessive descent rate might not be recog-
nized by the pilot if he were flying over an area wi th no lights beneath
the aircraft . The experimental findings confirmed the hypothesis that
it is the visual angle that the pilots use in maki ng approaches from 4—
1/2 miles out or beyond. An unexpected result was that in the control
conditions , it was determined that the pilots flew a slightly curved
path which is really an arc of a circle whose center is somewhat above
the flight path when , in fact, they think they are making a straight—in
approach.

Perception of “Runway” Plane in Ai rcraft Carrier Approaches

• It was some years later than Wu lfeck, Queen and Kitz (1974) in investi-
gati ng the toed—in versus parallel lighting of aircraft carrier decks ,
determined that observers who were asked to report when the ship was
horizontal , made the same kind of discriminations as the pilots made in
the earlier Kraft and Elworth investigations. The Wulfeck et al. study
differed in two respects. The distances they studied were .5, 1.0, and
1.5 mi les out. In none of these cases did they have a dynamic simu-
lation in which the aircraft moved toward the carrier. Of most interest

j is the fact that these two studi es found that visual discrimination of
the horizontalness of the forward plane can be determined within L one

• 
1 minute of arc. Whether cyclophoria can have a significant impact on the

accuracy of these judgments is the subject of this proposal.

In a follow—on study to the night visual approach investigations of
1968, Drs. Elworth and Kraft investigated whether runways of different
lengths and different widths, combi ned wi th different slopes, would
modulate pilot performance when the city illuminances were low (Kraft
and Elwo rth, 1969). In figure 4 it will be noted that the final visual
angles at 4.5 miles from touchdown were wi thin two arc minutes of each
other. This is particularly interesting when one looks at the varia-
tions of these runways. The 10,000 ft. long, 300 ft. wi de runway on
flat terrain had the highest final altitude and the largest standard
deviation. The 7,500 ft. runway with a width of 200 feet , and with a 1.5

L 
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degree upward slope, produced the same visual angle wi th an intermediate
altitude and a standard deviation of 714 feet. The smallest runway,
5,000 ft. long by 100 ft. wide , which was represented on a three degree
slope , had the lowest final altitude and a standrd deviation of 523

- • feet. These final altitudes were generated by experienced pilots flying
to the three visua l scenes without the aid of altimetry . At this dis-
tance the relative motion cue would not have been operating and the
pilots were flying to make the forward scene appear to be flat. The
explanation for the variation in standard deviation may be that the
pilots fly in a more relaxed fashion to the most familiar , long, f l a t
runway (10k x 300 ft) and become much more precise in flying to diffi-
cult and less familiar runways.

DEVELOPMENT OF THE CIRCLE /BAR CYCLOPHORIA TEST

Under these conditions , the pilot may be susceptible to any residual
• cyclophori a compulsion . Since the runway image is at optical infinity

and identica l (assuming no windshield aberration ) to both eyes , a slight
excyclophoria would act to add false stereo effect to the runway image ,

-
• tilting the top (far end of runway) forward and the bottom (threshold

end) back. Accompanying this effect would be an altered perception of
the runway plane , proportional to the amount of induced tilt. To test
the phenomenon of residual cyclophoria , the Boeing investigators develo—
ped the Circle/Bar Cyclophoria test. The stimulus format for the Circlet
Bar Cyclophori a test is shown in figure 5 (identical images are presen-
ted to both eyes in the Troposcope). Wi th the Troposcope set at zero
degrees convergence, at optical infinity , and adjusted for the obser-
ver ’ s interpupillary distance , the image holders can be cyclorotated.
Wi th the excyclorotatlon, the fused circle remains in the fronto—
parallel plane while the vertical bar appears to tilt back away from the
observer at the top (behind the circle), and toward the observer at the
bottom (in front of the circle). The task is to line up the bar with the
circle by adjusting the rotation of the images. The error between where
the observer aligns the images (average of the two images ) and the true

• vertical (no Image ro tation) i s taken as a measure of the observer ’s
“free field” or “resting point” cyclophoria.

12
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Figure 5, Format of the Circle/Bar
Cyciophoria Test
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EXPERIMENTAL APPLICATION OF THE CIRCLE/BAR TEST

In preliminary efforts to experimentally test the effect of cyclophoria
on pilot performance, the Boeing investigators included this test in two
recent investigations. In a Pilot Acceptance and Performance Evaluation
of the visua l system for the flight crew training simulators at Boeing ,
the new General Electric Compuscene was the equipment under evaluation
(Kraft, Elworth , and Anderson , 1976). One of the aspects that was not
included in the publ ication was the use of the Circl e/Bar cyclophoria
test as a predictor of which pilots flew highest against the night
scene. It was found that the cyclorotation test, combined wi th a form of
the duochrome test of the size of the chromatic interval of the eye , and

the ARC test as a measure of chromostereopsis , gave a rank order corre-
lation of .85 between this combined ranking and the 747 pi lots’ alti tude
over threshold and at .6 nautical mi les from touchdown. Thi s data
encouraged the Boeing investigators to extend the same kind of testing
for the pilots used in a windshield quality evaluation study done -for
the Air Force/AMRL (Kraft , Anderson , Elwor th, and Larry, 1977).

This i nvestigation was primarily a study of the effects of four levels
of windshield distortions on pilot performance in making appraoches /
landings. The Circle/Bar test was given the eight participating pilots ,
and the results used to predict approach altitude at 8220’ from the
visual touchdown point. The eight pilots differed as to how much cyclo-
rotation was necessary to make the fronto-parallel plane appear verti-

• cal. The proportional amount of cyclorotation correction was related to
the height these pilots flew wi th the “good” quality windscreen at 8220’
from the touchdown mark. The relationship was less strong at near and
greater distances; at 8220’ distance, the correlation is .46, while at

16,560’, the r = .39. The correlation would probably be highest at :1

-

• 

distances where movement parallax did not contribute and where the

• runway details were sufficient to judge the ground plane projection. •

The windscreen quality attenuations decreased the correlation , but not

in direct proportion to their scaled quality . The negative sign of
these correlations was a product of how the authors ordered the cyclo—

14 
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rotation values , greatest negative (top back) value to the greatest plus
• (top forward) value. Perception of the frontal plane wi th the top

forward was associated with flying l ower at 8220’ from touchdown.

Figure 6 shows the regression prediction of approach altitude from the
cyclophoria data for day versus nigI~.t approaches and for the different
wi ndshield quality conditions. Looking at night approaches only, for
all windscreens at this distance, the correlation rises to .72. Pre-
diction for the day scene only wi th all wi ndscreen conditions decreases
to .11. The direction of the perceived tipping of the frontal-parallel
plane is common with that of upward sloping terrain , and they have a
mutual effect on night visual approaches. If the top of the fronto-
parallel plane is perceived nearer the pilot , and he required , in the
Circle/Bar test in the Troposcope, clockwise rotation of the right-eye
image and counterclockwise rotation of the left—eye image to correct for
his perception , he will fly lower. This is equivalent to his seeing the

• ground plane with the most distant objects on higher ground .

These data suggested a relationship that the Life Sciences Directorate
of the Air Force Office of Scientific Research asked the Boeing Aero-
space Company to investigate.

15
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THE PROBLE M

The problem was to determine if perception of the runway plane by pilots
was associated wi th the cyclophoric resting state of the eyes. In the
course of this activity to gain an estimate of the distri bution of
cyclophori a among pilots , the reliability of the measure , and the varia-
bility among and within days. To develop a set of stimuli useful in a
stereoscopic display device that might be used in screening a population
for cyclophoria. To develop and test procedures to use these stimuli as
visual performance tests. To provide statistical estimates of the quality
of the data collected , make theoretical interpretation of the results ,
recommend possible applications.

The problem was not to conduct a definitive study, but to establish a
• reasonable experimental data base to answer the question of whether

cyclophoria might be involved with pilot training, perceptual differ-
ences and air safety. I~ the evidence was positive to provide USAF/OSR
with recommendations for continued research. The long term goal of such
recommendations is to provide a step wise assessment of the importance
cyclophoria among the other perceptual information sources for pilots ’
performance in flight , factors which modulate cyclophoria , the role of
training in such modulation and the transfer of such training to opera-
tional flight performance.
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¶ EQU IPMENT AND STIM ULUS MATERIALS

TROPOSCOPE MODIFICATION FOR THE MEASUREMENT OF CYCLOP HORIA

Prior work in measurement of cyclophoria indicated a need for measurment
of greater precision , a device that was observer control l ed, and , for
the experimenter, a digital readout. An American Optical Wottering
Troposcope Model Number 13300, Serial Number V1195 was modified for this
purpose. This instrument was loaned to the contract by Washington State
University .

The modifications began with powering the rotatable slide holder and
l amp house assembly. A geared arc was attached to the lamp house. The
rotation was driven by a direct drive from two small electric motors,
one for each of the lamp houses. The geared arcs transmitted the ro-
tation directly to an idler gear which activated a smaller gear pro-
viding a three to one gain in rotation to two precision potentiometers,
one assemb ly for each l amp house. Conven tiona l Bos ton gears were used
for this application and an anti-backlash control was imposed by weighed
pulley arrangements.

- 
- The direction and speed of the motors could be control led by either the

- : observer or the experimenter through a pair of joy sticks. Control

• could be switched to either one of the joy sticks, but not both simul-
taneously. When the observer had the control , both lamp houses moved
simu l taneously in counterotating directions. The experimenter could
select which lamp house he could control or have both of them together.
He also had control of the gain for each. The experimenter ’ s joy stick
was primarily for initial setting or to balance the two settings when-
ever a disparity in position occurred .

The readouts for the potentiometer were fed through an amplification
system so that their product was on display to the experimenter on two
Intersil Evaluation Ki ts , Model ICL 7106. This provided digital read-
outs wi th a range of plus or minus 1999 units. The gains were set so
that these units were equivalent to 21 arc seconds or .0058 of a degree.

18 
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Alignment and Calibration

Two identical precision slides were made on glass plates of 3-1/4 by 4
inch size representing a circle of 43 millimeters inside diameter and
having vertical and hori zontal double cross hairs. These were made with
a Borrowdale camera wi th a 12:1 reduction from the original drawings.
The original drawings were do~ie to specifications by a computer control-
led coordinatograph with a precision of one thousandths of an inch. The

• glass plate reproductions were measured in the Mann Comparator to a
accuracy of 0.001 millimeter. Assurances that the glass plate would
rest in a vertical plane wi thin the lamp housing was obtained by special
grinding of the bottom edge of the slide. This improved edge was used
as a reference for measuring the horizontal and verticalness of the
precision lines within the image.

The two identical slides were placed , one in each lamp house , and the
Troposcope positioned such that it would cast an image on the vertical

• wall with a magnification of 11.6 times the original size of the slide.
This placed the image of the outer ring of the slides just outside the
tick mark of a compass rose which had been enlarged to 49.8 centimeters
and mounted on the wall. This precision compass rose was scaled in half
degree units. The center of the compass rose was marked by cross hairs
and two other cross hairs were located in a horizontal plane 1.25 inches
to the right and left of the central cross hair. T~ie purpose of the
two ancillary crosshairs was to assure the alignment of parallelness of
the eye pieces of the Troposcope wi th the zero point on the convergence
scale. IF the eye pieces of the Troposcope were set at 2-1/2 inches of
separa tion , then the images should fall on these two crosshairs which
were also separated by 2-1/2 inches. This was the calibration of the
zero convergence reference point as well as the Interpupillary distance
setting. These two scales interact In the Troposcope design.

For the alignment of the rotation of the lamp houses, first the right
• eye Ima ge was moved over so that the crosshairs were on the center of

the compass rose. Then , with the power units and the method of adjust-
ment, the zero point was obtained when the horizontal bar In the pro-
jected image matched the 270—90 degree axis of the compass rose.

19
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\ Ten trials by a practiced observer were used to get the zero point for
the image and to set the zero readings on the digita l readout. The same
thing was repeated to establish the left eye reference.

The product ô’f-~ he calibration gave us a constant error of 0.595 arc
minutes or 0.00135 degree. The variable error was somewhat larger. The
l eft eye was 2.45 arc minutes or 0.0012 of a degree. The right eye was
3.91 arc mi nutes or 0.0208 of a degree.

MODIFICATION OF SECOND TROPOS COPE -
•

To display  the runway and ARC test stimuli wi th ±. 2° and zero rotations
with both speed and accuracy it was necessary to modify a second Tropo—
scope. An American Optical Company Troposcope, Model 13300, Serial

• Number AJ 1872, loaned to the contract by Washington State University
was used to provide thi s display.

The instrument was mounted on a wooden 16x14x1 inch base to gain a rigid
and fixed position of the instrument in three coordinates. Attached to
this base 14 inches behind the eye pieces were two vertical aluminum bar
stock (1/8x1x13 inches) posts. Attached to each of these posts were two

• ,~ eccentrically mounted disks that served as adjustable stops. Centered

: ! between these vertically displaced stops was a registration pin. Con-
tacting these three physical references were twelve inch levers attached
to each lamp house of the Troposcope. The center of rotation was 10.5”
from the stops. Therefore 0. 18” of motion up or down from the center
registration pin was equivalent to ±. one degree of rotation of the lamp
house.

The experimenter standing behind the Troposcope could move these two 12
• inch levers s imul taneous ly up , down , or to center to effect the 

~~. 
2° and

0 of rotation desired. The precision of positioning was fixed by
the alignment pin for the ‘zero ’ rotation , and the stops or physical

• barriers to upward and downward motion. The observer could not tell the
extent or direction of the motion of the lamp house’s dr ive mechan i sms
nor the experimenter ’s movements as these were shielded from his view by
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foam—core panels cut to obstruct his view beyond the protruding eye
pieces.

The rotational movements of the l amp houses were always made in the four
second dark phase between the three second exposures of the “standard ”
and the “variable ” members of the paired presentations. These timed
intervals were controlled by a Tandem Recycling Timer , Type A, made by
the Industrial Timer Corporation of Newark, N. J. The three second ‘on ’
phase half of this interval timer controlled the power to the lamp
filaments in each lamp house.

This arrangement of controls, timer and Troposcope allowed the 72 pair
presentations to be completed in an elapsed presentation time of 14
minutes , with five minutes for instructions and two sessions of seven

• minutes each; the total test could be administered in 20 minutes.

The calibration of the instrument as to whether the zero position was a
true ver tical , and the two degree rotations were precisely the expected
value was accomplished with the same technique used for the powered
Troposcope. The precision alignment slides were placed in the lamp
houses and back projected on to a wall—mounted compass rose. The two
enlarged (11.6x) images were centered, then the three positions , 0, + 1 ,

and -l degree were checked aga i nst the large wall-mounted refer-
• 

• ence. The zero point was first set and the 12 inch l evers were then
locked in position. Followi ng this , the maximum movement stops were
rotated on their eccentrics unti l the desired position was obtained then

they were locked aginst further rotation.

ALTERNATIVE STIMULI FOR THE CIRCLE/BAR TEST

The Circle /Bar Test used in our prior experiments had been considered an
• original design by the authors , and had not been subjected to a system-

atic program of optimization. Therefore, some comparative knowledge
about its merits was needed. The literature search disclosed that
George Harker had used a very similar design with the same logic 19
years earlier. Harker wrote, “T he c irc le prov ides s timula tion for

21
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lateral and vertical fusion , but not for cyclotorsiona l fusion. ”
Harker also used a variation in that he always had a centra l dot about
which he rotated the stimuli. This was one of the considerations that
we wanted to include in our alternative stimuli.

The cyclophoria test patterns used in this investigation are included
in figure 7. They were four in number with two alternatives, without
and with a center dot. The number one pattern, which was titled “two
dots with triple circle” was planned to test whether the cyclophoria
estimates would be of equal magnitude when the two movable stimuli were

• very close to the fovea . The number two design was a plain bar with a
circle. We- had noticed in some of our observations that the segments
beyond the outside edge of the circle did not always appear to contri-
bute to precise judgments, thus this alternative . The third design was
the circle bar with a short segment, the short segment being a 26 minute
extension of the vertical bar beyond the perimeter of the outside edge

• of the circle. The fourth design was a circle bar wi th a long segment.
The segment was about one degree. The outside dimensions ranged from
8.8 degrees to 10.8 degrees (see figure 7). Therefore, all designs
fell within the anatomical area of the parafovea. The center dot in
this alternative was about .29 degrees (about 17 arc minutes ) as was
the width of the clear segments in these drawings.

Each of these was a clear figure in a dark field , printed on glass
plates 3-3/4 by 4 inches in size, having very high contrast, the back-
ground varying from the figure by a gamma of five. They were copied
down from a 12 times larger figure constructed on the coordinatograph.
Calibration measurements to one thousandth of a millimeter were com-
pleted on the Mann Comparator and the rotation corrections ranged from
zero to 2.82 arc minutes. These constant errors were reduced to zero by
subtracting or adding constants to the experimentally obtained data.

The work of George Gogel indicated that we should be concerned with the
adjacency principle. We therefore attempted to maintain similar separa-

tions between the movable stimuli and the circle ’s edge. In all but the

two dot test, the minimum of the adjacency was 8.86 arc minutes. For

the two dot test, the smallest adjacency was 4.22 arc minutes.

22

-ii 

_ _ _ _ _ _ _  ____
- ~ -~~~~~~~~~~~~ ---——— - -a-

~~~ ~~i ~~~~~ii i~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~



~~~
_ •

~~~
••

~~~~
—

• - - -

b

MO CENTER DOT CENTER DOT — 0.290

1. Two Dot, Triple 
j  

8.7~~

•
44C 

—

~~~~~~~~~~~~~ Diameter

S 2. Plain Bar With —
Circle 8.73°

3. Circle/Bar, Short ~~~~~~~~~
Segment

4. CIrcle/Bar, Long 110.770

.JL 290

Figure 7: Cyclophorla Test Patterns
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PREPARATION OF THE RUNWA Y PHOTOGRAPHIC STIMULUS MATERIAL S

To test the pilot’ s percepti on of the hori zontal forward plane , a series
of photographs were made of the Genera l E l ectr ic Compuscene ’s computer-
generated image. Three of five available runways were chosen ; 321 on the
MWH or Moses La ke data base ,which is 13,500 feet long and 300 feet wide .
This represents a B-52 runway on flat topography wi th only two buildings
on the l eft side of the runway. The second choice was Boeing Field
International wi th its 200 foot wide, 10,000 foot long runway and the
approach to runway 13R. This represents a runway with frequent build-
ings on both sides and a good deal of ground detail. The third runway
was Yakima , 270, with a 150 foot width and 6,607 feet in length , viewed
on a green field with two buildings on the right.

The decision was to portray each of these runways with the same visual
angle representing the width at the threshold of the runway. To select
the visual angle , the size of a 200 foot wide runway as viewed from
3,000 feet from touchdown marker and 157 feet of altitude was computed .
This is equivalent to a three degree glide slope angle that originates
from the touchdown mark 1,000 feet beyond the threshold of the runway
and a visual angle of 5.6932 degrees. Each of the other runways then
were made to match this visua l angle by selecting a slant range that
would depict a runway threshold width of 5.69 degrees. The wider runway
at Moses Lake was therefore depicted at a greater distance , but still on
the three degree glide slope. Yakima , at a shor ter di stance because of
its 150 foot wide runway, still maintained a three degree glide slope
from the 1,000 foot mark.

Colored transparencies of a minimum Of 55.5mm in width and height were
required to provide a 15 degree field of view in the Troposcope. Dupli-
cate images for the right and left eyes were made. One of the image
generators of the Compuscene was used to display the image on the 25”
color cathode ray tube in the visual control center. A 4 x 5 Crown
Graphic camera loaded wi th high speed 2-1/4 x 2— 1/4 Ektachrome 400 co lor
film was positioned in front of the CRT. The distance from the cathode
ray tube was such that the 200 foot width of the Boeing Field runway
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would subtend the same angular size in the Troposcope as it would in the
rea l world from the approach distance selected. This meant that the CGI
image was reproduced at about 20.63mm in width for the 200 foot width of
the BFI runway 13. The image size was measured wi th precision calipers
on the ground glass in the Crown Graphic.

Time exposures longer than 30 seconds were chosen to avoid partial
refresh or frame rate problems. The exposure was measured wi th a
Wes ton Mas ter II area meter which gave ex posure va l ues for the day
scenes of 1/5 of a second at f/li. (effective aperture of f/16. ) and for
the night scene 1/2 second at f/li. Positioning of the CGI scene was
done from prior calculations (see Appendix 1 ) by introducing them into
the computer-associated typewriter. The computer inputs were the x and
y values in feet representing true north, south and west positions , a
true heading of the runway (not the magnetic heading ) and inserting the
alti tude that had been calculated for the three degree slope.

• For each of the runways a day and night scene were taken. In every case
the image was reproduced with almost no atmospheri c attenuation. The
visibility was 315 miles and the RVR was 240,000 fee’t. This provided
for the pilot an extended visua l projection of the horizontal plane in
the imagery. The end product was 24 transparencies representing two
copies each of 12 scenes ; a night and day scene of three runways from
two groups of distances.

These films were processed commercially wi thout any effort to push the
film and packaged -In transparent sleeves so that measurements could be
made on the imagery. Each of the images were subjected to photogranniet-
n c  measurements with a Mann Comparator that has the capability of
reading In microns , or thousands of a millimeter. Measurements were
made of the width at threshold , the far end and the length of the image
of the runway. Five measurement trials were made for each of these
values and the most homogeneous four were selected for computation of
the averages . The linear distances in millimeters and the values divi-
ded by the focal length of the Troposcope give the tangent of the sub-
tended angle.
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Table 1 is a comparison between the desired and obtained angular widths
of the runways in the photographic reproductions of the computer-
generated images. The right hand columns give the percent error and the
residual error. The residual error occurs when you subtract out a slight

overall enlargement of the Image due to too distant placement of the
camera. The reader may note that the residual errors are generally
below three percent wi th two exceptions. It probably is more meaningful
to compare the sizes of these errors with the size (in percent) of one
element of resolution in the CGI system. It is only in the case of one - 

-

picture that the percent error exceeds that due to one element on the
CGI system.

Reference also should be made to figure 8 which shows the pattern in
terms of trapezoids of the three runways in each of the two series, the
“3000” and “6000” foot series. This figure shows the relationship of
the width at the far end and the length when the threshold width is a
constant. One will notice that the largest pattern is from the smallest
runway; Yakima for the 3000 series. The intermediate size of the image
belongs to Moses Lake, (13,500 feet). The smallest image is for the

1000 foot runway of Boeing Field. This relationship does not hold for
the “6000” foot distance. Here, the longest is Moses Lake (13,500
feet).

The relative shapes of these different runways become more homogeneous
the greater the distance out the pilot is from the runway. This techni-
que of making the stimulus material representative of a common three
degree glide slope and a comon threshold width gave us a representative
range of distances out from the threshold of 1499 feet to 7499 feet. In
terms of visual angle of the length of the runway, the range is from 2.2
to 4.5 degrees. The altitudes represented run from 131 feet to 446 feet.

For presentation, these slides were mounted in double glass slide mounts
with a circular aperture such that the center of rotation could be the
1000 foot mark, or the point that a three degree glide slope would
in tercept the runway surface.
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TABLE 1

Comparison Between the Desired and Obtained Angular Widths
of the Runways In the Photographic Reproduction

of the Computer Generated Images

Theo— Empirl-
retical cal Mea— Percent Slze* Residua1~~Std . surement ~ Error Error Error

Group 3 Near Width
BFI 5.6932° 5.7380° 0.0448° 0.79 % 0.8 % 0.01 %~~*
MWH 5.6929 5.8620 0.1691 3.00 3.0 0.00 - •

YKII 5.6928 5.8290 0.1368 2.40 2.41 0.01

Group 3 Far Width
BFI 0.9548° 0.9825° 0.0024° 2.52 % 0.8 % 1.72 %
MWH 1 .0414 1.0580 0.0166 1.59 3.0 -1.40
YICiI 1.05990 1.1546 0.0948 8.94 2.41 6.53

Grou p 6 Near Width
BFI 2.28600 2.2842° 0.00200 -0.09 % 0.8 % 0.89 %
MWH 2.2856 2.4150 0.1294 5.66 3.0 2.66
YAK 2.2856 2.4047 0.11 91 5.21 2.41 2.80

Group 6 Far Width
BFI 0.71600 0.7308° 0.0148° 2.07 % 0.8 % 1.27 ~MWH 0.8184 0.8106 0.0079 -0.96 3.0 -3.96
YIC!4 0.8295 0.8780 0.0485 6.85 2.41 2.35

*Sjze error a The percent enlargement of the image -above the desired size
due to the camera to CRT distance error.

**Resjdual Error = Percent error 0f width — size error or a correction due to
enlargement of Image by camera position.

~~One element resol ution of CGI system in percent for each group;Group 3 Near 0.88, Group 3 Far 4.9; Group 6 Near = 2.19; Group 6 Far 6.34.
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LEGEND: MWH; L 13,500’ , W 300’
BFI ; L a 10,000’, W = 230’
YK-1 ; L a 6,607’, W = 150’

—

I’ MWK \

/ / 
BFI

Three runways Illustrated as trapezoids, matched as to the runway width
at threshold (5.69° and 2.28° of angular width), as viewed from 3° gl i de
slope originating at the 1000 ’ marker .

FIgure 8 : Patterns of the Runways In the Pictorial Stimuli
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ALTERNATING RAMP CHROMOSTEREOPSIS (ARC) TEST STIMULI

A description of this test is included in the introduction and a picture
of the model is figure 1. In figure 1 the ten ramps are identified wi th
letters A through J. The number of responses per format (stereo pair)
is nine; one for each of the nine adjacent row pairs. The ten columns and
eight half values were available to make 18 possible responses per row .

The complete test has six different disk size and disparity formats.
There are therefore 54 separate responses required of the observer. The
disk size x disparity formats were photographed as masks on Kodalith
achromatic film and were translighted wi th low color temperature tung-
sten illuminance in this application.

• The six disk size x disparity formats were designed such that two sub-
sets of three formats each are available and complete in themselves ,
either of which could be utilized in testing where time is a limiting
factor. To keep testing time wi thin a two hour period the subset wi th
formats B, D and F were used .

-: The three stereoscopic pairs representing formats , B, D and F were
printed on glass lantern slide plates. A special jig was made to regis-
ten the unexposed plates for contact printing. The specific requirement
of the reproduction of these masks is that no rotation was part of the
visual stimulus. A number of copies were made until matched stereo-
scopic pairs of slides were obtained. Verification was obtained by
photometric measurement with the Mann Comparator.

The stimulus subset used had a between disk relative separation of 23.7-j arc seconds.

- - - 
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PROCEDURE

EVALUATION OF THE ALTERNATIVE CYCLOPHORIA STIMULI

It was anticipated that the eight alternative stimuli would probably
give us different mean estimates of the cyclophoria and different vari-
ances among the individual trials. The procedure was to use four of the
laboratory personnel as observers in preliminary tests of the advantages
and disadvantages of these stimuli. Three of these four individuals had
extensive experience with psychophysical investigations particularly in
the field of vision. The fourth person had not participated in such
experiments before.

The observer was seated before the Troposcope and the interpupil lary
distance was matched to the individual and the convergence was set to
zero. The vertical centering of the exit pupi l of the instrument to the
center of the pupil of the eye was accomplished by the chin rest adjust-
ment. The room illuminati on was l owered to approximately 1-1/2 foot-
Lamberts. There was a combination of indirect floi’rescent and tungsten
illuminat ion.

After a few adjustments to become familiar wi th the stimuli , the ob-
- • server was asked to make 20 settings. He was asked to reset the stimuli

above or below the null and then to proceed to return the alignment to
the n u l l , by using short bursts of rotation. The task was to align the
moving stimuli , the dots or the bar , to be exactly in the same frontal
parallel plane as the circle. Twenty trials could be generally
accomplished wi thin 20 to 30 minutes.

The results indicated that the average estimate of cyclophoria as a
resting state by these different test patterns are shown in the follow—
ing figure 9. Note that the smallest estimate was by design #4 , the bar
with the long segments . The largest estimate was wi th design #3 , the
circle bar wi th the short segments. These two designs also showed the
greates t difference between the variations wi th and wi thout the center
dot. The most consistent estimate between those with and wi thout the
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~~~~~~~~~~~~~~~~~ AVERAGE AV ERA GE
AVE. VARIAN CE AVE. VARIANC E

83.5 528.2 70.2 751.6

92.2 266.1 96.0 300.1

122.1 40-7.6 86.5 626.7

76.2 378.5 64.5 363.4

NO CENTER DOT WITH CENTER DOT

Figure 9: Estimates of Cyclophoria Resting State by
Different Test Patterns
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center dot was with the plain bar and circle design. However, the
measure of reliability , the average variance , indicated the advi sability
of using the plain Circle/Bar test. This test, wi thout the center dot
had the l owest average variance , indicati ng that 68% of the trials would
fall within plus or minus 14.3 arc mi nutes.

Comments from the observers indicated that they found it difficult to
make a judgment of the null when there was a bar and a segment. It
appeared that the interval of precise alignment was perceptually very

— 

narrow. That is , with the narrow separation between the end of the bar
and the segment, the circle could be easily seen in front or behind the
plane of the bar , but seldom perfectly aligned. All observers noted
that they had a good deal of variability wi th the two dot test, and this
was reflected in the much higher measure of variance. So the plain
circle/Bar stimuli , wi thout a center dot, was chosen for the remainder
of the experimental investigation.

Quotidian and Di urna l Variabilit y of the Cyclophoria Resting State

To determine the amount of variability that might occur wi thin one day
and among days, three of the laboratory personnel were given the cyclo-
phoria test in the morning and the afternoon for five consecutive days.
Figure 10 shows that two tenths of a degree would encompass all of the
variability that occurred among the days. For day two through day five ,
the variability for these observers would have been encompassed by four
hundreths of a degree. In the diurna l variability , the morning and
afternoon estimates of cyclophoria were all wi thin two tenths of a
degree.

An ANOVA (tabl e 2) was compl eted to ascertain If the ~ariables , time of
• day CT) or different days CD) or the differences among the observers (S)

were significant. The mean differences among days or between times of
day could be attributed to chance. The differences among the observers
could be due to chance less than once in one thousand replications .
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Table 2: ANOVA of Quotidian and Diurnal Variables
and Cyclophoria as Measured by the Circle
Bar Tes t

Error Sum of Deg. Of
Source Term F Squares Freedom

MEAN S 10. 4399 .5546661E 08 1
S (SUBJECTS ) (1412.3685) .1062587E 08 2
D (DAYS) SD 0.6877 169638.3 4
T (TIME OF DAY ) ST 0. 1275 19791.52 1
SD 493961.8 8

- - ST 310336.4 2
DT SDT 0.6782 110028.9 4 H
SDT 324512.9 8

- 
- R (SDT) 2144180. 570

The protocol among the observers indicated that they felt the 20 trials
seemed excessively long and their performance fel l off on the last few
trials. Therefore an investigation of this comment was undertaken. Thi s
study showed that the variability on trials one thru five showed a

- : practice effec t, and there appeared to be a fatigue effect as a greater
- - variation between trials 15 and 20 was also discovered. A regression

representing the prediction of the 20 trial results from a shorter test
based on the sixth and sixteenth trial is shown in figure 11. These
data imply that one could use five trials as a warm—up then collect the
data on the last ten trials , and have a good prediction of the perfor-
mance based on 20 trials. Based on these data we modified our procedure
wi th the Air Force pilots. We used a 15 trial session , five as practice
and basing the estimate of the cyclophoria on the last ten trials.

SCREENING OF AIR FORCE PILOTS FOR CYCLOPHORIA

Arrangements were made through Lt. Col. Perdue, of Standards and Evalua—
tion , 62 MAW/DOV, to test the pilots at McChord Air Force Base in Washing-
ton. A facility was set aside wherein we could move the equipment from
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AVERAGE SCORE FOR 6 THROUGH 15TH TRIAL

FIgure 11 . Prediction of Average Cyclorotation
Resting State Based on 20 Trials From
the Average of the 10th to 15th Trials
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Boeing to McChord and do the testing in a building separate from other
Air Force activities. Two pieces of equipment were taken to McChord for
the initial testing; an American Optical Sight Screener for testing
visual skills and the powered Troposcope for measurement of cyclophoria.

Each pilot was told about the purpose of the study and its general
contents and procedure. A bit of biographical information was obtained
from them; their name, rank, squadron, age, whether they wore glasses
for any occasion. The visual skills test was always given first. The
seven visual skill tests administered were duplicated at both far and
near viewing distances. The first test was one of fusion. The second ,
third and fourth were of visual acuity, left eye, right eye and both
eyes. The fifth test was on stereopsis, the sixth on vertical phoria ,
and the seventh on lateral phoria. After a short rest period the pilots
were given the instructions on the Circle/Bar cyclophoria test. Before
administering this test the interpupillary distance was taken and the
instrument interocular eye pieces were set to match this measurement.
The convergence of the instrument was always set for zero in the screen-
ing test. Five practice trials were given , and , subsequent to that, ten
trials whi ch were used for the estimate of the cyclophoria. The digital
readout units were suimied, regarding sign , indicating the total amount of

rotation of the right and the left eye. The sum of these cyclorotations
was recorded and the constant representing the constant error of the
stimuli subtracted. The corrected sum was converted into arc minutes
and also into degrees. The standard deviation reflecting the variation
among the trials was ca lcu lated and recorded in arc minutes and also as
degrees.

Thirty pilots were screened during the course of a one week period. Two
out of the thirty were non—flying pilots , the remainder were on ac tive
operational status. The results of the screening test were evaluated
and 12 representative people from among the 30 were selected for the more

extensive testing of the main experiment. The choice of individuals

formed a rectangular distri bution with stratification among the cyclo—
phoric values that were obtained. If there were more than one choice
wi thin an interval , the second criteria was the vari ance of the Circle!
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Bar test. The third criteria was lowered visual acuity In either eye or
a lower stereoscopic score. Col. Perdue was provided wi th a first ,
second or third choice within the scheduled intervals knowing that he
would have some difficulty scheduling all of our first choices .

The representativeness of the stratified sample of the 12 pilots that
were the participants in the main experiment is illustrated in figure
12. The individual cyclophorias measured for all 30 pilots screened are
also shown in this figure. Note that the inclusive range of cyclophoria
is approximately three degrees , with the mean and the median being on
the positive side of zero or the physical vertical .

PERCEPTION OF THE RUNWAY PLANE

Some Perceptual and Physica l Aspects of the Stimuli

The computer generated image scenes of three runways viewed from a
pilot ’s eye reference point, on a three degree glide slope, (VFR day and
night) were used in studying the perception of the horizonta l forward
plane. In each scene the glide slope had its origin 1000’ from the
threshold of the runway. This point was clearly identifiable by the
pi lots since all the runways had a 1000’ symbol in the runway. In the
experimental cyclorotation of the images , the center of rotation was
this 1000’ mark.

The three runways were of different physica l dimensions , (MWH = 13,500’
x 300’ ; BFI = 10,000’ x 200’; YKM = 6,607’ x 150’) . The slides , how-
ever , reproduced the width of these runways so that all subtended the
same visual angle of 5.69 degrees for the group “3” distances. The
group “6” distances reproduced these runway widths at 2.286 degrees .
This technique reproduced the horizontal plane at a constant three
degrees from the line of sight to the 1000 foot mark , but varied alti-
tude by groups and distances by runways .

This selection of parameters controlled the plane 0f the runway to be
always horizontal , the runway width to two levels , the altitude to two
levels and the distances to be classifiable as two “groups .” However,
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the distances from the runway touchdown marks were six in number , with
the median of the two groups as 3000 and 6000 feet. The actual va lues
were 2499 , 3003, 4003, 4750, 5999 and 8499 feet .

In the presentation of these slides to the pilots for judgment of the
— plane , duplicate slides in each arm of the troposcope presented identi-

cal images to the right and left eyes. Such a display , though binocu-
lar , was not stereoscopic as no relative displacement of the images
existed in the slides. The images were chromatic and of such resolution
that the individua l holes in the shadow mask of the CR1 were visible.

Method of Presentation and Procedure

To present the pilots with a series of randomly selected scenes and ask
for his judgment as to whether he was “high ,” “on ” or “below ” the glide
slope requires the pilot to make an “absolute ” judgment for each presen-
tation. This frame of reference would have to be his memory of how a
three degree glide slope makes the runway plane appear. This procedure
has the merit of being similar to the operational task of the pilot. A
disadvantage is the relative insensitivity of the “absolute judgment ”
method. As an example , absolute categories of color discrimination are
eleven if spectral hues are judged one at a time. If comparative stan-
dards are available , the number of discriminable hues is greater than
2000. The choice of using a comparative technique was chosen for reason
of its greater sensitivity .

-
~~ The method of presenting a “standard” binocular scene wi th no cyclo-

rotation , compared with a “var iab le ” (±. two degrees or zero degrees
rotation) scene and requesting a comparative judgment of “apparent
altitude” used the sensitivity of the comparative judgement procedure .
A second advantage was that such a paired—comparison method coupled wi th
cyclorotation of the visual stimulus represented an indirect test of the
influence of cyclophoria. An experimental disadvantage existed in that
the influence of the cyclophoric resting state was also Imposed on the
standard as wel l as the variable. This dual Influence should make any
measured difference a conservative estimate of the “true ” infl uence.
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In sumary, the choice of a paired-comparison method both improved the
sensitivity of the measure and imposed a conservativeness on the esti-
ma te of cyclophoric effect.

The 12 pilots each made 72 paired—comparisons of the twelve scenes , s ix
of which were day and six were night scenes , two distances were repre-
sented and three runways. The major independent variabl e was the cyclo-
rotation of the images at three levels, minus two degrees , zero and plus
two degrees.

PROCEDURES IN THE EXPERIMENTAL SESSION

The experimental session followed the screening session by one week , and
for each pilot this session lasted two hours. The equipment taken to
McChord was the powered Troposcope and the Troposcope modified for pre-
senting the ARC and runway test. The procedure was to initially give a
repeat of the cyclophoria test wi th the Circle/Bar stimuli , at zero
convergence. Then to give the first half of the runway test or 36
paired stimuli. The Circle /Bar test wi th five degrees of convergence was
the next in sequence and foflowed by a ten minute rest period. Follow-
ing the break the ARC test was administered , then Circle /Bar test wi th
ten degrees of convergence. The final portion of this session was the
second half of the runway test. This same order was followed for all
individuals wi th random administration by the two experimenters.

The ARC test procedure presented the B, D and F formats three times
to each pilot , once each wi th the zero degree, plus two degree and minus
two degree cyclorotation. The format /cyclorotation magnitude combina-
tions were different among the pilots following a prearranged balanced
order as a control of possible order effects.

Following the collection of data, the recorded data and the equipment
were returned to Seattle. The Circl W Bar data was converted from the
instrument units to degrees and submitted for analysis of variance and
measures of correlation. Similarly the ARC test and the runway test were
converted Into a form that could be treated by the large computer.
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RESULTS AND DISCUSSION

CIRCLE/BA R TEST OF CYCLOPHORIA RESTING STATE

Test /Retest Determination of Cyclophoria Resting State

As discussed in an earlier section , the Circle /Bar test was utilized as
the primary determinant of the direction and magnitude of cyclophori a in
the selection of the stratified sample of 12 pilot/observers . This test - 

-

was repeated for the 12 selected pilots during the main experimental
study and the data are plotted by trials in figure 13. The regression
lines for these data are presented in figure 14. As shown in the fi g-
ures , each session of 10 experimental trials was preceded by five train-
ing trials.

The Circle /Bar test appeared to be quite reliabl e, even wi th an average
observer standard deviation for the 10 trials of .47 degrees. The H
correlation (Pearson r) for the test / retest reliability was r = +.93
wi th p < .01, df = 10.

Main effect of Instrument Convergence

The mean settings for the 12 pilot/observers on the Circle/Bar test wi th
0, 5 and 10 degrees of convergence set into the A.O. Troposcope are
shown in figure 15, and the ANOVA for these results is presented in
table 3. The main effect of the different level s of convergence was
significant (‘

~ 

- 01) and demonstrated a requirement for increased
excyclorotati~.~ ~f ~he Circle /Bar images in order to achieve the “vert-
icality” match , o~ ilignment , of the bar wi th the reference circle.

Not enough level s of convergence were used to determine whether Its
relationship wi th cyclophoria Is linear or of a higher order. It might
be hypothesized that the increasing incompatibility 1 of the viewing

1The Circle /Bar test was presented at optica l infinity for both the
five and ten degree convergence conditions as well as for the corn—
patible zero degree convergence setting.
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Figure 13: Cyclophoria Data by Trial 12 Observers During Both
Screening and Exoerirnental Sessions.
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FIgure 14: Regression Lines for the Cycloohoria Data on 12
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Figure 15 The Effect of 00, 5° and 10° of Convergence in Troposcope
(Stereoscope ) on Cyclorotation Settings to Verticality In
Circ le/Bar Test (for Selected Sampl e of 12 Pilots )

Table 3 ANOVA for the Effect of 0° , 5° and 100 Convergence
on Cyclophoria Measurements for 12 Selected Pilots

Error Sum of
Source Term F Squares df
MEA N S 3.0797 86.06570 1
SUBJECTS (95.6569* ) 307 .4028 11
CONV ERGENCE SC 7.3421* 47 .26588 2
SC 70.81 444 22T(sc) 94.65503 324 
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conditions acted to attenuate the effect of the increased instrument
convergence from what might otherwi se have been a linear relationship.

In comparing these data wi th those reported by other investigators ,
general agreement is found in both the direction and magnitude of the
effects of convergence on the cyclophoria resting state . Figure 16
presents the relationships found by several others as compared with the
data from this study. Since the mean with ~0 convergence for the 12
selected observers is almost •5

0 below that for the 30 pilots repre—
sented in the screening data , a plot of the effec t of 50 and 10° of
convergence on the cyclophoria resting state of this larger , more ran-
dom sample, would likel y fall between the data of Landolt/Carow and
those of Hermans/Al len. Figure 17 plots the means for each pilot.

The correlations between the means for cyclophoria under the different
conditions are shown in table 4 .  There appears to be a general deteri-
ration -in the relationship as a function of the difference in conver-
gence between the two correlated variables.

Table 4 . Correlations Between the Measures
of Cyclophoria for the Screening Condition
(00 ) and the 00, 50, and 100 Convergence
Experimental Conditions (for 12 Selected Pilots)

SCREENING M A I N E X P E R I M E N T
____  

00 00 5~ 100

00 1.00 .93 .76 .62
0
0 

1.00 .73 .53

5° 1.00 .88
100 1.00

Mean Cyclophoria and Among Pilot Averaqe Variances

Imposing cyclotorsional effects by changing convergence from zero to
five and to ten degrees imposes a progressively more positive cyclo-
phoria. The average variance among the twelve pilots is similar for
the zero and five degree convergence and decreases for ten degrees of
convergence. However, these differences in average variance are most
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likely due to chance . The chance contribution is supported by ‘ t ’
tests and the observations that the major contribution to this van-
ance is by one individual, although not the same individual for the
zero and five degree convergence imposed cycl otorsion .

Magnitude of Cyclophoria and Intertrial Variance

The correlation between the magnitude of the cyclophoria and the
variance among the 10 trials , whose average is the measure of cyclo-
phoria, is high and positive for the zero convergence (r .87). The
same relationship is intermediate (r = .55) and positive for five de—
grees of convergence, and low (r .27) and positive for the 10 de-
grees of convergence. These correlations were made disregarding the
direction of the cyclophorias as a U-shaped distribution exists be-
tween cyclophoria and the variance among trials (see figure 18). Those
individuals whose resting state in cyclorotation is near the physical
vertical usually have the small variances among the individual measure-
ments of cyclophoria. Those pilots whose resting states are .80 degrees
or greater from the physical vertical have the larger differences among
the ten trials.

The explanation of the relationship measured between magnitude of cyclo-
phoria and the j ntertrial variance is an unknown. It may be conjectured
that the individual whose resting state of cyclorotation differs by
approximately one degree or more from the physical vertical , is in every
day visual experience making cyclotorsional correcti ons for this dispari-
ty. With this acquired “flexibility” of cyclorotational experience he
may, in making the individual matches in the Circle/Bar test, accept a
wider range of apparent equalities than his peers who have a resting
state near zero.

The hypothesis of “acquired flexibility ” would also apply to these data
of decreased variability as convergence is increased. The cyclotorsion-
al stress may modify a normal distribution of responses on either side
of the mean (resting state of cyclophorla) toward fewer responses on one
side of the resting state, as in a Poisson distri bution . Considering
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that cyclophoria is a myologic or muscular state, the increased tonus
in one direction decreases the probability of responses in the direc-
tion opposite to that tonus. The effect is to decrease the total
spread of responses among the ten trials and thereby decrease the
size of the variance wi th increased convergence.

A second hypothesis is that the method of measurement imposes this
change in variance. The visua l accommodation in the Troposcope should
be nearly zero as the image is positioned at optical infinity . The
zero convergence condition is compatible with this accommodation dis-
tance as the eyes should be nearly parallel for infinity viewing . When-
ever convergence and accommodation are not compatibl e, a neuromuscular
stress situation is imposed. The convergence of 5 and 10 degrees , wi th
continued accommodation at infinity , is just such a non-compatible con-
dition. Therefore, as the innervation from the imposed convergence in-
creases , the freedom of interaction between accommodation and conver-
gence is constrained , and possibly the measured variance of cyclophoria
is also constrained.

• The latter hypothesis is easily testable and therefore may be estab-
lished or disproved . The method of testing would be to measure cyclo-
phoria as a function of convergence with compatible accommodation and
determine if the magnitude and the distribution of the variance is in—
dependent of convergence. As an exampl e, repeat the current study with
spectacle lenses of 1.4 diopters before the eye with 50 of convergence,
and 2.75 diopter lens combined with the 10° of convergence. If the var-
lance remains of similar magnitude and type of distribution for each of
the convergence/accommodation combinations, then the decreasing cyclo—
phorla var iance is a ~roduct of the “stressful” and non—compatible sit-
ua-tion and -Is an artifact of the method of measurement employed in this
investigation.
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THE ARC TEST MEASURE OF CYCLOPHORIA

Effect of Image Cyclorotation on ARC Test Responses

The ARC Test was given to each of the 12 observers under three con-
ditions of image cyclorotation: 20 excyclorotation , 00, and 20 ency-
clorotation. The ± 2~ of image cyclorotation produced shifts in the
ARC test responses that were , for the most part , equal in magnitude
and opposite in direction from the mean response to the 00, or non-
cyclorotated, condition.

Figure 19 represents the mean responses of each of the 12 observers

for the three image cyclorotation conditions . The ± 2
0 cyclorotation

conditions are plotted against the 0° condition , which -is plotted
against itself as a baseline condition. While there was considerable
individual variance , the main effects were quite uniform and signifi-
cantly different . Figure 20 presents the means for the three image cy—
clorotation conditions, along with plots of the means as corrected by
the 00 shift and a calculated line predicted from the total amount of

disparity induced by the image cyclorotation . Table 5 provides the
corresponding ANOVA . Although both “Formats ” and “Rows within Formats ”
had statistically significant effects, they were both confounded in the
test procedure by order effects and R(F) was additionally confounded
with test structure characteristics. In prior administrations of the
ARC test, random presentations of the ARC test formats produced non-
significant effects. The response means are presented in tabl e 6
below.

Table 6 . The Mean Shifts -In ARC Test Responses for t 2~ Image
Cyclorotatlon Compared With the Responses on the Non-Cyclorotated
(0°) CondItion

IMAGE MEAN RESPONSE SHIFT MEAN SHIFT FROM
CYCLOROTATION FROM TRUE NULL NON-CYCLOROTATED
CONDITION (IN ARC SECONDS ) CONDITION

(IN ARC SECONDS)
2° EXCYCLOROTAT ION -25.1 -13.5

00 -11.5 -

2° ENCYCLOROTATION + 2.1 +13.6
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Tabl e 5 : ANOVA for Effects of Image Cyclorotation on Cyclophoria
as Measure d With the ARC Test

Error Sum of
Source Term F Squares df
MEA N S 4.89 129237.9 1
SUBJECTS (82.36*) 290936.1 11
CYCLOROTATION SC 22.52* 119723.7 2
FORMATS SF 10.50* 20939.84 2
ROWS(F) SR(F) 8.92* 155917.9 24
SC 58480.38 22
SF 21925.59 22
CF SCF 0.77 1709.156 4
SR(F)  1 92211 .6 264
CR(F)- SCR(F) 1.62 24964.47 48
SCF 24498.13 44
SCR( F) 169563. 1 528
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These response shifts were consistent in direction with the effect
produced in the Circle/Bar test, i.e., image excyc lorotation causes
the top of the bar to be perceived as tipped or inclined away from,
and the bottom toward , the observer . In the case of the ARC test,
the responses under conditions of image excyclorotation indicate that
the top of the two rows of discs being compared is seen as moved away
from, and the bottom row moved toward the observer , thus shifting the
perce ived crossover point.

The magnitude of this shift, however, is much less than would be ex-
pected If the disparity induced in the ARC test through Image cycloro-
tation were fully reflected in the observed response shifts. The pre-
diction , as plotted in figure 20, is based upon the induced disparity,
which can be calculated wi th the fol lowing equation :

— 
206265 (M) (2r) (Sin 0/2)

10

where r~ is in arc seconds; M is image magnification in the Troposcope
compared with a standard 10 inch viewing distance; r is the vertical
row—to-row spacing; and 0 is the angle of image cyclorotation for both
eyes (in degrees). For the conditions of this study:

M = 1.23
r = .1286 Inc hes
0 = 2.0 degrees, and

206265 (l.23)L.2572)(.0175)
11- 10

= 114.2 arc seconds per 20 cycIorotation

As can be seen, the observed shift Is only about 1/8 the magnitude of
the Induced disparity. This “ incon~lete” effect was not unexpected,
in that almost all Investigators have found the perceived effect to be
attenuated by various amounts, usual ly as a function of stimulus corn-
plexi-ty. This attenuation of the perceived effect has been attributed
by some to a cyclofuslona l response of the eyes (Ogle & Eller brock,
1946; Crone and Everhard-Halin, 1975; Harker, 1962) or contrastingly to
a mediating central response with only a minor motor component (Kertesz,
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1972). Since an objective measure of eye cyclorotation was not
attempted in the current study, no inference can be made as to the
physiological correlates of the observed effects. The most conven-
ient hypothesis for thi s relationship, however, would be to propose
involvement of the stimulus complexity of the ARC test, primarily
in that the horizontal arrangement of the rows of discs produce,
under cyclorotation , vertica l disparities which are strong stimuli
for cyclotorsional or cyclofusional movements of the eyes. It would
follow that to the extent that such cyclofusional movements might
occur , the disparity between the vertical meridians of the ARC test
images and those of the retinas would be reduced—-to the residua l
amount reflected in the observed response shifts.

While there was, -in this study, no direct measure of cyclofusional
movements, there is additional circumstantial evidence that such move-
ments, or imitative central processes, do take place. The most strik-
ing difference in the appearance of the Circle/Bar test and that of the
ARC test under cyclorotational excursions is that while the vertical
bar in the Circle/Bar test readily tilts back and forth in response to
cyclic image cyclorotations, there is no corresponding perceived tilt
in the fronto-parallel plane of the ARC test with similar excurions .
Rather, the ARC test appears to maintain its verticality , even while
individual pairs of ~ jacent rows of discs undergo differential changes
in relative depth. In a test session by these investigators, and using
each other as observers , image cyclorotations of ± 50 produced perceived
shifts in the crossover point equivalent to about 96 arc seconds. Over
the vertical extent of the ARC test, this would amount to a depth dis-

-
- 

parity b~tween the top and bottom rows of 864 arc seconds. For thi s
amount of disparity, the ARC test should appear tilted out of the fronto-
parallel plane by an angle calculated by:

2

an — 

rA(206265)
where 8 equals to angle of inclination ; N equals the disparity in arc
seconds of the observed shift; R equals the viewing distance corrected
for image magnific ation ; r is the disc-to—disc spacing; A is the ob-
server’s lnterpuplllary distance, and 206265 is a constant of conversion
from arc seconds to radians.

I



r

In this instance :
N = 96.0 arc seconds
R = 8.14 inches
r = .128 inches
A = 2.48 inches (average of 63 m for population )

and: 2
- 96.0 (8.14) -Tan 0 — .128 (2.48)(206265) — .0971

: 0 = 5.55 degrees

This apparently dichotomous perceptual phenomenon could perhaps be
resolved by postulating a dual system of visual space analysis.
Gogel (reviewed by Harker, 1962) suggested such a dual system in
which one factor, the “equidistance tendency” , acted to maintain
all objects -in the field in the same fronto-parallel plane . The
second mechanism acted to analyze the binocular disparities between
individual , adjacent objects within the scene. A similar dual mech—
anism was also proposed in a binocular/cyclotors ional cor~text by both
Werner and Ogle (reviewed in Harker, 1962), and termed the “binocular
depth contrast phenomenon” by Werner.

The practical importance of this phenomenon , in the context of the
present study, is that cyclorotational or cyclotorsional disparities
in scene elements may be masked by a normal-appearing overall scene,
yet produce errors in judgment of relative depths or distances of in-
dividual scene objects or extents.

Response Shifts on the ARC Test With No Cyclorotation

Another anomaly in the responses on the ARC test involves the signifi-
cant shift from the true crossover point under the ~0 image cycloro-

tat-ion condition . The mean Inferred c,yclophoria for the 12 observers
in the stratified sample was - .014 degrees (in the encyclophic direc-
tion) as measured with the Circle/Bar test with 00 of convergence. It
would be predicted from this small net cyclophoria that responses on
the ARC test for the non—cyclorotated condition would center around the
physical or true crossover point. Thi s was clearly not the case, with
a mean shift of -11.5 arc seconds from the true crossover point (Z = 2.424 ,

p < .05). Evidence that this shift may represent a reliabl e and note-
worthy phenomena has been found in the results of earlier work.
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It had been hypothesized following an earlier study of chromostereopsis
(Anderson and Kraft, 1977) in which the ARC test was developed and
utilized , that a small amount of inadvertent image cyclorotation , com-
bined wi th the observer ’s cyclophorias , had been responsible for curious ,
constant errors in responses on the ARC test. All but one of the 12
observers in the earlier investigation evidenced a negative shift (image
excyclorotation and/or observer encyclophoria) on the ARC test, wi th the
average shift of 14.8 arc seconds (Z = 3.92, p < .O1). Although an
independent measure of cyclophoria was not taken, the variability in the
ARC test shifts indicates that a fairly wide range of individual cyclo—
phorias may have been represented in this sample of observers. The
correlation (r = + 97) between these two observer samples, paired by the
magnitude of the ARC test shift, is indicative of the similarities in
the direction , range, and variance of the ARC test shifts observed .

At present, there appears to be no obvious explanati on of this observed
shift for the non-cyclorotated test condition. It  is tempting to hypothe-
size , however, that this shift might be a reliable indicator of the
difference in cyclotorsional response coupled wi th central perceptual
processing of the relatively free-floating Circle/Bar test versus the
more complex and structured form of the ARC test.

In addition to the shift in the overall mean , the individual observers’

-~ 

- 

shifts on the ARC test do not follow the prediction based upon their
direction and magnitude of cyclophoria as measured wi th the Circle/Bar
test. Figure 21 plots each observer’s ARC test response shift (zero
degrees cyclorotation condition) as a function of the inferred cyclo—
phoria , along with the regression line and the predicted shift line. The
correlation between the two measures was -.34 (non-signi ficant). That -

this apparent “reverse shift” is a form of overcompensation for the
individual ’s cyclophoria resting state is , wi thout further data , a very
speculative hypothesis at this time.

56

—~~~~~~~~ 

~~~~~~~~~~~ ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~



- - ~-~~~~~~~~~~ -~~~~~~- --—~~~:L

6 0/ !

~~~~20

3 i o
C,,
L) 0
cr

—10

-~
U-

~~~-30 ( -

-40 
‘
~AR C = 5. 71 X C/ B - 11 .63

~~~~~ 5O

—60

-70

-80

—1.60 —1.00 — .50 0.00 .50 1.00 1.50 1.90

EI’CYCLOPHORIA E)’~YCLOPHOR1A
ThFERRED CYCLOPHORIA OF 12 OBSERVERS (IN DEG~~~~S)

FIgure 21 : Observed Versus Predicted Response Shifts on ARC Test
(01) Convergence) for 12 Pilot s Based Upon Cyc~ophor1aResting Point Inferred From Circle/Bar Test

57

_ _ _ _ _ _ _ _ _ _ _ _ _ _  

~I1I

)
~~~~~~~~~~~~~~~~~ •~~l~~l - ~~- _J1~~~~~ _ — — —.I_ ~~~~~~~ -

_ _  ________ 
_ _ _  

_ _ _ _ _ _ _ _ _ _ _ _ _  -



- -- —---- - — 
- 

- - —-ii

PERCEPTION OF THE RUNWAY PLANE

Effect of Image Cyclorotation on Responses to Runway Test

The results of the test on the pilot ’ s perception of the runway plane
under zero and plus or minus two degrees image cyclorotation were ana-
lyzed by ANOVAs , correlation ana lysis and stepwi se regressions. The
first ANOVA used a “Briggs ” arcsin transformation which assigned values
of 17, 45, and 73 for zero, 50% and 100% “higher ” responses for each
pair of two comparisons. This analysis indicated that the cyclorotation
variable was significant (F = 6.07; P < .01) but the effects of all
other variables could be due to chance. This ANOVA is shown in table 7.

The second overall ANOVA covered the same independent variables and the
value of the dependent measure was the proportion out of two which were
“higher ” responses. This analysis also indicated that the cyclorotation
was a significant variable (F = 6.07; p < .01). The transformed and non-
transformed data provided the same information , i.e., only cyclorotation
provided differences of a magnitude that the null hypothesis could be
rejected.

Figure 22 illustrates the distribution of “higher ” responses among the
— two degree cyclorotated images, the zero and the two degree cyclorotated

- 
- images. The results were in the direction of the hypothesis that cyclo-

rotation would be related to how pilots perceived the horizontalness of
— 

the runway plane. The excyclorotation would tip the apparent plane to
make the perceived aircraft height less than the standard zero degrees
of rotation. The percent of “higher ” responses was 41 percent for the
two degrees of excyclorotation of the pictorial scenes. The encyclo-
rotation of two degrees increased the “higher ” responses to 61.1 per-
cent, from which one may infer that the pilots perceived the runway
plane to be tipped such that the perceived aircraft alti tude was above
the three degree glide slope.
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Figure 22 : Effect or Image Cyclorotat-fon on the Percentage of
“Hi gh” Responses on the Runway Glideslope Perception
Test

Tabl e 7 : ANOVA for Effect of Image Cyclorotation on Percentage
of “Hi gh” Responses on Runway Test

Error Sum of
Source Term F Squares df
ME A N S 9337 19.7
SUBJECTS 9384 .402 11
RUNWAYS SR 0.8579 286.7405 2
TIME OF DAY ST 0.0434 16.33333 1
DISTANCE 50 0.0535 16.33333
CYCLOROTATION SC 6.0729* 9868.957 2
SR 3676.783 22
ST 4143.191 11
RI SRI 2.5897 1186 .887 2
SD 3359.202 11
RD SRD 0.0232 10.88908 2
ID 510 2.4481 408.3330 1

SC 1 7875.87 22
RC SRC 0.2867 529.9258 4
IC SIC 1.1854 1012.668 2
DC SDC 0.6820 424.6641 2

SR TDC 23840.64 44
59
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The comparison of a “standard” of zero cyclorotation and a subsequent
presentation of the same scene again wi th zero rotation should have an
expectancy of 50 percent “higher ” responses. The 55 percent of observed
“higher ” responses represents a bias of calling the second of an identi-
cal pair as “higher. ” The five percent above the expected frequency,
however, is well within that which could be expected from chance.

The effect of the length of the runway on the frequency of the judgment
of “higher ” was a trend that proved to be of no statistical significance
(see table 8).

Tabl e 8: Runway Length and Frequency of “Higher ” Responses
as a Function of Cycl orotation

Runway Length Proportion of “Higher” Judgments
13,500 50.7 %
10,000 53.1
6,700 54.2

These data apply when the glide slope is three degrees from the visual
touchdown mark , and the slant range to the runway threshold makes the
runway width have a comon visual angle on the retina of the pilot’ s
eye. The runway ’s outline pattern under the conditions is provided in

- : figure 8.

These data, relati ng length of the runway to frequency of “higher ”
judgments have an interesting relationship with data that pertained to
further shortening of the runway by reducing the runway visual range
(R.V.R). Figure 23 illustrates this relationship. The right side of
this figure comes from the AFOSR data and each point is the proportion
of “higher” judgments in 24 discrimi nations for each runway l ength for
12 pilots. The left side is from the BCAC study that also used 12 MATS
pilots but the number of discriminations Is 1/2 as many, or 12 per
pilot , per data point.
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Features Decreases.
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The hypothesis that a pilot’ s resting state of cyclophoria would influ-
ence his perception of the frontal hori zonta l plane is supported by both
sets of data . Wi th encyclorotation of the images , the frequency of

“higher ” j udgments is increased and excyclorotation decreases the fre-
quency of “higher ” judgments. In the BCAC data , the above proportions
are based on difference scores, transformed as arc sines , and treated in
an ANOVA. The variable of rotation although systematic is not statisti-

- - cally significant due to the large individual differences among the 12
pilots. Treating each visual segment separately, wi th a X2 test, deter-
mined that only the 1146’ visual segment produced significantly different
frequency of judgments of “higher. ”

The data referred to as the BCAC study was a subsequent data collection
to this contract’s data collection.

- 
- The Boeing Comercial Airplane Company (BCAC), asked of the authors if

increasing “over-the-nose” visibility could be related to approach and
landing safety . With the approva l of the Life Sciences Division of
AFOSR , and a very cooperative assistance of MATS at McChord AFB , a quick
response was made to BCAC. Other details of this preliminary study are
provided in appendix 2.

- 

- 
The inference made from the combined data is that the effects of cyclo-

- - - rotation have greater infl uence on the estimates of the aircraft ’s
alti tude, as judged from the perception of the runway plane , as the
length of the visual segment is decreased .

If these prelimi nary data are supported by subsequent research, the
implication i~ (1) that as weather decreases the length of the visual
segment available to the pilot the greater the probability of his overesti-
mating his alti tude above the plane of the earth ; (2) that this proba-
bility will be higher if his personal cyclophoria is excyclophoric; (3)
that the probability is lower If his  resting state is encyclophoric.

~Ieither of the main effects.of time-of-day nor distance (aircraft to
runway touchdown mark) proved to be significant (see table 9). The
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authors had hypothesized that the night scene, with the details provided —

primarily by point-sources of lights , would provide less information to
the pilot as to the aircraft ’ s height. Then too , this scene with less
info rmation would be more susceptible to the influences of cyclorotation .
This hypothesis may be correct but the current data does not provide
differences of such magnitude that the hypothesis is supported . The
trend is in the direction of this hypothesis as cyclorotating the day
scene images imposes a greater proportion of “higher ” responses wi th
encyclorotation and a decreased proportion of ‘1higher ” responses with
excyclorotation. This is shown in fIgure 24 by the greater number of
correct responses associated with the day scene when contrasted wi th the
night scene.

The two median distances , 3000 and 6000 feet (figure 24) for the two
nominal sets of photographs show very little susceptability to the ef-
fects of cyclorotation. The greater distances , or the smaller sized image
of the runway is more suscepti ble to the effects of cyclorotati on. Re-
arranging the variable of distance , into the six discrete magnitudes ,
indicates no systematic effect. The magnitude of the small effects are,
when ordered from least to largest magnitude , related to runway con-
figurations, MWH , BFI and YKM. Therefore if there is any trend it may
be specific to runway configuration when the runway widths are matched ,
and reproduced as widths of 5.7 and 2.28 de~jrees of visual angle.

— - Effect of the Pilot’ s Cyclophoria on Responses to the Runway Test

The individual differences among pilots as to the direction and magni-
tude of cyclophorla has been discussed earlier . The correlation of this
resting state with the perception of the depicted aircraft height was in
the direction of the theoretical development (see figure 25).

Those pilots with “positive ” resting states (excyclophoric) were expected
to perceive the runway plane as being tipped so that distant features
would be perceived as higher than they were depicted in the photographic
scene. The pilots with “negative ” or encyclophoric resting states would
see distant objects as lower than the photographic depiction . Table 10 is
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Figure 24: The Main Effects of Time—of—Day and Distance on the
Percent ‘Correct” ~esponses on the Runway Gl i de—Slope
Perception Test (nei ther main effect was si’3ntficant) .

Table 9 : ANOVA for Results on Runway Perception Test Scored
on Basis of Number “Correct”

- - Error Sum of
Source Term F Squares df
MEA N S 237.6890 520562.2 1
SUBJECTS 20922.22 11
RUNWAYS SR 0.6723 796.6248 2
TIME-OF-DAY ST 1.9949 1418.778 1
DISTANCE SD 1.1043 625.0000
SR 1 3033.72 22
ST 7823.320 11
RI SRI 0.2017 231 .2639 2
SD 6225.813 11
RD SRD 1.6578 2545.867 2
ID 510 0.0001 .2783203E-Ol 1
SRI 1 2615.32 22
SRD 16893.07 22
STO 5075.105 11
RID SRTD 0.2902 545.8367 2
SRTD 20692.55 22
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a portion of the table of intercorrelations , shows this direction . This
theoretical direction would predict the negative correlations between
the C/ B test and the percent of higher responses on the runway per-
ception test. ex-rotation (variables 1-15 with 10). The theory would also
predict the positive correlations between the C/B test and the percent
of “correct” responses. Correctness in this instance was “higher ”
response for encyclorotation and “lower ” response for excyclorotation .

The prediction of the runway perception test with zero rotation (variable
9) from the C/B test should be near zero and these data are supportive of
this relationship. There is a residual factor, however , that is pre-
dicted to nearly a probability of 0.10 by the ARC test when the latter is
also administered with zero cyclorotation (variabl e 6 vs. 9). Excyclo-
rotation of the ARC test best predicts the encyclorotation effects on
the runway test (variables 7 vs. 8) of all the variables shown in table
10.

The above discussions of correlational relationships should be considered
as trends as r values of .497 and .576 are representative of p = 0.10
and p = 0.05.

A step-wise multiple correlational analysis was run wi th 18 variables
including those discussed above. Those that best predicted variable 11 ,
the percent correct responses on the runway perception test,were those
shown in the lower section of table 10. They were Circle/Bar , 10 degree
con vergence ; C/B, zero degree convergence; C/B. screening; and ARC test
wi th two degree excyclorotation . Again , these multiple r’s must be con-
sidered as trends since the associated F test of these variables indi-
cated that the maximum correlation of .53 is not signifi cant.

The SAC Investigation (Appendix II), with data collection coming a month
later than the above data , also used a sample of 12 USAF pilots . Seven
of the 12 pi lots had also served in the main experiment of the AFOSR
study. The two investigations show correlations of similar magnitude

between cyclophorla and judgment of aircraft hei ght from the perception
of the runway plane .

•
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FIgure 25: Conceptual Interpretation of How Cyclophorla Effects
Binocular Perception of the Runway Plane
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Table 10: Correlations Among Circle/Bar , ARC and Perception
of the Runway Plane Test Results
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(1) (2) (3) (4) (13) (14) (15) (6) (7)

~ 

Rwy . (I) (8) .04 — .03 .18 .22 00 .08 .15 — .21 -.33

~ Rwy (0) (9) .29 .21 .10 .12 .25 .16 .16 — .47 - .11

— :  

= Rwy (E) (10) - .27 - .16 - .41 - .46 - .21 - .31 - .39 - .18 - .17

- 
- 

~~~~~~~ ~ Rwy (11) .19 .07 .37 .43 .13 .25 .33 — .03 — .11
= 0 =a (1,0,!)

STEP-WISE MULTIPLE CORRELATION WITH PERCENT
CORRECT RESPONSES ON RUNWA Y PLANE TEST

Variable Description Mult r

4 CIrcle/Bar; 10° Convergence .43
2 Circle/Bar; 0 Convergence .41
1 Circle Bar; Screening Test .50
7 ARC, 20 Excyclorotation .53
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The smaller BCAC study showed a -.47 correlation between negative (en-
cyclophoric) cyclophoria and greater frequency of “higher ” judgments in
the perception of the runway plane photographs. The magnitude of this
correlation is not significantly different from zero and the “t” for
determining the significance of this r on the null hypothesis is 1.73.

Al though the BCAC study is not a rep lication of the AFOSR work the simi lar
correlation adds support to the observed trend that a relationship exists .
The possibility does exist that the procedure of using a standard paired
with variables both of which are influenced by the individual’ s cyclo-
phoria , may have “put a lid” on the magnitudes of the correlations. This
possibility remains as only a possibility until tested by using a different
experimental procedure . -

The better C/B to Runway Plane prediction by the Circle/Bar Cyclophoria
Test wi th ten degrees of convergence than with the five degrees of con-
vergence, and wi th both being better than with the zero convergence, would / Ipoint to within-subject variability as one l imiting factor. - / 4

//

/
1
/
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SUMMARY

This investigation had two primary objectives : (1) to determine the
direction and magnitude of cyclophoria resting states in a sample of
observers taken from a select population (AF pilots); and (2) to determine
whether the magnitude of cyclophoria found had the potential of affec-
ting the pilot ’s perception of the runway plane on fina l approach.

Cyclorotation of images in a stereoscope is achieved by rotating one
image clockwise and the other counterclockwise about their centers.
When the image is of a circle containing a vertical bar segment (the
Circle/Bar test) is encyclorotated (left-eye image clockwise and right-
eye image counterclockwise), the circle remains essentially vertical
while the fused image of the bar inclines around a horizonta l axis in
the fronto-parallel plane wi th t~e top of the bar tilted toward the r I

observer and the bottom away. Excyclorotation of the images reverses I -

the direction of the perceived tilt.

It was hypothesized that individuals may have varying amounts of cyclo-
phoria , due to orbital muscle imbalance or perhaps a central process,
which would result in their perceiving objectively verti cal Circle/Bar
images as significantly ti l ted away from a match wi th the referent
circle. It was further hypothesized that these “errors ” in the percep—
tion of a vertical bar due to cyclophoria might generalize to errors in
the perception of the plane of a runway as viewed on final approach.

The Circle/Bar test was used to screen a random sample of 30 AF pilots
(C-131 and C-141 rated) as to cyclophoria resting state. The range of
cyclophoria found varied from 1.34 degrees encyclophoric to 1.74 degrees
excyclophoric , with a mean of .46 degrees excyclophoric. A stratified
sample of 12 pilots was selected from this group for additiona l testing.

The Circle/Bar test was administered to these 12 pilots under 0, 5 and
10 degrees of instrument convergence. The increases in convergence
significantly increased the measured cyclophoria from .01 degrees encyclo-
phoric to .65 and .82 degrees excyclophoric. 
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r 1
A second , previously developed , test (the ARC test) was used to measure
cyclophoria under conditions of a more complex and structured image than
the Circle/Bar test. Information from the literature indicated that a

more structured image , especially wi th horizontally arranged elements ,
would act as a stimulus to cyclotorsiona l movements of the eyes, and
thus would result in an attenuation of residual cyclophoria. The ARC
test was given with zero and ±. two degrees of image cyclorotation , which - 

-

corresponded to ~ 114 arc seconds of induced disparity into the ARC
test.

Image cyclorotation produced significant effects in responses on the ARC
-
~~ test , wi th observed shifts, in the expected direction from the non—
H rotated condition,of 13.5 and 13.6 arc seconds for two degrees excyclo-

rotation and encyclorotation respectively. The magnitude of this shift
is only about 12 percent of the induced disparity , a reflection of the

- 

- 

stabilizing effect of the complex stimulus pattern.

- 

An unexpected result in the ARC test responses was an overall shift of
11.5 arc seconds (encyclophoric) in the ARC test responses as compared
with the physica l null. Review of data from a previous study showed a
similar shift, as yet not fully understood.

Al so unexpected, and not yet understood, was the low and negative corre-
lation (-.34 N.S.) between the individual cyclophorias as measured by
the Circle/Bar test and those derived from the ARC test. It is sus-

- I pected that this is a reflection of a complex interplay of cyclophoria
and central processing of the disparate images.

- The technique of ± two degrees image cyclorotation was also utilized in

- the test of the pilot ’s perception of the runway plane . In this test,

- photographic images of CGI runwa ys, taken on a three degree glide slope , 
- -

-~~ were presented in pairs , the first as a standard , non—cyclorotated (on
glide slope) Image and the second as a comparison with zero, or ±. two

- degrees of cyclorotation. The observer was asked to indicate whether
- - the comparison image was above or below glide slope as compared with the

standard.
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As with the ARC test, image cyclorotation produced significant effects
in the predicted direction in responses to the runway test. Encyclo-
rotation of the runway image resulted in 61 percent of the responses
being “high” or “above glide slope ,” while two degrees of excyclorotation
yielded only 41 percent “high” responses. Other conditions , such as day
vs. night runway scenes, three different runways, and different dis-
tances to the runway , had non-significant effects although there were
some trends in the data.

These results substantiate the potential of marked cyclophoria to affect
a pilot’ s perception of the runway plane. The pilots ’ individ ual cyclo-
phorias and their perception of the runway plane appear to be corre-
lated , but not in a magnitude sufficient to be statistically signi-
ficant.

To further establish this relationship, a method of measurement of the
perception of the runway plane wi th greater degrees of freedom is recom-
mended . This should be followed by a di rect test Of the effects in real
time with the relative motion of a visual scene in a dynamic simulator.

Then if further verification appears warranted, a flight test program
-
~ 

- 

should be considered.
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RECOMMENDATIONS

Making the assumption that cyclophoria is important i n flying and flight
safety, the recommendations for further research are developed around

-~ operational problems.

AS A POSSIBLE CONTRIBUTOR TO THE “DUCK-UNDER ” PHENOMENON

Instructor pilots watch for the common tendency among pilots in initial ,
recurrent and transition training to depart from the established glide
slope i.e. , “duck under” it , on transitioning from instruments to the
external visual reference. The pilot initially l owers the nose of the
aircraft as though the pilot believes he is too high. A correction is
almost immediately made, as though some perceptual change, or additional
cues , inform him that the change in pitch and sink rate are unwarranted .

Excyclophori a exists for the majority of pilots and convergence adds
through cyclotorsion some further excyclorotation. Fifteen degrees of
head tilt plus ten degrees of depression of the line of sight is re—
quired to see the AOl in most transport aircraft. The ocular depression
of ten degrees adds to the excyclorotation . When the pilot flying

receives an auditory alert that the “runway is in sight” from his co-
pilot , he raises his head , changes his focus from near to far, and ,
releases his convergence from five degrees to near parallel. In addi-
tion he must counterrotate both eyes so that the excyclorotation decrea-
ses to avoid diplopia.

The question is: Does the pilot , in the initial seconds of the transi-
tion from inside instrumentation to outside scene, see the runway plane
tipped so that distant portions are raised and the near portions depres-
sed? Such a perception could exist while the eyes are returning from
the cyclotorsionally induced rotation to a balance between the true
vertical and the individual’ s resting state. The perception of a ti l ted
plane should dissipate rapidly wi th time and a conventional estimate of

the runway plane should exist for the pilot in a few seconds.
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Recom~ndation

That a research program be undertaken to test whether pilots maintain-
ing a compensatory tracking task on an ADI , 28 inches from the eyes and

35 degrees bel ow the forward line of sight , for one minute , on look i ng - -

up and to a distance see a tachistoscopically presented runway as tilted
when : (a) the presentation of the runway is delayed 0.5, 1.0, 3.0 or 9
seconds after the pilot looks up from his instruments to a distant
visual target, (b) the presentations include a variety of runways,
altitudes , and distances from runway threshold , (c) magnitude estimation
is used as the method of scaling, (d) the standard is a translighted
picture of a 10K x 200 foot (FAA standard ) runway seen from a three
degre-e glide 3lope , the picture situated next to the Aol , at 28” from
the eyes , (e) transition from the AOl task to the standard is signaled
by a tar get message “look at standard” 1.5 seconds before a second
message advises “runway in sight ,” (f) pre and post tachistoscopic
exposure should be an illuminated screen of equal luminous intensity
(with that of the scene) with a small fixati on point located where the
1 ,000 foot touchdown mark will appear , (g) a minimum of 16, preferably
32, pilots with different magnitudes of positive and negative cyclo-
phorias participate in the experiment.

The Expected Results - -

The data should show: w hether the immediate , intermediate and later
percepts of the runway plane are the same or different; whether cyclo—
phorla modulates only the immediate or all perceptions; whether pilots

~it~ cyclophorias differing in direction and magnitude respond differen-

th.ii to such resting states ; and whe ther with magnitude estimation
- a ! ” ~q as a method, a higher correlation exists between cyclorotation

.ø~ ‘~. ~.rc.pt1on of the runway plane.

~NC L:JF SL)PE ANGLE —

~~~~~~~~ ~1rcraft have the capability of using both
-
~~~. sio . angles. The judgment of the horizontal-
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ness of a runway p lane shoul d be made more susce pt ib le to the
effects of cyclophoria the steeper the glide slope angle. There are two

vectors at work in modulating the perception of the fronta l plane. When

viewed from a low altitude (1) the first vector of encyclorotation will

both depress the near portion of the plane and elevate the far portion ,

(2) the second vector will make near objects seem further away and

foreshorten the apparent distance to far objects, thereby foreshortening

the whole scene in the manner of a long focal-length lens. The relative

“power” of the vector will shift from the foreshortening influence to
the rotation of the horizontal plane as the glide slope angle increases.
That is, apparent rotation with a glide slope anale of nine degrees should be
relativel y greater than with six degrees, which in turn should be greater
than with three degrees in the amount of rotation compared with the fore-
shortening.

Recomendat ion

To implement a research program to study the relationship between fore-
shortening and inclination of the ground plane as modified by cyclorota-
tion , for different runway visual ranges (RVRs). A possible method of
implementation is to take a series of pictures of three or more CGI
runways from altitudes and distances representing 2.5, 3.0, 3.5, 4.0,

M 5.0, 6.0, 7.0, 8.0 and 9.0 degree glide slopes. To make two sets of
slides from them , one set being 2 x 2, the second 3-1/4 x 4. The first
set will be installed in a projector wi th a zoom projection lens. The

projected scene will be at a distance (10 meters) from the pilots and
viewed through the cutout (plane projection) of a wi ndshield. The pilot
will be seated in front of a Troposcope or similar binocular transl umina-
ted stereoscope. The 3-1/4 x 4 slide to be mounted and viewed in the
Troposcope at optical infinity , wi th £ 4, £ 2 and zero degrees of Lycloro-
tation and zero convergence. The task for the pi l ot will be to select
on the screen 1OM away the proper glide slope and zoom magnification
that matches the cyclorotated image in the Troposcope.

Expected Results

That these data will indicate whether the two vectors have a differential
effect for different cyclorotations. Whether these effects are modified
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by the pilot ’s individua l cyclophoria , and whether different runway
visual ranges that impose shortening the length of the visual segment
increase the effect of the rotational vector.

PERCEPTION OF THE RUNWAY PLANE AND TRAINING OF VOLUNTARY CYCLOTORSIONAL
MOVEMENTS

Richard Balliet and Ken Nakayama (1978), by means of a visual feedback

system trained humans to make large conjugate cyclorotary eye movements
at will. The range of movement increased wi th training at a rate of
approximately 0.8 degrees per hour of practice reaching 30 degrees at
the end of the training . These authors were interested as to whether
training could be used to alleviate the symptoms of strabi smus.

Hypothesizing that future research establishes the relationship between
cyclophoria and perception of the runway plane to be critical , reliable
and valid , then the modifications through training that can be made
become important. We do not know whether the Balliet and Nakayama
trained subjects changed in cyclophoric resting state, and if -it changed ,
was it a stable change as a function of time wi th or without reinforce-
ment . It would be most interesting if such training could be effective
in giving skilled pilots a neutral cyclophori a, if that proved best for

H accurate runway plane perception. If such training were effective, how
much reinforcement, at what intervals , etc. would be the ancillary

problems .

Recomendati on

Such visual training research wou ld be recommended for the future , with

a great caution. It should not be done wi th operational pilots , but
wi th non-flying personnel , first tested wi th psychophysical performance
tests, later trained to fly simulators for first validation investiga-
tions. It would be recommended that such training be done in a step-wise

— fashion, with careful observation of refractive states and measurement
of visual skills to avoid causing unexpected plasticity among interde-
pendent skills.
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APPENDIX I

Computational Information and Settings of
General Electri c Compuscene to Provide Computer Generated

Image for Pictorial St imuli

All depicted sizes of runways were based on the threshold width of a 200 ’wi de runway as seen from a 3° glide slope whose origin was 1000’ down the
runway (1000 ’ mark) from two dIstances , 3000 and 6000 feet.

Boeing Field International (BFI )
Runway 13, Visibility 315 miles and RVR 240,000 feet 1:

S

Computer Settings (3000’) Scene E— W

x = -l495 ’
y=+26O4 ’ N

Alt = 157 ’
Heading = 150.15°

V = + 2604 ’ •O-’_

For 6000 ’ Distance Scene X = —1495’

x = -3343 ’ Runway Length 10,000 ’y = +5737 ’ Runway Width 200 ’
Alt = 314’ G. S. Intercept 1,640 ’

Heading = 150.15° Heading 130°

3000 6000
Runway Width (Near) 5.6932° 2.2860°

Runway Width (Far) 0.95476° 0.7634°
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Moses Lake (MWH) Runway I
321°, Visibility 315 mi les and RVR ?40 i000 feet

I N

I 
________________—E

\ \ ‘

Computer Settings 3000 ’ Scene S

x -4612’ \ -‘
~~

y +1478’
Alt 210’ \ ‘5 \ I -

Heading 342.47° / v_\ .
“

/
X ;f4612 I-

Y=+1 478 ’ I .

For 6000 ’ Distance Scene

x -8906 ’ Runway ~ength 13,500 ’
y = +2813’ Runway ~lidth 300 ’
z 9339.6 G. S. JIntercept 1,840 ’

Alt 446’ Headlnt~ 231°

I
~Q2

Runway Width (Near) 5.6929° 2.2856°

Runway Width (Far) 1.094° 0.81845°
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APPENDIX I

Yakima (YKM )
Runway 270, VisibilIty 315 miles and RVR 240,000 feet

Computer Settings (3000’) Scene

y =+27 0 7  
_ _ _ _ _ _ _ _ _ _

x = - 9 8 5  i’— ~~~~~‘—.._... ,
Alt = 131 N 1499

Heading = 290.15° V + 2707’ —985 ’

14 E

Computer Settings (6000’) Scene

y = +4818 Runway Length 6,607’
x = —1768 Runway Width 150’
z = 51 32 G. S. Interce pt 1,382 ’

Alt = 249’ Heading 269°
Heading = 290.15°

~22~~~~9~Runway Width (N) 5.6928° 2.2856°

Runway Width (F) 1.05990 0.8295°

:~
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APPENDIX II

CYCLOPHORIA AND THE VISUAL SEGMENT
The Boeing Commercial Air plane Company Study
(Requested by R. W. Taylor and P. M. Morton)

PURPOSE

To ascertain if there is a relationship between the natural resting
state of cyclophoria among pilots and the perception of the horizontal-
ness of the forward visual segment. If such a relationship exists , the
quick visual change from tracking the aircraft ’s course on the AOl to - -

acquiring the runway may impose a transient overestimation of the
aircraft ’s height at the time of transition. The magnitude of the over-
estimation may vary wi th the length of the visual segment, the over-
estimation becoming greater the shorter the visual segment.

MET HOD

Twelve USAF C-130 or C-141 pilots were tested for their cyclorotationa l
resting state wi th the recently developed “Ci rcle/Bar” test, a portion

of an ongoing USAF OSR contract. In addition to this test, the pilots

were asked to judge the relative height of an aircraft on final approach

as depicted in color photographs of the Compuscene ’s representation of
day approaches to runway 321 at Moses Lake. In making these aircraft
height decisions , they were comparing the same pictures wherein the
standard was perfectly registered and vertical. In the comparisons
presented four seconds later , the pairs of photographs were either
rotated tops inward one degree each, were vertical , or were rotated tops
outward one degree each.

The paired comparison technique always presented as the standard a pair
of these photographs whi ch were identi cal as to scene. They were pre—
sented to both eyes in a binocular display. There was no rotation of
the images for the standard , and these were illuminated for the pilot
for three seconds. A four second dark phase followed ; then the second
(comparison ) member of the pair was presented for three seconds. This

8
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second member was presented 1/3 of the time wi thout any rotation ; one
third of the time was rotated wi th the top of each image toward the

center , encyclorotation (I). One third of the presentations were with

the tops of the scenes rotated away from the centerline, excyclorotation

(E) .  In all cases the pilots were instructed to judge the second three—

second exposure of the picture as to whether the viewpoint was “higher ”
or “l ower” than the first exposure.

There were six approach scenes presented to the pilots for their judg-
ment of the perceived height of the aircraft. The photographic repre-
sentations were Ektachrome ‘200’ transparencies , mounted between glass
and masked by Kodalith circular apertures of 15 degrees in diameter.
The distances , RVR , etc. are provided in Table Il-I.

TABLE 11-1

Physical and Visual Parameters of the Visual Approach
Used as Stimuli (Moses Lake , Washington , Runway 321,
Day Scenes , Computer Generated , Full Color Images of

Maximum Resoluti on of 2.47 arc m m )

Near Visual
Slide Distance To Distance To (From Aircraft) Visual
No. Threshold Touchdwn.Mk. Limi t RVR Segment

1 808.5 ft. 1808.5 ft. 354 ft. 1500 ft. 1146 ft.
2 808.5 1808.5 354 2000 1646
3 808.5 1808.5 354 3000 2646
4 3002.0 4002.0 784 240,000 239,216
5 7499.0 8500.0 1664 240,000 238,336
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RESULTS

Cycl orotation of the Eyes

The twelve USAF pilots differed as to their resting state of cyclophoria
as representing the rotation of the eyes around the viewing axis, and
reported as an angular difference between the right and left eye when

the stimulus for focus is at infinity .

The range found among the 12 pilots was from .84 degrees (right eye
rotating counterclockwise and the left eye rotating clockwise when the
reference position is within the pilot’ s head) to +4.19 degrees. The

average was +0.88 degrees and the standard deviation 1.37 degrees.

The Pilots

The twelve pilots that participated in this BCAC investigation were all
among the 30 pilots initially surveyed in the AFOSR investigati on.
Seven of the twelve were participants in the main AFOSR experimenta l
study.

Test/Retest Reliability

The participation of these twelve pilots gave us an opportunity to have
a second look at the reliability of the Circle/Bar test among pilots .
This “second look” was with one month of MAT activity intervening
between the first and second sampling. The coefficient of correlation
was + 0.74 for this test/retest of the Circle/Bar administration .

Perception of the Runway Plane

The comparisons of the “standard” versu s “zero ” cyclorotation was in
effect a comparison of identical images. These pa ired comparisons
should result in nearly equal “higher ” judgments and “lower” judgments.

— The percentages are shown in figure lI-i.
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1146 1646 2646
LENGTH OF VISUAL SEGMENT IN FEET

Figure Il-i: The Influence of Visual Segment Length of Pilot ’s Judgment
of the Aircraft’s Height In Identical Pictures

As the visual segment becomes shorter, due to limi ted runway visual
range (RVR) , the greater the proportion of the aircraft being “Higher”
perceptions by pilots. The second member of a pair of identical pic-
tures was judged higher 71 percent of the time when the visual segment
was 1146 feet. The alti tude was 95 feet, the distance from threshold
808 feet , the RVR was 1500 feet and a 15 degree downward view was avai l-
able. There Is less than five chances In 100 replications of this
experiment that a difference of this magnitude could be due to chance.
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The identical imagery comparisons resulted in a proportion of “higher ”
judgments that could be attributed to chance for all visual segments
except the shortest 1146’. Some perceptual factor associated wi th this
short visual segment induced the pilots to give 71 percent “higher ”
res ponses , a proportion that could be attributed to chance less than
five times in 100 responses.

tn the paired comparisons where the second presentation had an inward
rotation of the top of the images to equal a sum of two degrees it was
hypothesized that the number of “higher” responses would be above chance.
Conversly the outward rotation would reduce the number of “higher ”
responses below the number expected by chance.

The result was that for the shortest visual segment the hypothesis was
supported. The CHI square test indicated that the proportion of re-
sponses grouped as diagramed beTow would be expected to occur by chance
only once in 100 replications.

I E
“Higher” 67% 29%

“Lower” 71%

The same tests for the visua l segments of 1646’ and 2646’ seen from a
distance of 1808 feet, and for the 240,000’ segment viewed from 4002
feet from the 1000’ marker were not significantly above chance.

Another significant result occurred at the largest visual segment 240,000 ’
when the distance was 8500’ from the visual touchdown mark.

I E
“HIgher” 62.5% 21.0% 1
“Lower” 37.5% 79.0%
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Figure 11-2: The Influence of Visual Segment and Cyclorotation on
Pilot’s Judgment of Aircraft’s Height

The hypothesis that an Individual’ s resting state of cyclophorla would in-
fluence his perception of the frontal horizontal plane is supported by
these data. With encyclorotation of the images, the frequency of “higher”
judgments is increased and excyclorotation decreases the frequency of “higher~
judgments. The above proportions are based on difference scores, trans-
formed as arc sines, and treated In an ANOVA. The variable of rotation
although systematic Is not statistically significant due to the large
Individual differences among the 12 pilots. Treating each visual seg-

• ment separately with a test determined that only 1146 visual seg-
ment produced significantly different frequency of judgments of “higher.”
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in this i nstance the runway, seen from 8,500 ft. represents a smaller
visual ang le (3.28 degrees in the slide) than its depiction from 4002
ft. distance (5.93 degrees). It may be that small retinal image sizes
of the runway imposed by the longer viewing distance may be somewhat
similarly affected by cyclorotation as short visual segments viewed at
nearer distances. The visual angle of the short segment was 3.87 degrees
compared with 5.52 degrees and 6.62 degrees for the 1646’ and 2646’
visual segments. If further research were to be done, the resul ts might
show that visual segments or runway patterns must subtend larger visual
angles than four degrees to overcome the potential effects of cyclorotation.

Correlational analysis reflecting the relati onship between the indivi -
dual pilot ’s resting state of cyclorotation and the differential affect =

on his judgment of the pitch of the forward horizontal plane was -.47.
This relationship indicates that for those pilots whose resting state
shows more incyclophoria, the tendency to judge short visual segments as
perceptually higher than long visual segments is greater.

p.
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