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- - An experimental study was conducted to determine the binu%;ular disparity tolerances for pilots
viewing dynamic head-up display images against a moving real world background. An existing head-up
display aimedater, which could generato images with controlled disparities for each eye, was modified to
incorporatx! a background of projected motion pictures taken in flight at low altitudes. Six pilot. served

as test subjects, three from the Army Aviation School and three from the Naval Air Test Center. The
results indicate maximum disparity levels for sustained comfortable viewing of 1-0 milliradian for vertical j
and convergent horizontal disparities, and 2.5 milliradians for divergent horizontal disparities. Thew re-
sults are the same as those obtained with the display viewed against a static real world background in a
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FOREWORD

This report presents work performed under the Joint Army Navy
Aircraft Instrumentation on Research (JANAIR) Program, a research
and exploratory development projram directed by the United States
Navy, Office of Naval Research. Special guidance is provided to the
program for the Army Electronics Command, the Naval Air Systems
Command, and the Office of Naval Research through an organization
known as the JANAIR Working Group. The Working Group is cur-
rently composed of representatives from the following offices:

"* U.S. Navy, Office of Naval Research, Aeronautics Programs,
Code 461, Arlingtor, Virginia 22217
-Aircra&t Instrumentation and Control Program Area

"* U.S. Navy, Naval Air Systems Command, Washington, D.C.
-Avionics Division; Navigation Instrumentation and Dis-

play Branch (NAVAIR 5337)
-Crew Systems Division; Cockpit/Cabin Requirements and

Standards Branch (NAVAIR 5313)

"* U.S. Army, Army Electronics Command, Avionics Labora-
tory, Fort Monmouth, New Jersey
-Instrumentation Technical Area (AMSEL-VL-I)

The Joint Army Navy Aircraft Instrumentation Research Pro.
gram objective is to conduct applied research using analytical and
experimental investigations for identifying, defining, and validating
advanced concepts which may be applied to future, improved naval
and army aircraft instrumentation systems. These systems include
sensing elements, data processors, displays, controls, and man/machine
interfaces for fixed and rotary wing aircraft for all flight regimes.

Reproduction in whole or in part is permitted for any purpose of
the United States Government.
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VISUAL REQUIREMENTS STUDY FOR HEAD-UP DISPLAYS

INTRODUCTION

The head-up display is a relatively new cockpit display technique which provides
flight control information to the pilot visually as he looks through the windshield in the

forward direction. The pilot has the visual impression that the images generated by optical
projection are located in the real world, in front of the aircraft. These images are called
virtual images because the light rays which produce them do not emanate from their ap-
parent locations.

A research program to establish quantitative optical deiign tolerances for head-up
t displays had been conducted for the JANAIR Commi.*ee (1,. The emphasis it, this study

was on the absolute tolerance of pilots for horizontal and vertical binocular disparities.
The effects of display motion, image brightness, line thickness, field overlap, and image
background on these disparity tolerances were considered. With these parameters manipu-
lated, the most marl-ed differences in tolerance occurred as a function of the background

against which the disi'lay images were viewed. The disparity tolerances were significantiy
lowpx when the images were viewed against a simulated real world background, compared
to a homogeneous visual background. That is, the permissible differences in orientation
between corresponding retinal images in the left and right eyes are smaller when the eyes
must also attend to a real world backgrounid with its articulated visual intelligence. The
basis for the visual difficulty is the compensatory cyc movements required for alternste

visual fusing of the display images and objects in the real world. This phenomenon exists
for both horizontal and vertical disparities, but the magnitudes of the differences involved
due to the change in background are not the same.

The real world background was a atatic aerial view in previous studies. This simula-
tion is reasonable for situations involving high-altitude flight and no appreciable rates of
change of attitude or heading. However, since the real world background has been found
important for binocular disparity tolerances, questions regarding the effects of a dyriamic
background charactistic of flight at low altitudes were raised. The present research was
conducted to answer these questionsg

Two additional areas involving the application of head-up displays in helicopters were
investigated in this program. The first involved the extent to which stereopsis is a factor
in the perception of distance from the cockpit. At the combinations of speed and alti-
tude at which fixed-wing aircraft operate, and with the relatively shallow cockpit cutoff
angles for these aircraft, there is little likelihood that stereoscopic vision is a factor in the
perception of depth or range by the pilot. However, at the slow speeds, low altitudes,
and steep viewing angles which are operationally important to helicopter pilots, stereopsis
may well play a significant role in the pilots' perception of the real world from the cock-
pit. If so, the compatibility of collimated head-up display imagery viewed binocularly
with near vision of the ground must be established.

The second area involved the helicopter flight regime which permits ground tracks
that can differ appreciably from the heading of the aircraft, and climb and dive angles

II lql • I • I ? I •I z • i I I 1r i ili ,,•r" 1-- " "• r i f iJ '0 G ii - ,
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that differ from the pitch attitude of the vehicle. Its regime is in sharp contrast to that
of the fixed-wing aircraft, where the relatively small differences between ground track and
heading are due to drift angle, and, for short time peri,)ds, yaw angle. In elevation there
are similarly small differeiices between pitch and flight path angle. These considerations
indicate that head-up displays for helicopters may require a different range of field cover-
age from fixed-wing installations. A study to determine the required fields of view for
helicopter head-up displdys was therefore also undertaken as part of this report.

I
BINOCULAR DISPARITY STUDIES

Modifications to Research Apparatus

The telecentric viewing system designed and fabricated in previous studies (Phase 1)
(1) was suitable for studying dynamic head-up display imagery viewed against a static real
world background. The series of binocular disparity studies planned for this effort (Phase
11), however, required viewing these dynamic images against a moving real world back-
ground, typical of high-speed flight at low altitudes. This new requirement dictated modi-
ficationb to the viewing apparatus. Projected motion pictures were selected as the best
choice for incorporating a moving view of the real world in telecentric viewing equipment.
The optical and electronic schemes for projecting and synchronizing these motion pictures
with the head-up display imagery are described in the following paragraphs.

Optical Sysornem

The basic viewing system used in Phase I is shown schematically in Fig. 1. The de-
vice is an optical system designed on the principles of on-axis viewing through twin tele-
centric units. Each eye is provided with an identical viewing system so that even an
extremel.z small distortion, if it should occur, is identical for both eyes and therefore will
not generate any binocular disparity. Further precision is obtained by having both systems

view a common object, the cathode ray tube. Hence, there is no problem concerning the
accuracy of object replication for the two viewing systems.

The viewing system functions in the following manner. For right-eye viewing, the
light from a display symbol present on the CRT face is transmitted through a prism beaim
splitter, totally reflected by mirror AIR 1, collected by lens LR I, and totally reflected by
mirror MR 2- The light is then converged by lens LR 2, passes through aperture stop ASR
and shutter SR, diverges, and is collected by lens LR- . After total reflection by mirror
MR 3, an image is formed in the plane of field stop J SR. This image is viewed by the
right eye after it is collimated by lens LR 4 , and reflected by the half-silvered mirror MR 4
Light from the CRT reaches the left eye through the left half of the system in a com-
parable manner. Interpupillary distance is edjusted by moving mirrors AIL 4 and MR 4 in
unison, forward or aft. The subject's head position for viewing is stabilized with a chin
and head support.

The field of view is determined by field stops FSLR, FSR, and FSL. FSLRis com-
mon to both eyes, while FSR and FKL affect oniy the fields for each of the eyes. Alter- i
nate presentations are made ýo the eyes by proper phasing of shutters SR and SL. The
two shutters are drivin by 1, 'tom n .... tor ,t.-` it t.imiig belt and gearedI pulley
arrangement. Luminance matching of the two systems is accomplished by inserting ap-
propriate neutral density filters near lenses LR I ajid LL I . Aperture and field stops can be
varied in discrete steps. The optical characteristics of the system produce an overall inag-
nification of unity.

I a



JANAIR REPORT 700407

Legft ud

-S Op ll -l~lll FSt.

4POLMAIZED ,CAEEN)
SEA. WOR•LDO VERLAY

OPTICAL PRqOJECTOR

LLI

$ALISAIS u " L ._ _ _ _ .J

MOO L S ONUCOTI
L | I• ss

0
L LL MM RS LA

IINOCULAR VIEWER

Figl. 1--J.pticsl schematic or telecentric viewing system

Binocular disparities are obtained by presenting disparate images on the CRT to theI
two eyes alternately at a frequency above flicker fusion. Disparate CRT images are gen-
erated by inserting X and Y displacements of the displayed images into one of the se~quen-
tial fields. The shutters are synchronized so that one eye views the images in an undiis.

* torted field, while the other eye sees the distorted field only.

Binocular overlay v~ewing is done by an optical projection (OP) system which trans-
rnits the static image of a 35-ram color transparency to the two optical channels from the
right side of the prism beam splitter. Any reasonable aerial view of real terrain can be
used as the static rendition of the real world background.

Dual overlapping monocular fields for the images generated on the CRT are created
with polarized screens in front of the face of the CRT at OFS, and OFSj anid OFSR in
the two viewing chnnnela. OFS and OFSL are cross-polarized for all but a circular central

: portion of the field, representing one monocular image field in the display. The same
Scross-polarization i.s accomplished with both OFSL and OFSR. Suitable lateral placement

of OFSL relative to OFSR will produce the desired dual overlapping Ileitis, as shown in
Fig. 2. The circular central portions of OFSL, and OFSR are polarized in the same direc.

tion as OFS, to provide uniform luminance for the real world overlay acr• ss the full field.

AS, P PCZPHOTO ýAI
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Filg. 2-Modified telecentric viewing system

The moving real world background was introduced by substituting a 16-mm motion I

picture projection system for the simple optical projector (OP) in Fig. 1. The resulting
system is shown in Fig. 3. The image projected by the 16-mam projector, a Graflex Model =
920R sound unit, is transmitted through an entrance pupil to the system at the prism P
by the optical relay. The relay serves two purposes. It provides an optical path from the
projector to the viewing system consonant with the permissible placement of the pro.
jector, and it orients the image from the projector for correct viewing by the obsez'vcr.
The image is transmitted by the set of four relay lenses, LOR l, LVR 2, LOR3, and LoR4 .
The mrernor A'fOR provide0 both a 90-degr-_e hend in the optical path and a required left-

right lateral image reversal. The Dove prism PoR 1 inverts the image. The combination of

teoptical axis of the relay system.

The 16-mam motion pictures, used in the projector were copies of film made during

flight at low altitudes for use in the JANAIR Studies of Geographic Orientation (2,3). "
The lens used in the camera had an extremely short focal length (5.7 mm), which pro-
vided a wide-anigle covera,;e of about 96 degrees diagonally on standard 16-mm film. The
angular field available to the real world background in the viewing system '. 26 degrees.
If the 16 mm film was projected with a 1.0 magnification to simulate the altitude of the
aircraft in which the mrtion pictures were taken, only a small central portion of the film
would be presentec in the field of view, revLaling the grain of the film in the display.
This was demonstrated in a preliminary optical arrangenment. The configuration which was

adopted involved a 50-mam projection lens and a mag'nifcation factor of 2 52 for the
Srelay. The projection lens reduccd the material on the film to t.hc ratio 5.7 ram/50 mam,I

Sx'............... ... o aiut t u.Lo. -This configurat~ion used a su• licient portion
ofec im rm oprovide a suitably fine-grained imag nte viewin~g system. Ilowever,

2 I I T-, .
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the apparent altitude displayed for the subjects was increased by the ratio 1/0.287, or
about 3.5 times the picture taking altitude.

Synchronization System for Display arid Background

S~The head-up display system used hi these studies is identical to the display in Phase I
: (1). A display generator provides four typical flight information images and presents
S~them on the .CRT in the viewing equipment. These are a horizon line, a flight path

Smarker, a sqaeand a two-digit numeral, as shown in Fig. 2. The images mybe fixed,

AS soae a

to form a static display, or continuously varied in position to form a dynamic display.I
Thze display generator is triggered by synchronization pulses from the shutter timing disk.

"he position of the display images for either eye are displaced within the display generator
b;' changing the gains and offsets of the CRT deflection amplifiers from one set of values
to another during alternate display' preoentations. Due to the synchronization between the
display and the shutters, the eyes see two displays with a controlled relative placement.

The visual effect is that of binocular disperity.

The introduction of a moving ceal world background through the medium of motionI
pictures required synchronizing the visual consonance between the intermittent head-up
display and tl" background. Complete synchronization between the two media, in both .

frequency and phase, was considered essential to ensure that there would be no effects on

I
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6 GOLD AND PERRY

visual comfort introduced by the equipment. Standard 16-mm sound film is taken at 24
frames per second, and projected at 48 frames per second, each frame being presented
twice by the rotary shutter in the projector. The 48-Hz frame rate was therefore con-
sidered basic to the head-up display image rate of 24 frames per second for each eye.

The timing requirements for the operation of the motion picture projector, the dis-
play images, and the shutters in the viewing system are shown graphically in Fig. 4. The
successive projected motion picture frames hre alternately presented to the left and right
eyes by the synchronization of each frame with the corresponding shutter in the viewing
apparatus. The head-up display images are presented to each eye at the same time by the
initiating trigger pulse generated by the timing disk, which is mechanically synchronized
with the shutters (Fig. 3). The disparity synchronization pulse assures that each of the
display images are appropriately placed on the CRT to provide the disparate images to
the eyes.

PF4OJECTOR OPEN

$muT ?ER CLOSED

LET-EYE OPEN
Sh1JT TER CLOSED

RIGHT-EYE OPEN
SHU. TER COSED

DISPLAY UAE I I ON
7 RIGG;. R OFF

DiSPAR1TY LEFT

SYNC PVLSE RIGHT

LIEFT-EY 014rDISPLAY MAG BLNE

R16KT -E YE ONr

DISPLAY BAE- J - ...... LANKED

Z 1/485 SEC -4--~1/46 SEC

S1/2-6 SEC PI I
Ii I I

0' 50' 180' 210' 340

Fig. 4-Timing diagram for synchronization of viewing system

The synchronization between the motion pictures and the display imagery was ac-
complished by modifying the drive system in the viewing apparatus as shown in the block
diagram in Fig. 5. The drive action for the viewing system is accomplished in the follow.
ing manner. The main drive power is supplied by a 400-Hz synchronous motor which has
= spced of 12,000 rpm. Th"e gear reduction betwL-l,, t iotor and the shutters in theA

bUL~~~~~eell~~- thbmLrn h htesi h
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Fig. 5-Block diagram of synchronized drive system

viewing system is 8.33:1, so that the shutters operate at a nominal speed of 1440 rpm,
or 24 revolutions per second. Synchronizatic. with the motion picture projector is imple-
mented by a servo motor, which also has an inlut to shutter motion through the me-

Schanical differential. The servo motor is controllee bv q. closed-loop, syncb-ro followup
system. A transmitter synchro is mechanically coupled to the shutter mechanism in the .
projector, and a cuntrul 4ratsformer is coupled to the shutter system in the viewing equip-
ment. The output from these synchro units feeds the servo amplifier controlling the servo
motor ýo maintain the same positional relationship between the shutters in the projector
and the viewer. In addition, a differential synchro, mounted on the experimenter's con- 1
trol panel, is electrically int'-rFosed between the transmitter and control synchros, which
permits manual adjustment of the phase between the shutter systems. The servo motor
system permits a modification of the primary shutter drive speed of 60 rpm, or 1 revolu-
tion per second, to accommodate the speed of the motion picture projector.

Design and Conduct of Experiments

Experimental Design

The binocular disparity studies were planned for six test pilots, three from the U.S.
Army and three from the U.S. Navy. Two of the Army pilots had recently completed
their fixed-wing training, while the third was an experienced helicopter pilot. The Army
pilots were all provided by the U.S. Army Aviation Center at Fort Rucker, Alabama. The
Navy pilots were from the Naval Air Test Center, Patuxent River, Maryland. They were
all test pilots, and one of these, from the Marine Corps, had some flight experience with a
head-up display. The first two Army pilots (designated Al and A2) had not been given
detailed optometric examination to determine their phorias (relative orientation of the
eyes without fixation) and ductions (movement of the eyes to maintain visual fusion). It
was assumed that the Ortho-Rater examinations they had been given in service were suf-
ficient to qualify them as test subjects. However, the next two Army pilots provided
unusual contrasting data in prclimirary disparity experiments to warrant further examina-
tion by the optometrist at Sperry. One subject had unusually high ductions so that he
could readily compensate for large binocular disparities without experiencing any significant

'I
I
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8 GOLD AND PERRY

visual discomfort. The second had a large esophoria, without sufficient reserve duction,
so that visual discomfort was easily induced after short periods of testing. These subjects
were therefore not given the full experimental regimen, and their test oats were not in-
cluded in the study. All four subsequent subjects (A3, N1, N2, and N3) were examined
by the optometrist, and the results are summarized in Table 1.

4 Table 1
Results of Maddox Rod Test for Phorias and Ductions of Subjects for Distant Vision

Subject A3 NI Nh2 N3 Normal
_ _nI __e

9-22-89 9-29 10-6 10-2010-21 1-_______________ .______ 12~ 1-8-70 arg

Phorias-in prism diopters

Lateral 0 1/2 EXO 1 EXO 4 ESO 5 ESO 1/2 EXO 0-1 E

Vertical 0 0 0 0 0 0

Ductionh--in prism diopters
break/recovery

Induction 816 20/8 11/6 22/16 28/20 16/14 19110
Outduction 5/3 6/4 7/4 2/0 4/2 8/5 7-9/5
Supreductlon 3/2 3/2 3/1 1/0 1/0 3/2 3/2
Subductron 21l 4/2 3/1 1/0 2/1 3/2 3'2

Refractive Errors OU +0.75 OD+0.50 OU +1.00 OU+1.00 0 to +1
-in diopters -1.25 cyl x 95 -0 25 cyl x 180

OS to 0.25
-1.25 cyl x 90

Notes (from Ref. 4):
I prism diopter - tan- 1 0.01 - 10 nirod
OD - cculu•. dexter - right eye
08 -- oculus ,iinistsr - left eye
OU - oculi unater - both eyes

The experiments were designed to measure visual performance with the head-up dis-
play images viewed against a dynamic real world background. as functions of the following
parameters:

a Brightness of images
* Image motion
"* Line thicknass of images
"* Real world background
* Overlapping monocular fields

These primary variables were also investigated in the Phase I studies, in which both a
static scene of the real world and a homogeneous field with uniform luminance were used
as backgrounds.

Seven test conditions were established based on these variables and are summarized
in Table 2. The first six of the test conditions are counterparts of the correspondingly
numbered test conditions in Phase I. The letter A has been added to the designation to
distinguish the tests in Phase II. The seventh condition (15A) has been added to cover
the effect of pure vertical motion of the display irrages. Condition 1A is a reference

, 4
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Table 2
Summary of Binocular Disparity Test Conditions

Tit Image Image Line Dieplay Number of
Motion .Brightness Thickness Field Sesions

•.IA 0 3 3 3 31 3 3 18

S2A 3 3 2 3 3 2 16S3A 0 0 0 0 3 3 3 3 3 3 18

4A • • 0 0 3 3 4 3 3 3 19
6A • 9 • • 3 3 2 3 3 3 17S8A 0 0 0 3 3 4 3 3 19

15A 0 0 0 0 3 3 2 3 3 3 17

_Tot__ 21 21 20 21 21 20 124

condition in which there is an oscillation of the images in a direction at 45 degrees from
the vertical with bright, fine line images. Condition 2A involves the same images moving
in a horizontal oscillation, while the images are static in Condition 3A. Images with low
brightness were used in Condition 4A. The normal brightness of the inages involved a
liminance ten times the luminance of the brightest region in the real world background.
For the low-brightness condition, the luminance of the images were reduced to one-tenth

F of its normal value. Images with thick lines were displayed in Condition 5A. The stand-
ard (fine) line width of the images was 2.4 minutes of arc which was increased to 6 min-
utes to represent thick lines. Dual overlapping monocular fields were presented to the
subjects in Condition 8A (Fig. 2). In this situation, the right eye sees the circular field
shown to the left in Fig. 2, while the left eye sees the same type of field shown to the
right. The overlapping region in the center is seen binocularly. Each monocular field has
a maximum horizontal extent of 12.6 degrees, while the extent of the overlap is 6 degrees.
Condition 15A introduced pure vertical motion of the images in lieu of the oblique mo-
tion used as a standard in other conditions.

The disparity levels used in the tests were generally the same as in Phase I. However,

Y for some subjects, it was necessary to increase these to produce significant manifestations
of visual discomfort in their test responses. Schedules in which horizontal disparities were
doubled and trebled (2X and 3X), and in which vertical disparities were doubled, were
therefore also generated. Compilations of the disparities used in the tests are presented in
Table 3.

The changes in the dynamic visual background made it desirable to replicate the vari-
ous test exposures of the subjects with the same sets of visual scenes. This procedure
would minimize any variability in the results which may be introduced by the background.
Magnetic striping for sound recording was therefore provided on one edge of the l6-mm
film. The motion picture projector cou!'l play back sound of this type of magnetic re-
cording. Voice commands for the test sdbjActs' exposure! to thc di;play; and reapunnes
were recorded on the film so that replicated background stimuli were assured. The timing
of the trials for the duration of each reel of projected film was also controlled by this
technique.
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Table 3
Binocular Disparity Levels Used in Test Schedule

ix 2X 3X

Dial Horizontal !ial Horizontal Dial Horizontal
Disparity Disparity Settin Disparity

Setting (minutes) Settn (minutes) I (minutes)

530 -18 860 -36 II 690 -54 Esophori,
620 -12 540 -24 560 -36 (convergent)
510 -. 6 520 -12 630 -18
505 -3 510 - 6 615 - 9
500 0 500 0 600 0 Orthophoria
495 + 3 490 + 6 485 + 9 ] Exophoria
490 + 6 480 +12 470 +18(wall-eye)
485 + 9 470 +18 465 +27
480 +12 460 +24 440 +3r

1X 2X

lXVertical Vertical
Disparity Disparity

Setting (minutes) Setting (minutes)

520 +12 640 +24
615 + 9 530 +18 Hyperphoria
510 + 6 520 +12 (right eye high)
606 + 3 510 + 6
600 0 500 0 Orthophoria
495 - 3 490 - 6
490 - 6 480 -12 Hypophoria
485 - 9 470 -18 (right eye low)
480 -12 460 +24

Test Procedures

Each test, representing a horizontal or a vertical disparity experiment under a par.
ticular set of display conditions selected from Table 2, involved ten replications of each of
nine disparity levels from Table 3, or a total of 90 data points. The disparity levels were
presented in a random sequence to the test subjects. If both horizontal and vertical dis-
parties for each display condition are considered, a full test session included 180 data
points.

The experiments were conducted as follows: The interpupillary distance of a subject
was measured, and the spacing of the two exit pupils in the binocular viewing apparatus
was adjusted accordingly. The subject was then seated in the viewing compartment and
his head rest and sea'. were adjusted to provide a comfortable viewing condition. The
subject became adapted to the low level of ambient illumination and final adjustment of
the interpupillary setting of the apparatus was made.

The sequence of operations for each trial, determined by the commands on magnetic
tape, was as follows: On the first run, the command "READY, ONE" was given to the
test subject to alert him to the start of the trial. Five seconds later, the subject was told

to begin viewing the display, following the moving square image, by the verbal command
"MARK." After 15 seconds )f exposure to the display situation, the subject responded
to the command "READ" by rating his level of visual comfort in one of six response
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S,. -vias. This novel measure of visual performance relating to binocular disparity was
c..ilAshed in Phase I as a result of the following considerations. Tolerance for disparitiesI As usually associated with the ability of an observer to retain single vision, i.e., to prevent
visual doubling of objects or displays. However, in preliminary experiments in Phase I,
subjects complained of visual stress and annoyance caused by disparities that are consider-
ably smaller than those that produce doubling. Therefore, a psychometric rating system
was required to measure visual stress levels at disparity levels for which single vision exists,
as well as for doubling phenomena. The rating scale which was developed consists of the
six categories:I

Response Category Visual Comfort Level

1 Excellent 1
t 2 Comfortable, short of excellentJ Comfortable

3 Mildly uncomfortable Uncomfortable with i
4 Severely uncomfortable singe vision

5t Doubing less than 50 percent of the time D vi

6 Doubling more than 50 percent of the time Double

On this basis, categories 1 and 2 represent two levels of comfortable vision, while
categories 3 and 4 provide for two levels of discomfort, all with single vision. Image
doubling is covered by categories 5 or 6, depending on the persistence of the doubling.

Fifteen seconds after the "READ" command, the second trial was initiated with the
verbal alert "READY, TWO," and the procedure was repeated. The experimenter recorded
the verbal response of the subject to each trial, and set the appropriate disparity for each
trial in the control panel. A reel of motion picture film permitted 30 trials, after which
the subject was given a brief rest while the film was being rewound prior to initiating a
new set of 30 trials.

Each session under a given set of conditions covered 180 data points, 90 for hori-
zontal disparities and 90 for vertical disparities. The experimental design involved threc
replications of each of the seven test conditions with each subject. Two weeks of each
subject's time were required, considering optometric examination, pretest indoctrination,
and the 21 sessions planned. A summary of the data obtained for each of the six test
suojects is included in Table 2.

Data Reduction and Analysis

Data Reduction

The vvli, of data accumulated in the binocular disparity studieb and the number of
numerical analyses to be performed with these data were both large. Therefore, computer
handling of this information was planned. A Univac 1108 system was used to perform the
computations, and a Cal-Comp Model 763 performed the digital plotting automatically,
using the tape output from the computer. :

Each test session yielded 90 data points for horizontal disparities and 90 data points
for vertical disparities. A total of 124 individual sessions were accomplished with the six

test subjects, distributed among test conditions as shown in Table 2. Time limitations jI
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VISUAL REQUIREMENTS FOR HEADS UP DISPLAY

CONDITION 1A STANDARD SET ¶
PI LOT Al

HORIZONTAL DISPARITY STIMULUS RANGE IX .

530 520 510 505 500 495 490 485 480 1

COMFORT MINUTES OF ARC 4 I
LEVEL -18 -12 -6 -3 0 3 6 9 12

1 6 4 3 6 4 2 2 0 0

2 0 2 6 3 5 3 4 0 0
3 2 4 1 1 1 3 2 1 0

4 2 0 0 0 0 0 2 1 1

5 0 0 0 0 0 2 0 7 1

6 0 0 0 0 0 0 0 1 8 a

SUM 10 10 10 10 10 10 10 10 10
"% ROWS 12 60 60 90 90 90 50 60 0 0

"% ROWS 123 80 100 100 100 100 80 80 10 0

COMFORT LEVEL 2 6.50 MIN. OF ARC
COMFORT LEVEL 3- 6.00 MIN. OF ARC -

ESO EXO

VERTICAL DISPARITY STIMUl US RANGE 1X

480 485 490 495 500 505 510 515 520 1
COMFORT MINUTES OF ARC I

LEVEL -12 -9 -6 -3 0 3 6 9 12

1 0 0 1 5 4 4 4 0 1
12 0 0 1 3 5 4 3 3 0

3 0 0 4 1 1 2 2 3 3

4 0 2 1 1 0 0 1 4 0
6 1 5 3 0 0 0 0 0 4

6 9 3 0 0 0 0 0 0 2

SUM 10 10 10 10 10 10 10 10 10

% ROWS 12 0 0 20 80 90 80 70 30 10

% ROWS 123 0 0 60 90 100 100 90 60 40

COMFORT LEVEL 2 - -4.50 MIN. OF ARC 7.50 MIN. OF ARC

LOMFORT LEVEL 3 - -4,00 MIN. OF ARC 7.00 MIN. OF ARC

HYPO HYPER

Fig. 6-Computer printout of reduced disparity data
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prevented accomplishing three replications of each condition with all the pilots. The data
were tabulated by the experimenter while conducting the tests, and entered on computer
punch cards for machine processing.

Each set of 90 data points is distributed among the nine levels of disparity (Table 3)
with 10 points per disparity as shown in the matrices in the sample computer printout
sheet in Fig. 6. For each disparity level in each matrix, the percentage of the responses
that were equal to or better than response category 2, and equal to or better than re-
sponse category 3, were determined. These are designated as % rows 12 and % rows 123
in Fig. 6. If these cumulative percentages are plotted as a function of disparity level, two
curves similar to Fig. 7 are obtained for each matrix. The lower curve through the plotted
points in the circles represents the variation of the sum of response categories of 2 or
better, i.e., plus 2, as a function of disparity level. The upper curve through the points
with the crosses represen~b the response categories of 3 or better, i.e., plus 2 plus 3.

VERY P- N3 IA 2A •A 4A 5A %AA

1001It~6• to-

I40'

- g0 -40 -30 -. 0 -10 0 K 0 20 40

S~MINUTES Of AKC

7Fig. -- Digitally generated plot of reduced diaparity data

Families of curves similar to Fig. 7 summarize the variation in visual performance as
a fanction of horizontal and vertical disparity levels. To apply these data to the optical
design problem for head-up displays, maximum permissible disparities must be established.
These in turn depend on minimum acceptable visual performance levels.

The same criteria used in Phase I, namely,

* Comfortable vision or better (Categories 1 or 2) 50 percent of the time,
designated Comfort Index 2

* Mild discomfort or better (Categories 1, 2, or 3) 80 percent of the time,
designated Comfort Index 3,

appiied to these studies. It was judged that a head-up display that met these criteria based
on the data for sustained 15-pound viewing would be satisfactory in real flight.

The binocular disparities associated with each of these comfort indices were deter-
mined for each set of matrices, as indicated in Fig. 6. These are shown in minutes of arc
under each matrix, identified as comfort level 2 and comfort level 3. They represent the
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disparities at the intersections of the horizontal line at 50 percent with the lower curve
and the intersections of the horizontal line at 80 percent with the upper curve (Fig. 7).

The data reduction shown in Fig. 6 was accomplished for all pilots, test conditions,
and test sessions, individually and in various combinations. First, the data for the 124
individual test sessions were reduced. The binocular disparities for comfort indices 2 and
3, from these data, are presented in Table 4. For each test session the lowest of these
two values of vertical disparity, exophoric (diverging, far) horizontal disparity, and esophoric
(converging, near) horizontal disparity in Table 4 were selected, and these are summarized
in Table 5.

The foregoing process was repeated with the data for replicated sessions combined,
yielding 42 combinations of pilots and test conditions. The results are summarized in
Table 6. Th3 analysis was then extended to various combinations of test conditions for
each of the six test subjects. Conditions 1A, 2A, and 15A, which cover oblique, horizon-
tal, and vertical image motions with the same levels of image brightness and line thick-
ness, were first combined. Then Conditions 4A and 5A, representing images with low
brightness and thick lines, were combined. The reference Condition 1A was then added
to 4A and 5A. Then all conditions except 8A, the display with dual overlapping monoc-
ular fields, were merged. And, finally, all seven test conditions were combined. The re-
suiting critical binocular disparity levels for each of the pilots are presented in Table 7. 2

All of the preceding pooling of data maintained isolation among the data from the
different pilots, so that differences among the pilots would not confound possible differ- -

ences introduced by the test conditions. For final pooling of data, the Army pilots were
combined (Al, A2, A3), the Navy pilots were combined (NI, N2, N3), and then all six .

pilots were combined. This was accomplished for each of the seven individual test condi-
tions, and the various combinations of test conditions. In combining data for different
groups of pilots, the differences in stimulus ranges used for various pilots (Table 3) pre-
elude direct superposition of the data matrices. Therefore, the following procedure was
used. In the relatively few instances where extended stimulus ranges were employed, the
values for the responses corresponding to standard (IX) stimuli were determined by inter-
polation between experimental data points. Then, the response plots for groups of pilots
were generated from the resulting data by weighting each of the 15ilots equally. Critical
disparity levels were determined from these plots, and these are included in Table 7.

The comfort level curves for the six pilots under seven different conditions (42 combi-
nations) and the five combined sets of conditions (30 combinations) were plotted by the
Cal-Comp digital plotter. These represent 144 curves, 72 each for horizontal and vertical

disparities.

Statistical Analyses

Statistical analyses were used to determine whether there are any differences in bin-
ocular disparity tolerances among test conditions and among pilots. Analysis of variance
techniques are useful in obtaining answers to these questions. Conventional parametric
analyses could not be appropriately applied to these data since the assumption of normal-
ity in the distributions could not be supported. Nonparametric statistical tests are more
suitable under these circumstances.

First, consider possible differences in performance among the seven test conditions,
taking the data obtained for each of the six pilots under these conditions (Table 6). The
Friedman Two-Way Analysis of Variance by Ranks (5) was selected to determine if the

1
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Table 4
Binocular Disparity Tolerances for Individual Test Sessions

Pilot Al

Comfort Index 2 Comfort Index 3

Horizontal Vertical Horizontal Vertical

Session Set Condi- Disparity Disparity Disparity Disparity
No. No. tioi (minutes) (minutes) (minutes) (minutes)

Nea Rt. Eye Rt. Eye Near PrRt. Eye 1Rt. Eye
Nrw L High a Low High

I I IA + 6.50 4.50 7.60 4 6.00 4.00 7.00
2 1 3A 1.80 2.40 7.50 3.43 3.37 8.00
3 1 15A 4.50) 4.87 7.00 3.76 3-86 6.86
4 1 8 4A 7.00 4.60 7.50 8.00 5.00 7.20
5 1 4A 4 5.00 4.00 4.80 , 4.50 3.86 7.00
6 1 5A 12,00 4.60 4.20 6.25 14 5.00 4.60 6.00
7 1 2A 10.00 2.40 2.25 6.86 16,00 3.60 3.37 6.86
8 2 2A 3,00 1.60 4.87 4 3.60 3.00 5.00
9 2 6A + 3.00 2.50 4.80 4.00 3.37 6.00

10 2 4A 16.00 4.50 4.20 6.00 3.60 3.86 6.60
11 2 8A + 7.29 5.14 7.00 . 6.75 6.00 7.00

12 2 15A 4 2.50 3.60 6.60 3.37 3.43 6.00
13 2 3A 16.00 6.14 4.50 4.50 4 6.00 3.67 6.00
14 2 IA 4 4.20 1.67 6.00 4 3.00 2.00 4.60
15 3 1A 4 2.60 3.60 6.86 4 1.50 2.00 6.00
16 3 3A 15.00 4.87 3.50 4.71 4 4.20 3.67 3.60
17 3 ISA A 3.50 3.50 5.00 4 3.43 1.60 4.20
18 3 8A 4 4.50 3.86 7.50 A 3.60 3.43 6.75
19 3 4A - 2.40 3.00 4.71 4 3.37 2.00 5.00

20 3 bA + 1.50 2.14 4.67 4 2.00 1.50 5.00
21 3 2A 15.00 4.00 3.86 4.71 t 4.50 3.42 5.00

Pilot A2

1 1 IA 16.00 6.00 6.00 7.12 15.00 10.00 7.20 7.00
2 1 3A 6.00 6.00 4.12 3.00 6.00 9.00 4.00 3.76
3 1 15A 10.00 5.40 3.75 6.00 9.00 5.00 4.00 6.00
4 1 8A 8.00 6.85 6.00 4.50 0.00 4.60 4.50 6.43
5 1 4A 9.00 2.00 j 3.50 12.00 3.00 3.00 3.75
6 1 5A 1.00 1.00 2.40 1.71 12.86 3.00 3.00 3.00
7 1 2A 3.00 1.60 2.00 3.76 6.00 3.86 3.00
8 2 2A 3.00 4.50 3.86 1.80 6.00 5.00 3.75 3.43
9 2 6A 0.00 0.00 1.F,0 3.o0 8,.0o 0.00 .1.17 3i.00

10 2 4A 3.60 3.76 4 3.76 8.00 3.00 3.33 1.50
11 2 SA 3.00 0.00 0.75 1.60 6.00 1.00 3.00 0.00
12 2 15A 3.00 0.00 3.75 1.50 4.00 6.00 4.00 5.00
13 2 3A 0.75 0.60 3.00 1.00 6.00 2.00 3.00 3.60
14 2 1A 1.O 0.75 0.00 3.00 12.86 6.00 3.75 3.00
15 3 4A 6.00 V 1.20 1.00 9.00 3.00 2.00 4.50
16 3 2A t 4 4 t 7.00 3.60 3.00 3.00
17 3 8A 4 4 4.60 9.00 9.00
18 3 ISA t 3.00 1.00 060 0.75
19 3 15A t 4 " 4 4.60 3.00 3.00 3.00
20 3 I A t 4 4 4.50 t 0.00 0.00
21 3 3A J + 4 8.00 j . 6.00

Table 4 contirues
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Table 4 (Continued)
Binocular Di..parity Tolerances for Individual Test Session

Pilot A3

Comfort Index 2 Comfort Index 3

Horizontal Vertical Horizontal Vertical
Session Set Condl- Disparity Disparity Disparity I)aiparity

No. No. tion (minutes) (minute) Iminutes) (minutes)

Near Far Rt. Eye Rt. Eye N .r t. Eye Rt. EyeL o w H igh N r r Lo wHi h , -

I I 15,A 9.00 d.0oo 9.00 9.43 11.00]
2 1 8A t f 4 43 1 4A 15.00 14,..,o0
4 1 6A 16.29 14.67 16.76 4 19.33 14.00 18.75
6 1 2A M 15,00 9.00 16.00 32.00 14.40 10.00 13.20
6 2 2A 33.60 15.33 9.33 12.00 4 14.40 7.71 13.20
7 2 5A 34.00 13.20 10.29 15.00 32.00 14.40 10.00 14.00
8 2 4A 30.00 10.29 13.71 14.67 4 13.33 13.20 14.00
9 2 8A 4 19.00 16.00 16.29 , 19.71 14.00 18.67

10 2 16A 28.00 14.57 10.29 16.00 26.00 13.50 9.00 13.50
11 1 3A 24.00 11.00 9.33 14.67 28.00 13.00 10.00 13 33
12 1 1A 3U.00 15.00 9.00 15.00 30.00 13.71 8.00 13.50

13 2 3A 30.86 13.71 9.75 13.71 27.00 13.50 10.00 13.50
14 3 4A 4 13.00 9.75 14.67 4 13.71 13.20 18.00
15 2 IA 31.20 14.67 9.43 14.67 28.80 15.00 13.20 13.71
16 3 8A + 16.29 12.00 14.67 4 18.75 13.50 18.00
17 4 SA 27.00 15.43 11.00 15.00 4 16.00 13.71 18.00
18 3 IA 24.00 12.00 9.33 15.00 27.43 13.33 13.20 14.00
19 4 4A 28.80 13.00 1100 14.67 t 12.76 12.86 16.00
20 3 3A 19.50 9.75 8.67 10.29 24.00 1286 12.00 13.50

Pilot NI

1 1 IA 18.00 19.50 7.71 12.00 30.00 21.00 6.75 12.67
2 1 3A 11.67 12.00 6.00 10.00 13.50 18.00 7.20 12.67
3 1 1A 6.43 15.00 7.71 8.00 20.57 13.50 7.33 12.75
4 1 8A 0.00 9.00 7.00 4 18.00 24.00 6.86 12.00
6 1 4A j 18.00 0.00 6.00 12.00 15.00 6.67 7.50

6 1 5A 3.37 6.76 3.00 3,00 18.00 18.12 8.00 11.00
7 1 2A 1 9.00 4 7.20 18.00 15.00 6.37 10.00
8 2 2A 2.26 9.00 ' 12.00 36.00 18.00 B.Ou 12.O0
9 2 5A 0.00 14.40 7.')0 # 21.60 18.00 7.50 # i

10 2 4A 3.00 12.00 3.00 5.00 21.00 10.80 600 9.86
11 2 8A 0.00 15.00 + 6.00 25.20 22.50 7.20
12 2 15A 2.25 14.14 1.80 4.80 24.00 15.00 6.75 10.00
13 2 3A 0.00 18.00 4 4.60 21.60 18.00 5.00 11.00
14 2 1A 1.80 18.03 0.00 3.00 18.00 18.00 6.50 11.00
15 3 1A 1.80 18.00 4.60 0.00 18.00 19.20 6.37 10.00
16 3 3A , 19.80 1.60 9.00 13.60 15.00 6.00 10.20
17 3 1A 2.25 18.00 5.00 10.71 25.20 1F.00 6.00 10.00
18 3 8A 6.75 18.00 4.50 9.86 22.50 18.00 6.75 11.00
19 3 4A 4.50 23.40 5.25 10.00 15.00 19.80 5.00 11.00
20 3 6A 11.25 21.00 0.00 7.80 18.00 18.00 6.43 +
21 3 2A 4.50 22.50 3.86 9.60 15.00 20.00 3.88 10.2U

Table 4 continues
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Table 4 (Continued)
Binocular Disparity Tolerances for Individual Test Sessions

Pilot N2

Comfort Index 2 Comfort Index 3

Horizontal Vertical Horizontal Vertical
Session Set Condi- Disparity Disparitý Disparity Disparity

No. No. tion (minutes) (minutes) (minutes) (minutes)

Ner FrRt. Eye Rt. Eye Nea. a Rt. Eye Rt. Eye 4
SNear Fari Low High Low High

1 1 IA 8.00 3.00 2.00 6.86 1.50 3.00 13.00 6.75

2 1 3A 10.50 6.00 4.00 6.00 4 6.00 4 20 .833
3 1 16A 6.00 3.00 6.60 A 9.00 4.60 6.50
4 1 8A 3.00 7.00 7.00 3.765 + 8.00 0.00
5 1 4A 1 , 1.00 3.86 3.00 3.50 3.00
8 1 5A 12.00 1.00 0.60 1.60 6 ,.00 2.00 3.75
7 1 2A 0.00 0.00 1.50 3.60 4 2.00 3.00 3.37
8 2 2A 3.00 , 3.00 3.00 5.00 + 3.00 2.00
9 2 5A 4.80 2.00 1.00 1.50 4 3.00 3.00 1.50

10 2 4A 3.00 0 4 12.00 4
11 2 8A 1 4 + •
12 2 15A t 0.00 0.00 4.00 *1
13 2 3A ' 4 4 4 4 1 4
14 2 1A + A I 4 4 •
16 3 4A 4.50 4 3.00 , 9.00 0.00 3.37 3.813
16 3 2A • + 4 12.00 + + +
17 3 8A + 0.00 0.00 0.00 0.00 0.00 3.60
18 3 5A , 4 4.00 6.00 0.00 0.00 3.00 4.0019 3 15A 0.00 0.00 1.00 3.60 6.00 0.80 0.00 3.6020 3 1A 12.00 4 0.00 0.00 4 4 3.00 3.00

21 3 3A 1 1 37 0.0 3.60) Pilot N3

2 1 3A 5.25 4.50 1.00 7.00 13.50 4.00 1.00 9.38
3 1 ISA 13.20 6.00 1.29 8.25 14.40 5.00 1.00 8.00
4 1 8A 14.00 7.00 3.60 8.50 15.00 6.00 3.50 8.00
6 1 4A 13.50 4.50 1.00 6.86 16.00 6.37 3.33 7.00
a I 5A 7.60 6.00 3.00 8.00 13.20 6.00 3.75 9.33
7 1 2A 14.67 3.76 2.26 9.00 14.40 4.00 3.00 9.00
8 2 2A 14.00 2.50 0.76 7.29 14.00 3.50 1.50 7.00
9 2 6A 10.80 2.00 2.V4 7.50 13.50 2.00 3.75 8.00

10 2 4A 12.00 1.50 0.00 6.00 14.00 1.50 1.20 6.76
11 2 8A 4.00 1.50 1.80 5.50 6.00 6.00 2.00 7.00
12 2 15A 10.50 2.00 3.00 6.75 14.40 3.00 3.60 7.50
13 2 3A 9.60 4.60 1.88 7.60 13.33 3.00 3.00 8.00
14 2 1A 943 4.60 2.26 6.50 13.71 4.20 3.00 7.00
16 3 6A 9.75 5.00 2.40 7.20 13.50 4.00 3.60 7.60
16 3 1A 8.26 5.00 2.14 7.80 13.20 3.75 2.00 9.33
17 3 4A 8.57 4.50 1.80 6.00 12.00 4.00 1.20 6.76
18 3 3A 4.00 3.00 1.80 7.50 7.50 3.00 3.43 C..67
19 3 8A 1 1.00 1.60 U.OU AWI .• Iuu 1.0V 1.6v.I o.bu
20 3 IA 3.60 2.60 1.88 6.60 6.00 1.20 3.43 6.75

16- T ,. : i' •' i "| ' d i I • .. ...I



18 GOLD AND PERRY

Table 5
Minimal Binoculsr Disparity Tolerances for Individual Test Sessions

Vertical Disparity (minutes of arc.)

1A 2A 3A 4A 5A 8A IGA
pý

4.00 1.67 2.26 1.50 2.40 3.67 3.86 3.86 4.20 2.50 4.50 6.14 3.86 3.43Al
2.00 3.43 3.60 2.00 1.60 3.43 1.50

A2 6.00 0.00 1.50 1.80 .o00 1.00 $ + 1.00 1.71 1.60 4.50 0.00 3.75 1.50

A3 8.00 9.43 9.00 9.33 9.33 9.75 4 13.20 14.00 10.00 • 11.00 8.00 9.00
9.33 8.67 9.75 11.00 12.00 11.00

NI 6.75 0.00 * 4 6.00 t 0.00 3.00 3.00 1.50 * 4 7.33 1.80
0.00 3.86 1.50 5.00 0.00 4.50 b.00
2.00 4 1.60 2.00 4.00 T 1.00 , 0.60 1.00 000 .00N2 0.00 f + + 3.00 0.00 0.00

N 2.25 2.25 0.75 1.00 1.88 100 0.00 3.00 2.14 3,50 1.80 1.00 3.001.88 1.80 1.20 2.40 0.00 2.00

Convergent Horizontal Disparity (minutes uf arc.)

Al • 100 of * 16.00 416.00 12.00+ +

A2 I%.00 1 0i . 5--- F 00 0.76 9.00 3.60 1.00 0.00 0.00 3.001 9.00 3.00
#Ai4 4 6.00 + f

A3 30.00 28,80 32.00 33.60 24.00 27.00 + 30.00 4 32,00 + # 26.00
24.00 19.50 + 28.80 27.00

Ni 18.00 1.80 * 2.25 11.57 0.00 * 3.00 3.37 0.00 0.00 0.00 6.43 2.25
1.80 4.5 4.50 11.25 6.75 2.25

N o2 1.60 0.00 3.00 10.50 F + 3.00o12-00 4.80 3.00
N2 12.00 $ 4 4.50 0.00

N3 13.50 9.43 14.40 14.00 5.25 9.60 13.50 12.00 7.50 10.80 14.00 4.00113.20 10.50
3.60 4.00 8.57 9.75 1.00 j 8.25

Divergent Horizontal Disparity (minutes of are.)

S6GO 3.00 2.40 3.00 1.80 5.14 4.50 3.60 4.50 3.00 600 6.75 1,.75 2.5 01.50 4.00 4.20 2.40 1.50 3.60 3.43

6.00 0.75 3.00 4.50 6.00 0.60 2.00 3.00 1.00 0.00 4.60 0.00 5.00 0.00A2 # # *- # 4

A3 13.71 14.67 14.40 14.40 11.00 13.50 14.40 10.29 16.29 13.20 4 19.00 9.00 13,50
12.00 9.75 13.00 12.75 16.29 16.43

Ni 19.50 18.00 9.00 9.00 12.00 18.00 15.00 10.80 6.75 14.40 9.00 16.00 13.50 14.14
18.00 20.00 19.80 19.80 18.00 18.00 18.00

N2 3.00 0.00+ * 6.00+ 4 4 T- 1.00 2.00 T 6.00

t_ # ___ ____ 0.00
N 4.20 3.76 2.50 4.00 3.00 4.50 1.60 6.00 2.00 6.00 1.50 5.00 2.00

N3 1.50 3.00 4.00 4.00 1.50 3.76
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Table 6
Binocular Disparity Tolerances for Each Pilot and Test Condition

Comfort Index 2 Comfort Index 3Disparity Disparity Disparity Disparity

Horizontal Vertical Horizontal Vertical

Pilot Condition (minutes) (minutes) (minutes) (minutes)

Rt. Rt. Rt. Rt.

Near Far Eye Eye Near Far Eye Eye
I___I Low High ILow HighI

A1 1A 1 3.39 3.00 6.74 4 2.22 2.50 5.50
2A 12.00 3.00 2.40 5.26 3.83 3.24 6.00
3A 16.44 4.39 3.68 6.05 4.04 3.56 4.60
4A 4.11 3.74 6.11 4 3.68 3 47 6.29

4A 3.23 2.76 4.80 4 3.60 3.16 5.40
SA 4 6.36 4.47 7.38 4 4.12 4.20 6.93

15A , 3.68 4.10 6.19 3.61 3.26 5.60

A2 1A 0.00 0.00 0.00 0.00 8.26 0.00 3.21 3.00
2A 4 + 2.29 1.061 4.76 4.11 3.56 3.18
"3A 0.78 0.60 3.00 t 6.00 2.14 1.38 3.53
4A 3.69 1.76 + + 8.60 3.00 3..)0 3.55

t A 0.69 0.69 4.38 1.60 1.12 1.12
8A + 1. 4.80 0.00 + 6.24

S 15,A 3.90 4 0.69 3.60 5.14 4.96 3.62 4,44

A3 1A 28.60 14.14 9.23 14.87 28.44 13.79 12.42 13.71
2A 34.80 i1.18 9.16 14.00 33.60 14.40 8.40 13.20
SA 24.90 11.26 9.21 13.24 26.23 13.11 10.44 13.43
4A 35.16 12.81 12.55 14.74 4 13.42 13.12 15.24
5A 4 15.00 13.00 15.33 4 16.80 12.46 16.43
SA 4 16.60 12.67 : .24 4 18.55 13.71 18.23

4 15A 28.00 12.00 8.08 12.00 26.00 13.60 9.60 12.46
Ni I A 6.64 18.54 1.70 2.17 20.35 19.29 6.43 11.06

2A , 18.54 3.00 5.14 18.00 18.40 4.76 10.36
3A 1.17 14.54 1.20 10.00 15.00 16.50 6.12 11.00
4A 2.26 18.73 4.29 9.75 14.29 13.80 6.00 10.20
5A 3.91 16.50 t 10.25 18.96 19.43 7.04
8A 3.00 14.64 6, .05 22.86 21.90 6.91 12.22

15A 4.14 14.85 6.00 10.60 22.80 15.26 6.47 10.41

N A 4 1 0.46 3.(,0 8.57 4 1.38 1.80
2A 16.80 • 0.00 0.00 4 * 1.76 1.76
3A + 3.30 4 , 0.00 3.00
4A 3.00 t + $ 12.00 0.00 + 3.00 j
5A 3.53 0.00 0.00 0.00 1.96 2.29 2.29 3.00
8A 4 0.00 0.00 * 03

16A A6 0.81 3.75 4.80 0 0.33 3.42

N N3 1A 7.20 6.00 1.73 6.74 8.60 4.29 3.30 6.68
2A 14.40 3.00 1.60 7.80 14.40 3.75 2.25 7.60
3A 6.00 4.20 1.57 7.30 12.00 3.39 2.40 7.20
4L 10.70 3.45 1.05 6.00 13.28 3.00 1.62 6.81
5A 9.47 3.53 2.40 7.47 13.36 3.69 3.68 8.40
BA 4.11 4.38 1.86 7.12 4.95 6.00 1.96 6.96

15A 9.63 L3.78 2.00 7.60 13.92 3.75 1.95 8.22
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Binocular Disparity Tolerances for Combined Conditions and for
Populations of Pilots

Comfort Index 2 Comfort Index 3

Horizontal Vertical Horizor tal Vertical
Disparity Disparity Diapari ty Disparity

Pilot Condition (minutes) (minutes) (minutes) (minutes)

Rt. Rt. R. Rt.
Near Far Eye Eye Neau Far Eye Eye

Low I High Low [High

A1 IA,2A,15A b 3.43 3.26 6.07 + 3.35 3.14 5.61
A2 4 , 1 00 1.26 6.64 4.09 3.61 354
A3 30.32 14.12 8.08 14.03 28.80 13.87 10.07 13.17
NI 2.83 16.87 2.25 9.15 20.68 18.29 6.12 10.50
N2 + + 0.46 3.16 t + 0.95 2.25
N3 10.29 4.20 1.79 7.29 12.75 3.75 2.57 7.33

AI,A2,A3 14.40 3.33 3.00 6.13 11.54 3.95 3.50 5.29
N1,N2,N3 6.68 1.70 1.40 5.29 14.00 1.74 3.00 5.00

ALL 7.29 2.50 2.13 5.68 12.37 2.79 3.24 5.20

Al 4A,5A t 3.72 3.32 4.97 t 3.62 3.30 6.05
A2 0.69 0.41 0.00 0.00 7.06 1.64 1.85 2.40
A3 + 13.64 12.64 14.97 j 13.89 12.96 15.33
Ni 3.13 18.00 3.67 9.94 16.04 16.04 6.48 10.80
N2 3.20 • 4 4 2.25 1.0, 1.12 3.00
N3 10.04 3.50 1.81 6.69 13.33 3.20 2.46 7.15

A1,A2,A3 14.40 2.C9 2.73 5.37 13.60 3.50 3.19 5.25
NIN2,N3 6.75 1.50 1.00 5.21 lR.•,O 2.25 3.18 5.40

ALL 7 .1 2  2.11 2.08 5.25 13.68 2.80 3.19 5.36

AI 1.4,.A 363 3.20 5.45 3.33 3.16 .00
A2 0.55 0.32 0.00 0.00 7.41 1.09 2.10 2.33
A3 33.60 13.77 11.59 14.90 34.00 13.80 12.79 14.45
NI 3.60 18.21 3.00 9.65 17.10 18.00 6.43 10.89
N2 3.00 + + + 0.00 0.00 1.20 2.00
N3 9.41 4.33 1.79 6.72 12.16 3.50 3.00 7.00

A1,A2,A3 I14.70 2.61 2.58 6.13 13.7) 2.9 31 5.70N1,N2,N3 6.68 1.80 1.14 5.25 12.00 1.b6 3.26 5.36

ALL 7.33 2.25 2.07 5.80 13.36 2.17 3.19 5.50
IA,2A,3A,

Al 4A,SA,15A , 3.77 3.37 5.41 3.58 3.27 5.57

A2 0.00 000 0.43 0.43 6.00 3.00 3.11 3.39
A3 31.83 13.53 10.22 14.31 30.00 13.74 11.37 13.69
NI 2.75 16.87 2.18 9.69 18.00 17.10 6.23 10.65
N2 + + + + 4 0.71 2.40
N3 9.60 .96 1.75 7.08 12.67 3.54 2.50 7.24

AI,A2,A3 14.12 2.89 3.00 5.67 12.43 3.79 3.39 5.12
NI,N2,N3 6.58 1.64 1.22 5.37 13.12 1 89 3.00 5.36

ALL 7.21 2.40 2.10 5.53 12.60 2.79 3.17 5.20

Table 7 Continues
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Table 7 (Continued)

Binocular Disparity Tolerances for Combined Conditions and for
Populations of Pilots

SComfort Index 2 Comfort Index 3

Horlzontae Vertical Horizontal Vertical
Disparity Disparity Disparity Disparity

Pilot Condition (minutes) (minutes) (minutes) (minutes)

Rt. Rt Rt. Rt.
Near Far Eye Eye Near Far Eye Eye

Low__ High , Low High

Al ALL 3.92 3.54 5.67 3 .59 3.38 5.85
4A2 t 0.00 0.00 6.00 2.62 3.00 3.24

A3 32.18 14.03 10.62 14.46 30.97 14.00 12.08 13.93
NI 2.75 16.50 1.67 9.58 18.40 18.00 6.29 10.82
N2 + . + 0.43 1.20
N3 9.2 0 4.04 1.76 7.10 12.27 3.69 2.50 7.21

A1,A2,A3 14.47 3.75 3.23 6.07 12.69 3.94 3.44 5.64
N1,N2,N3 6.22 1-50 120 5.21 12.43 1.83 2.77 5.31

ALL 7.17 2.37 2.14 5.65 12.63 2.79 3.18 5.36

AI,A2,A3 1A 15.51 2.59 2.34 6.71 14.22 1.77 3.00 6.16
2A 9.90 2.44 2.46 4.50 8.18 4.32 3.57 4.38
3A 13.17 3.60 3.86 4.94 1G.87 4.00 3.37 4.87
4A 15.19 6.00 4.50 6.30 13.93 4.06 3.68 6.11
5A ]3.00 1.69 2.18 4.09 13.31 3.00 2 37 3.75
P A 16.41 7.14 6.46 7.26 14.57 6.39 4.00 7.08

15A 16.57 4.10 4.12 600 12.26 4.17 3.67 5.68

N1,N2,N3 1A '.-, 2 , 1.2 5.00 11.00 1.09 3.43 5.10
2A 6.45 0.43 0.75 4.67 16.00 1.67 3.07 4.14
3A 5.00 1.91 1.05 6.21 12.00 1.31 1.89 6.00
4A 6.80 0.75 0.67 4.76 13.25 1.70 2.20 4.89
5A 6.75 2.06 1.41 6.25 13.76 3.00 4.04 6.25
8A 0.60 0.19 0.40 4.20 3.90 2.00 2.33 4.80

15A 7.07 ).96 1.71 5.69 16.00 2.62 1.89 6.12

ALL IA -9.06 2.50 1.89 6.39 12.75 1.50 3.20 6.00
2A 6.68 1.62 1.86 4.62 11.50 3.19 3.31 4.30
3A 7.24 2.86 2.00 5.63 11.73 2.77 2.60 5.17
4A 7.27 2.35 2.32 5.48 U3362 2.60 3.08 5.44

A 6.86 1.88 2.00 4.87 13.57 3.00 3.41 5.25
8A 6.86 2.44 2.50 6.39 12.75 3.00 3.19 6.41

1 5A 7.28 3.27 2.59 5.79 13.76 3.65 3.161 6.00

seven matched samples, representing the data for the seven conditions using the same six
test subjects, could have been drawn from the same population, i.e., the null hypothesis
that there are no differences among test conditions. A sample analysis is presented in
Table 8. The binocular disparity tolerances for the seven test conditions are ranked for
each of the pilots, and the sum of the ranks is determined for each test condition. The
statistic

12 k.Xr2 Nk(1) (Ri)2 3N(k + 1),r Nk~k jul
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Table 8
Friedman Two-Way Analysis of Variance

Among Test Conditions

Vertical Disparity--Comfort Index 3

Disparity Tolerance (minutes of are)
Condition - 1 T

1A 2A F3A 4A 6A j6A A

Pilot
Al 2.50 3.24 3.56 3.47 3.16 4.20 3.26
A2 3.00 3.18 1.38 3.00 1.12 $ 3.62 :-
A3 12.42 8.40 10.44 13.12 12.46 13.71 9.60
N1 6.43 4.76 6.12 6.00 7.04 6.91 6.47
N2 1.38 1.76 0.00 t 2.29 1 0.33
N3 3.30 2.25 2.40 1.62 3.68 1.96 1.96

"Ranked Data--Among Conditions

Pilot
Al 1 3 6 8 2 7 4
A2 4.% 6 3 4.5 2 1 7
A3 4 1 3 6 5 7 2
NI 4 1 3 2 7 6 5
N2 5 6 3 1.6 7 1.5 4
N3 6 4 5 1 7 2.5 2.5

24.5 21 23 20 30 25 24.5

12 kN

X2 )N (R) 2  3N(k41) N-6

X2 2.27 P 0.89

where

N = number of rows (pilots)

k = number of columns (conditions:-

R/ = sum of ranks in jth column

is then computed. This statistic is distributed as X2 with (k - 1) degrees of freedom. The
value of X2 obtained in Table 8 is 2.27, and the probability :f obtaining u value equal to
or larger than this figure is 0.89. Hence, it is quite likely that the data for all seven test
conditions could have been drawn from the same population, and there is no basis for
claiming differences among the test conditions.

Analyses similar to Table 8 were performed for vertical disparity tolerances under
Comfort Indices 2 and 3, using the lower of the hypophoric and hyperphoric values, and
for each of these vertical phorias individually, and for esophoric and exophoric horizontal
disparities. Tl'e results are summarized in Table 9. In no instances is the probability lower
than that which may reasonably be expected by chance. The minimum probability level
is 0.30. Therefore, there is no statistical basis for inferring differences in disparity toler-
ances among the various test conditions for the sample of six pilots used in this study.
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Table 9
Summary of Friedman Two-Way Analyses of
Variance for Binocular Disparity Tolerances

Among Test Conditions ____

TComfort Probability
Index X2 )x 2

Vertical-Rt. Eye Low 2 0.54
Vertical-Rt. Eye High 2 0.36
Vertical-Min. Value 2 0.40

Vertical-Rt. Eye Low 3 0.77
Vertical-Rt. Eye High 3 0.59
Vertical-Min. Value 3 0.89
Hle
Horizontal-Convergent 2 0.84
Horizontal--Divergent 2 0.99
Horizontal-Convergent 3 0.47SHorizontal--Divergent 3 J 0.47____

These results are due to the larger differences among the pilots than among the test con-

ditions (Tables 6 and 7).

Differences among the pilots were investigated further for the diata in Table 8 by
using the same type of analysis of variance among the pilots, considering the data for the
pilots as six matched samples. The results are shown ui Table 10. The X2 value of 30,
with 5 degrees of freedom, is highly significant at a probability less than 0.001. Hence,
the differences among the pilots preclude any inferences that they could have been drawn
from a common population with respect to visual tolerances to binocular disparities.

The preceding analysis of variance among test conditions considered all seven test
conditions simultaneously. It is interesting to compare sets of two conditions, and the
Sign Test (5) has been selected for this purpose. This is a nonparametric analysis of the

k differences between the binocular disparity tolerances foi the two conditions being evalu-
ated for each of the six test subjects. If there were no differences between conditions,
the expected number of po3itive and negative signs for these differences would be expected
to be approximately equal among the six pilots. Vertical disparity tolerances under Com.
fort Index 3 were selected for this anaiysis, which is presented in Table 11 for Conditions
1A and 2A. The result is a probability of 0.656, which is quite likely to occur by chrnce.
Hence, no differences between these two conditions can be i.iferred. The results of similar
analyses for all 21 combinations of the seven test conditions taken two at a time are pre-
sented in Table 12. None of these differences can be considered statistically significant,
using a probability level of 0.05 as the criterion.

The binocular disparity tolerances for each of the pilots and test conditions, as well
as combinations of conditions and pilots, are summarized in Tables 6 through 7. These
data may more easily be assimilated and compared if presented in a graphic form, and the
scheme shown in Figs. 8 through 16 was evolved for this purpose. In preparing these
charts, the data in the tables wprc first converted from minutes of arc to milliradians (3.44
minutes = 1 mrad). Disparities up to 3.0 mrad are shown in the figures, with an arrowhead
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Table 10

Friedman Two-Way Analysis of Variance
Among Pilots

Vertical Disparity-Comfort Index 3

Ranked Data-Among Pilots

Condition'- --
lAj 2A 3A 4A 5Aj 8A I 5A Rj-

Al 2 4 4 4 3 4 3 24 -.
!A2 3 3 2 3 1 1.5 4 17.5

A3 6 6 6 6 6 6 6 42
N1 5 5 5 5 5 5 5 35
N2 1 1 1 1 2 1.5 1 8.5A
N3 4 2 3 2 4 3 2 20

12 k ,,_N-
2 k+ LZ (Rj) 2 - 3N(k+l) N=7X2 =Nk(k+l) j .,' k-6i-i6

X2 30 P < 0.001

Table 11
Sign Test for Comparison of
Test Conditions I A and 2A

Vertical Disparity--Comfort Index 3

Minutes of2Arc Sign
Condition 2A (IA-2A)

Pilot
Al 2.50 3.24 -

A2 3.00 3.18 -

A3 12.42 8.40 +

N1 6.43 4.76 +
N2 1.38 1.76 -

N3 3.30 2.25 +

For N-6 & X =3, P-0.656
From Table D, Reference 5

I
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Table 12
Summary of Sign Tests for Comparison of

Test Conditions in Pairs

i ~Probability of Obtaining

VCondition __ j4 A A~
1A 2A SA 4A 5A 8A 15A

1A - 0.656 0.109 0.500 0.109 0.656 0.656
2A - 0.344 0.344 0.344 0.656 0.344
3A -- 0.344 0.344 0.656 0.6566

4A - 0-656 0.188 0.344
5A - 0.344 0.344S8A -- 0.500

, 15A --

indicating values larger than 3.0 0.ad. Vertical disparity tolerances are presented on the
vertical axis, with upper segment representing right eye high and the lower segment indi-
cating right eye low. Convergent (near) toler=anr are shown to the left on the horizontalaxis, and divergent (far) values are plotted to the right.

A2J @W @ )@ G

NI 2 KM71 1 MIL

RT EYE

I ~ Fig. 8--Summary of binocular disparity tolerances ror Comfort

I Index 2

i The mapped tolerances for each of the pilots under each of the conditions are shown
S~in Figs. 8 and 9 for Comfort Indices 2 and 3. Plots for the lower of the values from the

! two indices are presented in Fig. 10. Figures 11 through 16 show plots for individual and
i combined conditions for the Army pilots combined, the Navy pilots combined, and all
: pilots combined. The individual conditions with pilots pooled are shown in Figs. 11
Sthrough 13, for the two comfort indices, and the minimal values. Comparable data forI
I combinations or conditions are shown in Figs. 14 through 16.

]I
II
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C A #A 3A 4A M A ISA ALL -

_ _ I®® ÷
At@

A3 Fig. "-ummary of binocular disparity
tolerances for Comfort Index 3

A,[@ I00 1@1 o ®

"ýAs •Fig. I10-Summary of minimal bincoular
disparity tolerances

N1

©I@©( 6>© @ ©

1A WA 4A 5A &A ISA ]JPILOT
Fig. 11-Summairy of binocular disparity
Stolerances for populations of pilots-
Comfort Index 2

ALL.9 © 9~®

4
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1A 2£ $A @*A A I&A

Fig. 12-ummary of binocular disparity- - - - -

tolerances for populations of pilots- Ak At. AS

Oomfout Index 3 - - - -

ALL

_J

1LT A 2A 3A 5 A M

Fig. 13--Summary of minimal binocular AAýA

pilots NkN.N3(0

cmA,2 A. LSA 4A,5A IA, 4A.SA..A3 ALL

I -0\-

Fig. 14-Summary of binocular disparity tolerances for POP*
ulations of pilots with combined conditions-Comfort -

Index 2

Lk 2A, 1AL SAl Lk 4A. SAA
PILOT\ A. A LL

Fig. 25-8ummary for binocular disparity tolerances for A A2.A, ~ ~
populations of pilots with combined conditions-Comfort- __-

Index 3 N)1 )

ALL K(®
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__ for populations of pilots with combined conditions

Results and Implications

The charts which summarize the binocular disparity tolerances for each of the six
pilots under each of the seven test conditions are shown in Figs. 8, 9, and 10 for Comfort
Indices 2 and 3. While the differences among test conditions are small for each pilot, the
differences among the pilots is striking. This would indicate that the pilots have their
visual idiosyncrasies in responding to binocular disparities. It is instructive to correlate the
test results with the data obtained in clinical optometric examinations of the pilots. The
exambiations were performed by the registered Optometrist on the Sperry Medical Staff
(Herman Sager, O.D.), and the results are shown in Table 1. Dr. Sager was alsb the
optometric consultant in this study.

Ranges of values for subjects with what is clinically considered normal vision are also
included in this table. The optometric data were obtained for four subjects only. The
first two subjects, Al and A2, were no longer available for examination when the significant
differencqs among the assigned test subjects were recognized. The data obtained with three
subjects in Phase 1 of this study were much more consistent (1).

The phorias in Table 1 are the relative directions of the two eyes in the absence of an
adequate fusion stimulus. They are expressed as angles in prism dioptus; a prism diopter
is an angle whose tangent is 0.01. Exophoria indicates divergence of the eyes, while
esophoria indicates convergence. The ductions are the movements of the eyes in opposite
directions to maintain fusion of a stimulus at a given distance. The break point is the
angle between the eyes at which diplopia, or double vision, occurs when this angle is grad-
ually increased. The recovery point is the angle at which fusion is regained as the angle is
gradually decreased from the value at which diplopia occurred. The duction data in Table
1 indicate that there is always a hysteresis effect in the cycle from single to double vision
and back again to single vision, i.e., recovery occurs at a somewhat lower angle than that
which produced diplopia. The ductions in Table 1 cover the two horizontal directions
(induction and outduction), and the two vertical directions (suproduction, or richt eye
high, and subduction, right eye low). The refractive errors are expressed as prescriptions
for spherical corrections for myopia (-) and hyperopia (+), and cylindrical corrections for
astigmatism, if present.
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Since no significant differences exist among test conditions, the tolerances obtained
by merging all data shown in the columns on the extreme right in the tables can be used
for evaluation. Furthermore, the minimal levels obtained from both comfort indices
(Fig. 10) can be used as criteia, as in Phase I. The tolerances of pilot A3 for binocular
disparities exceed 3 mrad in both directions in the horizontal and vertical axes. His 4
phorias are within the normal range (Table 1), and his ductions are just below this range.
Note that this subject had two examinations, 7 days apart, with marked increases in the
measured ductions. This is due to the dependence of the ductions on the eye muscles;
therefore, the ductions are subject to training. The continuing exposure to binocular dis-
parities during the tests probably contributed to this improvement, and there may have
been further improvement aiter the second examination. Clearly, from Fig. 10, subject
A3 had the largest tolerances to binocular disparities of all six subjects.

In comparing binocular disparity tolerances, shown in the data charts in Fig. 10 in
milliradians, and the phorias and ductions in Table 1, expressed in prism diopters, it should

F be appreciated that a milliradian is one-tenth the magnitude of a prism diopter. The break
points obtained in the Maddox rod duction tests are the binocular disparities of stimuli,

k viewed against a homogeneous dark background, which are sufficient to cause image
doubling. These may be expected to be considerably higher than the computed disparity

f tolerances for two reasons. ToleranceR are much higher for disparities viewed against a
t homogeneous background as compared with an articulated background such as the real

world. This was demonstrated in Phase I (1), where the ratio between these tolerances ex-
ceeded a factor of 10. Also, the criteria used in determining tolerances involve visual
comfort (Comfort Indices 2 and 3), and not the extreme situations involving image
doubling, which correspond to comfort levels 5 and 6 in the response repertory of the
test subjects. F4

The esophoric lateral tolerarce of pilot N1 and one of his vertical tolerances were
both less than 1 mrad (Fig. 10). Examining his clinical data in Table 1, a lateral exophoria
of 1 prism diopter is shown. His induction is also low, so that he could not easily "ompen-
sate for this exophoria. Consequently, the low tolerance to esophoric disparities is con-
sonant with the clinical data. The vertical recovery point of his vertical tolerances is one
prism diopter in both directions, which would tend to make him susceptible to fatigue when
subjected to vertical disparities, which can account for his low tolerance.

The tolerances of pilot N2 were low in all directions (Fig. 10). His optometric data
indicate 4-5 prism diopters of esophoria, with low outductions. His ductions in the
vertical direction are also low (Table 1). These data were consistent for two examinations
and explain his low tolerances. From Fig. 10, it is seen that pilots A2 and N2 had com-
parably low tolerances. Clinical data are not available for pilot A2. He was the first
subject manifesting these extreme results. After he had completed his test regimen, how-
ever, he was asked to rate the visual comfort of sharp, high contrast printed paper copy,
and he indicated a comfort level of only 2, i.e., comfortable, short of excellent. This
would seem to imply the presence of some clinical questions.

Pilot N3 has binocular disparity tolerances (Fig. 10) which are consistent with other
data commonly obtained in these studies, and his clinical data in Table 1 are normal in
all respects.

The correlation between the pilots' tolerances for binocular disparities in head-up dis-
plays and the Maddox Rod test resuits for pliura' " ud ductsur, s has im-pli...... f;•'o,,• r pre

dicting pilots' visual comfort with displays which generate such disparities. It is important
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to recognize that only those head-up displays which have exit pupil configurations which
permit binocular viewing of the imagery can produce thest disparities. Under these condi-
tions, the Maddox Rod test, which can readily be administered by a qualified optometrist,
may be used as a qualitative indicator of a pilot's visual comfort under a given set of
disparities.

On the basis of the data in Fig. 10, disregarding the results for subjects A2 and N2
due to their clinical correlates, as well as the esophoric tolerance of pilot N1 for the same
reason, some conclusions regarding permissible binocular disparity tolerances may be drawn.
Horizontal tolerances of 1-mrad exophoria (divergence) and 2.5-mrad esophoria (con-
vergence) are reasonable. In the vertical axis, a toierance of 1 mrad in both hyperphoric
and hypophoric ductions is also indicated. These figures are also consonant with the re-
suits obtained by combining the raw data for both the subject populations, though limited,
and the test conditions (Fig. 16).

The recommended tolerances obtained in this study are the same as those from
Phase I. The difference between the two studies is the dynamic real world background
used in the present program, compared with a static real world in Phase I. Therefore, it
may be concluded that the presence of a dynamic real world background in lieu of a
static real world does not significantly affect the permissible binocular disparities when I
viewing moving images in head-up displays.

STEREOPSIS IN VISUAL FLIGHT

General

Pilots control their aircraft in three dimensions, usually under visual conditions, and
spatial localization is therefore a critical operation in many flight maneuvers. These man-
euvers include approach and landing, hovering of helicopters and VTOL aircraft, terrain
following, formation flying, and collision avoidance. In fact, the effectiveness and safety
of all flight operations in which there is proximity to the ground or other aircraft presently I
rely heavily on visual space perception by the pilot. A

Distance judgement or depth perception is an important aspect of space perception.
In this regard, it is important to distinguish between absolute distance and relative depth.
In the perception of absolute distance, the actual distances of objects in space from the
observer are visually experienced and estimated, in what may be psychologically termed
egocentric localization. Relative depth represents the extent to which one object appears
nearer to or farther from an observer than a second.

The visual cues for the judgement of distance can be monocular or binocular. Mo-
nocular cues are of course always present in binocular vision and must therefore be con-
sidered in any analytical or experimental evaluation of the effectiveness of binocular cues.
The principal monocular cues to distance are

* Size, wherein distances are estimAted by thc angular iubtenses of objects of
known size or relative subtenses of objects of the same size,

* Overlay, or interposition, in which objects nearer the observer visually
occlude parts of more distant objects lying in the same visual direction,
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* Linear perspective, the visual convergence of parallel lines which recede in
the distance, e.g., the longitudinal edges of a runway;

0 Aerial perspective, in which objects seen at a distance have less distinct
contours, and differences in color, saturation, brightness, and contrast than
proximal objects, all due to the photometric effects of the intervening
atmosphere;

0 Light areas and shadows, which help defiue the position and angular orien-I4

tation of objects in relation to the existing sources of illumination;

* Motion parallax, changes in the relative angular positions of objects as the
body and/or the head of the observer move;

* Accommodation, muscle sensory cue as a result of focusing changes in the

eye to maintairn a sharp image on the retina.

There are two binocular cues, stereopsis and convergence. Stereopsis, with which
this study is principally concerned, involves the differences in the monocularly generated
images in the two eyes due to the difference in the positions of the eyes in space, i.e., the
interpupillary separation. Convergence is the muscle sensory cue caused by the converg-
ence of the eyes required to fixate on an object which is not at visual infinity in space.
Although stereopsis presupposes fixation on some object, convergence and stereopsis are
not related. The myosensory cues (accommodation and convergence) are weak relative to
the other cues generally available for the perception of distance.

Some of the basic geometry related to stereopsis is shown in Fig. 17. Point F, in the
mcdian plane, is fixated by an observer, zo that the images fL and fR are on the foveae of
the left and right eyes. A second point A, displaced from F in the longitudinal direction
by AX and the lateral direction by Ay, so that the displacement vector FA is given by
(AX + jAy), is also seen by the observer. The lateral direction is given thef designation. If the
displacement of A were in the longitudinal direction only, i.e., to point AX, the images of AX
would be at GXL and aXR on the two retinas. These are not corresponding points on the
"rctinas, since the angle aXL is generated by a counterclockwise sweep from OLF to OLA.
while the angle aXL is formed by a clockwise sweep from ORF to OR Ax. The algebraic dif-
ference between the two angles OXXL and CaXR (one is positive and the other is negative) is the
magnitude of binocular disparity. A longitudinal separation between two objects will there-
fore produce a binocular disparity.

A, A-
A y. A ya y

Fig. 17-Stereopsis related to differences in
spatial positions of objects
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Now consider a displacement in the lateral direction only to point A The images
of Ay will be at a0 , and ayR, and, for small values of 4y relative to the longitudinal dis-
tance from the observer to point F, the angles ayL and ayR will be equal and of the same
algebraic sign. The binocular disparity, which is the difference between oyL and orR, will
be zero, and points a. L and ayR are on corresponding points of the two retinas. There-
fore, a lateral separation between two points will not produce a binocular disparity. When
small visual angles are involved, as in the preceding discus~ion, and the displacement be-

*. tween two points has both longitudinal and lateral components, only the longitudinal
component produces the binocular disparity, and hence the stereopsis.

The geometric relationships become somewhat more complex when large visual angles
between two points in space are involved. Under these conditions, horopters must be
considered. The horopter is a surface defining the locus of object points in space which
simultaneously stimflate corresponding points on the retinas under given conditions of
binocular fixation (6-8). The simplest form of horopter for vision in a single plane is a
circle passing through the centers of rotation of the two eyes ( 0 L and OR) and the fixa-
tion point F, as shown in Fig. 18. This circle is the locus of point A for which the angles
a, and a2 are equal, so that the inscribed angles 7y and y2 must also be equal. The
horopter in this case is called the Vieth.MNuller circle, named after its promulgators. For
the task of evaluating stereopsis in visual flight, the horopters in a given plane may be
considered straight lines parallel to the inte'ocular axis OLOR, i.e., circles of infinite
radius, since the visual angles involved are small. The depth differences between the fixa-
tion and a second point on the circular horopter (Fig. 18) as a fraction of the distance to
the fixation point is given by a2, where of is the visual angle between the two points, in
radians. For an angle of 0.U1 rad (0.57 degree), this relative depth difference is only 0.01
percent, while at a peripheral angle of 0.1 rad (5.73 degrees), the difference is still only
1.0 percent.

When the disparate point Ax is placed beyond
the fixation point F (Fig. 17) sufficiently to p~roduce
two images of A, and the right eye is closed, the
right-half image aXR will disappear. The same will
happen for the left eye and the left-half image aXL.
The images aX) and aXR are considered to be un-
crossed disparate. If, however, point AX were closer
tb the observer than the fixation point, closing the
right eye would cause the left-half image to dis-
appear, and conversely for the left eye. The two
images of AX would be crossed disparate under
these conditions. The terms crossed and uncrossed
are frequently used to denote disparities produced
by objects closer to and farther from the fixa-
tion point, when both objects lie in the median
plane. This terminology will however be avoided

Fig. 18-Vieth-Muller circle illus- in this report in favor of the simpler terms near
trated as a horopter in the hori- and far, which describe real stimulus situations
zontal plane more clearly.

Stereopsis is the principal binocular phenomenon which gives rise to visual loc.liza-
tion in space. However, there are additional bknocular cues used in space perception which
are empirical, i.e., learned through experience, and which may supplement stereopsis or
may provide independent clues. These generally relate to differences between the two
retinal images at near vision. They may be classified into four types of cues:
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"" Binocular differeticcs in perspective and visibility, e.g., a cube viewed orthog-f onally by one eye, so that only one face is seen, while the other eye can
see two taces. Differences in the perceived shapes of all faces seen by tile
eyes represent a more general situation of this type.

r- 0 Binocular parallax, e.g, objects which are in front of a background to which
:t they may be related, such as a grid. There will be differences in the grid

positions which are seen as overlayed by each of the eyes, due to the dif-
ference in eye positions.

j * Binocular differences in image size due to location, e.g., an object displaced
fro-n the median plane and seen with near vision will have retinal images of
different size, due to the different distances from the eyes and their effect I
on visual magnification.

* Binocular differences in image gradient with known patterns in objects.
This is more subtle phenomenon irvolving rates of change in disparities
and shapes with distance (gradients) for the images in the two eyes for cer-
tain object patterns. The gradients are larger at the shorter distances and
hence provide the observer with clues to distance. These are differential
gradients and are not th- same as textural gradients associated with
monocular perception of patterns in depth (9),

A comprehensive treatment of binocular phenomena is contained in Ref. 6. Precision of
depth localization with stereopsis invohir.g double images is presented in Ref. 10. Limits
of stereopsis for central and peripheral vision up to 6 degrees of arc have been investigated
in Ref. 11, and a recent survey of some current theoretical issues is included in Ref. 12.

Relationships in Stereopsis

The quantitative relationships among the factors involved in stereopsis are developed
in Appendix A. fre binocular disparity 0 d between two points which are in different
positions in the visual field is given by

"- par (1

i r(r + Ar)'

where p is the interpupillary distance, r is the distance from the observer to the near
point, measured normal to the interocular axis, and Ar is the normal distance between the
two points. The magnitude of the disparity is independent of which of the two points is
fixated- If the near point is considered to be the fixation point, the convergence angle
for fixation is Of = p/r. If the dimensionless depth ratio Ar/(r + Ar) is designated as Or,
the disparity may he expressed simpiy as

0d = OfOr. (2)

Another convenient form for Eq. (1) is

0. = Kr, (3)-a I-
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where the parameter Kr is Ar/r(r + Ar), and therefore has the dimension I/distance. K.
is also a useful parameter for evaluating motion parallax, to be discussed in this section.

For any given near point, the maximum disparity occurs when the far point is at
visual infinity, and its magnitude is equal to the convergence angle Of.

Another useful relationship involves the parallax angles subtended by the two points
for the left and right eyes, CL and aR. The binocular disparity is the algebraic difference
between these angles:

Od - 2L - •R (4)

Motion Parallax and Related Phenomena

Motion parallax, whicn is a monocular cue to distance judgment, is the rate of change
in the relative angular positions of objects in space as th2 observer's head is in motion,
due to body motion, head rmotion, or both (7). The equations for evaluating motion
parallax are developed in Appendix B. For lateral motion with a rate 5 E dy/dt, the mo-
tion parallax &y in radians per second is

&.r=ý A?, 1 (5)
end %=Y [r(r+ -r) YKr

and

,yla = Sly. (6)

Equation (6) indicates that the relative rate of change of monocular parallax angle ky/a is
equal to the relative rate of change of lateral displacement from the line joininf the two
points involved in the parallax. Also the rate of change in linoculaf disparity 0d is zero
for lateral motion.

For longitudinal motion • = dr/dt, the motion parallax &r is

&r -2ef or -- = -2 (7)
rh a rh

where rh is the harmonic mean between the distances r and r + Ar, i.e.,

-i= !2irh 2 r (r- + --r)

The negative sign in Eq. (7) indicates that d. will be positive (increasing parallax angle)
when r is negative, i.e., closing range. With longitudinal motion, the binocular disparity
will be changing, and its rate is given by

or 2Od rO=d-2 (8)

The relative binocular disparity rate OdriOd and the relative rate of change of monocular
parallax angle &I,/c are therefore equal for longitudinal motion of the observer.
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Wiaen two points are separated laterally by a distance d, and the observer is located
at a range r Crom these point (Fig. 19),t the t point is given by
e - d/r, for small angles e. The distance d may be the width or extent of an object in
space. The rate of change of the angle produced by the observer approaching the object
at a rate r is therefore

-2 r = - r• , (9)

where the negative sign implies increasing c for a closing range (negative P). The ratio
r/(--f) is the time to impact T. Therefore, from Eq. (9),

4r/E l/T, (10)

which indicates that the reletive rate of increase in subtended angular size is the reciprocal
of the time to impact in closing longitudinal motion. The visually perceived increasing e
is the "looming" phenomenon.

d

-A

Fig. 19-Dynamics of changing angular subtense with radial
velocity

OI
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Evaluation of Stereopsis in Depth Perception

The multiplicity of monocular cues for the perception of depth in the real world,
atvgmented by several binocular cues including stercopsis, introduces subtleties into the
task of evaluating the relative importance of stereopsis per se. It is essential to obtain data
describing the capabilities of the human observer in depth perception using pure stereopsis,
i.e., where the only clues to distance discrimination are binocular disparities between the
two retinal images. Fortunately, Ogle (6) has developed an optical method for changing
the angular disparity between the images of two lights in the two eyes which eliminates
possible empirical cues which may affect the results. One such cue may be perceived
brightness changes in the lights due to differences in the distances from the observer.

Binocular disparities were generated with different magnifications in the viewing sys-
tems for the two eyes, and the distances from the observer to the stimuli were maintained
constant. The results for three test subjects are shown in Fig. 20. Stereoscopic thresholds
are plotted as functions of the angular separation of the light sources. Separations as
large as 14 degrees are involved, so that these data cover peripheral vision, as well as

1
I.! I

,,
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cental isio atthelowe'. •)aatio of2Fdges. The threshold o istexreosise as a funtiond of

lateral angular separation between test pointas (6)
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central vision at the lowes, itoaration of 2 degrees. The threshold is expressed as a stand-
ard deviation of the disparity, taken from a psychometric curve (13) so that approximately
6b percent of tic judgments are made within the stimulus boundaries established oy plus
and minus one etandard deviation. Figur,- 20) indicates the accelerating rise in threshold,
i.e., lower steteo:skcopiC ýc-.SitiVity, eS rnc angular separation between stimuli is increased.
For interpreting the atigles, it should be noted that the tests were conducted with a fixa-
tion point in the medi.±-; plane midway between the stimuli. The fi'ation point was ex-
tinguished when the stimuli were presented for a duration of 2 s'econds. Hence, the .
disparate retinal stimulations in Fig. 20 occurred symmetrically at half the indicated angles

from the center of the fovea. The minimal thresholds at low angles generally agree with
comparable data obtained by other investigators (7). An indication of the variation in
thresholds which can be expected as a result of individual differences may also be noted
from Fig. 20.

A common numerical base is required to compare depth perception by means of
stereopsis, with other cues available to an observer, for example, a helicopter pilot. The
results of such comparisons should be expressed in terms of the distances over which the
various cues are most effectual. All cues Wu depth perception diminish as a function of
distance. but not at the same rates, nor do they have the same initial values at short dis-
tances. A useful base for expressing the effectiveness of a cue is the standard deviation of
the distribution of the increments in distance required to detect a difference in location in
depth between two objects or targets at a given range. Field experir.aents have been per-
formed to measure such thresholds undur both monocular and binocular conditions
(14,15). These depth increments may be converted to equivalent binoc.ular disparities ex-
pressed as angles, and vice versa, by means of Eq. (1). In thiM study, the distance incre-
ments have been selected as a standard, and thresholds associated with different cues (Ar)
will be determined as a function of distance r. On this basis, a binocular disparity
threshold 0 d is converted to a depth increment by the relationship

Ar9,• =r2 P - r]€
L Od J

from Eq. (1). Similarly, for motion parallax dup to lateral motion of the observer •, the
depth threshold is given by



I JANAIR REPORT 7n0407 37 7

Ar = r2 [ -r , (12)

where &t is the threshold for motion parallax. Equation (12) is obtained from Eq. (5). i
For longitudinal motion parallax (F), the depth threshold is

/ -+ r-' - r, (13) -1

where at is the lateral displacement angle from the observer to the fixation point. A plot
of each of these functions of Ar in terms of the distance r on a common set of coordinates
will provide an indication of the relative effectiveness of these three cues to depth precelp
tion at various ranges. The cue with the lowest threshol-I at a particular distance will be
the most effective due at that range. Log-log coordinates have been selected as most suit-
able for these plots for several reasons. Large ranges of values for r and Ar were required,
without deemphasizing relative changes in these variables at the lower values. Also, the
functions are almost linear on log coordinates for the ranges of values covered. Finally, a
vertical displacement of a value of Ar is a measure of a ratio of values, and hence relative,
rather than an absolute, difference. Comparisons are therefore more graphic on logarithmic
coordinates than on linear coordinates.

Some plots were made as described above and are shown in Fig. 21. Two binocular dis-
parity curves are presented, one for a threshold of 10 seconds of arc representing an observer
with a low threshold in foveal vision, and the second with a threshold of 70 seconds, for ob-
servers with higher threshold, at an angular separation of 10 degrees between test points (Fig.
20). These curves are slightly concave upward, and they have vertical asymptotes at value of
range r equal to 628 feet for Od - 70 seconds, and 4400 feet for Od - 10 seconds. These
values of r are the maximal distances for stereopsis at the thresholds being considered.

0, .70 SEC
.00"5

10 ~ Ca

Fig. 21-Thresholds for perception of differ- -

ences in depth as a function of distance for
various perceptual processes D

A
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For lateral motion parallax, a lateral velocity 5 of I knot has been selected and a
threshold for motion parallax &, of 100 seconds of arc per second (7). The resulting plot
of Eq. (12) is shown in Fig. 21. Equation (13) has also been plotted in Fig. 21, for
longitudinal motion parallax using a closing speed ; of 1 knot, the same motion parallax
threshold at of 100 seconds of arc per second, and a lateral displacement angle a of 10
degrees. The superiority of lateral motion to longitudinal motion is demonstrated in
Fig. 21 by the lower placement of the 5 curve. Although the four curves described are
sensibly parallel, they are curvilinear, concave upward. Therefore, the ratio between any
two thresholds does not remain constant as distance increases, but actually rises. This
r.may also be deduced from Eqs. (11) through (13).

There have been field studies in which targets such as rectangular boards and cylindrical
tubes were used to determine monocular and binocular thresholds for depth perception
(14,15); minimal distances were 200 feet, and the more comprehensive study (14) went to
distances as high as 3000 feet. Some superiority is demonstrated for binocular viewing,
but results are not consistent as functions of range and are subject to artifacts in the ex-
perimental situation. For example, the use of a sloping surface produces enhanced differ-
ential vertical separation between the tops of the targets as the targets are separated in
range. This intkoduces vernier acuity considerations for threshold. Computed stereopsis
angles in the binocular situation are very low, varying from 4 seconds of arc down to about
1 second, all at ranges below 1400 feet, which is within the range for stereoscopic vision.
Ratios between binocular and monocular thresholds are not large (14). These studies, how-
ever, are suggestive to the use of a differential size threshold as the perception of differ-
ence in depth. As Gibson points out in Ref. 9, the perception of size is intimately related
to the perception of distance. There are differences in the retinal sizes of two identical
objects at difference distances, even if size constancy prevails. This retinal image differ-
ence is then perceptually recognized as a difference in depth. The systematic variation in
retinal size of a textured surface with distance is the basis for the gradient of density of
texture (9).

The use of differential retinal size as the determinant of a difference in distance leads
to the relationship

Ar - (AE/e)r, (14)

where Ae/e is the threshold for the perception of retinal size differences. A value of the
standard deviation of the parameter Ae/e of 0.05 has been established in Ref. 16. Equa-
tion (14) has been plotted in Fig. 21 using this value of At/e. It is a straight line with a
slope of unity and a vertical orientation determined by the value of Ac/c. A low threshold
will depress the location of the line.

Various cues acquired by a helicopter pilot from depth perception at low altitudes
may be evaluated from Fig. 21. If we assume a static situation, i.e., imply a motionless
hover, which is virtually never achieved, and peripheral stereopsis (0 d - 70 seconds),
stereoscopic cues are useful up to distances of about -30 feet (point A) beyond which
retinal size differential Ae/E takes over as the dominant cue. If central vision is involved,
i.e., the pilot fixates to determine depth changes in or near his foveal field, so that the
low thi-eshold of 0 d - 10 seconds may be expected, this crossover point moves out to
about 210 feet (point B).

If the helicopter has a lateral speed as low as 1 knot, a'd the pilot does not fixate
for depth cues, motion parallax will be the dominant cue aL distances up to about 160
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feet (point C), from which point size will take over. For a longitudinal speed of I knot, and
objects located about 100 below or to the side of the direction of motion, movement paral-
lax will be the dominant cue until about 67 feet (point D), unless the pilot fixates on these
objects. In the latter case, stereopsis will be dominant up to a distance of 220 feet (point B).
The distances noted are estimates based on the use of standard deviations as thresholds.
The atatistical variations in Ar produced by randomly varying thresholds must be used to
obtain the statistical properties of the perceptual processes in more detail.

Sternopsis Related to the Head-Up Display

The use of collimated images in a head-up display in a helicopter, from which the
ground will be seen frequently at short distances, raiseb some interesting visual consider-
ations. If there are no appreciable binocular disparities in the optical system of the
head-up display, and the exit pupil permits the images to be viewed binocularly, the
head-up display images will be seen emmetropically (with relaxed accommodation and no
convergence of the eyes). If the imagery is superimposed on the terrain at close distances,
the pilot will fixate on the ground and the head-up display images in the two eyes will be
disparate. The stereoscopic effect is one Ln which the images are behind or below the
ground, at visual infinity. This probably will not be the prevailing perceptual phenomenon,
however, because there are other cues to the perception of distance in addition to stere-
opals. These will localize the head-up display imagery near and in front of the ground

plane. Nevertheless, considering stereopsis alone, the minimum comfortable distance for
viewing the terrain and the head-up display images simuitaneously may be determined. If
a convergent binocular disparity tolerance of 2.5 mrad is assumed based on visual comfort,
the minimum comfortable sustained viewing distance to the ground is that range at which
the fixation angle (Of) is 2.5 mrad, or

0.213rfffE 85 feet,
Of 0.0025

where p is the interpupillary distance. This distance corresponds to an eye level height of
22 feet above the ground for a visual depression angle of 150 fur the imagery in the
head-up display. Any divergent disparity built into the optical system of the head-up
display will lower the permissible fixation angle 0f and raise the minimal distance d. These
considerations cease to apply when the head-up images are viewed monocularly, due to
either a smaller exit pupil or a shift in the pilot's head position.

On the basis of the foregoing, there is no indication that the use of collimated head-up
display imagery superimposed on the terrain being viewed at short distances by a helicopter
pilot wil introduce visual discomfort, even when stereopsis is effective in depth discrimina-
tion at these ranges. This conclusion is also supported by the experience of the writer and
his associates in looking at head-up displays in laboratory situations on the ground.

Regarding the perception of distance from the helicopter, the head-up display pro.
rides the pilot with a unique visual aid fur estiinating distances to targets of known size.
The angular subtenses of most. of the inages in the display remain conistant. Therefore, a
particular image will be equal to the retinal size of a target only at one range or a given
multiple of it. The visual task involved is a simple discrimination or comparison between
a dirplayed .. ..nd an object in the real world viewed simultaneously. The pilot can
readily leacn to correlate this visual match with diitance. As an example, consider a circu.
lar landing pad 70 feet in diameter. Assi|me a head-up display has an image such as a path

____ ____ ____ _ __ __ *
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marker which has a width of 6 degrees. The path marker will fill the landing pad circle
when the aircraft is about 800 feet from the center of the landing pad. It will be twice
the size of the pad at 1600 feet, and half the size of the pad at 400 feet. This inverse
"size/di3tance relationship is accurate for the small angular subtenses involved.

FIELD OF VIEW REQUIREMENTS FOR HEAD-UP DISPLAYS
IN HELICOPTERS

A procedure for determining the angular subtenses of the visual field to be covered
by the images projected in a helicopter head-up display will be described in this section.
For a particular aircraft, the required field of view depends on the flight regime of the
vehicle, the flight maneuvers to be executed, and the external visual references necessary
to conduct the operations. Under visual flight conditions (VFR), the pilot has fairly com- I
plete visual access to the environment aroind his aircraft, limited only by the attitude and
heading of the vehicle and the visual cockpit cutoff angles. The field-of-view requirements
for VFR are determined, cherefore, by the relationships among the display images, the
orientation of the aircraft, and the location of visual objects in the real world to be used
in conjunction with the head-up display. I

Consider, for example, a visual approach to a landing pad at a prescribed descent
angle, using a deviation image to measure displacement from the reference path and a flight
path marker to show the direction of flight (Fig. 22). The required field of view will be
determined by the range of orientations of the deviation bar and flight path marker in the
head-up display, and the landing aim point on the ground, for the attitude' and positions
of the aircraft which may be involved in the approach maneuvers. In this case, the aim
point must be contained within the field of the head-up display, because head-up display
imagery is being used to overiay and/or overfly this point. In other VFR situation such
as clearing an obstacle, it may be sufficient to observe the visual target (obstacle) ir. the
real world beyond the limits of the head-up display, and to execute maneuvers in relation J
to the target, which will ultimately move into the head-up display field. In VFR, there-
fore, not all key visual elements in the real world need be viewed through the head-up
display to permit effective flight control and/or monitoring in relation to these elements.
The head-up display augments the information derived from the visual world in VFR, and
it need not present a complete display of the visual situation. In fact, such a complete
display may introduce viual clutter and/or occlude visual targets in VFR operations.

Under instrument flight conditions (IFR), however, the surrogate images representing,
for example, the landing area or a ground target with a known location must be presented
in the head-up display in their correct visual position with respect to the aircraft. This is
essential to make IFR flight compatible with VFR, so that the displays will be effective
in mixed or limited visibility weather, for which the transitions between instrument and
visual flight must be smooth. The field-of-view requirements under these conditions are
generally larger than for visual flight alone.

There are aevwral additional considerations involved in defining the visual field angles
to be specified for the projection system of a head-up display. The installation of the
head-up display in a cockpit is designed to minimize field requirements by optimizing the
orientation of the center of the head-up display field. Thus, if the lower limit of the field
is farther below the boresight line of the aircraft than the upper limit is above this refer-
ence, the center of the head-up display field should be depressed below the boresight line.
In addition, the head-up display optics may be made movable, either in discrete steps to I
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Fig. 22-Vertical viewring angles in visual landing approach -

L fixed positions or continuously adjustable, to cover different fields with respect to the air-
craft for various flight modes. As an example, the head-up display may be in an "up"
orientation for flight and "down" for approach and landing. Special flashing surrogate
symbols may be oriented at the edges of the head-up display field to designate elements
which are beyond the limits of the field. These may serve as adequate indicators for con-
trol until the targets move into the head-up display field. This technique is useful for
operations in both VFR and IFR.

F In most head-up display projector designs, the pilot's eyes are behind the exit pupil.

This optical situation provides the pilot Nith dual overlapping monocular fields, displaced
f laterally by the separation between the eyes (interpupillary distance). The common field

in the overlapping region is seen binocularly by the pilot. The field that is mapped by
r the image generator in a head-up display is gpnerally larger than the instantaneous field

seen by the pilot in one head position. The pilot can therefore extend the useful field of
view in the head-up display with some head movement. Some of thetie visual conusidera-

tions related to the design of head-up display systems are described in Ref. 17.

As an example of the required orientation of the head-up display images in the vertical
plane, consider the approach for landing shown in Fig. 22. The desired approach angle to
the aim point is 00, and the maximum angular deviation from the reference path is C. if I
-f is the flight path angle of the aircraft, and this flight path is to intercept the referencepath at an angle proportional to e,

(Y-00) = a, (15)

where (I - ¢0) is the intercept angle and a is a constant greater than unity. The flight
path marker therefore has a maximum depression below the horizontal reference of

00 = + af, (16)

which corresponds to a depression below the boresight line of

0 1 +Y•Y = O Y1 + 00 + af, (17)

where 0, 1 is the pitch of thL aircraft at a flight path angle of

yI

J = ~o

i
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The preceding analysis covers the situation in which the aircraft intercepts the de-
sired flight path from above. When the approach is initiated from below the reference
path, the intercept angle is (00 - "y), which is also made equal to at. Undei these condi-
tions, the flight path marker has the minimum depression at an angle of

12 ' 00 - at, (18)
I

which corresponds to a depression below the boresight of

0 2 + '72 2 S + 00 - at, (19)7 I
where 0-(2 is the pitch of the aircraft at a flight path angle 72  (00 - ae). These required
field limits for the path marker pertain to a single approach path 00. The deviation image
is oriented at depression angles (6, 1 + 00) and (0 12 + 00) for the same situations above
and below the reference path. The required field of view for the head-up display and its
orientation in the aircraft are determined by this type of analysis covering the full range
of approach angles 00 which may be required with the head-up display. The envelope of
these image orientations will determine the required field of view for the head-up display
in the vertical plane.

As an example of the procedure for determining the field-of-view requirements in
azimuth, consider the final-approach situation depicted in Fig. 23. The aircraft is ap-
proaching the landing pad by coupling to a reference path which will permit a landing
into the wind at heading H. The initial lateral angular deviation of the aricraft from the
reference path is 8 and the desired intercept angle of the ground speed vector (path
marker) is X, which is assumed proportional to 5, i.e., X - b6. The relationship among air
speed, ground speed, and wind is shown by the vector diagram in Fig. 23. The associated
sideslip angle of the helicopter at the approach speed is shown as 0. The half-field angle
required for the head-up display under these conditions is either P or () - 41), whicheverj
is greater. The angle '% is determined by the maximum deviation angle 6, from which 4'
can be determined from the velocity vector relationships. The required field of view will I
be based on the envelope of the image positions.

MA • t

Fa1

Fig. 23--Horizontal viewing angles in visual landing approach

I I i4
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The application of these procedures to flight operations with particular helicopter
types requires pitch, roll, and sideslip data at various climb angles, level flight, and descent
angles over a range of gross weights and the speed regime of the aircraft. Unfortunately,
there is a very limited data of this type currently available from the airframe manufacturers.
Emphasis in flight testing to date is on aerodynamic and stnrctural measurements, with
minimal data obtained relating aircraft orientation with respect to earth axes. Also, some
of these data are sensitive to pilot control techniques, e.g., the tradeoff between sideslip
and roll angle, since helicopter flight is always more or less unsymmetrical. On this basis,
the optimal selection of head-up display fields must await the availability of more heli- A
copter flight test and/or analytical data of the type noted. However, there has been an A
approximation made to the total field requirements for an H-53 helicopter in VFR/IFR
operations, based on a few estimates for orientation angles made by the airframe manu-
facturer (17). The flight maneuvers considered climb/cruise, terrain following, and
approach/hover, and the results are shown in Fig. 24. These are comprehensive require-
ments for an advanced display, with sophisticated sensors and data processors. The field
angles would be appreciably lower for a simpler head-up display to be used principally in
visual flight.

r _CLA APO
LCRVSE

Fig. 24-Field of view requirements for VFR/IFR fRL__ TIt--

head-up display for H-53 aircraft F 4

CONCLUSIONS

I. The maximum permissible binocular disparities for moving head-up display
images, viewed with adequate visual comfort against a dynamic, real world background,
are 1.0 milliradian for vertical disparities and convergent horizontal disparities and 2.5
milliradians for divergent horizontal disparities.

2. The presence of a dynamic real world background does not affect binocular dis-
parity tolerances, which are the same when head-up display images are viewed against a
static real world background.

3. The results of Maddox Rod tests for phorias and ductions performed in optometric .
examinations correlate well with pilots' tolerances to binocular disparities in head-up dis-

* plays.

* 4. The limiting distances for the use of stereopsis in depth perception in the real
world have been determined for helicopter pilots on both Gtatic and dynamic platforms.
Differential size and motion parallax are the principal monocular cues to depth which
dominate in siample visual situa-tions w.hen the stereopsis cuei bvco,,im weak.

l t "kT' "• I• •II pIV ' I • •t ',l, ,I • I -
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5. The use of collimated images in head-up displays will not produce visual diffi-

culties for the helicopter pilot when he simultaneously views the ground at the short dis-

tances for which stereopsis is an effective cue for depth perception.

6. A procedure for determining the field of view required in a head-up display for
a helicopter with its mission envelope has been developed.
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APPENDIX A

GEOMETRY FOR STEREOPSIS

The geometrical relationships ,nvolved in stereoscopic vision may most easily be ap-
preciated by considering the simple situation in Fig. Al. Points 1 and 2 are being ob-
served binocularly by the left and right eyes, L and R. Point 2 is located behind point 1
on a line from the center of rotation of the right eye (OR ), at right angles to the line k)e-
tween the centers of rotation of both eyes (OL OR ). Therefore, points 1 and 2 are
imaged on the same point (fovea) on the retina of the right eye. If it is assumed that the
distances from which points 1 and 2 are viewed are large in relation to the interpupillarý,
distance p, the angles in Fig. Al will all be small, so that the approximation tan 0 - sir.
0 1- 0 is valid, and the trigonometric relations can be simplified. The angles are expressed
in radians in these equalities.

A'

Fig. AlI-Basic geometry for stereopsis

-a

If the eyes are fixated at point 1, the convergence angle 6f is given by

of = p/rf. (Al)

In Fig. Al, we have a case of asymmetric convergence since point 1 is not symmetrically
oriented with respect to both eyes. The binocular disparity 0 d, associated with the differ-
ence in depth Ar between points 1 and 2, may be determined by

Of -d pl(rf + Ar) (A2a)

46
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or Id = K-pI(rf + Ar) =p/rf-p/(rf + Ar)

= p Ar(A 2b)

This may be expressed as

0 d Of 6r, (A3)

where 5r is the depth ratio [Ar/(rf + ar)].

If the observer were to fixate at point 2, the fixation angle would be

"O; = p/(rl + Ar) (A4)
and --

P O d + 6'f = p /rf (A5) -

so that
Od p/rf -- O = p/rf --p(r, + Ar)

S = . ( A 6 )/p\ /f Ar

Since 0• from Eq. (A6) is identical to O. in Eq. (A2b), the magnitude of the disparity is I
independent -)f the fixatioi, point. I I

Equation .t2b) for the binocular disparity 0 d has been developed for the situation
in Fig. Al, in which points 1 and 2 arc aligned with one eye. A more general situation is
shown in Fig. A2. The angular separations between points 1 and 2 as seen by the left and
right eyes are the parallax angles orL and CXR. For the small angles involved,

O L =P • P • ( ) r(A7)
; rF rf + Ar rf(r1 + Ar) _)

&nd

2 IT
Fig. A2-Generelized siLuation for stereopuis I

>- , ' I
fI
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r Pf + Ar rf(r1 + Ar) (AB)

The binocular disparity is the difference between the parallax angles &L and al, so
that

SOd OL -IR ) , (A9)
( -r

which agrees with Eq. (A2b).

Note from Fig. A2 that, when poina 1 and 2 are the same distance from the eyes

but separated laterally, the parallax angles CL and aR are equal. The binocular disparity
will then be zero. The binocular disparity is therefore seen to be generated by differences
in depth Ar; it is unaffected by lateral position for the small angles which are being
c-seidered.

Wb-n a point (Fig. A3) is at a very large distance beyond point 1 (visual infinity),

Eq. (A2b) indicates that

lrn Od t - A- p . of. (A10)
A - r- - (r, rf + Ar rf f

Therefore, the binocular disparity approaches the convergence angle Of under these condi-
tions. The same numerical result is obtained for the disparity when the eyes are fixated at
visual infinity (Fig. A4) so that

Od = COL - aR = + P (All)

r r r

where r is the distance of the disparate point from the eyes.

- I
/II

Fig. A3-Stereopsis with far point at visual infinity

ý7I
L9
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IrI

Fig. A4-Steroopsls with fixation point at visual infinity r ii

t Equation (A3) indicates that the disparity is equal to the fixation angle multipliedS~by the depth ratio 6,; i.e., •

The depth ratio is always less than one and approaches unity as Ar becomes very large in

| relation to rf.- The maximum disparity possible is the fixation angle Of. I the ratio
(Ar/rf), the relative incremental depth, is designated as 3, then the depth ratio is related to

from Eq. (A12) by

tier 001(1 + ). (A13)

It is convenient to represent the preceding relationships graphically. These are shown
in Figs. A5 through A7, on three-cycle log paper to cover ranges of values with a ratio of
1000:1. Disparity 0d in seconds of arc is plotted as a function of fixation range rf in

F feet with 6, as a parameter (Eq. (A12)) in Fig. AS. Associated values of Ar in feet are

also presented in Fig. A6 by the dashed series of lines. For a given set of values of rf
and Ar, 0 d may be determined more directly from the plot in Fig. A6. The curves in
Fig. A6 for fixed values of 0d are asymptotic to specific values of rf and for large values
of At. These values of rf are equal to WP/Od), from Eq. (A2b), for vaues of Ar >> rf.S~The asymptotic values of• rf are shown plotted as a function Of 0d as the dashed line in

Fig. A6. Finally, the depth ratio 6, is shown plotted as a function of 0 in Fig. A7. This
[ curve shows 6, approaching unity for large values of 0. The interpupillary distance p has

been taken as 65 mm, or 0.213 feet, in the computations for the plots.

4 The factor [Ar/rf(rf + A0r) occurs frequently in relationships for stereopsis and
monocular motion parallax (Appendix B). This factor, which has the dimension lift, will
be dcsignatcd by te term depth factor, aid giv.m wth bymboi K,. The depth factor is

'plotted as a function of rf and Ar in Fig. A8.

t
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0 0 0 o 0 DEPTH RATIO 4, '4/tr- 40

04

,00 "00

"'1�9,�0 00 l '1w

FIXATION DISIANCE, (fat I)

Fig. Ab--Binoeular disparities as a function of distance, depth differ- •
ence, and depth ratio

The binocular disparity in Eq. (A2b) is often expressed by the approximation!

0" - pAr/r2. (A14) |

d /

This is an overestimation by an amount

I 4

Aordr = Ar)-Od= ~
I rf rf~f + rJ(A15)

=p-Ar [ Ar2(;-r,

so that thF relative error (ABdold) reduces to (afrorf). Therefore, the approximation for
the binocular disparity in Eq. (A14) produces a relative error equal to the relative incre-
mental depth P (Eq. (A13)).

|• |• I " • 11 ' II• I Fkql II 'I• ,"Ii '• l |•'r•e~t 'lPlll • iD'••I • '•'• -- '• - • -
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Ids
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01

I IO a itll

Fig. A8-Depth factor Kr as a function of
distance and depth difference
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APPENDIX B

MOTION PARALLAX

Movement parallax is the differential angular velocity between the lines of sight from
an observer to two objects, one of which is fixated by the observer. This situation is

" ~shown statically in Fig. BI, where the lines of sight from one eye to points 1 and 2 are
01 and 02. • .

L -

a4,

V J

Fig. BI-Basic geometry for motion parallax ] .A

It has already been demonstrated (page 33) that a binocular disparity may be con- I
sidered as a difference between the parallax angles of two objects to the two eyes of the
observer. This relationship between binocular disparity and parallax will be investigated
further in the following analysis. If we refer to Fig. B1, where monocular parallax is
depicted, for small angles 0,

01 = y/rf and 02 =y/(rf + Ar). (BI)

' The parallax angle a is therefore given by

a=01 - O2 =Y rf(f r Y r Ar " (B2) -

cy[ r2+Ar) " [r Sr-r)]
First, consider lateral motion • - dy/dt. From Eq. (B2) since the distances r remain con-

stant for lateral motion,

Ar a&Y~ = rff-r -yY (B38)

63
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or
dý/m =ly. (B3b)

Therefore, for lateral motion, which is defined as normal to the line joining two points in
planar visual space, the relative rate of change of the monocular parallax angle /a) is
equal to the relative rate of change of lateral displacement from the two points (y/y).

For the binocular situation (Fig. A2) the movement parallax for the left eye, based

on the lateral motion 5, is

&Ly = y-' (B4)

Similarly, for the right eye,

6Ry =aR 51y. (B6)I

By substituting values of aL and qR determined from Eq. (B2) in Eqs. (B4) and (B5)

6(rLyYT ) and bRy5 (ri') (B6)

Therefore, since dLy = dRy the movement parallax for lateral motion is the same for both
eyes. The rate of change of binocular disparity is zero since

6d M&Ly - &Ry - O. (B7)

The monocular movement parallax for longitudinal motion may also be determined from

Fig. BI. From Eq. (B2)

y I (B8)

Differentiating Eq. (B8) with respect to time, recognizing that 5 0 and

tf = (rf + At) "f

&Iy +; -0i + (B9)I
+(.rf +-Ar)2 = -- +rf +-t"(9

Therefore,

I rf =- ±+ r. =- 2 r" (BIO) I
where rh is the harmonic mean distance to the two points, i.e.,
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/rx - 1/2 [l/rf + Ai(, r- . , ))

For longits.dinal motion, the relative rat- of chanpe 4f mono,.ular pml lx angle (6./Cx) is
numerically equal to twice the re)vt've rate of longitudiral displacemnent taken with re-
spect to the harmonic mean distance (r-).

If we consider binocular effects, the motion pawallaxes for the left and right eyes are,
from Eq. (B10)

6, ' *J, (-2 ý and &t, - u -2 (131)

The rate of change of binocular ispay is therefoet chng dsprty b sdheef

bdr - &L, -&RR,- 2 t (-L 2-R) Od (B12)
[ rh rh

since OtL -- O.d" Consequently

p .-2 .

rh (B13)

Equation (B13) indicates that the relative binocular disparity rate (Odr/Od) is twice the
relative range rate (l/rh ) and is therefore equal to the relative rate of change of monocular
motion parallax (&,/l) for longitudinal motion of the observer (Eq. (B10)).

In general, the motion of an observer with respect to two points in space has both
lateral and longitudinal components (Fig. B2). Under these conditions, the monocular
motion parallax & must be determined by considering the total derivative of ot with respect
to time

dx _ a dy 3of dr

dt ay dt ar dt B
or (B1 4)

a y a-*r.

However, the two terms on the right-hand side of Eq. (B14) are the values of &y (Eq. (B3))
and &, (Eq. (B9)). Therefore,

6 f & r + y~r

I +4Erf(r;+ r) rf(rf+ Ar] (-r-)

=K r:• + K1"y -- h • (B15)
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Fig. B2-Generalized motion parlluax

where the depth term Arlrf(rf + Ar) is designated by Kr. From Fig. B2, the lateral and
longitudinal rates are

:•fiV sin 41 and t V cos iP.

Therefore, substituting these values into Eq. (B15) yields

d-KrVsini+KrY (--I) (-Vc os4 )

(B16)

-VK, sin ,P + -y

Sc


