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PERCEPTION OF CONTOUR
I. INTRODUCTION

Vision is frequently taken to be synonomous with visual acuity. In dis-
cussing intensity or brightness discrimination and contour discrimination
Parsons! says, "Only the latter seems worthy of being terwed ‘vision.' For
the essence of vision is the disorimination of contours." To be sure, the
measurement of visual acuity comnsists of the measuremsnt of the ability to
discriminate contours or edges but leaves unanswered the more basic question
of vhat an edge is. The object of the present investigation is to ascertain
the nature of the retimal stimlus effective in producing the perception of
an edge under conditions of photopic, foveal vision.

SUMMARY

Experimental evidence is presented which is interpreted as showing that
the higher derivatives of energy with respect to distance on the retina are
the main effective stimilus to contour formation and are the feature of the
physical world which chiefly carries visual "intelligence." An extensive
field of investigation would appear to be available,

METHOD

Ordinarily, the energy distribution in the retinal stimulus is not
readily determinable in accurate fashion from a knowledge of the external
energy distribution presented to the eye, The chief factors to be con-
sidered in evaluating the energy distribution on the retina are listed belows

1. Chromatic sberratiom.

2. Spherical ‘bemtiono

3. Diffraction.

4, Coma.

5 Refractive errors.

6. Astigmatism by oblique incidence.
7. Curvature of field.

8. Distortion. )

9. Fixation tremor.

All of these factars with the exception of 3, diffraction, differ from in-
dividual to individual. ' I? we confine our attention to relatively small
fields of a few degrees in the vicinity of the fovea, factors 4, 7 and 8;
cam, curvature of field and distortion become relatively minor effects and
factor 6, astigmatism by oblique incidence, is chiefly composed of astig-
matism by virtue of the angle Kappa. Assuming an angle Kappa of 2° and a
crystalline lens with a power of 16 diopters, in situ, the astigmatism by
virtue of the angle Kappe is approximately .02 diopters and, as will appear,
is a minor effect. We are left with 1, chromatic aberration; 2, spheri.cal
sberration; 3, diffraction; 5, refractive errors and 9, fixation tremor.
Assuming a pupil diameter of {b mm., the approximate diameters of the blur
discs attributable to these factors while the eye is viewing a theoretical
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TABLE 1

Approximate dlameter of blur &isc expressed
in seconds of arc subtended at the nodal
_point of the eye.

4 mn, diameter pupil, no filter

1. Chromatic aberration.’ 216"
2. Spherical aberration.b 432"
3., Diffraction. 3"
4, Assumed uncorrected refractive

error of .0625 D, 514"
5. Fixation tremor.T 18"
' TSL™

TABLE II

Approximate diameter of blur disc expressed
in seconds of arc subtended at the nodal
point of the eye,

1 mm., diameter pupil, chromatic filter

1. Chromatic abemtion.g 3"
2. Spherical aberration. 30"
3. Diffraction. 135"
Ik, Assumed uncorrected refractive

error of .0625 D, 3"
5. PFixation tremor.l 18"

—2007"




point source are given in Teble I. The diameters are expressed in terms of
seconds of arc subtended by the blur discs at the assumed nodal point of the

eye.

It is observable that the chief causes of blurring are spherical and
chromatic aberration. Furthermore, there are large individual differences
in the and even the sign of so called "spherical" aberration of the
eye.2,3, If, however a theoretical point source of light is presemted to
the eye through an artificial pupil 1 mm, in diemster, and the effective
wave-length ranges of the source be limited to from 560 to 585 millimicrons,
then the salculated diamsters of the resulting blur discs becoms those given
in Table II. It will be observed that the chief blurring effect is now
attributables to diffraction at the artificial pupil and that the iris of the
eye no lomger controls the entramoe pupil dismster. The effect of individual
differences on the remaining fourr sources of biur has also been greatly
reduced. The Airy diss diffrection pattern sy, for many practical purposes,
be:gumdtocmmm‘otnwmwuNMMdthecmm
418c5:9 over the surfagce of vhich the emergy is uniform. If, nov, sn exter-
nal stimulus is presembed such that derivatives of energy with respect to
space in the horisontal dimension bave definite values but in the vertical
dimension are all sshetamtially sero and if, furthermore, the vertical extent
of the distribution be reistively large, then the resulting enmergy distri-
bution on the retims may be approximately determined between the limits of
minus the' a8 of the visually effective bluxr dise as projected
plane of the stimlus.

cbeexrved that the contimuous retimal imtensity func-
are not necessarily unliks those cbtained
by presenting to the eye coe or more sharp discontinmuous borders as was done

!
E

distribution on the retima. Unless a very small artificial pupil and narrow
ilter is employed the characteristics of this energy can not

be well defined. Ingenious experimsnts have been conducted to infer the

effective radius of the blur disc in the unaided eye from the results of

retinmal energy distribution which may be computed with substantial accurecy.

The procedure is first to decide what scalar field of ensrgy on the
retina is desired. For example, wve may require that the third derivative of
enargy with respect to distance in the horizomtal dimension on the retims
pass through a maximm snd that this maximum have a specific valus. We may
impose other conditions on the energy at this point and on the rate of change
of energy with distance or the energy gradient at this point. The desired
soalar field on the retina having been decided upon, an appropriate power
series is computed expressing energy, E, as a function of x, distance on the
retina in the horizomtal dimsnsion. There is then computed that E as a func-
tion of x in extermal space vhich, when viewed by the eye at a given distance
and through & given pupil and filter, will result in the desired energy

3
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distribution being cbtained on the retins. That is, a distal stimulus is
computed vhich, under the conditions of observation existing, will result in
the desired proximal or retinal stimulus.

" APPARA‘I'UB

Mdimnﬁmmsi-pmidadbymmtingmm,fmmm
vhite paper disc on a black or gray paper background, for exaumpls, as illus-
trated in Figure 1 and rotating the assembly about an axis passing through
the point A and perpendicular to the plane of the paper.

The critical flicker frequency of the fovea is complexly dependent upon
intensity and temporal waveform of the stimulus as also upon the
10 and varies from point to point on the disc. The angular velocity
of the disc vas made great enough so that the critical flicker frequency was
substantially exceeded for all points on the disc as determined by direct
observation. The reflsction factor of the vhite, gray and black papers was
measured from time to time with the aid of a Macbeth illuminometer and mag-
nesium carbonate block and by means of a sandwich type barrier-layer photo-
voltaic cell. As will be noted, the experimental results are not critically
affected by slight variations in absolute intensity.

A portion of the rotating disc is ilhminatedina.notherwinda.rkroan

by projecting upon it a rectangular shaped area of light¥ as alse an addi-
tionmal dot of light as shown in Figure 2.

r o Q B b \rz‘;
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FIGURE 2
*Tabtle II1 gives values of ELY times £11ter truﬁnaﬂai;on"u muum with a
famn 85 tomter. . ‘ .
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TABIE® 1II

E,Y times

lter transmission

0

. .2
1.3
3.2
2.3
ot
1

0

0
1.0
13.0
2h.1
23.2
15.7
8.2
2.5
3
ol

o1

0

The dimensions are given in minutes of arc subtended at the nodal point of
the eye. The projecting system and projected pattern are positioned relative
to the rotating disc. by a pinion and rack gear down mechanism driven by
synchro transmission, The energy distribution within the projected pattern
is periodically checked with a photocell.

The task of the observer is to set the central fiducial dot over any edge
vhich may be obeerved on the disc. The smll standard devistion of the set-
tings, when the visual task is simple, shows that the total error attribut-
able to mamal control and mechanical and electrical backlash is not object-
ionable. Standard procedures for the control of voltage, lawp ageing, vari-
ation in reflection factor of paper, dust, etc. were employed. The total
effect is to present a desired time average scalar energy field on the retina.

RESULTS AND DISCUSSION

In Pigure 3 on the y axis is plotted units ¢f relative retinal energy.
On the x axis is p distance on the distal stimulus in inches, each
square being .2 inches. The distancs of chssrvation was 12 ft. and, thexe-
fore, each square corresponds to a retinal distahce of gbout .023 mm., the .
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exact figure depending upon the specific schemstic or reduced eye used for
caloulation. A relative retinal energy of 1.0 cornqmm toa bridxtmu

of 65 millilanberts on the distal stimulus. ? d.pict:g
solid line is E.3 ,5000 £ 1.TT19%5 = 2.95 35537 15:9
This function vas calculated so that 4B/dx, & d3!/d.x

gero at both ends of the retinal field vhile the relative brs.ghtuu '1s .5 |
at the darker end and ,95 iat the bi'ighter enrd. In order to obta.in this ret- ;

inal energy distribution, the di /
«0001x_ - 0005x% .030313 / / Zl.-'l()].&cgre 9&58:8' Sx
.5537x8 4 .0615x%, 1In this insta.nee, because of the small va.]nep of the
second and higher derivatives, the correction required for optical blur is
very slight. The locations of the observed edges or contours or regions of
o.ppa.rent abrupt discomtimiity in the field are indicated by squares labeled
El, 32' and Ey. Each cbserved point is the mean of ten settings apiece

two ob rs. In general, the standard error of the mean for the data
here diacuued is less than .02" at the distal stimalus.*

At A, thcvalmotdl/dx is maximal and equals .55 vhich is over 20
times the value of dE/dx at E; vhere an edge appears. It is apparent that no
edge or contour is located where gradient of ret 11luminationlds12 ig
meximal. In the vicinity of E,, 9E/dX 15 paximal. SELCX has been defined as
"the ratio ef the gradiemt of ret 11lumination tohbsolute retinal ill-
unination."l As will appear later in this discussion, the existence of a

contour 4n the vicinity of a region where is waximal is a coingidence.
Furthermore, this is the only point in Fi 3 where is max
vhilst, there are tures more edges to be accounted for. AL B and B', d°E/ax?

is maxime] and it is apparent that no edge occurs at B or B'. Itm'be
noted, hgwever, that the edges E; and E; are symetrically distributed as a
doublet ‘#bout B while the edges E3 and E) are symmetrically distributed as a
doublet about B'. . .

If we assume that the humen eye possesses on-off retinal elements which
are stimblated via either an ocular or head tremor, then these elements would
be functioning maximally in the vicinity of A on the retina, However, the
rate of change of the excitation or “gradient of excitation"n 12 o¢ on-oft
elements would be maximal at B and B' on the retina.

The hypothesis has been advancedl3 that on-off elements, assumed to exist
in the human eye, mediate ‘contour perception while other retinal elemsnts are
involved in the light sense and light difference sense of the human eye.

This hypothesis has been bupported by showing that in certain patients with
amblyopia ex anopsia the light difference sense or intensity discriminmation
ability can be while contour discrimination and visual acuity are re-
duced ten-fold. If this hypothesis is correct agr d;znt retinal elements
are involved in the evalumtion of E and a This might make it
seem unlikely that a quantity such as 4E wmld'bo significant for contour

# The standard error of the mesan.Zfor.a. fixed mmber of cheervations may be
taken as a msasure of the sharpness or distinctness of the contour, This
aspect of the problem will be discussed in a later commmication.
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perception. Figure L provides experimental evidence on this point.

For convenience, Figure 3 has been partially reproduced in Pigure L4,
The curve to the left in Pigure U represents a different energy distrivution
on the retina produced by presenting a nev appropriate distal stimlus.
Again, the squares represent observed points. This retinal energy distri-
bution produces only three edges rather than the four previocusly cbserved.
This is because the right half of the doublet produced by B has overlapped
the left half of the doublet produced by B'. The center edge has been
marked E, 3 to indicate the fusion of the doublet. E; and E) appear to the
left and £ tornmn'umtg ious Figure. The circle labeled C
indicates the sole point at whic:“;‘g;.'l maximal, No contour, edges or
apparent discontimuity in the Pi oscurs at C, thus providing further °
evidence that 9E/4X ig not a substantial determining factor in the perception

of an edge.

Figure 5 illustrates a family of retinal energy distributions of vwhich
the two curvee in Figure 4 are members. In each instance a doublet contour
or edge appears symmetrically distributed about the maximal values of
d%g/ax°, B and B'. The region between Eo and E, appears as a gray strip
intermediate in brightness between the brightest and the darkest portions of
the Figure, This gray strip appears of uniform brightness despite the fact
that in this region dB/dx on the retina is maximal. Abrupt discontinuities
appear at By and Ep where dE/dx is almost zero. As will appear in a subse-
quent commmnication, quite different types of retinal energy distribution
from those here icted will also result in the appearance of discontimii-
ties vhere both dE/dx end d2E/dx2 are zero. Asthem@itudesofbothﬁge
second derivative maximal at B and B' are increased ani the values of d'/ax*
at B are likewise increased, the separation of the doublet edges is decreased.
Nevertheless, the inner menbers of the doublet approach each other as the
separation between B and B' is decreased., This results in a narrowing of the
width of gray ring from .310" to .211" to 207" and finally the ring
disappears.

As the maximal values of d2E/ax2 and the values of AYE/ax* at B and B
are increased in the successive members of this family, reading from right to
left, the doublet separation decreases from .639" to .598" to .392"
to .356" to 186" as measured at the di stimulus. A discussion of the
relative importance of <123/d.x2 and dl‘E/ in ccgtrolling the doublet width
is beyond the scope of the present paper (43g/dx3 at B and B' is, of course,
alvays zero), That the Ej and Ej edges in this family occur at values of
d.!/dx equal approximately zero is, of course, fortuitous. The use of other
types of energy distribution clearly trates that contours may be formed
regardless of the value of dE/dx or * Indeed, the location of the edges
in this family of figures is substantially unaffected by a rotation of the
figure about an axis passing perpendicularly through the point x = 0, B = .5.
The small dashed line curve and the squares thereon show the experimental
results obtained wvhen the relative energy mﬁ;‘:ﬂt is only .l instead of .45.
The reduction in the values of d2E/dx° and d'E/dx* has increased the doublet
separation as compared with the solid line curve at the extreme left but
three edges are still produced and, indeed, three edges are still produced
with smaller energy increments not conveniently plotted on this figure. Since
a relative energy increase from .5 to .6 suffices to produce three edges, a

7
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relative ensrgy increase from .5 to .95 would suffice to produce some four-
teen edges and, indeed, can be caused so to do if the mmber of B points is
increased. This demonstrates tuat minor increases in E increments, despite
huge values of dE/dx, will not produce additiomal comtours.

It remains to describe the subjective appearance of these figures.
Where E,, Eig;md are all present, the subjective appearance is as
follows. the to the left of E; appears as a uniform medium
gray, between E} and Ep is a darker gray strip, between E2 and E3 is & uni-
form dright gray strip, between ¥ mxh is a uniform vhite strip whereas
from E), on to the right is a J.‘auabrisht region. It is appawent from this
description that the subjective brightness is far from completely dependent
on the energy density incident on the retina and that information received
from on-off elements can take precedence over the light difference sense.

A phencmenon vhich was cbserved by Machl* is probably a special case of
Figure 5, but since the figures which Mach employed were of the nature shown
in Figure 6, in which all derivatives of the distal stimilus were discon-
tinmuous and -the nature of the proximal retinal stimilus was unknown, an
analysis could not be made and the effect was attributed by Mach to the fact
that the "light intensity falls short of the mean intensity of the adjacent
parts.” As can be seen from Figure 5, the mean intensity of, say, the
brightest section may be greater or less than the mean intensity of the adja-
cent parts depending to a certain extent on the definition of these parts.

FIGURE 6

This classical view that contour perception is somehow a special case of
intensity discrimination can be seen in two investigations of a very practi-
cal nature which have been conducted to ascertain the effect on intensity
discrimination of making the dividing line between the two sides of a com-
parison field diffuse. A variable pemmbra was employed by Middletonl? while
ground glass discs of various thicknesses were used by Benmwtt. In doth
investigations the chief effort was directed toward ascertaining the value of
AI. The perception of an edge, where it occurred, or the accuracy with which
it could be located were not investigated. It is interesting to observe that
by controlled manipulation of the proximal stimulus, as in Figure 5, the value
of 41 could have been made zero, or, as it were, negative,
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FUTURE DEVELOPMENTS

If further investigation confirms the notion that the higher derivatives
of E with respect to retinal distance are the chief effective and only prac-
tical stimuli for comtour formation, then we have the beginning of an ex-
planation for visual acuity, as Bartleyll says, "Visual acuity involves the
formation of contours; it is scarcely a reality until this occurs." We also
have the beginning of an explanation of brightness contrast of which
Bartlaym says, "This has been observed so many times by most of us it is as
common as the major facts of gravitation. It simply seems as though it
"ought" to occur, dbut wvhy it does oocur has never been explained. Notwith-
standing, the phenomenon surely does not fall into the category of those
facts of nature which are simply to be taken as axiomatic., The many efforts
to explain it show that it hardly has been a0 taken. But, on the ¢cther hand,
the phenomenon has been used in consecutive breaths both as a thing to be
explained and the explanation.”

The values of the various derivatives necessary to produce contours and
the interrelations of these values may, of course, be investigated as a
function of:

1. wanlengtho
2. Intensity.
3. Temporal duration.
« Size of field.
5. Length of contour.
6. Location on retina.
T. Anoxemia, fatigue, drugs.
8. Amblyopia ex anopsia, optic nerve defects,

retinopathy, etc.

Since not only the location but the sharpness of the contour is a vari-
able and the above factors may be interrelated, it seems likely that no one
individual can explore the field.

Preliminary experiments with one stimulus presented to one eye and a
different stimilus presented to the other eye suggests that the edge may be
the effective stimulus for binocular fixation even with dB/dx differing in
algebraic sign to the two eyss and no two corresponding points stimlated dy
the same E. This should be further examined.

If the significance of the higher derivatives for the formation of com-
tours 18 as great as it appears to be, then we have found which feature of
the physical world chiefly carries visual "intelligence" just as we have
found that the upper frequency, although low volume range, chiefly carries
auditory "intelligence,"
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