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I
IS THE EYE SMART OR TBE BRAIN FORGIVING ?

Stan ley N. Roacoe and Russell A. Bene l

University of Illinois at Urbana -Champaign

Somehow we see things cl~~~ ly or at leas t are ~ i~~~re that th~~ are w,olear , when in fact the i,~~~ea on our
retinas are badly out of focus as determined by an infrared opt olne ter. Although the average accommodation dis-
tance nay b. fax ’ f rom the distance of the viewed object , the nore or 7.858 rhythmic f luctuations in aooo,rmnodation
distance are sufficientl y large to bring an out-of-focu s object into focus momentari ly every so often, at which
times it nay be scf ~ led by the bra in. Further more, i f  objects are broug ht into focus regardless of acccsIs ’Ioda-
tion distance by the use of a snail artificia l pup -il, the accommodative mechanism will quickly lapse toward its
intermediate resting po sition and then, af ter  a minu te or tao fo r  ir emy eubjects , will mvibark up on a series of
extreme f luctuations , as i f  searching for  an out-of-focus image to back avay from. These and other incidental

ervations are now subjects of an ongoing eye te,rrxtic inve8ti gat ion.experimenta l oh.

BACIO’,ROUNT) For example , many investigators have used ophtha l-
mic lenses of varying dioptric power to “ induce ” accom-~During the second half of the last century . stu— modation to different distances, not bothering to sacs—

dents of visual sensation and perception were starting sure the actua l resulting acco~~odation levels. Randie ,
to call themselves psychologists. Many of these pay— et al. (in press) recently attempted such a manipula—
chologists , particularly the Germans, had taken their tion and did measure acco~~odation . The inveatigators
formal training in physics or physiology. Quite net— were surprised by the extent of the eye’s disobedience
urally they devoted much of their early attention to and the brain ’s indifference. Over a stimulu, range

J physical adjustments that could be observed and Thea— of three diopters , the eyes of 20 pilot s shifted their
sured , either directly by Inspection or indirectly by accommodation to real image. by 1.46 ), on average, and
introspection. Unfortunately, in their compulsion to to virtual images by only 1.27 D.
make things tidy, they bequeathed us a legacy includ-
ing some untested assumptions and a few downright isis— The Reduced Schematic ~~~
understandings that they had brought along from physics
and physiology . One legacy from physiological optics that remains

suspect is the central assumption upon which currently
The Misunderstandings accepted models of the reduced schematic eye are based ,

namely: that the angle subtended by the projected ret-One assumption that has misdirected psychologists inal image of an oblect 1. proportional to the visualfor more than a century I, the misbelief that the dark angle subtended by the object, regardless of the di,—focus of the eye —— its relaxed accommodation distance tance to which the ~~~ is accommodated (Davson , 1972;—— is at the far point , normally taken to be “optical Duke—Elder , 1940) . Both the Law of Size Constancy and
infinity. ” This long—accepted “fact ’ was brought into Emtsert ’s Law regarding the projection of afterimage,
question with the discovery of the phenomenon of clap— depend upon this assumption , and both laws break downty—field myopia’ experienced by pilots of high—flying when the eye accommodates to different distances (Hol—
airplanes (Whiteside , 1957). However, it was not un— way I. Boring, 1941; Young, 1948; 1952).
til the present decade that the “intermediate distance
of dark focus” was firmly established by Hershel The proportional retinal angle assumption and anLeibowitz and his students at Pennsylvania State lint— alternative hypothesis are illustrated in Figure 1.versity (e.g., Letbowitz 6 Owens, 1975) and by Robert The testing of the assumption is the subject of an on-Randle and his associates at NASA ’s Ames Research Cen-
ter (e.g., Roscoe, Olzak & Randle , 1976). Although going investigation by the authors for the Air Force

Office of Scientific Research. If the assumptionindividual resting accosimiodation distances vary wide-
ly, the typical distance is at arm ’s length . proves false , the way will be cleared for the explan-

ation of unexplained findings throughout the liters—

A closely related misconception , often an implicit various bias errors in vehicle control. Available
ture of visual perception of size and distance and

assumption in experiments , is the belief that the eye evidence from experiments by Young among others sup—
ref lexively accommodates reasonably accurately to the
distance of an object being attended to in central vi- ports the rejection of the proportional—angle hypo-

thesis and acceptance of the alternative .ston. in fact , Hennesay and Leibowitz (1971) have
shown that accommodation depends upon the distance to
the peripheral surrounding, as well as to the foveal
target; Roscoe , Randle , and their associates (Roscoe ,
et al., 1976; Roscoe, 1977; Randle , Roscoe, 6 Petitt ,
in press) have shown that accoimiio.stion outward or in-
ward is a compromise between the “pull’ of the stimulus StONAL - TO -and the tendency of the aye to lapse toward i ts  rest- s,eu as,uwea,os, ~ os smc,

sIDUCC O 5CNCU*T5C (Toing position; and Randle (7.971) ha. shown that , through a lasts a 5
biofeedback conditioning, accommodation can be brought
under voluntsry control independent of the visual 

V .atimulu~ .

For accurate accommodation , two conditions are
necessary: (1) adequate textural and/or perspective 

~~7(Rlatvf
IUSGI5YCO Sm cN,,ssca&cues to distance and (2) the requirement to make a fine
OhS C £

discrimination. Lacking either , the lazy eye simply
doesn ’t bother to focus, and the forgiving brain pre-
tends not to notice. Thus, the validity of countless
experiments done in dsrk~ned rooms is limited to those
conditions , and the generality of the findings to the
everyday visual world is suspect. Indulging the naive
“scientific” compulsion to study the “pu re” e f f ec t  of Figure 1. Illustration of the proportional retinal—
one variable at a time , and to hold constant or d im— to—vi sual angle assumption and the alter—
m ate the presence of all other variable. , is to deny native hypothesis that the retinal angu—
the undeniably interactive complexity of visual pro— lar projection is attenuated with in—
cseses. creasin g lens convexity.
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I
I THE MEASUREMENT OF ACCO~*(ODATIcg~ These particular recordings were taken to deter-

mine the resting, or “open loop,” accommodation level
Much of the mi sunderstanding and dependency upon of each subject prior to his participation in the main

untested assumptions concerning visual perception has experi ment. Following a brief interval of presceo o—

I resulted from the difficulty of measuring acco~~~da— 
dation to either a 0 D or 4 D stimulus target, a 1—mm

tion, either overtly or covertly, while subjects are diameter artificial pupil was positioned 8 cm in frcnt
making perceptual judgments. What baa changed recently of the subject ’s left eye while the subject continued
is the ready availability and widespread use of devices to fixate the target. The artificial pupil serves to
capable of relatively accurate covert measurement of maintain a focused image as accommodation drifts “open

I accommodation without affecting it or seriously re— loop” toward its resting level.

I stricting the subject ’s performa nce of perceptual tasks o.,. ~oo.
(Crane & Steele, 1978; Crane & Clark, 1978). Measure— s~ ~~ . :.
ment techniques have been available for a much longer
time, but they have not been widely used —— some not ‘ ° °  “.~~~~‘ . ‘-‘ ‘.:~:.L~_ ._.._ .

J at all since their original deeelopment (e g Wulfeck o ‘
~
‘

~~

Overt Measurement misc is secowos

I Leibowitz and his students and many others have Figure 2. Preaccommodation to zero—diopter and
made frequent and effective use of a simple and inex— four—dtopter stimulus targets by two
pensive laser optometer that requires an overt vocal pilots , followed by their “open—loop”
or manual response by the subject (Leibowitz & Hennesy, responses subsequent to the insertion
1975). The device has the advantage of absolute, as of an artificial pupil in front of the

I opposed to relative , measurement. While it does not left eye at time—zero.

I affect the subject ’s accommodation, it does distract
attention from a primary perceptual task. Further-
more, it does not yield continuous measurement as re— preaccoimsodation

I 
quired for the study of the speed of accommodation or
its microfluctuations. In Figure 2, the recordings for two subjects have

been smoothed to illustrate more clearly a number of
Covert Measurement typical findings: (1) Individuals accommodate differ-

ently to the same stimuli , particularly as their dis—
Oculomotor adjustments that constitute part but tance increases; to the 0—D target , Subject 2 preaccom—

not all of the accommodation process are changes in the modated to a dioptric level that corresponds to a dia—

1 curvature of the front and back surfaces of the lens. tance of 1—1/2 meters , whereas Subject I preaccommodated
Theme are visibly revealed by changes in the size and to a distance beyond minus 1/2 0 (a response analagous
position of reflections from these surfaces known, re— to that of a zoom lens). (2) Subjects preacconimodated

I 
spect ively, as the 3rd and 4th Purkinje images. Al— more steadily to more distant targets. (3) Despite the
though the 3rd image is difficult to produce in a Thea— large displacement of preaccosunodation levels for the
surable form (and to find even then), these reflections two subjects , the differences in responses to 0—0 and
have been observed by many investigators and measured 4—0 stimuli by each subject were of a similar magnitude .
by a few including Wulfeck (1952) who took motion
pictures of the reflections from two infrared point 

~~~~~~~~ 
Responses

I sources.
Upon insertion of the artificial pupil . Subject

The recent explosion in accommodation research , l’ s eye took off in a hurry, wandered a bit , and then
however, has been made possible (and greatly stimulated) proceeded to its resting level just beyond optical in—

I by the development of the Crane—Cornaweet three—dimen— finity ( <0 D); Subject 2’s eye went immediately to 1 0
sional eye tracker, an infrared oculometer/optometer from its preac~ommodation to the 0—D target and hugged
combination available from SRI International (Cornsweet the 1—0 line thereafter; but , from its 4—D target, it
& Crane . 1970; Crane & Steele , 1978). Briefly, the de— initially wandered around as if confused , actually n a —
vice provides a continuous , high—bandwidth output of ing to almost 4 D at the 7—sec point , and then slowly

I changes in optical refraction required to keep an in— lapsed toward a resting level of 2 D , showing a hys—
frared image in focus on the retina as the eye accom— teresis of 1 0 relative to its resting level from
modates. It, major limitation is that its measurements preaccommodation to the 0—0 stimulus.
are relative to an approximation of zero diopter and
therefore not absolute. These responses are typical of two types of sub—

E
jects between and beyond which there is continuous var—

FUNNY THINGS THE EYE DOES iation within the normal population . Individuals (e.g.
Subject 1) with distant resting accoassodation tend to

Since the original Crane—Cornsweet optometer was underaccoimsodate to either near or far targets and to
developed for NASA’s Ames Research Center , the record— lapse quickly to their resting level from either di—

E 
ings of its outputs from many experiments have been rection. Individuals (e.g. Subject 2) with near rest-
full of surprises. The eye does some strange things ; ing accommodation tend to overaccownodate to far tar—
it is not only lazy and disobedient but also stubborn , gets and to lapse slowly and uncertainly from their
emotional , and occasionally a practical joker. Several near preaccoirssodation level toward a resting level that
of these curious things can be seen in Figures 2, 3, is much nearer than their resting level following pre—

I 
and 4 which are based on representative stripchart accommodation to a far target. These are the indivi—
recordings taken by Lynn Olzak and Donna Miller in an duals who contribute to the typically observed group
experiment conducted at Ames Research Center (Roscoe, hysteresis in resting accommodation levels.
et sl., 1976; Roscoe, 1977).

I
I
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FIgure 3. Continuous records of “open—loop ” accommodative responses
of two subjects , with smoothed curves superposed , for tw

I minutes following preaccommodation to a zero—diopter stim-
ulus . 
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I
Hyperopic individuals (like Subject 1) are readily Crane , H.D. and Steele, C.M. Accurate three—

trained to accoimnodate voluntarily, and when so trained , dimensional eyetracker. Applied Optics,
their relatively smooth spontaneous fluctuations in Sc— 1978, 17, 691—705.
coimsodation, to be seen in Figures 3 and 4, become even
smoother, particularly at their resting distance. In Davson , H. The physiology of the eye. New York:
contrast, myopic individuals (like Subject 2) are re— Academic , 1972.
sistant to conditi-mning of accommodation control, and
their “noisy” spontaneous fluctuations and frequent Duke—Elder , W.S. Textbook of ophthalmology, Vol 1.
blinks persist. People like Subject 1 are referred London: Kimpton , 1940.
to by Randle (personal communication) as “sympathetic”
types: outgoing, flexible, attentive to their environ— Heimholtz, H. von. Physiological optics. New
ment; those like Subject 2 as “parasympathetic” types: York: Dover, 1867/1962.
inward—looking , defensive , perseverative . So much for
Randle as a clinical psychologist. Hennesay , R.T. and Leibowitz , H .W . The e f f ec t  of

a peripheral Stimulus on acconsiodation. Per—
And so much for typical findings; now for the aur— ception and Psychophysics , 1971, 10, 129—i~~.

primes. Figures 3 and 4 follow the open—loop responses
of the same two subjects for another minute and a half Holway, A.H. and Boring, E.G. Determinants of
beyond the limit of Figure 2. These figures include apparent visual size with distance variant.
the actual unsusoothed output of the optometer, as well American Journal of Psychology , 1941, 54,
as the smoothed curves, and show the spontaneous fluc— 21—37.
tuations in accormsodation that range over about ± 1/2
diopter for Subject 2. These fluctuations are not un— Leibowitr , H.W. and Hennessy, R.T. The laser op—
like the spontaneous fluctuations in the line of sight tometer and some implications for behavioral
that are essential to normal vision (Pritchard, 1961), research. American Psychologist , 1975, 30,
and they suggest a mechanism that allows us to see 349—352.
clearly though not accurately accoimnodated by recourse
to a scanning process. Leibowitz , H.W. and Owens, D.A. Anomalous myopias

and the intermediate  dark focus of accominoda—
But the big surprise is yet to come . In most t ion .  Science , 1975 , 189 , 646—648 .

tests of resting accommodation , responses have been
recorded for only one minute. When Lynn Olzak asked Pritchard , R.M. Stabilized images on the retina .
the senior author how long to record the subjects’ Scientific American , 1961, 204(6), 72— 78.
open—loop responses , he said , “Let ’s let it run fo r
two minutes. ~~ybe the hysteresis will wash Out.” Randle, R.J. Volitional control of visual accommo—

The hysteresis did not wash Out , but something else dat ion.  Proceedings of the AGARD Conference
happened . At varying times during the second minute on adaptation and acclimitisation In aero—
of open—loop response, the eyes of several of the sub— space medicine, Nuillv—sur—Seine, France:
jects entered a hunting mode of one type or another —— North Atlantic l’reaty Organization , 1971.
sa if th ey were looking for an out—of—focus image to
back away f rom . RSndle, R.J., Roscoe, S.N., and Petitt , J. E f f e c t s

of acconinodation and magn i f i ca t ion  on aim—
In the case of Subject 1, the hunt  did not s tart  point  es t imat ion in a simulated landing task.

u n t i l  the f o u r t h  ha l f—minu te  and the searching s tr a t egy  Washington , D . C . :  N a t i o n a l  Aeronaut ics  and
was o sc i l l a to ry .  For Subject  2 , the strategy was d i f —  Space Admin i s t r a t i on, NASA Technical Note
ferent : a f t e r  preaccommodation to a O—D t a rge t , this (in p re s s ) .
subject maintained a steady 1—0 resting level for
almost a minute, then shifted Inward about 1/2 D for
about 40 sec . and then abruptly inward to the 2— D Roscoe , S . N .  How bi g the moon , how f a t  the eye?

‘ 
level , which he tended to maintain for the neat of the Savoy, IL : Univers i ty  of Il l inois  at Urbana—
second minute .  A f t e r  preacconssodating to the 4— D tar— Champaign , Aviation Research Laboratory ,
get , this subject ’s eye drifted to a resting level of Technical Report ARL—77—2/AFOSR—77—2, 1977.
about 2 D w i th in  ha l f  a minute , wandered around be-
tween 2 B and almost 3 D for the next minute , and then Roscoe, S.N., Olzak, L.A., and Randle , N .J.
abruptly jumped to 3—1/2 D and wandered near that level Ground—referenced visual orientation with
for the next half minute. imaging displays: Monocular versus binocular

accommodation and judgments of relative size.
The responses ju s t  described are not unusual;  in Proceedings of the AGARD Aerospace Medical

fact , they have been selected as typical of two dif— Panel specialists meeting, Athens, Greece.

J 
ferent types , tending toward but not reaching the cx— Nuilly—sur—Seine , France: North Atlantic
tremes. What they illustrate in common is that , while  Treaty Organization , 1976.
different eyes employ different strategies , eyes in
general seek an out—of—focus image to back away from, Whiteside , T.C.D. The problems of vision in flight
thereby maintaining a sufficiently clear image for the at high altitude (AGARflograph No. 13). London:

J 
perceptual task at hand . What else these recordings Butterworths Scientific Publications , 1957.
indicate is that the literature of visual perception of
size and distance is replete with data that do not mean Wulfeck , J.W. New techniques for an experimental
what the investigators thought they meant and a host of analysis of accommodation time . Rochester ,
conclusions that can be dead wrong. N.Y.: The University of Rochester , DoctoralF”

~
#’ 9C

~
.o ~~~7 s ~~.’.0$I1 dissertation , 1952.

REFERENCES
Young,  F .A .  The projec tion of a f te r—images  and

Cornsweet , T .N.  and Crane , H.D. Servo—controlled E,nmert’s Law. Journal of General Psychology,
infrared optometer. Journal of the Optical 1948, 39, 161—166.
Society of Amer ica. 1970, 60, 548—554.

Young, F.A . Studies of the projected afterimages:
Crane, H.D. and Clark , M .R. Three—dimensional Ill. The projection over large distances.

stimulus deflector. Applied Optics , 1978, Journal of General Psychology , 1952, 47,
17 , 706—714. 207—212.

I

i
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~

._ 
- . ~~~~~~~ ~~~~~ ~~~~~~~~~~~~~~~~ - ._ . - -  ,,~~~ —


