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INTRODUCT ION

Aasnmp t ions have been made about the relationship between the accosmo—
dation respons e of the eye and the presence of a virtual Image projec ted at
inf inity in the visual field. These assumptions have not been verified , and
if they are incorrect they could have serious implications for the design and
use of various types of virtual Image display devices. The virtual image dis—

• plays include two types of disp lays which are used in an aircraf t environment ,
the Head—Up Displays , (BUD.) and the Helme t Mounted Display s , (Htms) . In the
BUD, images are reflected from a beam splitter , or combining glass, which is

• mounted on the aircraft at a nominal dis tance of 54 cm from the pilo t ’s eye
point. The beam splitter i fixed in the pilot ’s field of view, and , because
of the exit pupil of the optical system , prescribes a relatively small ar ea
within which the pilot is permitted to move and contin ue to view the BUD images.
In the HMD , the images are reflected from a beam splitter which is mounted on the
crew member’s helmet. In some cases , the beam splitter is a small reflector
mounted inside the visor of the helmet. In other cases, the beam splitter is
a small reflector permanently attached to an image generating device such as
a cathode ray tube (CRT). In still other eases, the beam splitter is the
helmet visor. The visor is shaped so that it is a refracting reflector and
becomes a part of the optical system of the display. Developments currently
in progress will apply diffractive optics techniques to the generation of BUD
and HMD images.

The HMDs have been developed to provide relief from restrictions on the
aircrew members Imposed by the use of traditional panel mounted displays and
BUDs by supplementing these devices with the helmet mounted devices. The
helmet mounted devices also provide an additional dimension to the control
and guidance funct ions performed by aircrev members.

The ease with which an optical device is used , and the fatigue generated
by the use of the device are of vital concern to the developer s of the devices.
Design decisions are extremely significant with regard to the eventual use of
the devices. In the helmet mounted versions of the virtual image displays,
two conflicting motivating factors must be resolved by the developers. The
first is to provide as light weight a helmet as possible so that fatigue and
hazards are minimized. The second is to provide high quali ty images for the
display, which means stabilizing the optical system of the disp lay , thus
increasing the weight of the system on the helmet . Info rma t ion which can be
used by display designer s to make the design decisions which are required is
necessary (1) and is being developed . A previous study of the effect of virtual
image proj ection distance provided informa tion which suggested tha t the accom—

• modation response is influenced by the presence of the vir tual image generating
equipment, as well as by the image itself (2) . A strong indication of that
study was that information which could be gained by continuously monitoring
the accoamodation response would be useful • The study reported here investi-
gated the change s in accoamodatio n as a result of virtual Image manipulation
in a procedure which permitted continuous observation of the accoiinodation
response.
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METHODS AND MATERIALS

APPARATUS

The apparatu s consisted of a three—dlmensiona.l eyetracker, a hot pen
recorder , an acc~~~odat ion and eye position calibrator , a background scene
and search field stimulus generator and two display simulat ors.

The evetra cker portion of the apparatus is a Stanford Research Institute
(SRI) th ree—d imensional eyetracker . The instrumen t is a combined optometer
and two—dimensional eye tracker which has been developed to measure the dynamic
refractive power and the direction of gaze of the eye simultaneously. The
elements of the eyetracker and the composite instrument have been described
in detail elsewhere (3,4,5,6) end will only be described in su~~ary here .
The eye position tracking portion of the instrument makes use of the first
and fourth Purkinje images to track the rotation of the eye. Th. first
Purkinj e image (the reflection from the front surface of the cornea ) and
the fourth Purkinje image (the reflection from the back surface of the Lens )
are located in the plane of the pupil of the eye. As the eye rotates to shif t
the direction of gaze, the two images move relative to one another. The posi-
tions of the images are monitor ed by photocells and mirrors which are adjusted
to maintain the position of the images on the photoce lls. The electrical outp ut
of the adjustment cir cuits prov ide signals which can be recorded to indicate the
horizontal and verti cal rotation components of the movement of the eye .

The optcmeter portion of the eyetracker is shown in a conceptual diagram
in figure 1. A point source, 5, at infinity which is viewed through aperture s
A. and B alternately will be Imaged at point C if the eye 1. focussed at inf inity .
If the eye is focussed nearer or farther (negative focus) than infinity, the
images of the source through each aperture will, be located at points other than C.
The location of the reflected retinal Images on a split field photocell (SPF ) can
be used as part of a feedback circui t to adjust the illum(”~ting conditions such
that the reflecti on of the images of the source through the apertures are steady
on the SPY . The adjustm ent of the feedback circuit provides a direct measure
of the instantaneous refr active power of the eye which can be recorded (6) .
The optical system of the optometer is, of course , more elegant than that shown
in the conceptual diagram of figure 1, and is explained in detail in reference 6.

Figure 1 - Eyecracker Conceptual Diagram

— 4 —
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The signals from the eyetrack er were recorded on a Sanborn eight—channel
thermal oscillograp hic recorder with 350—l300C DC—coupling preamplifiers. The
res ponses and signals recorded were horizontal and vertical eye movement signals
from the 1st and 4th image trackers, accosmodation, slide presentation and the
observer’s target detection response.

The acco odation and eye position calibrator consisted of targets located
at sp’nified positions for which the eystracker outpu t of an observer ’s resp onse
could be recorded. Targets of equal visual angle and luminance were presented
at 1, 2, 5 and 16 asters (nominal optical infinity), and the observer’s
acc~~~odation resp onses as registered by the eyetracker were recorded. The eye
position calibrator consisted of a target which was located at 1 meter from the
eyepoint and was moved in measured steps along an arc of a 1. meter radius circle .
The tracking respon se as registered by the eyetracker was recorded.

A projector was used to provide a small red f ixation spot on a screen
located 16 meters ftc. the observer ’s eyepo int . The spot was used to direct
the observer ’s gaze as required . A second projector provided a series of scenes
on the screen during a trial. An aircraft target was prese nt in each scene , and
the observer searched each scene until the target was located.

A BUD and an HMD simulator ware utilized to provide the virtual image
conditions. The BUD was an actual aircraf t instrument which was mounted on a
platfor. which would permit the center of the combining glass of the BUD to be
centered in the line of sight at 57 cm distance from the eyepoint as required.
The HMD simulator consisted of a a~all pro jector and a beam splitter mounted on
a head band which allowed an image to be proj ected to the righ t eye of the
observer . The eyetracker monitored the left eye of the observer.

The optical adjustments of the two display simulators were measured with
a calibrated telescope and determined to be adjusted so that the reflected
vir tual images were projected at infinity . The luminances of all calibration
and experimental targets were measured with a model 1980A Pritchard Photometer
which was calibrated with a G a  Scientific 100 ftL standard source.

The observer ’s horizontal eye position measurements were calibrated by
recording the eye position when the observer viewed targets positioned at 15,
10 and S degrees to the left of center, centered, and 7.5 and 5 degrees to the
right of center. The vertica l eye position was calibrated by recording the
eye position when the observer viewed targets on the screen positioned at the
center , upper and lover left , and upper and lower right of the screen corres-
ponding to angles of 0 degree s, and 3 degrees 5 minutes above, below, left and
right of center . The observer ’s level of acco odation was calibrated by
recording the accoemodatio n response when the observer viewed the accoemodation
cargets which were can tered at 1, 2 , 5 and 16 meters distan t from the ey.point .
Calibration curves were drawn so that recorder needle deflection could be con-
verted to angle of movement in a vertical or horizontal direction and diopters
of accomeodation.

— 5 —  
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PROCEDURE

One half hour prior to the start of each experimental session, 2.5 percentneosynephri.ne ophthalmic solution was adm inistered to each eye of the observerin order to dilate the pupils of the observer and reduce the noise in the re-cordings due to pupillax’y contractions as the stimulus conditions changed.Th. observe r sat in a dark room for 25 minutes to speed the pupi llary dilation
end to control, adaptation level. Preliminary trials with and without the applica-tion of neosynephr inc confirmed that the amplitude of the resp onse was notmeasurably reduced by the use of the mild aidriatic. The noise in the recordingswas significantly reduced. After the adaptation period , the experimental sessionwas started .

The observer positioned himself on the dental Impression bite board andfixated the small red fixation point which was projected onto the screen. Theinitial adjustments of the recorder were made. When all adjustments were cam—plated , an accomeodation calibration check run was condu cted in which a sequence
of 10 stimuli, alternately at the 1 and 16—meter distance were presented to the
observer for 15 seconds each. The stimuli required no horit outal or verticaleye movements. The eye resp onses were recorded during the calibration run . Theobserver was then permitted to relax for 1.5 minutes. Following the rest inter-val, the fixation point was turned on again and the observer again positionedhimself in the apparatus . When he was prope rly positioned , a sequence of 10slides was presented , each slide being viewed for 15 seconds. Each slide, aphotograph of either a land , sea or air scene, contained the silhouette of anaircraft which subtended a visual angle of either 9 or U. minutes in its longestaspect. The observer was req uired to search the slide until the aircraft sil-
houette was located , press his hand switch to signal that the aircraft had been
located and return his gaze to the center of the screen. After 10 slides hadbeen presen ted , the observer was allowed to relax for 1.5 minutes. At the end
of the rest period, the observer was signalled to reposition himself on thebite board and the slide search procedure was repeated. A total of 20 slidesearch sequences was conduc ted , after which the appropriate beam splitter wasposit ioned . The beam splitter was then removed and the final sequence of theexperimental seas ion, a calibration check run, was conducted. During each
sequence, recordings of the horizontal and vertical components of the first
and fourth Purkinje image positions, the accosmodation response, the slide
presen tations and the observer ’s detection resp onse were made . The order of
presentation of the slides was randomized in each experimental session, and
the or der was different from session to session. The experimental design is
shown in table I.

TABLE I - Experimental Design

Search Target No Beam Splitter BUD BMD
(mm .)

9 A B C

1.1 D B F

— 6 —
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RESULTS

A sample recording is shown in figure 2. Th. responses were read from
the recording in 1 second intervals . Computer analy ses of the results pro-
duced an analysis of variance and mean responses for each of the conditions.
The analysis of var iance results are shown in the table II s~mmary. The
average responses were converted to diopt.rs of accommodatio n using the
calibration curves , and they have been plotted in figure 3.

The analys es in table II show that the variances for rep lications , time
during the response , slides , beam splitter condition and slide by beam splitter
interaction were all significant at the 0.001 level or greater . The curves in
figure 3 indicate that the presence of a beam splitt er results in a more
telexed accommodation state. It should be noted that the no beam splitter
condition appropriate to each beam splitter has been plotted. The experiment
was designed so that the control condition , no beam splitter , was run in the
sam. session as the beam splitter condition to eliminate day—to—day fluctua-
tions as a bias in the results. The beam splitter curves are appropriately
evaluated relative to the specific control curve.

DISCUSSION

The analyses of the results of the experiment rep orted here indicate that
the use of a beam splitter may provide a positive influence in addition to the
information conveying function. ft is important that the accommodation be
relaxed to as great an extent as possible when out—of—the cockpit visual, tasks
are being performed by aircrew members. Under impoverished stimulus conditions ,
the accommodation tends to return to a resting level which is nearer than that
which is present when targets at optical infinity are viewed. The result of
the resting level of accommodation has produced a phenomenon which has been
referred to as “empty field myopia ,” in which objects which subtend a small
visual angle are not detected by the observer • The differences present in
the experiment discussed in this rep ort are small, and are undoubtedly due
to the particular stiaulua configuration used in the experiment. However, the
differences between the no beam splitter and the beam splitter conditions are
very consistent . The suggestion is that a more Impoverish ed visual field
would have produced even greate r differences between the conditions in which
beam splitters were and were not present .

A word about the technique used to monitor the eye resp onses is appro p-
riate. The technique is noninerusive, and permits continuous observation of
the eye responses as stimulus conditions are varied . Because the energy used
to monitor the state of the eye is outside the visible range, the instrument
does not serve as a stimulus to a visual resp onse itself . Both of these
factors are a decided advantage in the type of investigation required to
assess the effectiveness of advanced display devices.

_________ I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~
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TABLE II - Analysis of Variance S~mmzary Table

Source of Variance df MS P

(R) Replications 11 4366.20 242.70*

(T) Time 14 108.01 6.00*

(S) Slides 19 183.14 10.18*

(B) Beam Splitter 1 3469.45 192.85*

S x 3 19 80.30 4.46*

T x B 14 12.75 0.71

T x S x B  266 3.46 0.19

(cells) (266) (6.21)

error 6589 17.99

Total 7199

* P < 0.001

— 10 —
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