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SUMMARY

The purpose of this study was to determine the value of the horizontal
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diplopia threshold fcr wuse 1in providing pilots with better canopy-HUD
combinatlions. Better combinafions are needed to alleviate pilot discomfort and
complaints c¢f double vision (diplopla) of target or head-up display (HUD)
imagery when using wide tield of view HUDs on the F-16 aircraft. This doubling
of vision occurs when there 1s a sufficient binocular disparity in the
vergence of 1light coming from the target compared to the vergence of light
coming frow the HUD. Ideally, ight rays from both the HUD and a cistant

target should be collimated which fmplies zero wvergence angles and no

binccular disparity. hLowever, disparity may arise due to the HUD rot belng
perfectly collim~ted or due to light from a distant target changing {1ts

vergence when trarsmitted through a canopy that is optically & weak lens.

The human visual system is tolerant of a small amount of disparity, but
when a critical or threshoid value i3 reached, a noticeable doubling of vizton
occurs. Thresholds were determined using a HUD emulator which suparimposed a
small vertical 1line a> various degrees of binocular disparity on a rich
outdoor scene. The maln findings are that observers are core intolerant of
negative disparity than positive disparity. In negative cisparity, a non-
fixated object is optically further than a fixated object. For 32 observers,
the overall median negative disparity threshold was 1.2 mrad and the ovorall
median positive disparity threshold was 2.6 mrad., Assuming that pllots fixate
on external targets, these results suggesc that HUD imagery should be placed

at a slightly nearer optical distance than background targets.

The results also indicate that (1) longer viewing is more likely to lead
to a diplopia effect chan short gla ces, (2) resistance to diplopla appears to
be an fndividual trait, and (3) a large proportion of responses involve
suppression of the image in one eye. The report slso includes a table of the
percentage of observers reporting diplopia as a function of disparity
magnitude. This table may be used to predict the incidence rate of diplopia
among pllots for eny allowed degrec of disparity.

5
L

ntatich.nde <04 ARl




w PRl SRR, - = s ses
!
1 T -
A
9
4
% . TABLE OF COMNTENTS
? INTRODUCTION
h Literature Review
METHOD
OLservecs
) Apparatus
; Visual Displaxs
! Procedure
‘ RESULTS AND TECHNICAL DISCUSSION
! F Disparity Thresholds
3 Suppression Cccursncas
' Relation ot Thresholds ard Vision Reports
f GENERAL DISCUSSION
b
1{, REFERENCES
Ik
E
o
;
¥

11
15
15
15
19
22
26

26
36
39

40

43




et B Bocat ok G D R ey 4

Figure

10

e e TR T T —————-

».” OF ILLUSTRATIONS

Eye Vergence ard iistance

Disparity Examples

Apparatus Layout

Opticel Pathway in HUD Emuiato.

View Through HUD

Simulation of Disparity in Fleid of View

Scattevplot: Negative vs. Positive Disparity
Thresholds at 0.1 sec Exposure

Scatterplot: Negative vs. Poslitive Disparity
Thresholds at 3 sec Exposure

Scatterplot: 3 vs. 0.1 sec Exposure
Negative Digparity Thresholds

Scatterpiot: 3 vs. 0.1 sec Expogure
Positive Disparity Thresholds

10

lo

18

20

21

w
(2%

33

34




. BN wcrarasrns i o .. -
4
v
1 LIST OF TABLES
y
2 Table Page
a 1 Sign Conventions 9
2 Median Disparity Thresholds 28
: 3 Mean Disparity Thresholds 28
‘ 4 Standard Deviation of Disparity Thresholds 29
i
; 5 Percentage of Cbservers Experiencing Diplopia 30
6 Mean Percent of True Double Vision Reports
per Threshold Determination 37
' 7 Mean Percent of Suppression Instances
per Threshold Determination 38
o
> |
"H 3
5 ) ¥
. 1 9 :
g} 1
+ 5




r

INTRODUCTION
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This study was initiated in response to reports of pilot discomfort and

complaints of double vision of target or HUD symbology when using the LANTIRN
wide fleld of view (WFOV) HUD on the F-16 aircraft.

This doubling of vision occurs when there is a sufficient binocular

disparity 1in the vergence of light coming from the target compared to the
vergence of light coming from the HUD. Ideally, 1light rays from both the HUD

e n ctest  AOEARODIREEE T TS

and a distant target should be collimated (which implies a =zero vergence
angle), and thus there should be no binocular disparity. However, light from a
distant target changes its vergence when transmitted through a canopy and 1is

thus no longer collimated or parallel. AFAMRL studies indicate thet the canopy

acts as 1f it were a weik negative lens, which causes a light divergence of
approximately 3.5 mrad in the forward area (Genco, 1983, 1984; Task, 1983).
The light from the HUD may also be uncollimated either deliberately or due to
error, When the deviations from collimation are unequal, we say that there is

binocular disparity.

Tite  human visual sysiea is tuletani of & swall agouni of disparity, but
when a critical or threshold value is reached, a noticeabdle doubling of vision
may occur. rhis doubling of visjon, also known as "diplopia", 1s readily self-

“; demonstrated: Place both your forefingers ebout 25 cm in front of you. Keep

one finger immobile and always fixate it. Slowly move the othetr finger further

away and notice that at some distance it appears double. This doubling also

' occurg by moving your non-fixated finger closer.

The general problem add-essed in this report is that of deteruwining the
value of the horizontel diplopia threshold for use in providng F-16 pilots
witah  tetter cancpy-HUC combinations. Although there already exists a
g; : literature on diplopla thresholds, published threshold values ars either
o ' quegtionable or gathered uuder rircumstances inappropriate for generalization

to F-16 KUD application, Thus, The F-16 5PO asked AFAMRL teo conduct its own
study.

i . Before reviewing the 1literature and describing the experiment, the

f;-i ] spe:itic objoctives will be enumerated and the concepts of vergence and

disparicy ee¢ they &ppiy to HUD displays and rargets will be discussed.
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Objectives

1. To determine the limits of the region of single vislon as indicated ty
the horizoantal diplopla thresholds of positive and negative disparity.

2. To determine the extent and nature of the distribution of individual
differences in a Flying Class II Vision populstion.

Disparity/Vergence Sign Conventions

Vergence refers to a deviation from a parallel state and may refer either
to rays of light or to the alignment of the eyes. Because of its usefulness in

understanding the results, vergence here refers to the alignment of the eyes.

Eye vergence. The following sign coanventions are used: Light from a
source Infinitely far from an ohserver is collimated and thus Loth the 1light
and the eyes have a zero vergence angle., Light from a source neaver the
observer requires positive eye vergence in order for the lines of sight to
converge and lutersect at the source. This in turn implies that tne light rays
coming from the source are divergent, Divergent light is "normal” in nature
and converging the eyes is "natural" especially for close objects, hence the
designation. Similarly, negsaiive eye vergence means that the eyes’
lines of sight are required to diverge cutward: in response to converging
light from some source. This situation is “unnatural" {ir two ways: (a) the
eyes do not normally diverge outwards, and (b) light from an object 1in the
world does not approach the eyes in a convergent fashion unless an artificial
mechanism intervenes. If permitted, such convergent light would form an image
behind the observer's head and the image 1s seald to originate "beyord

infinity". Figure 1 1llustrates these relationships and also the fact that

vergence (eye or source) covaries with source optical distance.
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Disparity. Disparity arises when two objects are at different optical
distances from an observer. The different distances entail different vergences
(both eye and source) and hence the discrepancy or disparity. Disparity 1is

here defined as:

Cisparity = (eve vergence to nonfixated object)

~ (eye vergence to fixated object)
and, assuming that pilots fixate the target,

Disparity = (HUD eye vergence) - (target eye vergence)

Disparity may be positive or negative and the sign conventions used here imply
that positive disparity arises when the HUD symbology is optically closer than
the target, and that negative disparity arises when the symbology is optically
further than the target. Figure 2 and Table 1 i1llustrate these relationships.

The terus crossed and uncrossed disparity are also used. When a secondary
(that 1s, mnonfixated; object 1s physically closer than a fixated object and
appears double abour 1it, the 1left eye sees the rightmost image of the
secondary object and vice wversca, hence the terw crossed disparity, VWhen &
gecondary object 1s physlcully farther than a fixated cobject and appears
double around 1it, the left eye sees the leftmost image of the secondary
object, hence the teru uncroased disparity. Thus, here toth positive and
crossed d¢lsparity 1mply that a nonfixated object is nearer than a fixated
cbiect, Similarly, nregative and uncrossed dispariiy are equivalent terms and
igpiy that a nonfixated obiect is farther than 2 fixated obtject.

- s ——

Table 1

Sign Conventilons
Vergence: Central Angle Between Lines of Sight
Positive: Eyes Converge
2ero : Parallel
Negative: Diverge
Disparity: Asgume Target is Fixated, then
Disparity « HUD Vergence -~ Targetr Vergence
Positive Disparity: RUD Closer Than Target

Negative Dieparity: HUD Farther Than Target

D e

e e vty N
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FIGURL 2. Disparicy Examples
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Literature Review
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Units. The vast majority of articles report their measurements in minutes
of arc. For comparability with the original articles, original values in

minutes are reported with conversion to milliradians given in brackets. For

reference, 1 minute of &rc equals 00,2909 mrad,

LI RS

Panum’s area. Much of the research on diplopia thresholds has been

conducted for the purpose of measuring the size of Panum’s area. Panum’s area

) ' is the region of tolerance for disparity and as such corresponds to a zone of

single vielon. Its extent is given by the sum of the limits (i.e., thresholds)

obtained under positive and negative disparity (or equivalently, crosaed and
uncrossed disparity). Thus it is necessary to divide the values for Panum’s
area by two to obtain an estimate of the diplopia threshold. This estimate is
equivalent to averaging the separate positive and negative disparity
thresholds. Thie averaging unfortunately entails a subsequent 1loss of

informaticn and utility since, in all probabiiity, the separate thresholds are

not equal (i.e., Panum’s area is asymmetric). For consistency within this

report, values given here are the estimated diplopia thresholds rather than

the gize of Panum’s area cited iun the original articles. ;‘

{ The diplopie threshcld may be tested either with a tachistoscopic

f presentation of a fixed disparity value or with & continuously changing

display. Continuously increasing displays yield higher threshold values than
tachistoscopic displays (Fender & Julesz, 1967; Schor & Tyler, 1981), but
; . these dynamically obtained values are excluded from this report since the
! ) requisite conditions are not typical of HUD and target viewing. The viewing of
: HUDs and targets generally involves relativeiy short glances during whlch the

X ' viewed elements maintain a reasonably constant disparity. Hence all further

di.cuseion 1s with respect to statically obtained thresholds.

The classical threshcld value. The "classic static value"” of Panum’s area
_ (so designated by Shor & Tyl~r, 1981) is 14° [4.] mrad] which implies a
.”_{ ;l directfon averaged dipiopla thresteld of 2.0 mrad. This value 18 distilled
Bl from the reviews of Mitchell (1966) and Woo (1974).

Problems with the clagsic value. How sericusly should this value be

ffj taken? Two factors stand out immediately in the reviews of Mitchel and Woo:

The first is the large range of values reported in each revieweé study, &nd

11




the seccnd is that the reported valves are based on very few observers., These
factors suggest, at the very least wusing cauticn in basing decisions on these

values.

Indeed, in a key article 4ignificantly entiltled "What 1s the diplopia
threshold?," Duwaer and Brink :981), specifically argue that (p. 295):
"Measured values of the diplopia threshold quoted in the 1literature have
little or no wutility, due to the enormous variation between the results
reported by different authors. Reported diplopia values have rauged from 2’ to
20’ (0.6 to 5.8 mrad] for horizontal diplopia in the fcvea." This range, they
argue, 1s due to a number of factors which can affect the diplopia threshold
including (1) the actuel psychophysical method used for determining the
threshold, 1. e., tachistoacopic presentation of particular disparity levels
versus a continuous change in the displays; (2) the criteria used to define
diplopia, for example, any noticearle change in image appearance versus &

distinct doubling of an image, and (3) individual differences among observers.

For 1fcoveal horizontal disparity, Duvaeir and Brink teport that thelr
observers’ disparity thresholds vary by a factor of nearly 100 from 0.25° to
22.2° [0.07 tc 6.46 mradj. For a 160 usec presentation and a critevion of
c¢istinct doubling of visiur, they report the mean thresholds for their twc
observers as .5 and 22.2° (2.18 and 6.46 mrad]. One observer’s thresholds
for distinct doubling were 2.2° +/- 0.8° [0.6 +/- 0.2 wmrad] for a 200 usgec
exposure of a display consisting of two aligned vertical limes each 30° [8.7
mrad) loang separa*.d by 3° [0.9 mrad].

Kow useful are these threshold values for Alr Force applicatiorn? Although
Duwaer and Brink expiicitly control for threshold criterion and coatinuous
versug tachistoscopic presentation, there are a number of points to consider
before accepting their valuas for making decisions with respect to canopy/BUD
design: First, Duwezer and Brink’s thresholds were obtained using an empty
white screen as a background. There {8 no guarantee that thresholds remaia the
same when the background 18 & rich environmental scene as may often De
encountered in low altitude flight maneuvers, Second, their gtudy used a 105
cm fizetion point. It is not obvioue what effect firxation distance has on the

diplopia threshold, but fixation distences to taryets or HUD symbology greatcly
exceed 105 ca. '
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Third, Duwaer and Brink’s reported values aie the average of separate
positive and negative Jdisparity conditions. This 1s unfortunete for HUD/canopy
applications since neither the relative incidences nor the relative ccsts of
rectifying positive and negative disparities are equal. It is thus impoi tant
to know what the separate thresholds are since they are not necessarily equal.
Fourth, Duwaer and Brink’s results for horizontal diplopia are based on just

two observers. Any application involving pilot safety and equipment expense
merits a much larger data base,

In conclusion, Duwaer and Brink’s study, although incorperating several

improvements over previous studies, still does not provide diplopia threshold

values which may be confidently used for HUD/canopy applications.

Biylopia and Head-Up Disniays. Given the problens in anplying general

diplopla research findings to HUD design, 1t seems reasonable to obtain the
thresholds directly with HUDs.

Gold and Hyman (1970) and Gold and Perry (1972) conducted HUD disparity
tolerance studies using a comfort rating technique and found wo differences
for disparity tolerance between static and moving backgrounds. On the basis of
both studies, they consider as reasonable a horizontal disparity tolerance of
1 mrad for negative digparity (:heir terms are exophoria and divergence) and
2.5 mrad for positive disparity (their terms are esophoria and convergence).
Their studies differ from non-HUD studies in that (1) they distinguished
between positive and negative disparity and found a large asyumetry, and (2)
they used rtich backgrounds instead of blank fields. The backgrounds were
static aerial views or 16 mme motion pictures made during low altitude flight.
They found lower disparity tolerance for rich as opposed to homogeneous
backgrounds. These vesults are very interesting and, by design, more relevant
to HUD applications espacilally with respect to the asymmetric tolerance for
positive and negative disparity. The visual system is relatively Iintolerant of

negative disperity, that is, disparity which requires a divergent eye
movenment for correction.

C. P. Gibson (i980) alzo investigated disconfort due to disparicy in
HUDs using gtructured displays against a well-structured background. Altheugh
he used continuously varying dlsparity procedures, unuis results are similar to
ttiose of Gold: the mean <iscomfort threshold was 0.83 mrad of wnegative

13




disparity for four observers. He notes that the disparity level leading to
discomfort 1s eignificantly lecss than that needed for diplopia. This point
should be kept 1in mind in any decisions with respect to HUD/ canopy
recommendations or spacificaticns. Gibson went further and investigated the
possibility that zero disparity 1itself 1s not the preferred amount of
disparity. He found the optimal disparity level with respect to viewing
comfort to be at 0.38 mrad of positive disparity. That ie, people prefer the
HUD symbology to appear slightly in front of the fixated target. This finding

is iatriguing and awaits verification.

The Present Study

Both Gold and Gibson found a relativ~ intolerance for negative disparity

using rich HUD displays and a criterion of discomfort. The present study was
specifically designed to determine the diplopia threshold, as opposed to a

discomfort threshold, in a large sample.




EXPERIMENT
Methnd

A total of 32 persons (25 men and 7 women) completed the experiment. All
wvere volunteers from AFAMRL or provided through ASD/YP or ASD/EN. Nineteen

|
!
|
i Observers

% wore glasses and 13 had uncorrected vision. Their 1interpupillary distances

rarged from 58 to 71 wm with a mean of 64.6 mm and an SD of 3.0 mn. Thelir ages

: j ranged from 20 to 45 with & mean of 27.4 years and an SD of 6.9 years.

‘ : All observers had been pre-selected tc meet &t leas:t Flying Class II
Vision Standards ard, further, none wore contact lenses since Air Force pilots
may not wear them. Fiying Class IU Vision Standards essentially require

corrected vision to be 20/20 or better and the eyes to be healthy (for details

RN ~ 3 suur it 4

see Alr Force Regulation AFR 160-43). Visicn screenings were performed by the
X staff of the Occupational Mediclne Service at Wright-Patterson AFB orr by a

f ¥y S <SP

reaident ontomatrict at AVAMDY

Figure 2 1s a photograph of the experimental setup. The HUD emulator and

the viewing window are con the right slde. The large rectangle on the left side
is a brlletin bosrd and not & window.

Binocular vision screening tests. Two standard binocular vision
screening tests were used. They were the "No. 553 FD/ Fixation Disparity at

; Far" test and the "Stereo Reindeer Test'" which tests stereopsis, fixation

3 disparity, and suppression. Both tests were manufactured by the BRernell

Corporacion of South Bend, Indiana.

HUD emulator. The HUD emulator consisted of three main units: a housing

{ uvnit, an optircal system and a symbology projection unit. The housing unit
~onsisted of a movable suppcrt platform with ‘~crkable castor wheels; a chair
fixed to the platform e&nd centered with the optical unit; and a 74 cm long by

61.0 cm wide by 102 cm high metal cabinet which supported the optical gystem

and housed the drives anl power units.

The optical system was based on & convex 13,97 cm (5.5") diameter lens
with a 30.48 cm (12") focal length. This leas wag mounted with 1its axis

15
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vertical 1n a hole in the top of the cabinet. Figure 4 1s a diagram of the
system. A beameplitter (partlally silvered mirror cr combining glass) was
placed at a 45 deg angle on the obgz2rver’s side of the lens 9 cm above the
cabinet to make the axial path of 1light from the symbology projector
horizontal and, 1in turn, te permit the observer to 100k over the cabinet and
through the wmirror out towards the horizon. A chin rest was mounted on the
cabinet tc help position the eyes 56 cm from the lens center (41 cam from the
combining glass) and also 112 cm from the platrorm (126 ce frem the room
floor). The symbology projector sgide of the leas similsrly had a fully
silvered wmlirror at 45 deg to make the optical axis horizontal with & ghelf of
the cabinet.

The symbolugy projection unit was placed on an optical track and
consisted of a Welch-Allyn minlature line-filament halogen lamp behind a
Uriblicz Model 3108 Shutter (Vincent Assoclates, Rochester, NY). The WModel
3i08 Shutter Controller was alsc on the suelf, but the shutter release cable
was passed outside the cabinet to the observer. The light from the lamp was
wi.iie Dbut Che symboiogy was made luminous grcen by placing & sheei cof

tranglucent green plastic over the lens’ upper surface.

HUD emulator controller. The desired HUD symbology disparity was achieved

by vacying the distance of the line-filament lamp from the emulator lens. The
lamp was positioned (with a step lncrement preciefon of ,00025 inch) along an
optical track with a Systems Research laboratovries Ins<rument Iaterface. This
interface consisted of (1) a Velmex Linesr Siide and stepping motor drive, (2)
a RBaidwin staft encoder, (3) an Instruwent Interface package SRL 6633-01~23-
1182 Model A, and (4) a Hewlett Packard WP 9625 computer.

Pgychophysical procedures computer. An IBM psrsonal computer was used to
record data aud calculste the optimal disparity test values cu each trial as

described in the procedure geztion, - !
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Visual Displays

The visible scene. The observer’s eyes were pogitioned 160 cm from a 74

ca high by 14C cm long window, hence the optical size of the window was &7.3
deg horizontal by 26 deg verticul. Figuce 5 1a a photograph of the view

through the window. The small central vertical line 1s the superpased HUD
symbology. The window was on the third floor of a building and overlooked a

coemplex scene consistiog of fields, woods, and hills. Two roads with traffic
flow were also visible, About 1.4 km ahead and in the middle of the scene was

a white pole 5 mrad high and relatively 1isolated against an uncluttered patch

of field. This scene was always visible to an observer. Observers were only

tested during good daylight and weather conditions,

HUD symbology. For a brief interval during each trial, a short vertical

lupninous green line (6 mrad high by 1 mrad thick) was optically superposed on
the wvisual scene by the HUD emulator. When the light fro. the HUD was
collimated, the vertical green line was apparently aligned with, the same
dictance 2e, and juet on top of, the white pole visible in the center of the
szene. Wnen the light from the HUD was de'iberatly uncollimated, the green
line could appear doubled with one line each to the left and righct of the
white poie. In addition, depending on the disparity introduced, the green line
could appear either closer or further than the white pole, Figure 6 1s the
same view as 1in Figure 5 except that the double syabology image has been

simulated by filming through a lens cover with two holes in it.

In this study, 1light coming from the far background including the white
pole {8 undistorted and essentially collimated. (Since the target was at l.4
ku, each eye ideally converged inward by only 0.023 mrad from the straight
ahead.) Thus, almost all optical disparity here is due to the vergence of
light frou the KUD symbology. {This is opposite to the case in an aircraft for
which the light from the background is distorted and noncollimated due to the
canopy and the light from the HUD is '"intended”" to be collimated.) Positve
digparity thus means that t. . HUD symbclogy appeared cleoser than the target
and that the eyes would have had to converge to fixate the HUD symbology.
Negative disparity meane that the HUD symbology appeared further than the
target white pole and that the eyes would have had to diverge from thelir
fixation to the arget. Since the target was : lmost at optical infinity and

required unear-zero convergeace to fixate, the HUD symbelogy had to be placed
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"beyond" optical infinity in order to produce the requisite negative

disparities and appear further than the target.

View Through HUD




Figure 6. Simulation of Disparity in Ficld of View
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Preliminary activities. Upon entecing the experimental room, an observer

PPN DY e

% was briefed on the experimental procedure and apparatus. After being given an

opportunity to ask any questlions, the observer was asked to read and sign a

voluntary consent form. All observers gave consent. Following the consent

! giving, an observer’s interpupillary distance (IPD) was measured and sex, age,

and spectacle-wearing status were recorded. The observer was then tected for

d stereopsis, fixation disperity, and suppression with the Stereo Reindeer and

i “Fixation Disparity at Far" tests using standard procedures.

If no problems were revealed, ar observer vas seated in the HUD emulator,
checked for proper head placement, and instructed in detail as to the task tc
be performed ~n each trial. Double vision was explained and the observer was
asked to self-demonstrate the phenomenon by placing one index finger at arms

length directly 1in front of the nose, then placing the other index finger

midway between the flirst and the nose, and finally, shifting his or her

g

fixatfon betwecen the two finger tips and noticing the doubling effect.
H

observer was then wmade famiiiar with the scene vigihie through the HUD an

(P9

+h

1

criterion to be used in judging double vision, After answering any questions,
the experimenter measured the cbserver’s IPD & seccnd time and administcred
six preliminary trials using a range of preselected HUD emulator settiugs In
order to familiarize the observer with the procedure. When the experimeuier j;
was satigfied thot the subject understood the procedures, she entered the
| observer’s IPD 4nto the psychophysical procedures computer and begsn data b+

| collection,

Single trfnl procedure. The disparity velue and the curreaponding HUL

emulator setiing epecitic to the obrarver’s IPD wer= detevrined By a computer
as Jdencribed in the psychophysical technique section. After the experimanter
} k set vhe HUD emulatcr controller to tle desiied value, she gave the observer a

ready signal. The observer then posiiioned hila head in the chin rest, looked

at cthe zargat vhite pole, and pressed a2 shutter release buttoa. A shutter in
the HUD enulater then trietl!y displayed a luminuus green line, Immediately
followirg the presentstion; rhe cheerver said whether or net  the luminoue

graen 1llne appeaved Jdoudble or single and, {f single, if it waz &ligned with or

‘5 o diaplaced left or vight fiow the target white pole.




Diplopia criterion, A judgment of single-vision, and hence the diplopia

X threshold, depends on the criterion used to define a diplopla e¢ffect (Duwaer &

van den Brink, 1981). For example, three possible bases for declaring a

diplopia effect include (1) when any discrepancy from 'normal' single

1
t

appearance 18 noticed such a3 a slight fuzziness, (2) when the 1line has

"significantly" increased 1in apparent width over its ‘"normal" appearance

alveit the 1line is still single, or (3) when the line has apparently split

into two lires and there 1s a perceptible space betweern the two images. This

i last and most stringent criterion was adopted for this study because it
entalls the largest threshold value. Thresholds under the looser criteria may

ea2sily be estimated from the maximum value, for example, by halfing it,

Criterion for diplopia: suppression case. If an observer suppresses,

neither a double image ¢f the background nor the symbology will be seen.
Instead, there 1is an apparent displacement of the symbolcgy relative to the
background. Here 1in particular, the symbology line would no longer appear
{ aligned with, and at the same distance as, the white pole; but rather shifted
right or left aud (sometimes) aiso nearer or farther than the pole. In case of
suppression, chservers were 1instructed to adopt a diplopia criterion

equivalent to that for double images: the misalignment should be clesr and
complete.

Diplopia effect threshold definition. The diplopla effect threshold 1is

defined as the amount of disparity (positive or negative) between the HUD
symbology and the farground which elicits a report of a diplopia effect on SCX
i_ of the occasions when it is presented. A smaller disparity may also induce a
. diplopla effect but only on less than 50% of ite presentations; likewise, a

larger disparity may fail to elicit a diplopia report but only on less than
502 of its presentations.

Thresholds generaily entail a binary choice, a simple “"yes" ¢ "no" to a
detection question. But here an observer has four choices: double, single and

centered, single and to the left, or single and to the right. A simple single-

vision versus double-vision response 1s not really appropriate in this study

because a diplopla effect need not manifest itself valy in double vision. A
diplopia effect, 1in this study, mray include elither a rveport of double vision ‘;
proper cr a report which indicates the observer wass suppressing. Supression

. K here indicatee the apparent image of the symbology was displaced laterally and
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hence 1indicates an effect due to disparity. This is why the term "diplopia
effect threshold" 1is technically more correct than just "diplopia threshold”.

Single <ihreshold procedure. Individual thresholds were determined using

the '"best" Parameter Estimation by Sequential Testing Procedure (PEST). The
Best PEST 1s a maximum likelihood estimation technique which results in the
most efficient psychophysicsl parameter estimation possible, given a known

class of psychometric function (Pentland, 1980). Because this technique 1is

R rys -+ 5 Akes il T i i

fairly new, the logic 1s elaborated here. 1In essence, the Best PEST 1s a
bracketing procedure which 'zeros in" on the value of a threshold hy wusing
che information in an observer’s response history to probe at the most likely
value of the threshold.

e —

For the first trial of a threshold deteruination series, the Best PEST

probes the middle value of the total range availatle since, in the absence of

i any response history, the middle value is statistically the most likely value

i of (he threshold. 1If the response to the midrange value was positive ("yes,

the fwmage 1s double" ot "displaced"), then the second value probed would

reduce the disparity to halfway between the midrange and zero disparity. Else
if the response tu the midrange probe was negative ('the image is single and
centered"), the second value probed would increase the disparity to be halfway
between the wmidrange and the maximum disparity possible, =ince that value
would now be statistically the most likely threshold value. Later probe values
are determined by a maximum likelihood estimation algorithm which allows for

apparent inconsistencies in the response history (Lieberman & Pentland, 1982).

The range of disparity values probed was from zerc¢ (no disparity) to 9.8
mrad of disparity. For a particular threshold determination, all disparity
values were of the same type, 1. e., either all positive or all negative
disparity. The smallect step size possible, and hence the resolution of the
probe technique, was .l mrad., Thus, 99 disparity valuos were avaiiabe for a

threshold determination.

A total of 50 trials were run for one threshold determination. The
threshecid value reported is the value the Best PEST algorithm would use as a
probe 1f there were a Sist trial since the Best PEST slways probes at the
currently most likely value of the threshcld. Inspection of Lhe resporse
histories dindicates that 50 trials is definitely gufficient for a steble
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threshold .alue to emerge and yet not be too long for the value to drirt, for
example, due to fatigue.

Threshold conditions and experimental design. Four thresholds were

obtained for each observer by crossing two levels of disparity direction
(positive or negative) with two viewing exposures (100 msec and 3 sec). Thus,
the statistical design 1s a 2x2 entirely repeated measures design with

disparity direction and exposure duration as within subjects factors.

The 100 msec HUD syubology exposure was chosen in order to determine the
diplopia thregshold when there is no possible cenfounding due to vergence eye
movements. The 3 sec exposure was chosen to determine the diplopla threshold
that might apply when an observer stops to deliberately look at, and possibly

study, an item in the HUD symbology or external scene.

The order of the four crossings was counterbalenced across obsetvers by

presenting each possible permutation at least once and no more than twice. The

ertira avnorimant ranl shaut A€ minutne novr nhaawinw
PET coserver

S-St RAFEL AT RU0N S00VL 52 AUl
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Results and Technical Discussion

The data for all 32 observers is presented without deletion of atypical

observers since one objective of this study was to detzrmine the distribution

of results 1n a general population. Thresholds are treated first and then

suppression data.

Disparity Thresholds

The mean thresholds are always greater than the median thresholds due to

a skewing in the distribution caused by a few observers with large thresholds.
For this reason median thresholds are more representative and the main

discussion and conclusions are generally with respect to medians. Formal

statistical analyses of the means are still presented.

Main effects of disparity direction. In general, positive disparity led

to higher thresholds than negative disparity. The overall median positive
disparity threshcld, irrespective of exposure, was 2.6 mrad and the overall
median negative disparity thieshcld was 1.2 mrad. The overalil mean positive
disparicty threshoid was 3.Gi mrad and the overall mean negative threshold was
1.82 wrad. Disparity direction accounts for 8.7% of the total varlance aand
the difference in the means s statistically significant, E(l, 31) = 19.28,
p<.01. The higher threshold for positive disparity indicates a greater

tolerance of the visual system for positive disparity than for negative

disparity.

One explanation cf this finding 1e that: Positive disparity arises when
the HUD syubology 1s optically closer than the fixsted target. Thus,
resoluticon or fusion of the disparity with respect to the two retinal 1images

of the symbology requircs that the eyes turn inward to fixate the symbology.
Thig turning inward ig a natuvral request to make of the eyes. In contrast,
negative disparity arises when the symbology 1s optically farther than the
fixated target. Fusion here requires the eyes €o rcotate outwards to fixate the

symbology since the light from the HUD i{s converging toward the eyes (and thus
"beyond” the almost infinitly distant target). Retating one’s eyes outwarde is

unnatural and hence less toulerable. Tihils explanation is one way of accounting

for the asymmetry of Panum’s area.
yun
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Saying that pecple tolerate positive disparity better is equivalent to
saying that negative disparity i1s more easily Jetected. Al though
psychophysical studies generally refer to detection ability rather than to its
inverse of “perceptual tolerance,"” we use both concepts here especially since

"“toierance' can sometimes be more ugeful for understanding and for applying

our findings to aviation needs.

Main effects of viewing duration. The overall median disparity threshold,

irrespective of disparity direction, at a 100 msec exposure was 2 wred, and
at 3 sec was 1.6 mrad. The overall mean at 1CC msec was 2.85 mrad and at 3 sec
was 1.98 wrad. The difference in the means accounts for &4.6% of the variance
and is statisically significant, F(1, 31), p<.05. The higher threshold at 100
msec exposure indicates that the observers are more tolerant of disparity
during short glances than during longer viewing. Equivalently, disparity is

easier to detect the longer the viewing.

The 1CO msec exposure corregponds to a quick glance at the symbology and
also 18 foo chort g tize for & vergcuce eye movement to occur. The 3 sec
exposure permits a more careful study of the symbology but does allow time for
a vergence movement to the symbology to occur., Thus, during a 3 sec exposure,
the 1initial disparity 1in the two retinal images of the symbology may be
reduced or eliminated. However, reduction in the disparity of the symbology
entalls a concommitant increase in the disparity of the images of the target.
In either case, whether a vergence movement takes piace or not, the longer
exposure &llows more time for the disparity to become apparent. Cne
speculation from this finding 1s that diplopla is more likely to cccur when &

pilot views relatively more complex items cf the symbology since those 1items

teke mcre time to inspect.
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Interaction of exposure and disparity direction. The median and wmean

thresholds for each of the four disparity direction by exposure conditions &are
pcesented in Tables 2 and 3. The exposure by disparity dirvection lateraction
accounts for only 0.22 of the total variance 1in the data and 1s not
significant, F(1, 31) = 1.03. This lack of an interaction suggesta that the
differences 1in the cell means in Table 3 are due to the simple summing of the

significant main effects of exposure and disparity direction.

Table 2
Median Disparity Threshclds (in mrad)

Disparity .1 3.
Negative 106 102
Positive 2.8 2.5
- Table 3 T

Mean Disparity Thresholds (in mrad)

Exposure (sec)

Disparity .1 3.
Negative 2.3 1.3
Positive 3.4 2.7
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Although there 18 no interaction in terms of the cell means, 1inspection
of Table 4 suggests that thers is an interaction in terms of the varisbility
within the cells. In general, positive disparity results in greater standard
deviations than negative disparity. Detection of positive disparity is both
nore difficult and more variable than detection of negative uisparity. Table 4
also shows that short exposures result in greater variability than long
exposures. This 1{s not surprising and is consistent with the finding that

short exposures make disparity detection more difficult than long exposures.

Parenthetically, the apparent differences in the variability within the
cells do not necessarily invalidate the analysis of variance results for the
wean thresholds. This is so becauge the analysis of variance 1s falrly robust
to violations of the agsumption of homogeneous varilances.

Table 4
Standard Deviation of
Disparity Thresheclds (1in mrad)

Expoaure (srec)

En— e L G e e e e

Disparity .1 5.
Negative 2.4 0.8
Positive 2.6 1.2

Threshold distributions, Knowing average thresholds is impcrtant, but any

application must also take i1into account the entire distribution of the
thresholds. Tabie 5 presents the cumulative distributions of the percentage of
observers experiencing diplopla effects as a function of both disparity
direction and viewing duration. Cumulative percentages are also presented for
the two disparity directions with resulte averaged across durations. Ome
striking result 1in Table 5 18 the relative intolerance of observers for
negative disparity with long viewing: 100X of observers showed a diplopla
effect when as little as 3.75 mrad of negative disparity was preseat. The
general intolerance to negative disparity 1s also seen by comparing the entire
threshold distribuzions when the effects of duration are pooled: at every

level of disparity, the percentege of observers experiencing a diplopia effect

under negative disparity is greater or equal than unuer positive disparicy.
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Percentage of Observerts Experiencing Diplopila
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Threshold corvrelations. So far, all thresholds have been treated as {f

they were independent from coandirion to couditicn and observer to observer. In
fact, tolerance for disparity seems to te an individual trait: people with
high thresholds 1in one conditicn tend to have high thresholds in  the other
conditions eand similarly for people with low thresholds, This msy be seen by
iuspes~ting the gcatterplots in Figures 7 to 10. These scat:erplets and the

correlations they 1illustrate are based on the data from all 32 observers.

Yence, ststistical significance 2t the p=.05 level requizes a linear

correlation coefficient of r=.349 and st the p~.0l level, an T = 445, 1lhe

linear relationships at these criticai r values would accounv for 12%Z and 20%

of the respective variences.

Figure 7 shows a high (r=.59) positive correlation between positive and
negative disparity threslholds at the 100 msec exposure. Notice the wide range
and distribution of both vousitive and negative thresholds, Figure 8, by
contrast, shows a nonslignificant positive correlation (r=.29) when the
exposure 1s 1increased to 3 sec. The weaker correlation may be due to the
tighter clustering of the cthresholds. In addition, Figure 8 shows the general
lowering of the diplopia thresholds with 1longer viewing., This threshold
lowering effect with duration is shown even more clearly irn Figures 9 and 10
since the only independent variable within each figure is duration. Figure 9
shows a high correlation (r=.45) between the short and long exposure

thresholds under negative disparity. Figure 10 shows a similar high

correlation (r=.49) for the two exposures under positive disparity.

The margzinal distributions in Figures 7 to 10 provide e visualization of
the distributions presented in Table 5. The fable is useful for summary
information and for applications; the figures are useful for Interpretation
and for providing additional information on individual differences in
sensitivity to diplopia.
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Suppression otcurrences

An  unexpected finding of this rtudy was the large number of occurrences
of suppression. This result was unexpected in that suppression is all but
unmentioned 1n the diplopia literature. A possible reason for the difference
is thsat wmcst studies in the literature use a small (4 or less) number of
highly selected and trained observers, whereas this study employs a large
number of observers with no prescreening other than good vision. Another
possible reason for the difference 1s that diplopla studies generally use
optically simple and uncluttered displays: & wminimum number of attention

drawing elements set against an otherwise empty or homgeneous field. This

study employed an optical scene more likely to occur 1in aviation: a HUD

element superposed over a very cluttered and complex ecological scene.

In order to provide a context for the suppression frequency analysis, the
frequencies for single and true double vislion are presented first. The
following analyses are based on the percentage of trials during a threshold
determination which resulted in reports of single vision, true double vision,

or suppression.

Frequency of single vision reporis. Although the number of rrials per

threshold determination was 50, the highest frequency of single vision reports

rould be about half that number since the thresho d probing technique was

actively seeking that disparity salue which would przduce a .5 preobability of

eliciting single vision., In fact, 48.3X of all reports were of single vision
which testifies that the PEST algorithm fuactioned as intcnded. Further, there

were no differentiz2l effects ¢f narticular disparity directiouns, viewing

times, or their interactions as no cell or warginal percentage differed from

the overall percentage by more than 1.3 percentage units.
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Frequency ‘gg true double visicn reports. If there were no instances of

suppression, the expected percentage of reports of true double vision would be
about 50X by the same argument given for the expected percentage of single
vision reports. In fact, the overall perc.:ntage of true double vision reports

was only 30.0%. Table 6 presents the incidence rates for each of the four
disparity direction by exposure duration conditions.

-

Table 6

Meen Percent of True Double Vision Repor:s

per Threshold Determination

Disparitcy .1 3.
Negative 34.0 39?8
Positive 20.3 26.1

There were virtually no interaction effects, F(1, 31)<0.01, which means
that all differences in the cells are due to simple summation of the main
effects of disparity direction and exposure duration: Negative disparity
produced a larger percentage of true double vision reports than did posicive
disparity, 36.8% versus 23.2%. Thie difference is significant, F(1l, 31)=23.58,
p<.0l, and accounts for 12.3% of the variance. The main effect of viewing
duration (27.1% at 100 msec and 32.8% at 3 sec) is slso significant, F(1,
31)=7.12, P<.05, but only accounts for 2.12 of the varlance. In contrast to
the relatively weak effects of the experimental manipulations, individual
differences in observer means (which ranged from 0X to 49.5% true double

vision reports) dJdirectly account for 53.2% of the variance.
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Frequency of suppression reports. During data collecifion, a distinction

was made between left and right eye suppression, but that distinction was
dropped after a preliminary data analysis. If there were no instances of true
doubie vision, the expected percentage of suppression reports would be about
502 by the same argument given for the expected single vision percentage. In
fact, the overall percentage of suppression reports was 21.7%. (Together with
the 48.3% single and 30.9% true double vision reports, all reports are
accounted for.) Table 7 presents the incidence rates for each of the four

disparity direction by exposure duratiou conditilons.

Table 7

Mean Percent of Suppresion Instances

per Threshold Determination

Exposure (sec)

Disparity . 3.
Negative 17 .4 13.5
Positive 31.0 25.0

The exposure by disparity direction interaction accounts for only 0.1% of
the total variance and is not significant, E(l, 31)=0.33. 1nhis lack of an
interaction indicates that the differences in the cell are due to the simple

summing of the main effects cof expossure and disparity direction:

Positive disparity led to almost twice as many instances of suppresion as
did negative disparity. The difterence in the means (28.0%7 cases per threshold
determination versug 15.4%) accounts for 11.1% of the total variance and 1is

statistically significant, F(1, 31)=19.04, p<ooL.

Short viewing exposures led to more suppression than longer exposures.
The difference (24.2% cases per threshold deterzination versus 19.3%)

accounted for only 1.7% of the variance which 18 much less than the 11.1%
accounted for by dispsrity direction, but the effect of viewing time 1s still

sigrificant, F(1, 31)=6.17, p<.05. Although the reduction in suppression with
longer viewingz 1is small, 1ts explanation may be that louger views allow more
time for true double images to emerge. Suppresion may yileld to double vision

and alternate with it.




As 1In the case of true double vision, 4individusal d fferences in wean

guppression rates were large. They ranged from 1.5% to ...,% and directly
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accounted for 53.8% of the variance ia suppressinn rates.

These sguppression findings are novel and their full significance rtema’ns
to be explored. As such, these findings should be considered tentative until
they are replicated. A prime variable for study is the complexity versus the

simplicity of the scene. Does the visuel system prefer to suppress one eye’'s

{ view rather than permit double images in rich ecologically occurring scenes?

Relation of Thresholds and Vision Reports

A diplopia effect threshcld 1s that degree of disparity which has a 50%
. chance of producing single vision end a 50% chance of producing a diplopia
effect of &any kind. We have differentiated between two types of diplopila

effect, namely, true double vision and suppresion, and have found wide

individual differences 1in susceptibility to these two vision effects. A
reasonable question now is whether these effects, in themselves, <correlate

with the diplopia threshold. No significant correlaifon (r>.345, di=30, p<.05)
g I gt P

— It

i between the percentage of true double vision reports per threshold and the

actual threshold was found for any experimental conditicn.

i With respect to suppresion reports, there was & marginally significant
' correlation (r=-.36) between suppresion rate per threshold determination and
the actual threshold value for the condition of postive disparity at a 100

msec exposure, No other suppressicn correlation was significant. Thus, we

conclude that the diplopia effect threshold is reasonably independent cf the
type of diplopia effect. Since a dependency 18 not wunreasonable, this

conclusion is only tentative.
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GENERAL DISCUSSION

The main findings of this study are:

(1) Observers are relatively 1intolerant of negative disparity. In
negative disparity, a nonfirated object is optically farther than a
tixated object.

(2) Longer viewing 18 more likely to lead to a diplopia effect than
short glances.

(3) Resistance to diplopia effects appears to be an individual trait.

(4) A large proportion of responses involve suppression.

The overall median negativ. disparity threshold was 1.2 mrad and the
overall median positive threshold was 2.6 mrad. These figures compare well
with the classic static direction averaged threshold value of 2.0 wmwrad; but,
in addition, provide cruclal information of the effects of disparity
direction. With respect to practical applications such as setting tolerance
specifications for F-i6 HUD/canopy combirations, the values of 1.2 and 7.6
mrad are simultaneously more strict and more lenient than the classical value
of 2.0 mrad, but the direction information can have a significant payoff in

terms of pilot comfort, safety, and acceptance.

For example, tolerance specifications can capitalize on, rather than
merely reflect, the asymmetry of Panum’s area: The "midpoint" between our
limite for Panum’s area of +2.6 and -1.2 wmrad disparity is +0.7 wmrad. This
suggests that HUD {rmagery should be placed at a slightly nearer optical
distance than the (firated) target imagery. Our estimate of (0.7 mrad positive
disparity compares well with the 0.38 mrad pesitive disparity which Gibson

recommends as optimal for “viewing comforc,"

There 18 another wgy to capitalize on the asymmetry: The logic behind

Panum’s area suggests that diplopila will probably not be noticed if the HUD
imagery is as much as 2.6 mrad "nearer" than the target or as much as 1.2 mrad
“farther." The question now !s "Where is the target?". Contrary to traditional
thinking, a distant target is not necessarily &t optical infinity. 1initial
studies at AFAMRL (Genco, 1984; Task, 1983) indicate that 7-16 canopy optics
can place a distant target at au optical distance of about 3.5 mrad in front
of an observer. Tnus HUD imagery divergence (eye convergence} could range from
(3.5~1.2) to (3.5+2.6) or 2.3 to 6.1 arsd without inducing diplopia.
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This range contrasts sharply with traditional goals ia two wavs: (1) {it
18 not recommended that HUD and target imagetry be collimated, but rather that
the HUD imagery be optically closer than the target, and (2) neither the
target nor HUD imagery are assumed to be at opti-al infinity.
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Another feature of this study is that the number of observers was large

encugh te yleld meaningful standard deviations and threshold distribution

reporting a range based on a few observers rather than the standard deviation

’ functions (Tables & and 5). Previous studies were generally limited to
! atd full distributfon. The following range data are provided only for
1

comparison with previous studies: The range of overall means for individual

i observers here was 1.2 to 6.2 mrad. The upper limit is similar to Duwaer and
{ Brink’s value of 6,46 mrad, but the lower limit of 1.2 is considerably lower
than their overall jower limit of 2.18 mrad. This difference {s probably due

to the muchk larger number of observers in the present study (32 versus 2).

Actually, exact cowparisons of specilfic values would seem difficult, {f
not dmpossible, a2creose different srtudies due to the large variation in the
conditions ¢f each study such as threehold criteria, presentation methods, and
exposure duratioas. These factors, and others such as Inherent individual
differences and training techniques, s&re known to affect threshold valces.
However, in spite of these potential pitfalls, it is the case that our results
are reasonably similar to those Iin the literature. ¥ith one notable exception

(the suppression findings), thc present results confirm, extend, and amplify
those of previous studies.

It is well, however, to keep in mind just what the differences between
this study and the others are. This study used: (1) a clear distinction
between rtesults for different disparity directions; (2) two very alfferent
exposure durations; and (3) a large number of observers. These differeunces are
obvious; other more subtle features or differences are the use of: (4) a
distant (1 Wm) fixatlion point whereas most other studies use a fixation
distance of a few meters or less; (5) a complex real-world background (this

feature 1s shared with the cther HUD disparity studfes); (§) an efticient,

high-resolution psychophysical probing technique; and (7) a stringent
criterion for diplopia.
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This last feature means that somé pllots might suffer from a blurring of
vision or other diplopia effect at lower disparity levels below the threeholds
reported here. A replication using a more lax criterfon would show lower
diplopla effect thresholida, that is, a greater intolerance for disparity than
here. This last point deserves specizl attention in setting specifications
since blurring msy lead to discomfort, asthenopia, and reduce target detection
range. Recsll that the HUD studies of Gold and also of Gibson 1indicated a
aiscomfort threshold ot about 0.8 to 1.0 mrad of negative disparity. Thus, the

mcre genercus tolerances apparently indicated by this study might be somewhat
artificiaily high,

For example, although stereopsis effects can be noticed with as little as
0.05 mrad disparity, these effects were not studied. Similarly, the effects of
varying disparities across the field of view weire not studied. If the certral
field of view has less disparity than the pecipheral field of view, what will

The mosat unexpected finding of this study was the near universal and high
frequen:y of suppression as disparity increased. Since suppression due to
disparity can also 1lead to aiming errora, its incidence 1is by no means
irrelevant to pilot performance. The alming error budget allocated to the F-16
canopy is aporoximately 3 mrad. If suppression of one eye or the other shifts
the target or ihe pipper image, much of this budgeted amount couid be expended
on the effects of binocular disparity rather than cyclopean angular deviation.
Is suppression frequent under ideal viewing conditions or is it a reaction to
digparity? We do not now have the answers and thus recommend a research effort
directed at underatanding suppression in pilotis.
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