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T ABSTRACT

variation in small saccadic eye t'no';rements and their r‘elationsh'ip to
contoﬁr effects in visual per'celption. Both the amplitude distribution
and the timing of saccade onsets were found to vary from one situation
to another. Interaction between contours was demonstrated over
. . #
separations of just a few minutes of arc. Where perception of a target
contour was relativély uniikely there was a marked shif?% in the
distribution of saccade amplitudes. 'I'ne‘ notion of a single neural
mechanism initiating all saccades and the role of small saccadic eye
movements in sustained perception were’ conaidered. In additioﬁ,
similarities between contour interaction and the functional organiza-

tion of visual cell rgceptive‘ fieldp were discussed.

- 141 ' -

A series of experiments was conducted to examine situational

.
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CHAPTER ONE v
INTRODUCTION

The purpose of this .thesis is té investigate the nature -and
function of smail ‘saccadic éye movements. The approach is essentlally
empirical. As considerable time was required ‘for e;Lther the collection
or the analysis of data in each study and, as there were several
questions of interest to the author, a rather broad approach was chosen
over an in-depth analysis of any single area. Consequently 'several
issyes are addressed and the results suggest lines of rese_arch which
may be pursued to further our understanding of the mechanism and
fuﬁétion of small saccadic eye movements.

The work reported here 1is addressed to the general question of
the rel&tionship among small eye movements, spatial interaction between
;risual contours and the perception of fine detail in a visual target.
The motivation for seeking a relationship among thestariables der-ives
from at least two,. essentially discrete, bodies of literature
conce-arning the role of small t{nvoluntary' eye movements in visual
perception and the perceptual effects of spatial interactions between
visual contours. | |

Small eye movements play a role in the sustained perce-ption of
a vipual target. With abolition of the motion of the visual image
relative to the retina, part or ail of the image tends to alternately
disappear and Mreappear. Fragments may be imperceptible for a
substantial portion -of the time that the target s available for

viewing indicating that relative motion between the visual image and



the retina is es:sential for sustained rception of the image. Indeed,
when an inexperienced obser"ver' &’ﬁI*ﬁ.ews a 'stabilized’ retina} -
image, the eye tends to move about in an exaggerated fashion as though
attempting to restore perception of the visual image.

A contour i;?, elss.enti.ally the interface between two areas of
differing luminance and, for present purposes ,‘ may be taken as an gdge.
Studies of visual masking and of letter recognition provide. evidence
that the spatial and temboral relationships between contours .aff’ect
perception of an individual contour. Given some range of separations

L e
{either spatial or temporal) between two contours, the likelihood of
-perce‘iving an individual contour may.‘ be r‘é:iuced.

As both small involu_ntary eye movements and the spatial
separation between contours affect perceptio-fx of a target cohtour,
several queatioris arise from a review of these literature. Typically,
microsaccades have been r'ecorded when an observer has been fixating a
small stationary target. 'I'his constrained situation may elicib a
different pattérn of eye movements than would a , less ‘structured
aituation. The latter should provide a general Ydea of the possible
variation in ﬁhe amplitude and frequency of /hese small movements.
Manipulation of the likelihood of perceiving a target in a t‘ree-viewing
situation (as- opposed to stabilized viewing) should e-licit a
concomitant change in ti’:e patt'arn of small eye movements. If contour
interaction were demonstrated at spatial separations comparable to tt;e
a_mplitudes of microsaccadic eye movements, contriving ﬁo reduce the
'perceptibilit.y of a target contour with the addition of a nearby

contour should provoke a prédictable change in the pattern of small

eye movements.



In addition to' these queétions -consideration is given ¢to
whether a single Eangrating mechanism 1is associated with saccades of
varying amplitude. As well, the gengral shape of the contour inter-
action function is explored and the possibility of summative effects is

discussed.

<
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CHAPTER TWO | <

SMALL EYE MOVEMENTS AND VISUAL PERCEPTION
How the sense‘of vision provides {nformation about the
- epviromnment has been a question of interest to psychologists and
physiologists for many years. A Jige variety of techniques hpve'been
employed in the study of vision each one concentrating on 2 particular
feéture of the visual process and each one characterizing it 1in a
particular'-way. One such feature which has been of considerable
interest is the moveﬁent of the eyes.

Movements of the eyes are executed by a, system of twelve
extraocula; muscles. The oculomotor system is most sophisticated'and
may be considered to serve sevgral roles in the visual process.’ In
additon to a possible role in the process of information extractlon
(Festinger, 1971; Noton & Stark, 1971) the oculomotor system can be
sajid to serve at least three broad functions in the visual process
(Turkel, 1974). The first of these is maintenance of the ~physical
alignment between the_receptor surfaces of fhe two retinas which is
necessary for binogular vision. The second general function is to move
the receptor surfaces of the eyes 30 that new information can be
brought onto the specialized qentral region of the retina, where acuity
is best, and kept there. Thirdly eye movements serve %o provide a
change in the ;timulus array which 1s necessary to prevent the array
from fading (Pritchard, Heron & Hebb, 1960). "

Several issues ariéing from the eye movement literature are of

particular interest in the study of contour effects. The possible role
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og" ey-e movements in visual acuity (the capacity f‘orr' the spatial
resolution of contours) generated congiderable r-ese;arch for several
years. One major question raised during the research was. ithe role of
eye movements 1n ensuring that a contour remained visible. Upon this
notion followed the suggestidn that__wier'y small 'eye movements served to
kee‘; the image of a targét within an optimal retinal region by
correcting very small positien errors. This raised the question of the
smallest position error which could be éor‘rected, a question which was
broken down intc several parts regarding the smallest target step
(displacement) which could be detected, the smallest target step which
could be tracked (corrected) and whether or not small eye movements
were pr-od_uc\ed by the same mechanism as were larger voluntary eye
movenents. The relationship between eye m.ovements and the spatial

resolution of contours is still a question of interest but for quite

different reasons than was originally the case.

A brie‘f review of some of the work on .small eye movements will
trace the evolution of our understanding of the relationship between
eye movements and vision. 'I'he‘deve‘lopment of thought in the field will
be followed through work on visual 'acuity, target visiblity and
accuracy in maintaining eye position. This will bé followe;i by a
discussion of more recent findings which suggest that small saccadic
eye movements and larger tvoluntary' s:_accades are initiatéd by the saﬁe
neural mechanism and serve similar functions. The review will conclude
with a discussion of the concept of an oculomotor 'dead zone', 2 narrow
relatively insensitive area néxt to a contqur where a small ‘tar'get step

is less likely to be detedted or tracked.



Eixation Eve Movements

When a human is asked to fixaFe a small stationary target such
as a spot or the point of ih%érsection of the arms of a cross (ﬁatliff
and Riggs, 1950; bitchburn and Ginsborg, 1953) he rotates his eye
causing the imagé of the fixationltarget to fall within an area of the
reﬁina about 20 minutes of arc in diametér where detail vision is best
and relatively uniform (Le Grand, 1967). When the.subject is required ‘
to maintain fixation on the target his eyes are constantly in motion in '
a pattern of slow and fast nminiature” eye movements. These extremely
small eye movements have been considered "involuntary", "spontaneous”
or “refléxive" because thelr oceurrence .seems to be a random event not
under thé.conscious control of the n"fixator". Measurement of these
minute changes in the eye's position (by the reflection of light from a
mirrér mounted on a contact lens 'on the eye) requires that the
subject's.head‘be held steady, usually by having him bite down on a
dental impression solidly attached to a rigid bar. The typical
fixation pattern consistd of three fbrms of eye movements: saccades,
drifts and high frequency tremor (Ratliff and Riggs, 1950; Barlow;

1952; Ditchﬁurn‘and Ginsborg, 1953).

Fixation saccades o? microsaccades are small, very répid
changes in eye position. They may occur one to three times each second
and range in amplitude from about two minutes of arc toa maximum of 40
to 50 minutes, however they\}iﬁiii\gxceed 20 minutes in amplitude.
Their average size is about 5 or 6 miﬁutes of arc (Riggs and Ratliff,.
1951; Steinman et al., 1967) though at least one investigator has

. f
reported a typical amplitude of 11 minutes (Fender, 1956). Saccade

L
-
Vi



duration depending on amplitude is typicaliy 10 to. 25 milliseconds
(Riggs and Ratliff, 1951; Ditchburn and Foley-Fisher, "1967}. The peak
veloecity of fixation sdccades is linearly related to amplitude (Zuber'
et al., 1965). Ditchburn and Ginsborg (1953) found that the horizontal
and vertical components of saccades occur simultaneously in tﬁe two
Eyes and that in general théir.magnitude and direction are similar.
Other investigators have reported that microsaccades are more or less
binocularly synchronized (Krauskopf et al., 1960; Yarbus, 1967; Fender
and Julesz, 1967; St. Cyr and Fender, 1969).

In the intervals between saccades the eyes drift sldw;y back
and -forth. Drifts may range in amplitude from 0.8 to 6.0 minutes of
arc (Riggs and Ratliff, 1951; Fender, 1956; Ditchburn and Foley-Fisher,
1967) and may last at least 100 milliseconds (Riggs and Ratliff, 1951).
Although the line of sight moves irregularly the retinal image of the
fixation point nevertheless remains inside éhe gentral fovea

" (Ditchburn, 1956).' As drift velocity is about 6 minutes of arc per
second and. as the cone diameter in the central fovea is about 0.6
minutes of aré, the retinal image of the fixation point may cover
approximately 10 cone diameters a second during 'the drift (Yarbus,

L4
1967) . |

Superimposed on the drifts of the eye is a high frequency
tremor with a mean amplitude of from 5 to 15 seconds of arc ih the
norizontal and vertical directions and up to 45 seconds of arc for
torsional movement (Ditchburn, 1955). Others h;ve estimated tremor to
be 20 to 30 seconds of arc'in amplitude kﬂiggs and Ratliff, 1951;

Yarbus, 1967). Tremor frequency may range up to 100 cycles per second



(Riggs and Ratliff, 1951) however the major frequency component is 70
to 90 cycles (Yarbus, 1967) and the moét powerful cémponent is even
lower in frequency (Fender, 1956).

A1l subjects make these three kinds of small fixation eye
movements but the size and most frequent direction of the micr;saccades
may vary from subject to subject (Ditchburn and Foley-Fisher, 1967;

N .
Cunitz and Steinman..@?ﬁg). Although the eye is almost constantly
moving it does not wander very far from 1ts mean position during
" maintained fixation, permitting the retinal image to remain within the
central 20 minutes.of arc or so of the fovea. Variations in the
lunin;;ce, size@andécolor of the fixation target have statistically
reliable but small effects on mean fixation position and stability --
effects not larger than 3 or 4 minutes of arc {(Steinman, 1965; dece.
1967). Rattle (1969) found munexpected fixation stability”" when
subjects maintained the line of sight at the {magined center of targets

as large as 240 minutes of arc. Murphy et al., (1974) found that the

line of sight can be well maintained anywhere within or at the edgesfof

simple forms; the differences in mean fixation errors averaged only %

minutes of arc and were not systematically related to the form or

fixation position required. Steinman (1976) has concluded that

whenever the target form is confined tdbthe foveal floor (Polyék, 1941)

the oculomotor system is capabljfof maintaining the line of sight in
whatever region a subject is required to fixate free from stimulus
constraints.

Small Eye Movements and Visual Acuity

In a fixation period of 4 seconds the fixated 1mage may travel

_back and forth over as many a3 30 to 50 foveal cone receptors (Keesey,



1976). Therefore many cone receptors recelve stimulation with a

frequency and intensity that depend on both thecharacteristics of the

motion and the spatial coﬁtra&‘t ‘properties of the image. Modern
interest in the fine details of the maintained fixation pattern was
provoked by dynamic theories of visual acuity (Weymouth, Anderson and
Av;arill, 1923; Marshall and Talbot, 1942: Jones and Higglns, 19148) in
which movement of the image back and forth across a number of recel;i:ors
was thought to be ;ésponsible- for the ability to' re:solve fine detail
(as in a vernier task) of angular subtense considerabiy less than the
dismeter of the foveal cone. The cortex v_.'as‘ thought to average
messages from the populatio;'x. of receptors maximally stimulated, for
example, during physioclogical tremor, allowing the perception of edges
which were only shifting gradients of {1lumination in the optically
blurred retinal image.

One of the first attempts to examine the role of eye movements

in acuity was made by Ratliff (1952) who found that acuity for gratings

v

was better when the eyes were relatively still. An optical method

which fixes or ngtabilizes" the location of the im'age on the retina,
has been used to study visual acuity in at least ,three aexperiments
(Riggs, Ratliff, Cornsweet rand Cornsveet, 1953; Keesey, 1960; Fender
and Nye, 1962). Keesey (1960) found that under both the stabilized
image condition 'and the nomai unstabilized viewing condition acuity
for a single dark line was comparable improving to a maximum value as
exposure duration was increased to 200 miliseconds. Only a glight
1mpro;:ement was indicated for longer exposure of the target. )Similar

results were obtained with vernier and grating targets suggesting that



-

the mechanisms subserving aculty were dependent on exposure duration
but were not dependent on image motion in the manner suggested by the
dynamic theories of acuity. Furthermore minute measurements pf‘ tremor
amplitude permitted by the contact lens optical lever technique
developed independently in the laboratories of Riggs, Ditechburn and
Yarbus revealed that tremor itself was too 5mall ;S sweep the I1lmage
acroas an appreclable population of cones.

Eye Movement and\CGntour Vvisibility

Although target visibilisy 1is attenuated during a sacc;de
(Ditchburn, 1955; Vollmann, 1962; Latour, 1962 1966; Volkmann et al.,
1968).there is a large body‘of literature which ;eveals that aome
retinal image motion 13 essential for persistent target visibility.
Ditchburn and Ginsborg (1952) reported that when the horizonggl
components of eye movements were stabilizgd the vertical border between
two areas of unequal luminance disappeared and the areas appeared

equally bright for a few seconds each minute. Others have confirmed

that when a simple line or border target is viewed as a stabilized

image it rapidly loses contrast and disappears (Riggs, BRatliff,
Cornsweet and Cornsueet,'1953; Yarbus, .1957). Moreover the image of
such a simple figure tends to disappear and later reappear in 1ts !
entirety (Pritchard, Heron and Hebb, 1960). Ditchburn and Ginsbhorg's
(1952) suggestion that the contrast threshold of the sﬁabilized image
‘Qas higher than the normal threshold.uas confirmed by Riggs and Tulunay
(1950) who found that visibility of a bipartite field was determined by

contrast alone when the image was motionleas on the retina.
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A more complex target such as a geométr cal figure viewed as a
gtabilized retinal image tends to fragment so that individual lines or
combinations as well as the entire figure dlsappear and reappear in
all-or-none fashion (Pritchard, Heron and Hebb, 1960; Evans and
piggins, 1963; Bennet-Clark and Evans, 1963; MacKinnon, Forde and
Piggins, 1969). The length of time an image persists is also a
function of its complexity. A single line may be viaibie for only 10
per cent of the total viewing time, howev'er a more complex figure may
remain visible in whole or in part up to 80 percent of the time
(Pritchard, Heron. and Hebb, 1960). Whereas earlier work in image
stabilization had been done with a contact lens optical lever system
which eliminated horizontal image motion Pritchard et al. {(1960) used a
tightly fitting contact -lens on which was mounted a 1igptweight
projection assembly, a device designed to eliminate image motion in any
direction. Nevartheless 1t was suggested by Yarbus (1957) and by
Barlow (1963) that the regeneration of "stabilized" images might be due
to residual image motion resulting from lens slippage. Such image
motion might account for the tendency of parallel lines té act as units

= .
(Pritchard et al., 1960). Indeed in’ atudiea of after-images
(stabilized images which are not subject to the above criticism} there
was less tendency for simultaneous disappearance and "reappearance of
parallel lines (HacKinnon, Forde and Piggins, 1969). Overall, however,
the ways in which the patterns appeared to fragment under these two
viewing conditions as well as under steady fixation are similar {Evans
and Piggins, 1963; McKinney, 1963; Bennet-Clark and Evans, 1963). The

latter investigators concluded that the partial and structured
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reappearances reported in their study and others canﬁot be attributed
solely to lens slippage.

Neither can the organized fading of such complex figures as the
human profile, a pattern of curlicues or a capital letter 'Rt pbacured
by hatching lines be attributed to random fiuctuations of threshold ih
various parts of the retina {Pritchard et al.: 1960b). The ﬁon;random
nature of. fragmentation (Evans and Piggins, 1§63; Pritchard,‘Heron and
Hebb, 1960; Bennet-Clark-and Evans, 1963; Evans, 1965; 1967; Piggins,
1968; MacKinnon, Forde and Piggins, 1969) has been attributed to a
supraretinal process (MacKinnon, Forde and Piggins, 1é69). Further
evidence of a Eentral pfoceds is suggested by tﬁe cyclical nature of
ﬁhe frégmentation (Fiorentini and Ercoles, 1963; Piggins, 1968) and by
demonstrated inter-ocular effects on target visibility (Krauskopf and'
Riggs, 1959; Ditchburn and Pritchard, 1960; Cohen, 1861).

Krauskopf and Riggs (1959) reported that the disappearance of a
stabilized image presented to one eye u;; enhanced .rollowing
(stabilized) stimulatipn to the corresponding retinal region of the
other eye. The control situation involved previous stimulation of the
cther e&e in a region symmetrically opposite (in the opposite
hemifield) to the binocularly corresponding region in the other eye.
The stimulus was a dark vertical bar preseéted in one half or the other
of a lighted disk. A more appropriate control might have been to
present the disk alone with n§ bar to the opposite.éye. As it is, the
control used may _have actually facilitated visibility of the? bar

presented subsequently to the other eye.
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Cohen (1961) had subjects view a stabilized black line target
with the right eye. He. found that patterned, unstabilized vision to
" the left eye resuited in more target visibility and less frequent
disappearances thgn did diffuse light to the left eye. When no light
was allowed tq atimulate the left eye target visibility was lowest of
all and disappearance Wwas most frequent. As the apparent distance
between the stabilized line and a parallel unstabilized line increased
(the added line was 25, 75 or 150 minutes from the fixation point; the
stabilized line appeared superimposed on the fixation point) the
visibility of the stablilized 1image decreased. This apparent
facilitation was attributed to neural interaction in the visual cortex.
There was no indication of whether the subject might have perceptually
superimposed the two atimuli or substituted the unstabilized line for
the target line, for example through disjunctive eye movements or
retinal rivalry. This result 1is c_onaistent_with the finding in the
standard monocular statilized viewing‘ situation that parallel lines
tend to act t-ogether (for example, Pritchard et al., 1960) supporting
the suggestion of a central mechanism contributing to fragmentatlon
phenomena. Curiously, one-eyed subjects (Goldstein, 1967) and sub jects
with strabismus (Piggins, 1972) report very 1ittle fragmentation.

Apparently temporal variation in retinal luminance plafs a role
in target visibility as fading of a stabilized image may be
counteracted by flickering the target luminance (Pritchard, 1958) or by
imposed motion of the target (Krauskopf, 1957; Ditchburn, Fender and
Mayne, 1959). Keesey (1976) found that sinus'oidal flicker of a

stabilized bright line target (around a conatant mean luminance) at

#



rates of less than 5 Hz sustained visibility almost continuously. When
flicker rate exceeded ¢ Hz visibility was determined solely by contrast
but never reached the levels achieved when the image was flickered at
low rates.

Ditchburn, Fender and Mayne (1959) found that imposed fiicks
{(or saccades) as small as 2.5 minutes of arc (the émallest displacement
tested) produced a marked increase in . visibility of the stabilized
image of a bar 3 minutes of arc in width. Regeneration always followed
the flick giving a sharper image than that observed after spontaneous
regeneration. A steep rise in target visibility. also occurred for
imposed tremor amplitudes exceeding 0.3 minutes corresponding to an
overall displacement of 0.6 minutes which is roughly equal to the
'interconé spacing in the central fogga. The effect was practically
independent of frequency. Imposed drifts restored visibility of a |
stabilized image to normality only when they were comparable in extent
to the largesat (relatively rare) drifts observed in normal vision. The
authors concluded that no' single component of normal eye movements is
éapable of maintainiqg optimal vision but rather that "additive
interplay between componentsa” would_be neceséary if normal eye
movements were to serve this function.

Keesey and Riggs (196?) found that a Mach band, clearly

discernible for 15_seconds under stabillized conditions disappeared

readily within a few seconds when 1t was stabilized. Imposed
sinusoidal motions of the image had to exceed 1 minute of arc in extent
to sustain visibility at levels comparable to unstabilized vision. In

contrast to Ditchburn et al. (1959) but in keeping with later work on

i~
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flicker (Keesey, 1976) these investigators found that the frequency‘%f
the motion was critical as, at values of 8 Hi and higher, visibility
was not lengthened  regardless of the amplitude of image‘displacement.
.It was cohcluded fhat slow large drifts were essential for the
maintenance of vision‘whéreas tremor with frequencies higher than 10 Hz
was judged ineffective. No saccade-like motions were tested. However,
Keesey (1976) reported Cornsweet's observation that when a iarge
luminous disk on a dark background 1is stabilized on the retina it
disappears; but if it is moved across the retina 1 minute of arc the
whole disk reappears. The only parts of the retina that are receiving
changing stimulation are two narrow crescents, one at the leading edge
and the other at the trailing edge. A similar result has been
described by Gerrits, deHaan and Vendrik (1966).

‘ Yarbus‘(1967) found that for a sharp retinal image of a border,
drift of the eye was sufficient to prevent formation of an empty field
over the retina. Gerrits and Vendrik (1974) also concluded that vision
was sustained by the slow and continuous motion of the image resulting
from the drift cﬁmponent of eye movements, rather tgsg;from the tremor

" and saccadic motions that contain high-frequency comﬁsnents. The
efrectivenega of drift in maintaining visibility was attributed to the
temporal variations in Luminance it supplies to the recepEors; an
excursion over several receptors was considered of secondary importance
in sustaining vision.‘

' Apparently the type of stimulation supplied by image motion,

while immaterial in determining maximum levels of acuity is essential
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in maintaining clear visibility of targets. It has been suggested that
the fragmentag}on which occurs under steady fixatlon and to some extent
during stabilized viewing with a contact lens apparatus, particularly
the greater frequeﬁcy of Jjoint action of parallel 1lines, may be
attributable to scanning eye movements possibly arising from reading
habits {(MacKinnon, Fdrde and Plggins, i969; MacKinnon, 1971)‘. In
particular MacKinnon (1971) proposed that‘variability between Subjects
under steady fixation as well as discrepancies between his results and
earlier findings (MacKinnon et al., 1969) might be attributable %o
idiosyneratic scanning habits rather like those described by Cunitz and
Steinman (1969). _ These investigators found that individual subjects
differed considerably with repect to the direction and size of saccadic
eye movements during both reading and steady fixation of the letter
"T". (This work will be discussed in more detail shortly).

Cornsweet (1956) reported that nelther the frequency of
saccades nor the amplitudes of drifts correlated with the likelihood of

fading of a stabilized target. Rather than determine the number of

individual target disappearénces which were accompanied by a saccade .

‘Cornsweet flickered the targets at various rates which systematically

affected the proportion of time that the target was visible and

compared this proportion to the frequency of saccades. At the time of

testing Cornsweet's subjects were likely quite experienced in viewling
stabilized images as he noted that é good deal of practice was
necessary to become accustomed to the procédure. Cornsweet's results
may 5e questioned on the strength of the observation by Pritchard et

al. (1960) that when a stabilized image disappeared or reappeared the
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uninitiated subject first rotated his eyes in an effort to bring the
image or center of attention back to the fovea. Soon, however, the
subject learned to view the image ﬁassively and. discovered that he

could still tra‘ifer his attention f:g?\gif point to another over the

visual fleld.

>

Steinman, Haddad, Skayenski and Wyman (1973) have suggested
that oculomotility probably evélved in the service of-;hnctions other
than preventing stébilization of the image on the retina. They point
out that normally retinal image motion is assuréd by the continuous and
varied movements of £he viewer and of his visuai environmenti In their:
view the function of eye movementacis mainly to minimize retinal image
motion due to instability of the eye, changes ignorientation Bf the
viewer's head and motioﬁ of the target itself as well as to move target
images rapidly to a specialized reﬁinal region where acuity is
superior. The oculomotor syétem does’ not fully compensate for head
motibn indicating that there is a great‘deal of retinal image motion.
normally when the head‘ is not supported on a bitl board (Steinman,
1975; Winterson, Steinman and Skavenski, 1975; Stelnman, 1976).
Eye Movements and Poaition Errors

Cornsweet (1956) proposed that saccades serve to correct visuai
position errors. According to his model the eye driﬂ:s "be::ause of
an imbalance between antagonistic'mgsclf;. Incréasing distance between

the line of sight and_théjiarget centre serves as awﬂisual error signal

which. triggers an involuntary saccade that moves the target back toward

the centre of the foveal bouqﬁet. The probability of a saccade
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, increases as the visual error signal grows larger and a vi;ual error as
small as 7 minutes of arc is virtually certain to trigger a
position-correcting saccade. (;ther's too have observed that
micro-saccades are the mﬁin means by which a subject keeps the retinal
image of a visual target in some vpreferred” locus when he is asked to
nfixate" (Nachmias, 1959, 1961; Fiorentini and Ercoles, 1966; Boyce,
1967).

However, Cornaweet (1956.-) noted that although fixation saccades
tended to move ﬁhe target toward the‘mean fixation position, on the,
average, they overshot the mean fixation position by more than 1 minute
of are. Such “fixation errors“ Were confirmed by Nachmias (1961) who'
also showed (Nachmias, 1959, 1961) that drifts o scme meridians
correct visual errors introduced by othgr drifts énd that increasing

~ the drift rate of the eye did not increase the frequency of saccades.
Be concluded that the time since the last saccade was a better
predictor of when the next saccade would occur than the deviation of
the lire of sight from the target. Nachmiaa' findings were confirmed
by Fiorentini and Ercoles (1966) and by St. Cyr and Fender (1969).
Boyce (1967) found that only 30 per cent of his subjects' saccades
compensated for immediately preceding drift and concludéd that although
there was some 6ompensation of preceding drift, the compensation was
very inaccurate. _ Although the Flirection and magnitude of preceding
drift had some influence on the direction and magnitude of the saccade
they could not be regarded as the sole or even the main determinants of
those quantities. Similar characteristiés were reported in a larger

sample of subjects by Proskuryakova and Shakhnovich (1968).
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Other investigators have found that saccades are not required
to keep the line of sight on a fixatién target (Steinman et al., 1967;
Filin and Mizinova, *1969; Matin, 1 1969). The variability of eye
position under the instruction to "Thold the eyes steady", when
microsaccade frequency can go to zero OvVer 9.8 seconds, is no greéter
than under nFixate" instructions when microsaccades occur ap regular
intervals. Drifts themselves do not carry the eyes further from an
toptimal locus" than when they are interspersed with allegedly
correcting microsaccades (Steinman et al., 1967). Another source of
difficulty for Cornsweet's model was the report that target steps less
than 35 minutes (that is, within the functional confines of the fovea)
did not elicit saccédes suggesting the ;EEEEZ;ZE\ﬂr a saccadic "dead
zone" (Rashbass, 1961; Young, 1966). The above f{ggings suggest that
_ both saccades and drifts pro&ﬁce, as well as corr t, position errors
during maintained fixation. )

“Pritchard an& Heron (1960) recorded eye movements in the cat
while the animal was presented such visual stimuli as a plece of
cotton, a small astationary light, a candle, the experimenter's face and
a rat in a Jar. They recorded flick gmplitudes (35 minutes of arc)
larger than those recorded in human fixation eye movements {Fender,
1956) as well as largéb drift amplitudes {about 35 minutes of are). A
particularly striking result was that flicks were rarely obser;ed in
the cat's ey§ movement record. At the time these rather puzzling
results were attributed to the cat's having a retinal recebtor density
unlike that of the human. whereas the human fovea centralis consists

of a small area (about 20 minutes in diameter) of very elosely packed
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cones affording greatest acuity the area centralis of the cat retina
has a lower cone density and essentially constant acuity over a
relatively diffuse area.

The "involuntary"” flicks which occur when the human subject 1is
instructed to "fixate"™ may be an artifact of the instructional set.
Apparently, saccades are not essential for the control of retinal image
positicn as subjects can suppress saccades over an appreciable period
of time with no increase in variébility of eye position (Fiorentini and
Ercoles, 1966; Steinman, Cunitz; Timberlake and Herman, 1967; Filin and '
Mizinova, 1969). Steinman et al. (1967) instructed their subjects to
"hold" their eye in position in the presence of a stationary homogenous
disk of white light, 5.4 or 31.2 minutes of arc in diameter, ghose
luminance was 1.0 millilambert. The saccad; rate was markedly reduced
from that oﬁserved under "fixate" instructions and subjects frequently
suppressed saccades altogether throughout a 9.8 second trial.

£lthough saccades were very 1nfrequen£ on “hoid" trials
compared to nfixate” trials the variability of eye position was
comparable in the two conditions and subjects were not troubled by
target fading even on trials when there were no saccades .(Stelnman et
al., 1967). Low velocity drifts (about 6 ;1n arce/sec) seemed
sufficient to maintain target visibility. Murphy {(1973) repoﬁfed that
the perceived form of a target which falls within the central 90
minutes of the fovea does not change when microsa;cades are suppressed
suggesting that saccades are not critical for form berception.

This saccade-free eye position control ("slow control™) does

not depend on -the type or distance of the target nor does it result
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4
defocusing (Steinman, Skavenski and Sansbury, 1969). Saccades can be
auppressed Wwith a variety of targets suc.h ?.s a point, a disk, a foveél
annulus or an annulus in the periphery, whether they arr—_i ateadily
i11uminated or flickering, however slow control is best and saccade
suppression easiest with a steadily jlluminated foveal disk about 0.5
degrees in diameter (Haddad and Winterson, 1975).

The eye drifts faster in the dark than when a fixation target
is visible#(Nachmias, 1959; Matin, Matin and Pearce, 1970; Skavenski
and Steinmar;, 1970) and variability of eye position is much greater
(Cornsweet, 1956; Nachmias, 1961; Steinman et al., 1967; Skavenski and
Steinma.n., .1970). If targets are too feeble to be seen when they fall
on the fovea a good deal of position control is lost. A feeble target
placed near the periphery where it can be seen tend:; to be returned t.d
the fovea where it disappears {Steinman and Cunitz, 1968). A f‘ixation.
stimulus for one eye serves to hoid the ot\;xer eye in place provided- the
viewing distance i3 at least 2 meters to minimize ‘var'iability arising
from attempts to make convergent eye movements (Steinman, Haddad,
Skavenski and Wyman, 1973).

Winterson and Robinson (1975),. recorded two-dimensional eye
movements in the cat bylmeans of a scleral search coil in a magnetic
field (Robinson, 1963) which permitted resolutic;n of an eye movement of
1 minute. Body movements were restrained and the head was held in a
fixed position while the cats looked about the room. Their field of'
view included a pegboard on which a variety of objects were suspended.
Hhenever:' the experimenters (in an adjacent room) “suspect:i that the

subject had lost interest -in the experiment" ’they- made a variety of
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nois_es intended to keep the éat awake and alert. It is not c¢lear what
eriterion of arousal was employed.

winterson and Robinson (1975) reported that the cats used slow
control exclusively to maintain fixation on stationary objects of their
own choosing in a. lighted room. Eye drift was not corrected by
microsaccades but by equal and opposite slow drifts which.ensured that
meén eye position did not change. The typical eye movement pattern
consisted of one or more large saccades that shifted the line of si'ght
a number of degrees, followed by slow cont.r-c‘Jl to maintain the line of
sight. Saccades smaller than 10 minutes of arc were never observed.
Ocecasionally small saccadic motions were observed on one meridian but
such motions always proved to be a small component of a much larger
sacéade on the other meridian. | “

Although the cat's visual acuity (Smith, 1936; Bl;:-lke, Cool and
‘Crawford, 1974) might be expected to provide adequate error signals for
shifts of eye position smaller than 10 minutes and there is a degree of
anatomical qucialization in the central retina (Stone, 1965) these
conditions may not determine ;he oecurrence of microsaccades in the cat
or in the human. Human visual acuity is relativély uniform over a
region 24 to 50 minutes in diameter (Millodot, 1966) yet human
microsaccades are much smaller. a

Winterson and Robinson noted that the stability of the cat's
eye when 1t looked at an ot.)Ject of its choice was at least as good as
the stability of the human é&ye when instructed to maintain eye position

with slow control (Steinman et al., 1967; Murphy, Haddad and Steinman,

1974). Also, like humans, stability could be maintained over long
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periods of time. Drifts exceeding 2 degrees were observed only in the
dark or when the animal "dozed off". Drifts In oﬁe dir:ecti;an tended to
be}followed by‘ similér drifts in the opposite direction resulting in an
irregular oscillating pattern which kept the long term mean eye
position from changing more than a few minutes of arc. Drift velocity
in the cat was approximately twice that observed 1in man and drift
oscillations were of higher frequency than in man.. Uncompensated
drifts and higher drift velocities were observed in the dark,
_indicating that élow control is visually activated in the cat as in
man. . *
Characteristics and Functions of Small and Larger Saccades Comoared
visual thresholds are elevated by large saccades (Volkmann,
1962; I;at-our, 1962; Volkmann, Schick and Ri.ggs, 1968). There 1s some
evidence of a similar elevation when small saccades are made during
_fixation (Dlitchburn, 1955; Beeler, 1967) though Krauskopf, Graf and
Gaarder (1966) did not find that visual threshold was elevated when
m.icro:;;laccades occurred. The duration (Ron, Robinson and Skavenski,
19"!2‘) and n:aximmn velocity (Zube-rl', Stark and Cook., 1965) of a ‘sa_ccade
both increase w;;h saccadlc amplit-ude. For normal saccades executed at
random around a ;truci’.ured visual field monkeys require an additional..
millisecond in duration for every deg_re'e of increase in amplitude and
humans require 2 milliseconds per dégree ‘(Ron et al., 1972) . .
The maximum velocii;.y achleved dufing a human saccade increases
with ampli;‘:ude up to 200; for larger saccades a velocity saturation
occurs at between 500 and 700 deg/sec }n' the h;.nnan and 1000 deg/sec in

the monkey. The' funcfion relating maximum velocity and saccadic
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amplitude is th -same for voluntary saccades, corrective saccades and
the microsac es of fixation suggesting that the small rapid eye
movements may generated by the same neural mechanism or at least are
limited by the same mechanics as the larger saccades (Zuber et al.,
1965; Fuchs, "1976) .

The finding that subjects can inhibit microsaccades {Steinman
et al., 1967) led Cunitz and Steinman (1969) to suggest that fixation
microaﬁgcades may be under voluntary control and that they, 1ike large
saccades, are scanhing eye movements, part of a visual search pattern.
Thelr viéw presupposes that many' "fixation" microéaccades serve to
place varlous regions within \or _near- the fixation target at the
noptimal™ locus where detalls can be most readily attended. Horigontal
eye movements were recorded during fixation of a capitél letter "T7
uhicp subtended 15 minutes of arc -both horizontally and vertically and
while ‘subjects read a paragraph they had never seen before. Each
letter or 3pace subtended 7.7 minutes of arc horizontally and the
entire text subtended 3.1 x 4.9 degrees. _ Both targets were presented
on a white field 4.2 x 5.9 degrees with a luminance of 1 millilambert,
sufficient for good legibility in an otherwise darkened environment.
Subjects were instructed to "fixate" the 1etter target just as they had
nfixated" points or discs of light in prior experiments and to "read"
the paragraphs for comprehension.

Eye movements recorded during reading were similar to standard
descriptions of normal reading (Yarbua, 1967; Woodworth and Schlosberg,
1954) with respeé§ ﬁo the number of fixations per line, the mumber of

regressions and the duration of reading pauses. The most striking
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feature of the records was the low frequency of microsaccade;s observed
during the reading pauses. Microsaccades occurred in fewer than 5 ;Jer -.
cent of the reading pauses.

The distributions of time intervals ‘between fixation
microsaccades and between large reading eaccades {reading pause
durations) overlapped considerably for each subject. The difference
between the mean 1log intervals was significant for one of the two
subjects and was attributed to an appreciable number of long periods
(more than 600 milliseconds) during which the subject made no
microsaccades during fixation of the "T". The modal intersaccadie
intervals and reading pause durations were very similar for both
subjects. The median duration of all reading .pauses that contained
microsaccades was almost twice as ‘1ong as the median duratien of
peading pauses without microsaccades. When.'a. microsaccade was made‘

: duriné a reading pause it was. made at about the same time that a large
readihg saccade uoule be expected. Therefore, the probability of a
saccade-occurring during reading was indepeLdent of the size of the
aaccade that was made, . Reading pause duration #as not significantly

“lengthened by increasing the difficulty of the reading material. When

"' difficulty was increased the mean size of the reading saccade was

reduced slightly and.there‘were more pauses per line of text.

The ihdividual subjects differed yith respect %o the number of
regressions and variability in the size of forward movements during
reading. Moreover ‘- they differed in‘the mean size of_micfosaccades
during fixation. Each subject performed quite differently with respect

to the direction and size of his saccades in the reading and fixation
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conditions; however the temporal characteristics of these movements did
not differ between the two conditions. The temporal distribution of

saccadic eye movements was not related to their size and direction.
This finding suggests that all saccades, large and small, are initiated
by a single system (Cunitz and Steinman, 1969). Zuber, Stark and Cook
(1965) have already provided evidence that a single physiological
$ystem controls the velocity-amplitude characteristics of all saccades
up to approximaéely 3 degrees in amplitude.

cunitz and Steinman (1969) propcose that -many nfixation™
microsaccades serve the same purpose as large "voluntary" saccades in
shifting. the line of regard from one part of the visual array to
another, even in a very ciqﬁumscribed_ portion of the visual fileld.
They further note the implication that the occurrence of microsaccades
during fixation may be a relativelyilate development ih the control of
the visual search pattern requiring an ability to qesolve small details
as well as to execute accuratel} very small saccades. Steinman et al.
(1973) have proposed that the eye movement patﬁern of maintained
fixation 1i1s learned and that the observed similarity of the
intersaccadic intervals during maiﬁtéined fixation and reading
sgpported the notion that fixation andireading may both be overlearned
mogor skills. N

Large saccades, smooth pursuit and vergence movements of the
+hesus monkey and man are qualitatively similar (Barmack, 1970; Fuchs,
1967; Keller and Robinson, 1972). Skavenski, Robinson, Steinman and
Timberlake (1975) trained rhgsus monkeys to perform a monocular visual

disecrimination task, involving both acuity and vigilance, which was
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designed to elicit good fixatien. Early in training monkey saccade
rates were comparable to human rates of 1 tg 2 saccades per second with
occasional intervals of more than 2 seconds between saccades. However,
monkey eye movement patterns differed from human fixation in two
respects: (1) their saccades were generally large (greater. than 30
minutes.in amblitude),compared to human fixation microsaccades; and (2)
their fixation positions were quite variable. Monkeya 1mpfoved their i
fixation control remarkably when the entire visual display was made
much smaller and for 3 of U4 monkeys vériability in eye position as well
'gs median saccade amplitude and median intersaccadic interval lay
\
within the ranges reported for man (Ditchburn, 1973).

Small but consistent percentages of saccades of less than 10
@iputes amplitude occurred during esarlier discrimination training on
larger visual displays indicating that microsaccades form part of the
normal eye movement péttern in the two-year-old monkey. As the target

separations were reduced and the targets were made smaller the

 distribution of saccade amplitudes shifted toward more microsaccades.

When fixation patterns were under direct reward-control all 4 monkeys
eventually learned §o keep their line of sight within 15 minutes of arc
of the target for‘b period of 15 seconds, shpwing fixation accuracy
éomparaﬁle to that ;} man.

One monk?y'began to use slow control to keep-his eye on target;
this mode of control was very stablef Two other monkeys occasionally
used slow cdntrol_ to effectively maintain eye position for 2 %o &
seconds. However, they also showed systematic drifts which carried the

eye off target and were terminated by small return saccades. Monkeys,
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iike man, use slow control to markedly attenuate the drift that occurs
in the dark. The presence of a single point of lignt was sufficient to
permit .reduction of the net drift rate by a factor of about 25.
Skavenski et al. (197%) extended their results to a total of 7 monkeys
and concluded that the rhesus monkey can control eye position as well
as man (Skavenski and Steinman, 1970; Skavensid, 1971) .

A maJor obatacle to the voluntary motor skill interpretation of
the maintained fixation pattern was an experiment by Rashbass (1961)
who concluded that there is a large saccadic ndead .zone". His subjects
did not track target steps smaller than 15 to 30 minutes of arc. If
the fixation pattern is an overlearned habit based on a voluntary
search made with saccades as small as 5 or 6 minutes of arc subjects
should be. able to voluntarily track target steps ‘'smaller than 15
minutes of arc. Benne t-Clark (1964) also reported a saccadic "dead
zone™ of the type described by Rashbass however some of his subjects
were able to compensate for displacements of less thapn 10 minutes of
arc. He concluded'that the hypothesis of an oculomotor "dead space"
proposed by'Fender and Nye (1961) received some support but that the
gize of the dead space varied from subqect to subject. Timberlake,
Wyman, Skavenski and Steinman (1972) reported that the oculomotor 'dead
zone' must be smaller than 10 minutes and might even be less than 5
minutes of arc.

Alpern (1969) pointed out that Cornsweet's (1956) finding that
saccades frequently reduce small position errors argues against the
broad "dead zone" descﬁibed by Rashbass. Where Rashbass observed no

saccade in 800 seconds for target steps of 15 to 30 minutes, Young
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(1971) found that the ‘probability of a corrective saccade decreased
monotonicallly with step size below a displacement of about 30 minutes.
~Within 750 milliseconds after target displacement the probability of a
corr‘ective\ saccade decreased from 0.9 for target steps of approximately
50 minutes of arc down to 0.4 for target steps of about 5 minutes of
are, For an interval of & .milliseconds aft;r a target step of 5
minutes of arc the probabili.ty”of a corrective saccgde wa?Jless than
0.2. In Ydung's experiment subjects were not specifically instructed
to make corrective saccades.

’Hyman and Steinman (1973a) had aubjects view monocularly a
poir-lt‘ of light less than 2 minutes in extent at a distance of 2.04
meterrs. Average eye position was measured for the 5 seconds preceding
a target step and for the 5 second pericd beginning .1.5 seconds after
the target step. The_y found that subjects instructed to do so tracked
at least 98 per cent of unpredictable target steps, fanging from 3.4 to
13.8 minutes of arec, with an accuracy of within 0.5 minutes of_arc.
Subjects followed steps of 1.7 mintites of arc on approximately 65 per
cent of the trials but even this was a statistically reliaﬁle
proportion. For this small step the chapge in average eye position was
about 60 percent too large. Average e;accade laten;:y increased from 200
milliseconds to nearly 450 milliseconds ;as target step size decreased

from 28.4 minutes of are to 3.4 minutes-of arc (Wyman and Steinman,

-~

1973b). These latencies are comparable to those of voluntary motor
acts in standard reaction time experiments (Woodworth and Schlosberg,
: ‘o

1954). The latency and accuracy of the first tracking saccade were

influenced by psychological variables in much the same way as has been
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found in experiments on voluntary sensorimotor reaction times. A delay
of 200 to 250 milliseconds is typically reported' between a larger
target step and the resulting saccade (Wheeless, Boynton & Cohen, 1966;
Komoda, Festinger, Phillips,; Duckman & Young, 1973). In a series of
unpublished experiments Nachmias and Herman.(reported by Steinman et
al., 1973) showed that subjects tracked steps as small as those tracked
in the work of Wyman and Steinman (19732).

It has been demonstrated t t human subjects are capable of
suppressing saccadee while maintaining eye posipion-in the presence of
a fixation targef (Steinman et al., 1967).  Moreover, subjects can
reliably tfack target steps as small as 3.4 minutes of arc (Wyman and

_ Steinman, 1973) ﬁowever tracking is less likely for a step of 1.7
‘minutes ef arc. An experiment by‘Haddad and Steinman (1973) revealed
" that huﬁans can look away from a stationary fixation point in any
direction with the same precision with which we can correct small eye
position errors produced by drifts of the eye or changes in the
position of the target. Subjects were required to make the 'smallest
possible' saccade in a specified direction in the presence of a small
stationary point of light. These saccades had a mean amplitude of 5.6
to 5.7 minutes of are, cemearable to the average fixation microsaccade.
(Ditchburn and Foley-Fisher, 1967) and a mean latency of 195 to 270
millisconds comparable to simple reaction times. The saccades were
always in the aﬁpropriate direction and could create as well as reduce
visual errors, suggesting that the presence of a visual error was not
necessary for the execution of a saccade Saccades were three to four-

times as large in the dark as when the target was vislble.
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. Haddad and Steinman (1973) noted that subjects required- to

‘maintain fixation of a target with slow control do make spontaneous

saccades but these occur rarely and are about twice as large as the
small voluntary saccades and typical fixation saccédg?. Spohtaneous
saccades do tend to move the eye opposite to its drifﬁ direction

supporting the notion that they serve to correct the error introduced

by drift (Cornsweet, 1956). Subjects are usually aware of having made

a spontaneous: saccade, but they are better able to detect target,
displacements (steps) and identify their .direction than to detect and

{dentify the direction of their spontaneous gaccades. Target steps of

7.0 and 3.5 minutes were detected on virtually all trials but detection.

dropped to 65 percent of the trials when the target step ;;i only 1.7
minutes of arc. The tiny saccades made during maintained fixation can
be detected but their frequency is influenced by the attentional act
and the maintained fixation pattern loses its typical characteristics

(Steinman et al., 1973).

Haddad and Steinman (1973) concluded that their results were
compatible with the speculation (Gunitz and Steinman, 1969) that the

microsaccades made during maintained fixation serve the same function

as the large seanning_sacéadas: dqring maintained fixation the subject
scans a small region near the fixation target Jjust as during visual
search he uses larger saécades to shift his line of sight.

From the eye movement 1iterature at least two general questions
emerge. The first question concerns the reportedly arbitrary nature of
the experimental situation requi’ring a subject to fixape. It has been

demonstrated that although the monkey normally makes relatively large

kK]
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saccades the animal can be trained to fixate a small stationary target
with microsaccades like those which typify maintained fixation in the
humans. | Both monkeys and humans can suppress saccadeé for several
seconds maintaiﬁing'eye position with slow control. Humans can track
target steps as smali as 3.4 minutes and voluntarily make saccades as
small as the microsaccades obsepved during maintaineé'fixatipn. Zuber
et al. (1965) have found ttat the velocity-amplitude relationship f@r
microsaccades is the saﬁe as that for larger saccades. The timing of
saccade onsets 1s virtually the same in reading and fixation élthough
the size of the average saccade diéfers. Evén apccessful manipulation
of saccade amplitude by varying difficulty of the reading material has
no sigpifiéant effect on the distribution of intersaccadic intervals
according to Cunitz and Steinman (1969). )

These data suggest that microsaccades and somewhat larger
saccides (eg. scanning, reading) are all initiated by the same
neupophysiological mechanism as hypothesized by Zuber et al. (1965) and
by Cunitz and Steinman (1969).  Further tie data mpiy that the
requirements of the viewing situation (fixation, reading, visual
search) influence the size and direction of saccadic eye movements,
perhaps through some well-practiced, voluntary #tion of the ‘observer,
but that the'rate of saccade initiation 1is unaffected. It seems that
the impulse for high velocity movement of the eye is generated at
predetermined intervals and that the ultimate direction and size of
saccadic eye movements is the result of some active modulation of this

impulsa to determine th;\bpecific action of the individual extraocular

muscles and their combined effect. Apparently the only way the rate of
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saccade ;nitiation can be significantly altered is to suppress the
impulse altogether or perhaps to balance the input to the extraocular
muscle fibers capable of Very rapid contraction so the net effect on
eye position 1s essentially zero. |

wWhen the monkey is not required to miniﬁize Ehe variability of
his eye positign he makes relatively large saccades. The untrained-cat
rarely makes saccades and these are relatively large (Pritchard and
Heron, - 60). Eye position is maintained with s;ow control, that is’
with drifting in one direction being - compensated by drifting in the
oppoéite direction resulting in a slow oscillation of eye position
(Winterson and Robinson, 1975). Human eye movements have been recorded
in situatlons characteéized by socme instructional set regarding where
to look or what to seek in the visual stimulus (eg. fixation, reading,
visual search). It-might be expected that human eye movements recorded
in a situation which places'minimal constraints on looking behaviour
would " appear similar Eo the eye movements of the untrained monkey or
perhaps even the cat. One might expec£ to see larﬁfr saccades and
greater varlability in eye position. If there were no 3pecific
requirements for attention to specific wisual stimuli,-for information
exﬁréction or for the maintenance oé';ye position one might expect to .
find a different distribution of intersaccadic intervals- than are
typical of maintained fixation. On ﬁhe other hand if there is a neural
mechanism which initiates saccades at particular intervals independent
of the viewing situation one might expect to find no substantial
difference in the distributions of intersaccadic intervals. The only

occasion which would alter saccade rate would be an attempt by the



34

subject to auppress saccades. If the distribution of the intervals
between saccade onsets does not vary substantially jn situations where
saccadic amplitudes differ, this would suggest that a neural generator
sends out Ainitiating volleys at certein intervals‘ and that these
volleys may bhe subsequently modified by other inputs to determine the
specific muscle firing.pattern and thus the direction and amplitude of
saccadic eye movenents. |

There may be an effective area of inhibition along a contour
extending a few minutes of arc from the contour. The metacontrast
literature might predict that such inhibition would nave both spatial
extent and temporal extent (Metecontrast varies not only as a
function of the interval between the onsets of two jmmediately adjacent
contoure but alsc at any stimulus onset asynchrony metacontrast
. decreases with increasing spatial aeparation between the contours) .
Displacement of a target image to a point within such a temporary zone
of interference would minimize the likelihood‘that the target would be
perceived. This view is consistent with the finding that visibility of
a stebilized image target 13 restored when the image is rapidly
displaced by at least 2 minutes of arc or more slowly displaced over a
greater distance (Ditchburq et al.;(j959). If drift rate were too slow
to outdietance the jnhibition it might not contribute tO target
visibility. A flick’ of sufficient size should assure visibility, not
by virtue of the motlon itself, but by moving the 1mage to location
where perception is unaffected. This notion of an inhibitory area
along a contour i{s also consistent with the finding that target steps

smaller than 3.4 minutes are less likely to be perceived and tracked

—
~
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with corrective saccades (Wyman and Steinman, 1973). The drop in
. detection from essentially perfect performance to 65 per cent accuracy
when step size is reduced from 3.4 minutes of are to 1.7 minutes of arc

s;uggest;s that. sensitivity is reduced in an area a few minutes of arc in
extent along a contour.

The spatial extent of interaction‘betﬁeen contours has been
described as .a few minutes of arc (Flom et al.; 1963). If there were
an effective érea of inhibition along a contour where perception of
another contour was adversely ‘affected, the éecond contour would have
to lie beyond the zone of inter'ference surrounding the first contour to
be readily percéived. The locat.ion of a tar-get contour within the zone
of interference around a second contour might mimic the situation where
a target is displaced so 1ittle that the step falls in the oculomotor
ndead zone". When the subject 1s required to perceive -the target
stimulus in order to make some judgment about it he may flick his ‘eye
back and forth over the target with saccades.- which should be
sufficiently large to move the image out of the relati'vely insen_sit%
zone. However since the added contour is fixed in its distance from
the target conto-ur little if {any imp_rovemen‘t' in’ perception should
reﬁult from these 'eye movements. At a 'contour separation where
perception of the target stimulus was signiricantly attg.nuated one
might expect the subject to. make a number of flicks of a size and
direction appropriate to displacing the target image from the "dead

zone™ ..



CHAPTER.THREE
CONTOUR EFFECTS IN YISUAL PERCEPTION
A contour, which 1is an abrup£ change in luminance between two
immediately adjacent areas, may enhance the perception of a difference
in brightness between the two areas. The estimated size of the area
affected by a contour varies considerably across studies. There are
also some discrepancies in the reported natufe of the effect. Most ’
studies describe an intérference (inhibitiecn, supp}ession) effect but
same describe a facilitation effect. A few studies demonstrate-both
.effects, an interference effect over an area next to the contour and a
facilitation effect at slightly greater distances. .Further, anything
which alters the perceptual effectiveness of a contour may influence
the perception of brightness difference. Several studies suggest that
the proximity of a second contour diminishes the perceptual impact of
the first. ‘

© The ;xperimental conditions employed in the different stpdies
lvaried considerably with respect to luminance levels tested target
‘dimensions éﬂﬁ viewing time or exposure duration of the target.
Althoﬁgh the present work is concerned with relatively small, high
conbfast (black and white) stimuli viewed as long‘ as the subject
wishes, the problem may be set in context with a brief review of\the
typical studiles suggesting contour effects. In general thg studies
fall into two major classes with respect to the subject's task: (1)
: thé perception of a difference in brightness {in a broad sense this

includes contrast sensitivity) and (2) the ability to resolve spatial

36.
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detail (a class which may be considered to include various measures of

visual acuity as well as letter recognition tasks).

The independent variable which these studies have in common 1is

scme variéﬁion in

the spatial extent of a? target figure or, more

particularly, in the separation between contours. Among the tasks

involving brightness discrimination the dependent variable 13 the

lumihance difference

(between adjacent areas) necessary for perception

of a brightness difference on

-

L -L

o B
a criterion proporfion of tpials or the contrast ratlo (Efuui‘j:i:Jnin)
: max min

necessary for a crit

erion level of responding. When exposure durétions

are brief the exposure duration of the target necessary to achieve

criterion performance may be the dependent'variable. In the tasks

cgncerned with spatial resolution the dependent variable is either the

minimum separation perceived on a fixed proportion of trials or thé

/

in any of these situ

obability of a correct response to a fixed separation between target

ontours. The distance to adjacent contours may determine performance

ations.

Where: there

is an abrupt transition from a light area to a dark

aréa, the edge of light area appears brighter than .the remainder of the

light area and the

'evén darker than

edge of the dark area next to the contour appears

the remainder of the dark area (Figure 1).

Objectively, there is no such variation in luminance. This aubjective

phenomenon, called

change in luminance

'Mach bands!' (see Mach, 1914) requires a steep

iy
if the bands are to be sharp (Bekesy, 1968).



Figure 1.
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-

" Luminance gradients: A step

change in luminance and a

. gradual transition. Mach

bands appear in both
situations but are sharper
when the luminance gradient
is steep.
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Ratliff (1972) has described a physiological mechanisms in the
compound eye of Limulus, the horseshce crab, which may serve as a model
of how Mach bands might be produced in the ;isual system. He found
that along a traﬂsition from a light area to a dark area (ansedge) the
responses of visual cells exaggerate the luminaﬁce differencelthrough a
mechanism he called "lateral inhibition“.' The receptors at the edge of
the light area are effectively subject to inhibition from only one slde
and are thus free to fire more rapidly than receptors in the rest of
the light area. Conversely, the receptors at the edge of the dark area
are subject to greater inhibitién (from receptors in the light area)
than are tﬁe other receptors in the dark area and therefore fire less
‘rapidly.

This concept of latéral inhibition may-be more readily
understood by reference to Figure 2. The activity of a recepﬁor cell
(A) stimulated by light is reduced when a second nearby receptor (B) is
also stimulated with 1light. The effect is a reciprocal one with each
stimulated cell inhibiting the other, however the cell stimulated by
the higher luminance inhibits the other more strongly. Stimulation of
a third receptor (C) sufficiently distant tﬁat it haa little or no
direct efréht on the firing rate of the first cell (A), but inhibits
the second:(B), disinhibits'firing in the first cell (A)--its firing
rate is increased again. .

In“ a pattern of successively lighter stripes with a fixed
increase in luminance from one stripe to the next there appears to be a
slope 1n‘brightnes§_within each stripe (Figure 3) even though

individual stripe luminance is uniform (Hering, 1920). -If both stripe



Figure 2.
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Lateral inhibition in the eye
of Limulus (Ratliff, 1972).
The activity of cells
stimulated by light at A and
B appear in records a and b,
respectively. The time of
light stimulation at A, B and
€ is indicated by the
stippled bars below the.
activity record. In the
uppermost record the rate of
cell firing to stimulation at
A is only slightly reduced by
stimulation at C. In the
lower records, firing to
stimulation at A is clearly
inhibited by simultaneous
stimulation at B. :
Stimulation introduced at C
inhibits firing to B thus
disinhibiting firing to A.
(See text).
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Figure 3. A pattern of successively
lighter stripes, each of 2
uniform luminance,
demonstrating Hering
innibition.
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width and phe luminance difference between stripes are reduced in a

I

fixed ratieo to each other the slope of the inhibitory effect 1is

increased and its absolute extent is diminished.. On the other hand if

the corners of the luminance step (the transition in luminance) are

rounded or if the ascending pare of the step is diffused by a rotating
prism, both of which make the luminance change ;ore gradual (as in
Figure_ 1) the slope of the inhibitory effecé is decreased (Bekesy,
1968) . ' |

In experiments to determine brightness difference threshold a
" small disc-shaped‘spot of light is viewed against a lsrger surround or
background of uniform luminance. In the studies to ge reported here,
the area immediately surrounding the central spot.is of fixed
iuminance. The brightness difference threshold is the 1increase in
fhminance ef the test spot above that‘of its surround necessary for the

spot to be perceived on a fixed proportion of trials.

Fry and Bartley (1935) have done a number of experiments which

they belleved demonstrated the effect of contour on the brightness;
difference threshold. Theylfbund tha% increasing the diameter of the '
central disk from 26_ minutes of arc. to 4.0 degrees reduced the

brightness difference threshold but thst further enlarging ¥he disk to.

8.0 degrees had no effect on threshoie. The borders on opposife sides

of the disk were thought tc have interfered with each other and thus
with perceiving the difference in brightness between the disk and its

surround.

A similar result for rectilinear stimuli also demonstrated the:

apecificity of the effect to contours of “similar orientation. The
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brightness difference threshold between two rectangular areas varied -

with the luminance of two squares one on either side of the rectangles.

When the flanking squares formed common borders with the rectangles
S

which we?e parallel to the border between the two rectangles, the

brightness difference between the rectangles increased as the flanking

* squares beéame lighter or darker than either of the rectangles.

However when the rectangles were prienfed ﬁorizontally with their

common border at right angles to the border formed with the squares,

the brightness difference threshold between the rectangles fell .

continuously as the iuminance of the flanking squares increased.

The brightness differeﬁce threshold for a disk, surréunded'by
an annulus whose inner diameter equalled that of‘the disk (47 minutes
of arc) varied with the outer diameter of the annulq;., As the distance
between the .edge of the disk and the outer edge of the annulus
incréhsed. the brightness difference threshold for the disk decreased
‘asymptoting at 4.0 degrees, Fry and Bartley (1935) concluded that over
. short distances tﬁ; f:ontour at the outer edge of annulus prevented
(perceptual) formation of the edge of the disk and thus prevented
perception of a brightness difference.

Westhelimer (1967) sought to determine whether éhe interaction
effect on thesgjthresholds occurred at the.retina (the receptor'hurface

of the eye) or somewhere higher in the visual! system (in the brain)

where input from the two eyes converged. The threshold target was a

_ flashing spot which stimulated a retinal area 3;0 degrees from the

fovea. The spot was viewed against a disk which was itself surrounded

N o
by an annulus. The diameter of the disc wasﬁiflqcted to give the
B . ’ TN
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. minimm luminance difference tﬁre;hold fo;fthe spot at that retinal
eccentricity. When the disk and spot were surrounded by the annulus
and viewed monoqularly a marked reduction in spop threshold accompanigd
an increase in annulus luminance to equal that of the disk. However
when the disk and spot were viewed by one eye and the surround annulus
by the other eye (with the targets sultably aligned) the luminance
threshold ;f the spot increased slightly when the annulus luminance was
ralised to equal the disk luminance. The interference exerted by the
outer ‘edge of the disk on spot threshold wés apparently a retinal
.effect as presentat;dn of the equally 1uminous annulus to Epe same
retina counteracted the effect. . ) '

The threshold for a briefly flashed spot varies with its
distance from a contouf (Wildman, 1974). The threshold for detecting
the spot i; pfedictably higher on the high luminance side-of an edge.. .
than on theldark side. However, on the light side right next to the
edge (whére a bright Mach band might appear)'the 1Lminance threshold
for the spot rose to.a sharp peak suggestiﬁg thaf‘there was an area of
interference along the'contour. The threshold declined fairly steeply
on the dark side_of the edge but the slope of the decline became more
gradual furﬁher into the (ia'k area away from the edge. The 'high side
edge effect' was almost entirely absent at low intensities, devéloping
with ihcreasing intensity and remaining constant at even-higher
intensities.

Rather than vary the intensity of the target stimulus, Rousseau
and Lort{e (1970) “briefly presented a thin vertical line at a fixed

intensity and found that detection of €he line varied with the
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proximity of two flanking pafallel dark bars. The test line was 25
seconds of arc wide and the bars were 31 sminutes of arc in width. All
were 1 degree 3 minutes (103') in height. When the bars were less than
31 minute; apart detection was inhibited compared to when the test line
was presented alone. Line detections increased with bar separation to
reach a maximum when the bars were about 62 minutes apart. At that
poeint the number of detections exceeded that obtained with no bars
present., With further increases in bar separation detections i;velled
off.at a value comparable to detection of the test line when it was
presented alone. The fac{litation observed when the bars were 62
minutes apart was thought to reflect disinhibition like that described

by Ratliff (1961, 1974).

Perception of Brightness Differenced; Sequential Effects s

The perception of a briéfly presented visual stimulus may also
be inhibited by the successive' presentation of another stimulus, a
phenomenon called backward masking. Masking of a2 letter or some other
figure is effected when a bright flash of light is presented
immediately after the target stimulus. Another effective masking
atimulus is a pattern which overlaps'tpe area occupied.by the target
figure. The probability of detecting thé target stimulus increases as
the interval between the target stimulus and the masking stimulus is
made longer. An annulus which Just surrodnds the area occupied by a
target letter also acts as a masking stimulus (Ave;Bach & Coriell,
1961). At a given interstimulus interval the amount -of masking
decreases with increased diameter of the masking disk. While the

curves'ipr larger disk masks merge at an interstimulus interval of 100

L]
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milliseconds there 1s still considerable masking by a smaller disk
(Kolers, 1962). .

Maximum backward masking is obtained when a rectilinear target
and mask have the same orientation. Sekuler (1965) found that the
. duration threshold for detection of a black vertical stripe decreased
with increasing orientation differences up to 45 degrees. Although
masking was still e;ident for orilentation differences greater than‘us
degrees the effect was independent of orientation. When the test
stripe was horizontal the orientation effect extended to slightly
larger orientation differences.

Backward masking with no spatial overlap beﬁweén the target and
mask stimuli is called metacontrast (Alpern, 1952). Pairings
frequently used are a dilsk followed by an annulus or a vertical bar
followed by ﬁwo adjacent bars, one to either side of the target bar.
The subject's task is usually related to the apparent brightness of the
stimulus; he may be required to match the perceived briéhﬁness of the
target to a standard or he may be asked'tﬁ indicate whether or not the
target was perceived. The amount of metacontrast may be inferred by
the luminance or duration of the .target necessary for it to be datécted
on é fifgh proportion of trials.

}isibility of the target Varies as a U-=shaped function of
stimulus onset asynchrony. Metacontrast masking increases as the
interval between the onset of the target and the onset of.the mask
increases up to approximately 100 milliseconds, and then decreases with
still longee—intervals. Metacontrast is greatest when the border of

the masking stimulus is continguous with the border of the target
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stimuius and diminishes with increasing separation between the borders
(Alpern, .1953; Kolers, 1962). Metacontrast may still be obtained for
separations of aﬁ least 1.0 degree when the target and mask ére light
stimuii (Alpern, 1953; Fry, 1934). When the target is presentgd to one
eye and the mask to the other (dichoptic presentation} the effective
separations are somewhat smaller (Kolers and Rosner, 1960).

Metacontrast 1s easier to obtain when the target and the
masking images fall on a retinal area peripheral to the fovea (Alpern,
1953; Kolers, 1962; Fehrer and Raab,-19625l .Kolers and Rosner (1960)
were able to obtain foveal masking with dichoptic presentation gut qnly
if the edge of the disk target and the inner edge of the masking ring
were exactly coinci&ent. Normally, if the target and mask are
presented simultaneously to the same eye (or to both eyes at once) the
target is perceptible. However, simultaneous dichoptic presentation of
the disk and the fing resulted in suppression of perception of the disk
suggesting that binocular rivalry might be interactiqg with
metacontrast affects. Binocular n}valry arises when the two eyes view
. téggets which are sufficiently different that the images ‘cannot be
qued.‘ In that event the 1npht from one eye is suppressed and only thg
stimulus viewed by the other eye is perceived. Kolers and Rosner noted
‘that although the disk might be diseriminable at the shortest
target-mask intervals it frequently appeared irregular. Even with
foveal obserfation the -disk appeared io have a faint grey border or to
be slightly smaller than the ring.

The finding of metacontrast effects with dichoptic .viewing

indicates that this type of contour interaction can take place at some
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supraretinal location in the visual system where the inputs from the
two eyes converge. Any difference between the dichoptic effects and
thos;‘obtained with either binocular or monocular viewing would suggest
thﬁt.although there may be similar interactions at different levels in
the visual system the mechanism of these effebts may vary. Contour
interactions obtalned with binocular viewing may reflect a comﬁosite of
menocular and dichoptic effects. Evidence of metacontrast effects at
the fovea, albeit under dichoptic viewing conditions, indicate that
this typg of contour interaction is not unigue to the visual cells
receiving input from the peripheral visual field.

Mabipulation of contour separations affects thresholds in a
metacontrast paradigm as well as in the perception of a brightness
" difference in the studies feported previously. Kolers (1962} presented
a black disk target, 30 minutes of arc in diameter, and a succeeding
black annulus mask with an inner diameter of 42 minutes both at an
intensity of 5.0 foot-Lamberts. The threshold dur#tion of the disk
increased as the wall of the ann . was increased from 2.0 to 20
minutes subtense and decreased slightly with further increases in the
thickness of the wall. Even when .the outer diameter of the black ring
was extended to infinity, resulting effectively in a white disk mask,
some inhibition of the target disk still occurred. '

_ Relatively edgeless stimuli are less susceptible to
metacontrast masking (Welsstein, Ozog and Szoc, 1975). When a target
and a spatially flanking mask stimulus which were of qugr‘luminous
intensity and which shared the same figural properties were presented

‘as random dot stereograms (Julesz, 19T71) rather slight backward masking
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was obtained but there were no. metacontrast effects (Breitmeyer and
Ganz, 1976); the amount of masking declined steadily as the interval
between the onset of the target and the onset of the mask increased
rather than risieg to a maximum at some interval and then declining
‘with longer intervals. Apparently continuous contours are necessary to
obtain metacontrast effects.

Letter Recomnition

: Hhile‘metacentrast masking is maximal when target and mask are
‘separated in time by a fraction of a second, there i$ growing évidence
‘that two adjacent contours presented simultaneously, whether briefly or
for 53 long as the subject requires to respond, interfere .with each
other when they are spatialiy separated by a short distance. In some
cases it is not clear whether this limitation is imposed by the visual
system itselfl or whether it reflects "contraints on cognitive
processing. Nevertheless some regularities emerge from the various
studies. For example, subjects may be asked to identify letters in a
row which are available for unlimited viewing or fer only a fraction of
a second. These stimuli are frequently presented in a tachistoscope, a
defiee which permits presentation of visual stimuli for a variety of:
expeaure durations and also permits the superposition of two or three
difference stimulus fields in the subject's line of sight.‘ The subject
typically views a fixation target, such as a small dot, centered in an
adapting field prior to presentation of the stimylus array.

The presence of additional 1etters.adjacent to a letter.to be

jdentified interferes with perception of the target letter. The

combined effect of two flanking letters (one on either side of the test

-

T2
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letter) 1is more deleterious than that of one adjacent letter. The
spacing between letters is an important factor as recogqition of the
target letter improves with 1increased spacing beiueen ip and ény
flanking letteis. Moreover, the replacement of a letter with a blank
facilitates recognition of the letters nearby. .

When exposure duration is limitea to 50 millisecopds and
demands on memory are minimized a letter easily recognized by 1tse1f~isi
much more difficult  to identify in an array particularly in positions
1ntermediate hetween fixation and the ends of a row (Averbach and
Coriell, 1961; Herikle et al,, 1971; White, .1971). . Even wi;h an
'exposure duration of 200 milliseconds r;cognition of a single letter
presented to a retinal area just outside the fovea 1is greatly'reduced
by hhe addition of one adjacent letter and is even further reduced by
the addiéion bf anofher letter on the other side of the tesé letter.
With increasing separation between the two flanking letters and  the
test letier recognition returns to the level obtained when the test
jetter is presented alone (Bouma, 1970),

Even with unlimited viewing and fixation to the left of a row
of § letters, each 20 mimtes wide, letters at the ends of the row are
more readily identified than those a few positions from the right end
of the :row. Nevertheless, single letters presented in theéé_tnore
central (row) positionslare idéntiried as accurately as the end letters
in the row. When a letter in one of these row positions is réplaced

with a blank, recognition of nearby letters improves (Townsend, Taylor

and Brown, 1971).
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Eﬁikseﬁ and Rohrbaugh (1970) exposed single letters
approximately 12 minutes of arc wide for a duration which permitted B85
percent accuracy in identifying the letters. The exposure Quration
rahged from 11 ta 17 milliseconds across subjects. When the target
letter was flanked by two other letters, disks or X's of comparable
size and at each oé three different spatial separations, target
identification was reduced only at the smallest spacing of 4.8 minutes
of are. Similarly, forced-choilce reaction time to a foveally viewed
target letter flanked on either side by three noise letters (forming a
row) increased as the fﬂé%fing between the letters reduced fro& 60
minutes to 30 minutes to 3¢§T ﬁtes (Eriksen and Eriksen, 1974). The
subjects were required to press one lever if the target letter was H or
K "and to press another lever if the letter was S or C. The
differential effect of angular versus curved noise letters was most
apparent at the smallest letter spacing tested.

The plausibility of the .assdﬁption that perception of an
individual 1étter is. adversely affected by the presence of adjacent
letters (Woodworth, 1948) has been strengthened by the findigg that the
higher probabilities of identifying end letters in a row are reduced by
the addition of parentheses to th; ends of the array (Haber and
Standing, 1969). This finding that the spacing between a letter and
adjacent contours (whether letters or disks) affectﬁylettar recognition
suggest that there i3 interference between adjacent 1etter$.

Curiously, one lab has reported that nearby éontours-facilitate
letter recognition. Matthews and Henderson (1971) found that a target

'iétter centered in a row of eight letters was more readily recognized



he

than when it appeared alone. The letters were 22 minutes high and
ranged 1in width from 16 to 22 ﬁlnutes. Depending on the letter
combinations used the angular separation between the closest contours
of the target letters and th? two flanking letters varied from 1.5 to
4,25 minutes of arc. The exposure durations were short (3 to 9
milliseconds), and background lﬁminance was relatively high at 28
foot-Lamberts. In a subsequent experiment (Matthews, 1974), the same
- single letters were presented for a few milliseconds simultaneously
with a surrounding annulus which had an jnternal diameter of 30 minutes
and an external qiameter of 52 minutes (therefore, the wall of the
annulus was 11 minutes wide). The separation between the inner edge of
the annulus and the nearest edge of the various letters ranged from 8.0
to 14 minutes of arc. The_magﬁitude of the facilitation effect of the
annulus varied markedly across subjecta. When ring thickness was held.
constant at 11 minutes and the inner diameter of the annulus was varied
over values of 36, 54, 72 90 and 108 minutes the letter recognition
scores of two subjects peaked at 54 minutes while the performance of a
third, which was lower overall, peaked at 36 miqutes. Such variable
results ralse the question of__whether thel subjects wore lenses to
correct optical errors of vision during the experiment or if sueh
variability may be typlcal of experiments in which exposure duration is
limited to a few milliseconds.

Interpreting his results in terms of visual cell receptive
field organization Matthews suggested that facilitation was greatest
when the dark tarket and the dark annulus covered the inhiblitory flanks

of a cell whose receptlve field centre lay between the target and the
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annulus. Increasing the inner diameter of the aneulus would result in
stimulation of the inhibitory flanks by the white area, decreasing
firiﬁg to stimulation of the centre. Ultimately the inhibitory area
would be sufficiently affected to completely offset'the centre
response.

Contrast Sensitivity

A lum;naﬁce grating is a  target of alternating perallel light

and dark bands of equal width. A square wave grating is one in uhich'

the luminance ccanges abruptly'froﬁ one.band to the next. .Tpe absolute
value of the iuminance difference between bands is constant and the
luminance across 5 single band is uniform. In a sinusoidal luminance
grating luminance vabies at right angles to the terget plane as a sine
function lof eistance along the piaqe.. The luminance of the bands
changes more éradually from light to dark and back again. A light band

and - an adjacent dark band are referred to as one cycle of the grating.

The spatial rrequency of a grating is the number of cycles contalned 3

ithin a fixed® distance along the grating expressed as one degree of
—visual angle. The 3reater the number of cycles per degree, the higher
. is- the spatial frequency and the finer is the grating pattern. The
half-cycle width refers to the width of one light or dark band in the

grating pattern.

One major difference between the paradigm for determining the'

contrast threshold for a grating target and that for determining a

brightness difference threshold is that the contrast of the grating is
. ~ B
,varied about a constant mean luminance. The only circumstance under

which the overall 1uminenee of the target_would vary is if the viewing

»
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situation did not permit presentation of an integral number of cycles
at all spatial frequencies tested. Such a variation would be of
greater concern at lower spatial frequencies. Contrast is wusually

expressed as a ratio of the difference between the maximum *

(Lmax-Lmin)
and mini-mum luminance “Lhaxelmin ° As the minimum luminance

approaches zero the ratio goes to 1.0 whereas when the minimum
luminance approaches the maximum luminance the ratic goes to zero. The
greater the contrast the closer the ratio is to 1.0.

The presence of adjacent contours may affect the contrast
threshold for a grating target. Estevez and Cavonius (1976) determined
contrast sensitivity for sinusoidal luminance gratings present?ed on a
homogenous field equal in luminance .to thé mean grating luminance and
found th‘at sensitivity (the inverse of the éontrast thre_sshold) peaked
at intermediate spatial frequenciles. Tnﬂ'n‘en the grating was surrounded
by dark lines (six or 12 minutes wide) and presented against the
homogenous field, sensitivity did not reach a‘ peak at intermediate

frequencies and was scmewhat attenuated at higher spatial frequencies.
When the grating was presented against a dark baékground sensitivity
was lower at all Spatiai frequencies than it was when f].anke§ by the
dark lines, with the greatest drop in sensitivity at the lower spatial
frequencies. | |

. Nachmias (1968) superimposed a grating pattern 3.75 degrees
high and covering a constant area or a pattern consistiné of one and a
half cycles of the grating (two light bands flanking one dark band) .on

a circular background 9.0 degrees in diameter. The half-cycle widths




tgsted were leas than 43 minutes of arc. The patterné were oriented
diagonally on the background which had a luminance of approximately 9.0
foot-Lamberts. At both exposure durations tested (11 and 500
miiliseconds} contrast sensitivity was higher for the extended grating
pattern than for the one-and-a-half cycle pattern. ' This apparent
facilitation may reflect an interaction rather like the disinhibition
described by Ratliff (1961) in the Limulus eye. It is also reminscent
of the disinhibition described in a backward masking paradignm by Démber
and Purcell (1969) who demonstrated that a letter masked by a disk
could be effectively unmasked by a ring which followed the disk.
Contour Effects Over Small Areas

Studies employing small targets viewed foveally suggest that
contour echts may extend over a very few minutes of arc. These
effects are apparent in both brightness difference thresholds and
measures of spatial resolution. Hestheimer . (1967) found that the
threshold luminance of a briefly flashed circular spot, 1.0 minute of
arc in digmeter, first rose as the background diameter increased up to
5.0 minutes of arc and then fell with further increases in baékground
di%Feter. Viewing was foveal and backgrbund‘luminance was 0.410 log
millilamberts. When the threshold was highest the outer edge of- the
packground was 2.0 minutes of arc from the edge of the central spot.
The effect on apot threshold was prominent over background diameters of
4.0 to 6.0 minutes of are, which would entail contour separations of
1.5 to 2.5 minﬁtes of arc. The result was the same whether the
background was exposed for 250 millisconds or for an indefinite periodL

and regardleas of whether the threshold was tested at the beginning or ~
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end of the background exposure, When the background was flashed
simultaneously with the spot and for the same duration (10
milliseconds) there was only a small effect of background area over a

H
range of background luminances. Miller (1954) found that the

_brightness difference threshold of- a light bar increased with
increasing bar widths up to 4.0 to 6.0 minutes of arc where 1t levelled
off. The effective bar widths are the same as the effective background
diameters in Westheimer's study.

An 1nterpretation of this result in torms of recepti:.'e field
.organization (to be discussed shortly) would be that at the diameter

providing the greatest 1nhib1tion of perception of the spot (that is,

where the luminance threshold was highest) the background Just fills .

. the inhibitory surround of a receptive field with an excitatory centre.

In the receptive fields of many cells at various'levels of the visual

ayst.em there 1is summation of surround stimulation so that inhibition is.

' greatest when the entire surround is _juat filled Spillover onto an
area larger than the surround might be expected to disinhibit
responding to the central .spot as there is some neurophysiological
evidence ot‘ a disinhibitory extra-surround area. As the threshold

1uminance curve varies as an inverted U-'-ahapéd function of background

diameter the probability of detecting a spot of fixed size and

luminance would be expected to vary as a U-shaped - function of

background diameter suggestive of a trough-like area of interrerence

along a contour.

Rentschler and Hilz (1976) found that the threshold intensity

of a vertical line 1.0 degree high by 1.0 minute wide may be sed in

@
) . | / .
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presence of a parallel subthreshold line nearby and lowered when the
second line is at a distance of at least 8.0 or 9.0 minutes of arc.
The range of toe inhibitory interaction and the distaoif‘.at which
facilitation was first evident decreased with increasing luminance of
_the added line. When the added line was slightly below threshold it
remained invisible when the test line was bright and when the test line
itself was below threshold. However, the .added line was visible when
the test line was dimly visible. Reciprocal facilitatory interactions
Jyere evident at the line separations where the presence of the second
iine lowered the threshold for the test line. This finding of
in erferenoe!giving way to facilitation with increasing distance from a
contour recalls the observaoions of Rousseau and Lortie (1970) however,
the dimengions of the added lines and the extent of the appafent zone
of interaction were both muoo larger in the earlier stud}.
Yigual Acuity

Visual acuity tasks and le&ter-_reoognitiop tasks typically
require-spatial resolution of high contrast-barget patterns. A chart
frequenﬁly.used as well as other typical tergets appear in Figures Q
and. 5. Contour interaction may play a role in these situationa where
the effeet of .a contour appears to extend over -just a " few minutes of
arc., A long black line may Pe detected when it subtends a visual angle
as small as 0.5 seconds of arc_(Hecht.and Mintz, 1939). A misalignment
of teo_ line segments {vernier 'eouity) can 'be perceived when the
. displacement is\as small as 2.0 seconds of arc'(Beorj, 1948). Both of
" these values ore considerably smaller than the 15 to 30-seconds of arc

minimum separation between two spots or lines which can be perceived
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Figure 4.  Snellen acuity chart.



SYMBOL CHART FOR 20 FEET
1] e

Lnefen o

wE-
muegE-

S umeE-
w E 3 m-

I wmEMW3-

ma e w3am =~




.-

Figure 5.

59

Examples of acuity targets.
(A) Snellen E, also known as
the "Illiterate E" (B)
Landolt ring, (C) Snellen
letters and (D) vernier

"target.
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(Adler, 1959). Kulikowski and Tolhurst (1§73) found ‘that contrast
sensitivity for stationary sinusoidal luminance gratings was greatest
.for a half cycle width of 8.5 minutes but they confirmed Westheimer's
(1960) earlier finding that the smallest half-cycle width which permits
detection of a grating is about 36 seéonds of arc.

Persons with normal visual acuity can reliably read a row of
letters which are each 5.0 minutes high by 4.0 minutes wide with
_ individual lines and spaces each 1.0 minute wide. . As some letters are
more difficult to recognize than others (Sloan et al., 1952), acuity
may be tested with Landolt rings instead. The latter are rings with a
break in one of four or eight symmetrical locations. A break of 1.0
minﬁte of arc can be located by someone with normal visual acuiﬁy.

The more difficult letters S,R, O, and B, may be likened to a
complex pattern of lines such as a grating whereas the easier letters,
L and J, are comparable to a single line target (Hartridge and Owen,
1922, Sloan, Rowland and Altman, 1952). The same factor which limits
acuity for individual lines in a grating pattern may aiso 1imit aculty
for the individual elements of a more complex letter.

Even wheﬂ viewing time 1s uglimitad a letter correctly
identified when it is viewed singiy may be more difficult. to identify
among other. igtters (Burian, 1969) whether in a row (Wagner, 1918;
Taylor and Brown, 1972), in an array (Stuart and Burian, 1962) or on a
Snellen acuit{ chart (Davage and Sumner, 1950).

Stuaré and Burian (1962) faund that in a 7 x 7 array.-of letters
the four co?ﬁpr letters were identified most readily, however with

increasing separation more peripheral letters were identified' until
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finally the most central letters were recognized. Similarly letters at
either end of a row are identified more readily than those occupying
less extreme positions r'egardle.;ss of whether viewing is monocula'r,
_binocular or dichoptic (Wagner, 1918; Taylor and Erown, 1972). When
letters are presented dichoptically it makes no difference whether each
eye is shown letters occupying sequential or alternating positions
suggesting that there 1is a strong aupraretinal component In the
?.’nteraction between adjacent letters. Further evidence that adjacent
‘f‘letters interfere with each other comes from the finding that
replacement of one of the letters in a row with a blank improves
recognition of the adjacent letters (Townsend, Taylor and Brown,' 1971).

Letters are relatively complex 51':imuli which may demand
considerable cognitive processing over and above the initial analysis
provided by the visual system. There are a few studies of conf:lour
interactior; and visual acuity which make a minimum of cognitive demands
and provide targets which more closely resemble the visual stiuiuli-
employed in the electrophysiological study of tﬁe visual systenm.
Theze studies demonstrate that visual acuity t:or a particular t:-afget is
affected by the presence of nearby contopr‘s.

Vé,rnier resolution for two light vebticél line segnentg is
affected by 'the proximity of two horizontal line segments located on=e
to each side of the vex;nier target (Westheimer and Hauske, 1975). The
vertical iipe segments each 6.4 minutes high ‘by 7.0 to 10.0 seconds
wide, and the hori?onta; line segments, each 3.2 minutes long, were
‘exposed for. 50 milliseconds at a taréet luminance of 7100 millilaml;er-ts.
As the horizontal line segments were separai:ed liihey interfered more

¥
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with vernier acuity than when they abutted the vertical‘lines. Beyond
a separation of a few minutes of arc éernier aculty rcpidly improvec.
Similarly the interfering influence of a pair of vertical lines, moved
from virtual superposition on the target at 0.0 degrees displacement,
increased to a pa*imum at a separation of several minutes of arc and
then decreasec at largec separations. Dichoptic presentation of the
vernier pattern and the flanking vertical lines also resulted in a
‘reduction of monocular vernier acuity indicating that interference with
vernier resolution occurred at a central level. When the vernier
" pattern with and without vertical 1lines was _presented at a longer
exposure duration of 1.0 second, vernier thresholds were lower but the
interfering effect persisted. ‘
Monocular visual acuity for a gap in a Landolt ring, as well as
accuracy in locating a gap of fixed size, is greatly reduced when the
ring is surrounded by four bars, leach para.ilel to an 'i_maginary tangent
and at a distance of about 1.0 minute of arc.. Impairment is usually-
attenuated at smcller separations. With increasing sepcrccions aculty,
or accuracy, improves and beyond 4.0 minutes' separation the bars have
virtually no effect on gap perception (Flam, Weymouth and Kahneman,
1963). Resolution is similarly impaired regardless of: whether the
Landolt ring and peripheral bars are presented cichopticallf or .
.“mcnoptically for 0.5 seconds (Flom, Heath and Takahashi, 1963).
JSuc;ounding the Landolt ring‘(or 10t as it is sometiméc called) with an
farray of C's and E's in various crientaticns also impairs visual

resolution of the gap inthe ring (Flom, Weymouth and Kahneman, 1963)}.

1
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Binocular acuity as measured by Landolt rings, gratings, and
Snellen charts is superior to monocular acuity (Horowitz, 1949; Dav;ge
and Sumner, 1950; Kahneman, Norman and Kubovy, 1967).  Acuity 1s
typically measured with high contrast test objects and expressed in
terms of the minimum separable distance or the probability of seeing.
Campbell and Green (1965) found that over a wide range of apatial
frequencies the binocular contrast threshold for detection of a
sinusiodal grating pattern was consistently lower than the monocular
threshold.

Although more letters on an acuity chart are identified when
_viewing is binocular ‘the improvement with row—by—row'presentation of
the letters compared'to exposure of the enfire chart is less marked
than for monocular viewing {Davage and Sumper, 1950). Eriksen,
Greenspon, and Lappin (1966) and Erilksen and Greenspon (1968) have
found binocular summation in the recognition of a briefly presented
letter. The work of Townsend (1968) however suggests that the
binocular advantage may be limited to the case where forms are
presented in za‘homogenous field, at least in a forced—choice
'lrecognition task. The subjects were required to report which of two
targat letters appeared within a 4 x 4 array of letters briefly
presented to the fovea. The target letter was randomly located in the
array among 15 nontarget letters. The binocular hit rate was best
described by the average of the monocular hit rates indicating that
binocular vision added nothing to the accuracy of 1étter recognition }n

this task.'
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A similar pattern of result‘s were ‘obtained in unpublished
experiments by Blake, Fox and McIntyre (see Blake and Fox, 1973) on
forced-choice recognition of target letters presentgd aione or in an
array of nontarget letters. There was binocular summation for single
letters, replicating Eriksen's results. However, when the target
letter was surrounded by seven or thirteen nontarget letters, binocular
performance was nb better than monocular performance even though under
both conditlons the hit rates were above chance. Casperson and
Schlosberg (1950) found that detection of dot numerc;sity could be
described by the binccular probability summation model when the number
qf‘ dots did not exceed four, otherwise binocular performance declined
to the monocular level.

These findings all raise the possibility that the sﬁperidrity
of b.inocular performance is iimited to rather simple .displays with
i rélatively few contours or perhaps to situations where the contours af'e N
widely'spéced. Fry and Bartley (1933) hypothesized that the binccular
response was a function of a summation process and an inhibitory
process in comt_:ination. Consistent with this hypothesis are the
experiments denionstrating interocular interference effects (for
example, Flom, Heath and Takahashi, 1963). In complex” displays
containing numefous contours the contr‘ibution of interference may equal
or even exceed that of summétion thus eliminating any superiority of
binocular viewing (Blake and Fox, 1973).

Contour Effects opn Activity of Visual Cells
Contour interaction -effects have been observed in the activity

of single visual cells in the cat and in the monkey, whose visual
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aystem and visual capacity resemble that of man (DeValois, Morgan and
Snodderly, 1974). For. an_iple, a cortical cell which is maximally
excited by a line of particular dimensions, orientation and location
may"‘be inhibited when the line is displaced somewhat la;erally (Hubel
and Wiesel, 1962; 1968). Recording in the visual cortex of the cat,
Burns and P'r'itlchard (1971) found that when a corticai cell responded
optimally to Ia test line of a particular orientation and location,
adding a second line at  various distances from the first affected the
cell's rate of responding. At some separation between the lines, the
response rate fell below that obtained when the: first line was
presented alone.

The area of the visual field (and by implication the.
'corresponding retina_l area) which affects the electrical activity of a
visual cell 1s terme;l the recepﬁiv_e field of the cell. Hubel and
Wiesel (1962, 1968) recorded from cortical cells whose receptive filelds
consisted of an elongated excitatory region n;axt to an elongated
inhibitory region with the two sharing a linear boundary. These cells
were most responsive to‘edges, stimulli consisting of a light,
rectangular area immediately adjacent: tb_a dark, rectangular area. The
approach of an edge of opposite contrast (the mirror image of the
optimal stimulus), effectively producing a bar 6f.decreasing widtﬁ,
inhibited cell firing to the optimal stimulus.

The receptive fields of some cortical cells were found to have
an elongated excitatory centre flanked by two inhibitpr'y regions more
or less symmetrical in area and in their effect on cellular activity.

Hubel and Wiesel (1962) observed spatial summation in these cells, in
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that the greater the.area of an inhibitory flank covered by a stimulus,
thf greater was the reduction in the rate of cell firing. Moreover,
: siﬁultaneous stimulation of both flanks had a greater effect on cell
firing than did gtimulation of one flank. Binocular summation of
excitatory effects has also been reported. When a suitable stimulus is
located in the excitatory region of each of the two corresponding
monocular receptive fields of a binocuiarly_driven cortical cell, the
recorded response is greater than to stimulation of either eye alone
and may even exceed the sum of the monocular responses (Hubel and
Wiesel, 1962; 1968; Pettigrew, Nikara and Bishop, 1968; Burns and
Pritchard, 1968).

It is tempting to speculate on the relationship between the
.perceptual experience of contour interaction for .the human and the
electrophysiological responsee of single visual cells in the cat and
monkey. Generalization from the latter to the former cannot be
justified at this time however as we cannot directiy comﬁare thef
eiectrophysiology of human and non-human species nor do we know much
about the relationship between the activity of individual cells and the
integrated function -of the visual system. Moreover, the
electrophysiological work generally; requires paralysis of the eyes
wh_ereas contqur interaction 1in htﬁans has typically been demonstrated

in a free-viewing situation.



CHAPTER FOUR
SMALL EYE MOVEMENfS AND CONTQUR EFFECTS .
Exn2n1m2n&_QnﬁL_Ju3L&hﬂ_SmaLLJﬁaLJﬂn&mmn&ﬂ_gx_ﬁixa&ign_uninggz
Typically, microsaccades have been recorded while an observer

nas been fixating a small stationary target. Relatively 1little is

known about the occurrence of microsaccades when no specifie fixation

jnstructions are provided. In a less constrained situation a different

pattern of saccadic eye movements might well be expected. If there'

Were some structure to the visual scene one might anticipate the

occurrence of relatively large saccades as the line of sight was

shifted from one area to another. Whether or not very small saccades .

B

would be observed in such a situation is a matter of scme Eonjecturel

Skavenski et al. (1975) found that saccades less than 10

R _J
minutes of arc occur normally in the eye movement repertoire of rhesus

monkeys. Reduction of target dimensions and separations ';n a
d;scrimination task resulted in a shift of the distributiqp of saccade
amplitudes toward more of these very small saccades. When fixatlon eye
movement patterns were specificallf rewarded, all 7 monkeys tested
learned to keep their line of sight within 15 minutes ofarc of the
target for a period = of 15 seconds, demonstrating fixation  accuracy

-

comparable to that of man. o
Historically, fixation eye movements and the larger 'scanning'
eye movements have been studied separately and there was some

suggestion that microsaccades and 'scanning' saccades were generated by

different neural mechanisms. Zuber, Stark and Cook (1965) found that a

L

67



single function deseribed the velocity amplitude relationship for all
ccades up to 3 degrees {whether they be classified as 'voluntary'

saccades, 'corrective' saccades, or the microsaccades of fixation)

suggesting that saccades of varying amplitude were generated by a |

. common neural mechanisms or were at least limited by the same

mechanics.
Cunitz - and Steinman (1969) hypothesized that:if saccades of

varying amplitude were initiated by a single neural system the

distribution of time intervals between saccades should not vary with

saccade amplitude. They recorded eye movements while subjects steadily

fixated the intersection of the arms of the letter '"T' and while they

read a pai'agraph for comprehension.r The saccades recorded. during

reading as the eye moved .along the text were relatively large.

Microsaccades occurred in fewer than 5 per cent of the pauses between

o

) 'reading' saccades.

-

'Althcugh the direction and size of saccades 'differed

~

subatantially in the r'eading and fixation conditions, the .distributions

S

of time intervals betuaen “fixation microsgccades and bhetween large/—\

reading saccades overliapped ccnsiderably Thé difference between the
mean log, intervals u&s significant for one of the two sub:]ecta tested

d waa attributed to an appreciable number gof long periods (more than
600 milliseccnda) during whicﬁ the. subject made no- saccades during

'ri;cation of the "T". The modal interval between microsaccadea: during

‘rixation and the model interval betw_eeh *rgading’ saccadels were

F

- dascribed as "\Pry similar'. /\

S

N [ . . R
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- The median duration of all reading pauses containing
microsaccades was almost twice as long as the median duration of
reading pauaes without microsaccades. According to the authors, when a
microsaccade was made dnring a reading pause; it was nade at about the
same time’ that a large reading saccade would be expected,- The&
ponoluded tnat the temporal distribution of eye movements was not
relatad to theirAsize and direction and that all saccades of varying
amplitudo were initiated by a single system. -

Human microaaocadio eye movements may be the product of a
rather arbitrary:viewing situation and atypical of human eye movements
in general. The present experiment was intended to .determine whether
microsaccades might-occur in‘situations other t¥an maintained fixation
and. to obtain a general ideg of the possible variation in the amplitude
and frequency of amall saccadic eye movements in different situations.
It was decided to record eye movements during maintained fixation of a
amall stationary spt of light and during conversation, a situation
seemingly 1ess oonatrained as no specific fixation instructions would
be provided. Differing distributions of saccade amplitudes were
expected'in the ‘two situations. '

If Cunitz and Steinman (1569) sere correct in. their reasoning.
{no signiricant difference in the temporal distributions of "saccades
shouid be observed even though amplitude distributiosn might differ in
_the 2 situations; Cunitz and Steinman spoke of a common initiating
meonanism and used the interval between saccades as the appropriatb
temporai:variaple: In the present'studylthe'interval between saccade
onsets was taken as the variable inidicativo of the functioning of an

initiating mechanism.for saccades,

LY
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METHOD\

Subjects. Three volunteers served as subjects in this study.

‘Apparatus. Eye movements were re"c'olrdeld by means of an optical lever
system (Figure 6). The subject wore a tig_h{:-.fitting helmet (Figure 7)
on 'whioh’were mounted a light source, a.system of lenses for
collimating ?::he light emitted by the source {Figure 8), an ad}justable
mirror from which the column was reflected and an aluminum rod to which
was attached a translucent screen (Figure 6 and 7). i‘he weight of the
helmet was counterbalanced by means of a flexible coil spring suspend_ed

above the subjeci;'s head. A scleral contact lens was plaoed.on the
S ’

subject's right eye (Figure 9). The lens was irr‘iga_ted with

physiological saline introduced through a hollow stalk which protruded
from the lens. Affixed to the stalk. was a tiny mirror c¢hip.
Collimati;ed light was reflected by the adjustable mirror to the mirror
chip and then Erought to a focus on the translucent screen. The
distance from the dirror chip to the screen was _approximately 600
illimeters. The subject's left eye was occluded. ) .

The reflected and focussed ‘1light spot could not be seen by the

subject but was visible on the far .side of the screen where a

television camera was locaygd. The image of the 1ight spot on the

screen and the output of a digital timer were simultaneously recorded
on videoiape (Figure: 10). The smaller graduations of the. grid on the
screen each registered an eye movement amplitude of approximately three
minutes of arc while the’ 1arger divisions corresponded to a
‘displacement ot‘ approximately 30 minutes of arc. The eye movem‘ £
_reoords were uncontaminated by head movements because the optical

‘system was cdrried on and moved with the head.
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Figure 6. Scheme of the optical lever
system for recording small
eye movements.
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Figure 7(a-d). Subject wearing the helmet
' bearing the system for
projecting and collimating
the light, the adjustable
mirror and the translucent
screen. ‘
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Figure 8. The system of lenses to
collimate the light used to
produce the spot on the
screen.
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Subject- wearing the scleral

contact lens with the

attached hollow stalk, mirror
chip and flexible tubing.
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4 %

Figure 10. Image of the light spot on
the translucent screen as it
appeared on the video
monitor, with superimposed
output of the digital timer.






Bzgggdung. Tge subject was seated 1in the laboratory where the
background luminance was approximately 10 millilaﬁberts. Over 4 short
interval 2 drops of a topical anaesthetic (Ophthetic) were applied to
the surface af the right eye. . Once anaesthesia was achieved the lens
and attached tubing were irrigated with physiological saline, the lids
were gently retracted and the lens was biaced on the eye. The lens .
adhered to the eye by means of the slight negative pressure created by
gravity acting on the solution in the tubing. The eyelids were free to
close over the lens as only the stalk cgrrying the tubing and the
mirror chip protruded from*ﬁhe eye. The tubing was loosely looped over
" the ear and lightly taped in blace s0 as not to interfere with movement
of the eye.

The subject was then seated in front of the television camera
and the helmet was plac;;‘on his head. While one experimenter‘aligned
the mirror so that é clear reflected image appeared on the transluéent

7 screen and television monitor the other experimenteﬁ controlled the
video recorder and continued to talk with the subject. The second
éxperimenter was seated about 2 meters in front of the subject. While
the‘eye movements of the subjects were yecorded the first experimenter
cdntinued to apparently align and focus "the various components of the
;eye movement system. As the subjects were unable to see the reflected
image on the translucent screen they were unaware of this ruse. After
several minutes of conversation the second experimenter announced that
all was ready and the experiment could begin. In this manner eye
movements were recorded . without any or‘ certain knowledge of the

subject.



77

-
s

In the second part of the experiment a Sﬁall light spot (less
than 2 minutes of arc in diameter) was introduced in the subject's line
of sight and he was asked to fixate the spot on a given signal. The
subject wasﬁ;advised that there would be five 15~second periods of
fixation algirnating with 15-second rest periods. At the t;rmination
of the experiment thef eyelids were retracted and the- tubing was
eleyated. eliminating the. negative pressure under the»iens so that 1t
virtually fell off the eye. Immediately upon removal of the lens a
drop of Cetamide, an antiblotic, was topically applied to'the_eye.

The efé movement record obtained during conversation was
sampled in flve 15-secend segments approximately 15 seconds apart. The
segments for both con;ersation and fixation were viewed on the
television monitor a frame at a time. The time difference between
frames was approximately 16.7 millisecqnds. Any displacement of at
least 3 minute; of arc observed from one frame to the next {(velocity at
least 180 minute; of arc per second) uas:treated as a saccade (Figure
11). More gradual displacements were classified as drifts. Saccade
amplitudes and the 1ntervals_between saccade onsets were computed for
each subject and their respective frequency distributions were plotted
for conversation and for fixatioﬁ.

- RESULTS : -

The eye is more mobile during conversation than it is during
fixation (Figure 12). Eye movements recorded during conversation and
during maintained fixation piffered in several respects: (1) drift of
the eye, (2) the relatlve frequencies of various saccade amplitudes,
(3) the number of saccades occurring over a fixed period of time and

(&) the distribution of 1htervals between saccade onsets’




Figure 11.
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Appearance of a saccade as
viewed of the video monitaor.







Figure 12.
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Varfation in eye position
over T seconds of
conversation and over 15
seconds of maintained
fixation.



CONVERSATION 7 SECONDS

FIXATION 15 SECONDS

‘i

-30~ .



80

There is a much greater tendency for the eye to drift when the
subiect is engaged in conversation than when he has been instruected to
fixate a light spot. The eye may drift twice as far during
conversation as it does during an equidalent periocd of fixation.

Mosti of the saccades.which oceur during fixation are less than
15 minutés of arc in amplitude; few are larger than 30 minutes (Flgures
13 to 15). This is consistent with amplitudes reported previously for
the microsaccades of maintained fixation (Fender, 1956). A wider range
of saccadic amplitudes 1s evident during conversation as the
distribution is skewed toward larger amplitudes. The eye may move up
to 60 minutes of arc in one saccade. Displacements larger than 60
minutes are frequently (though not exclusively) assoclated with
blinking. The distributions of saccade amplitudes recorded during
conversation and fixation differed aignificantly for all three(subjects
(Table I).

More saccades occur during conversation than during an .
equivalent period of fixation. This difference is geneﬁally reflecteq
in the greater frequency/of intervals (between saccade onsets) of 100
milliseconds.or less (Fiéures 16 to 18) recorded during conversation.
The fééquency distributions of intervals under the two_yiewing
conditions differed significantly for all three subjects (Table ID
with a shift toﬁard shorter intervals between saccade onsets.

= DISCUSSION
The amplitudes of saccades recorded during maintained fixation
. '

compared favourably with the range of amplitudes reported by previous

investigators (Riggs and Ratliff, 1951; Fender, 1956; and Steinman et
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Figure 13. Frequency of occurrence of
various saccade amplitudes
during five 15-second periods
of conversation (A) and of
fixation (B). Subject A.H.
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Frequency of occurrence of
various saccade-amplitudes
during four i5-second periods
of -conversation (4) and

. fixation (B). Subject N.P.
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Figure 15.
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Frequency of occurrence of
various saccade .amplitudes
during five 15-second periods
of conversation (A) and
fixation (B). Subject W.H.
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Table 1. x“ test for significance of difference between
) the distributions of saccade amplitudes during
® conversation and during fixation.

Subject x2
n
. 2
A.H. X, = 48.64 p< 0.001
2 .
N.P. X = 23.63 p <0.001

W.H, x% = 144.29 p <0.001
9



Figure 16.
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Frequency of occurrence of
various intervals between
saccade onsets during flve
15-gsecond periods cof
conversation (A) and of

fixation (B). Subject A.H.
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Figure 17.
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Frequency of occurrence of
various intervals between
saccade onsets during four
15-second periods of
conversation (A) and fixation
(B). Subject N.P.
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Figure 18.
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Frequency of occurrence of
various intervals between
saccade onsets during five
15-second perlods of
conversation (A) and fixation
(B). Subject W.H.
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Table 1I.

Subject

88

x2 test for significance of difference
between the distributions of intervals -
between saccade onsets during conversation
and during fixatilon.

2
X

n
xz = 36,40 < 0.001
1 P .

2 .

xg = 28.37 p < 0.001
2

x, = 97.67 p <0.001

S
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al., 1967). As anticipated, there were proportionately more large
saccades (exceeding 30 minutes of are in amplitude) during conversation
than during maintained fixation. The occurrence of smaller saccades
during conversation and their virtual predominance during fixation
parallels the findings in naive and trained rhesus monkeys (skavenski
et al., 1975) and invites speculation that humans also learn to very
the pattern of their eye movements with situational demands.

Cunitz and Steinman (1969) conceeded that the temporal
distribution of saccades did not differ substantially between fixationn
and reading and that the probability of a saccade occurring during
reading was independent of its amplitude. In the  present study, the
distributions of 1intervals Dbetween saccade onsets differed
significantly in the 2 situations tested with a tendency tward
proportionately more short intervals (up to 100 milliseconds) during
conversation than during fixation. While at first glance it appears
that the large eye movements recorded during conversation maybe
assoclated with shorter intervals between saccade onsets, no direct
correlation between sacecade amplitude and time since the onset of the
previous saccade could be established, In fact perusal of the daigr
suggested that the relationship between these variables differed in the
2 situations and that short intervals were more likely to be assoclated
with small saccades during conversation than was the case during
fixation.

The: present findings support Cunitz and Steinman's conclusion
that there is no general relationship between the timing of saccades

and their amplitude, However, the present data demonstrate that the
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timing of saccades may vary in different situations. Whether this is

sufficient to disputé the notion of a ccmmon initiating mechanism for

all saccades is not clear; At least some p}oportion of the smalf#’
saccades observed during conversation may be ‘'corrective', that is
minor adjustments to the main saccade. It may not be appropriate to
regard corrective saccades as initiated by a separate neural event.
Instead they may represent a drastic (in process) algeration in the
transmission path of the impulse initiating the main saccade.
Although all saccades may be limited by the same mechaniecs (Zuber et
al., 1965) the question of a common neural initiating mechanism appears

to be more complex than was supposed by Cunitz and Steinman (1969).
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Experiment Two, —Small Eve Movements and Contour Interaction

AMlong a contour there 1s apparently an area of perceptual
interference. The metacontrast literature suggests that this is a
graded effect with both spatial and temporal extent. A small target
lying a short distance from a contour may fall 'entir-ely within the
interfering zone along the contour, with the result that the target is
less likely to be perceived than would be the case otherwise,.
Similarly, a small displacement of a solitary target contour may fail
to carry the target beyond the temporary zone of ilnter‘ference
established by the contour in its previous lcocation and the target step
may go undetectt_ad and untrackea by the eye, essentially falling within
an oculomotor "dead zone".

By analogy an eye movement sufficiently large and raplid to move
the image of a target contour beyor;d the transient area of insensitiv-
ity would contribute more to perceptibility of the contour than would a
slowe;" or smaller displacement. Location of a target contour within
the zone of intert‘erénce adjacent to another contour would be the
spatial equivalent of a target step sufficiently small that the target
contour fails to cross beyond the area of transient insensitivity.

If one were to manipulate the 1ikelihood of perceiving a target
in a free-viewing situation (as opposed to stabilized viewing) ofle
might demonstrate a concomitant change in the pattern of small eye
movements. Perhaps contour Interacticn could be demonstrated at
spatial separations comparable to the amplitudes of microsaccadic eye

movements. If so, by contriving to reduce the perceptibility of a

9l
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target contour with the addition of a nearby contour, one might provoke
a predictable change in the pattern of small eye movements.

At a contour separation where perception of a target contour is
significantly attenuated, requiring an observer to make some Judgment
about the target might result in his flicking his eye back and forth
over the stimulus as if to) displace the target from the a;éa of
perceptual insensi&ivity. The saccades.would be sufficiently 1large
that displacement of the target image would be greater ﬁhan the area of

relative insensitivity.

The present experiment aoughtr to demonstrate whether such a

relationship between the area of contour interaction and the|amplitude
of saccadic eye movements could be demonstrated. It was expected that
at a contour separati&h‘ where target perception was considerably
attenuated there would be an increase in the frequency of saccadic eye
povements slightly larger than the appareﬁt ;Bne of interference.
METHOD.

Sybiject. One observer experienced in wearing the contact lens served
as a subject in the present study.

Apparatuys. The subject sat at a table and rested his chin and forehead
against a contoured support. ~Against a dark backgrouﬁd 10 meteré in
front of the subject there was a white {bristolboard) field which
subtended an area 4.05 degrees wide by 3,20 degrees high. White cards
bearing the stimulus figures on the front surface and paper clips on
the back were centred on the white field and held there by embedded
magnets. “The luminancé of the.cards and of the field was apﬁroiimately

10 foot-Lamberta. In the tenth experimental session the chin rest was
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replaced with the helmet and contact leﬁs apparatus described in

Experiment 1 S0 that spall movements of the righﬁ eye could be

recorded. An occluder worn cover the right eye throughout‘%ach session
permitted unhampered movement of the eye, with or without the contact

lens, and provided no obstruction to the column of light reflected by

" the mirror chip.

ﬁgimuli. Centred on each stimulus card was a vertical black line 64.5
minutes of arc high and 0.5 minutes of arc wide. One-third of the way
from the top or bottom'of the "test"™ line there was-a gap approximately
0.5 minutes of arc in size. There were'9 other 1line configurations
each consist}ng of the test line and‘pa}allel to it a wider line of
equal height and 2.2 minutes of arc: in width. The added line was
located to the left of the test 1line either. touching it or at a
distance of 1,2,3,4,5,7,10 and 15 minutes of arc {(Figure 19)., There
were 2 possible gap.locations for each of the 10 line configurations
giving 20 different stimuli in all. "BJ' : .~

Procedure. The subject viewed the targets with his dominant left eye.

The stimuli were mounted by hand and left in position until the subject
nhad responded. Vieﬁing time was unlimiped. Preliminary testing with
the te;t iine alone and a range of gap sizes suggested the sizé best
guited to the subject. One size was then selected and t;gted in a
baseline session of 100 trials of the test line presented alone.
Within each bloek of 20 trials the gap's location was varied randomly
being equally frequent near the top and bottom of the test line but

with no more than 3 successive trials the same. The subject's task was

to respond "top" or npottom" on every trial to indicate the location of

v

1

o
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Figure 1#. Schematic diagram of the
atimulus in position on the
white background with the
various line separations
indicated below.
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the gap. Feedback was provided throughout the experiment and initially
included the e'xperime'nter"s pointing to the gap until the subject had
become familiar with the two possible “"&‘ap locations. A brief rest was
permitted between blocks of trials. The gap size which permitted the
subjecf to correctly locate the gap on'approximately 75 to 85 per cent
6f‘ the baseline trials was used for all stimuli subsequently viewed by
the subject. This procedure provided a background againsat which any
effect of the added line on gap pérception would be apparent.

The baseline session was followed by 9 experimental sessions
during which the 20 different stimull were pr's;sented in random sequence
within each, of 5 blocks of trial‘s. The data were scored for the number
of times the gap was correctly located under each of the experimental
conditions, that is, f‘or-'each spacing between the lines as well as for
the test line presented alone, In each session there were 5
occurrences of each of the experimental conditions. The dat.a- ﬁere
expressed as the proportion of trials correct under each‘ condition,
corrected for slight variations in gap size (see Appendix) .

During the tenth experimental session the movements of the
right eye were recorded. As microsaccad_es are b:Lnocularl:,_r synchronous
(Ditchburn and Ginsborg, 1953) the movements of the right eye were
taken as representatiﬁe of both eyes. Data were collected on 2 blocks
of 20 trials each giving 4 eye movemenf:. records for each line
.configuration. The individual ‘records were analysed for the frequency
of various microsaccade amplitudes. Total and m'ean frequencies of
various amplitudes were computed for horizontal saccades recorded while

the subject viewed each line configuration.
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- RESULTS

The gap was correctly located on 81 o} the 100 baseline trials.
In the first 9 experimental seasions accuracy in locating the gap was
found tc drop from 90 per cent, when the added line was 7 minutes of
arc from the test line, to 81 per cent when the lines were separated Dy
2 minutes of arc (Figure 20). The gap was.least likely to be located
when the added line touched the test line (0 minutes ofﬂgyc separation)
effectively forming a wide band with a small noteh in ong side. Over
an area extending at least 4 minutes of arc from the edge of the added
line th@rg appeared to be an area of interference with perception of
the gap/,éubstantially affected when the lines were separated by a
d13§ahé; of approximately 2 minutes of arec.

In the tenth experimental agssion the relative frequency of
small horizontal saccades 5 to 10 minutes of arc in amplitude increased
when the added line was 2 mpinutes of are from the tesat line (Figure
21). Although all of the horizontal sacqades'recorded during ‘this
visual task were within the range of amplitudes typical of fixation eye
movements the general predominance of saccades less than 5 minutes of
arc in amﬁlitude shifted to. slightly larger displacements when the
1ines were two minutes of arc apart. When the teqt line was viewed
alone saccadic activity increased and this was reflected in high
frequencies of various saccade amplitudes. |

DISCUSSION ,

The zcne of interference alo;g Ehe edge of the added line

appears to be at least I} minutes of arc in extent. Peﬁception'of the

n

gap was less liﬁely when the lines were separated by 2 minutes of arc
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Figure 20, Accuracy in determining gap
location with varying
distances between the test
line and the added line.
Subject N.P. (n = no added
1ine; X = baseline score).
Each data point represents 90
trials.
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Frequency of various saccade~
amplitudes as a function of
line separation: horizontal
saccades (n = no added line).
Subject N.P.
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than at the other separations tested.? Perception of the gap was least
likely when the added line touched the test line; however, with this
particular target the subject's task may not be truly comparable to
locating a gap in a line. The test line, rather thanl lyiné within an
area of interference along the edge of the added line, is jbi_med to the
added line.thus eliminating the contour at'[ the edge of the added line.

it was hypothesized that when a/[ar‘get contour fell within the
perceptually insensitive area along anéther‘ contour there would be an
increase in the number of saccades of amplitudes appropriate to
displacing the target from the insensitive zone. Perception of the gap
was substantially affected when the test line was 2 minutes of arc from
the added line and the zone of interference along the added line
appeared to extend at least Y4 minutes of arc laterally. As anticipated
t‘her‘e was an increase in the number of horizontal saccades 5 ';o 10
minutes of arc in amplitud% when the subject viewed stimuli in which
the lines were 2 minutes of arc apart.

The provocation of a predicted shift 1in the distribution of
saccadic amplitudes by manipulation of the perceptibility of a target
contour in an unstabilfzed viewing situation augments evidence that .
microsaccadic eye movements act to maintain perception of a visual
targetb.

The data sﬁggest that the oculomotor "dead zone" is the
apatio-temporal equivalent of the zone of interference demonstrated
with the simultaneous presentation of 2 contours and support the notion
that the area of insensitivity along a-contour has both speitial and

temporal extent. it appears that the distribution of saccadic
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amplitudes may be affected by variations in the demands of the viewing
situation subtler than those demonstrated in Experiment 1. Moreover,
the subject may be able to voluntarily alter saccade amplitudes in an

attempt to restore or maintain perception of a visual target.



Experiment Three. Contour Interaction: Perception of a Target Contour

in the Presence of an Adiacent Contour

Among the studies of contour effects there is considerable
variation with respect to the nature and dimensions of the target
figures, the spatial ;eparations between contours tested and the
subject's Gtask. It is not surprising thefefore that contour
intergggg;n effects have been described variously as interference,
facilitation or both an%}that the gstimated spatial extent of the
contour effect differs across studies. One point of agreement however
is that the magnitude of the effect on percepticn of a target contour
varies with the spatial separation between the target and a nearby
contour.

Tt is difficult to interpret apparent contour interactidns'
between letters as, 1ndividually; some letters are more difficult to
recognize thaﬁ others. This may be due in part to the distinetiveness
;f the overall letter shape and therefore to the number of structurally
aimilar letters with which it may be confused. Tq distinguish among
pbssible alternatives it may be necesasary to determine whether there is
a break in the contour of the letter, the number of elements in the
letter or the relative orientations of the elements. The perceptually
more 'difficult letters such as S, R, 0 and B tend to be moré cdmplex
struczurally than are the easier letters such as L and J and may thus
be subject to more internal interference between the closel& spaced

alements of the letter.

101
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substitution of a Landolt ring target overcomes ;ome of the
possible sources of variance in using letters to assess the nature and
extent of contour jnteraction effects. Nevertheless the Landolt ring
may still be sufficiently complex that }nternal contour {nteraction
effects are possible. Consequently the present work concerns the
effect of a single vertical line on perception of a gap in a second
vertical line, conceptually a Landolt ring of infinite diameter ne to
a second ring of infinite diameter. Potential i{nteractions bgtHEen

segments of an-.iﬁ§fjidual ring are essentially eliminated and any

s

effects at the ends of 1ines would be held constant.

The usslof ‘such a target profides for minimal confounding of
contour interact;on and permitted prediction of a specific shift in the
amplitude distribution of hprizontal‘micrbsaccades in Experiment Two.
The present and subsequent studies represent further investigation of
contour interactibﬁ effects over distances falling within the range of
Amplitudes of ﬁicrosaccadic eye movements. The present experiment 13
essentially a replication and extensiﬁn of the first part of Experiment
Two and was éxpected to confirm_the general finding that the presence
of a s;cond contour may adversely affect perception of a target‘éontour
over distancés of a few minutes of arc.

METHOD -
Subjects; ?1ve psychology students with normal or corrected—to—normal
visual acﬁity served as subjects. | '
Agparatus.'_The apparatus used jn this study was that employed for the
investigation of céntour intetaction effects in Experiment 2.

Stiﬁuli; As in the previous experiment, the basic stimulus consisted
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of a vertical black test line with a gap approximately ‘one—~third of the
distance from the top or bottom of the line. There were 18 other line
configurations each consisting of the test line and an added line
Jocated at various distances (the maximum was 15 minutes of arc) to’'the
left or to the right of the test line, In all a subject viewed 2 sets
of 20 stimuli. In one set the added line was located to the left of
the test line at each of 9 different distances and there were two
possible locations of the gap giving 18 different stimulus cards. To
these were added two cards bearing only the tgst line, each with the
gap in a different.location. The second set of stimuii were made up in
the same way but the added line was located to the right of the test
line.
Procedure. All subjects were refracted and wore appropriate lenses
during the study. The study was conducted in essentially the same way
as was Experiment 2. Three subjects viewed the stimull with the
dominant eye only and two viewed alternately with the doqinant eye or
-'hhe non—doqinant eye on successive days. One baseline session was run
for each eye testéd. |

. Each of the subsequent experimentai sessioﬂs'aﬁhﬁisted of four
uﬁlocks of 20 trials. One set of stimuli (i.e. with the added line to
the left or to thé right only) was presentea in a random°séquence in
each block. The location of the added liné to tﬁe left or right of the
test line varied across the U4 blocks 1in any of 6 possible ordets. Each
subject participated in 1 session a day, at a fixed hour, for 16 d?¥5
if only the dcminant eye was tested or for 20 days if eaéh eye was
tested, In the 1atter'case viewing with the dominant or non-dominant

eye alternated across days.
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The data for individual eyes were separately scored and trials
in which the added line was located to the left of the test line were
scored separately from those in which it was added to the.right. In
every session there were 4 occurrences of each of 'the experimental

-
conditions. The data analysis was carried out in the manner described

in Experiment 2. *
RESULTS
The gap size appropriate to individual subjects ranéed from 0.3
to 0.8 minutes of arc (Table III). .As the location of the added line
to the lef‘t‘ or right of the teat line had no differential effect on gap
perception (X 10‘5 3. 6371n all cases - see Table IV} these data were
combined for each subject giving 128 trials per data point in Figure 22
and 80 trials per point’in Figure-23. Wits relatively small distances
between the added line apd the test line the proportion of correct
trials declined to leveis 5 to 30 per cent below those achieved in the
absence of the added "line. When the data were?eorrected for chance
accuracy according-to the formula,

P(C) - 1l/m
1-1/@

P¥(C) =

where P(C) 1s the proportion of correct trials and m is she number‘sf
alternatives, the interfering effect of the added line was even more
apparent indicating a decline in accuracy of from 10 to 60 per cent '
across subjects. - At the spatial separations tested there was no
evidence that the presence of the added line facilitated perception of

the gap in‘the test line.



105

Table III. Gap sizes and baseline scores for
subjects in Experiment Three.

-

Subject Eye Gap size
(minutes)

J.2. Right 0.3
C.H. Left 0.8
M.F. Right 0.5
L.K. Left 0.3

Right 0.3
M.T.  Left 0.3

Right - 0.3

<+
’\\

Baseline
(score)

85%
79%

75%

81% ) \

92% ;
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A comparison between location of
the added line to the left and to

the right of the test lime in Experiment

Table IV.
Three.
Subject _Eye
M.F Right
J.Z Right
C.H. Left
L.K. Left
_Right
M.T Left
Right

2
xlO

3.63

1.78

3.44

0.53

1.11

1.04.

0.89

None of the values is significart.

~O
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Accuracy in determining gap
location with varylng
distances between the added
line and the test line.
Subjects J.Z., C.H. and M.F.
(no = no added line; b =
baseline score), Each data
point represents 128 trials.
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Figure 23. Accuracy 1n determining gap
location with varying
distance between the added

- line and the test line.
B Subjects L.K. (L.E. and R.E.)
and M.T. (L.E. and R.E.).
Each data point represents 80
trials. {(n=no added line;
b=baseline score).
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DISCUSSION

The! data- confirm that along a contour there is an effective

area of perceptual interference extending a few minutes of arc from the

. contour (Figure 24)}. The implication of this result is that a target
contour which falls within an area a few minutes of arc from another
contour 1s less 1likely to be perceived than at a alightly greater
distance from the second contour or in the absence of the second
centour. The effect of the added contour is-essenﬁially nullified at a
ldistance of 2 to 6 minutes of arc depending on the subject.

The demonstration of an interference effect in a free viewing
aituation is reminiscent of the spatial brightness summation typical of
some visual cell receptive fields. By analogy, 1f the gap is thought
to lie over the excitatory centre of a receptive f{eld then increasing
the distance between the test line and the added line (i.e. increasing
the width of the light area between the two lines) may be thought to
increase the stimulated area of the inhibitory surroﬁnd to a pBint
where the surround maximally inhibits the centre response to the gap.
Further increasing the width of the light area between the lines might
be likened to the stimulation encnoaching on a disinhibitory
extra-surround area with the result that the effect of the'inhibitory
surround is increasingly counteracted and the centre response to the
gap 1s restored.

At the luminance level used 1in this experiment, 10
foot-Lamberts, Ricco's law (of spatial summation of brightness) breaks
down at about 2 minutes of arc when exposure duration is limited. The

comparable result obtained in this experiment with unlimited viewing
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Figure 24. Postulated effect of one
contour on perception of
another nearby contour.
Model derived from an
arbitrary averaging of the 5
dominant eye functions in
Experiment 3.
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time suggests that some factor (perhaps rapid small eye movements)
1imits either the effective exposure duration or the functional area of
spatial summation.

It should be noted that this diséussion is of general
principles of the functional organization of the human visual system.
It is by no means assumed that the response of a single receptive field
is being tapped. Rather, the functicnal organization of mammalian
visual cell receptiﬁe. fields is used as an heuristic modei of the.
integrated function of the human visual system and the emergent
principles of its organization are simply represented by analogy to the
level of single cell response. The spatial dimensions described in
this context are meant %o approximate the limiting casge under the
specific condlitions tested and are not to be construed as reflecting an

absolute limit of human visual function under ideal conditions.



Experiment Four. Summation In Contour Interaction

Letters at either end of a row of letters are identified more:
readily than those occupying less extremem positions regardless of
whether vigwing is monocular, binocular~-or dichoptiec. In the latter
case it makes no difference whether each eye is shown letters occupying
sequenti%l or alternating positions (Taylor and Brown, 1972). These
findings suggest'that1the interfering‘effects between letters summates
and that there is a strong supraretinal component in the interaction
between adjacent letters. Bouma (1970) confirmed that the deleterlous
effect of 2 flanking letters on perception of a target letter was
greater than that of a single adjacent letter.

Evidence for supraretinal contour interacﬁion has been provided
with non-letter targets as well. Vernier resolution for 2 bright,
vertical line ségments i3 adversely affected by adjaceﬁt vertical lines
with either monoptic_ or dichoptic presentation of the tafget and
flanking lines (Hbﬁtheimer and Hauske, 1975). Visual acuity for a gap
in a Landolt ring is similarly impaired regardless of whethef the ring
and four surrounding bars are presented dichoptically or monoptically
(Flom, Heath and Takahashi, 1963).

The above findings indicate that a contour presented to one eye
can have a deleterious effect on perception of a contour presentéd to
the other eye. In addition to evidence of binocular interference one
may find examples suggestive of binocular éummation; Binocular acuity
is superior to monocular acuity (Horowitz, 1949; Savage and Sumner,
1950; Kahneman, Norman ahd Kubovy, 1967) an effect frequently

attributed to .physiological summation of monocular inputs.
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More letters on a Snellen chart are identified with binocular
viewing than with monocular viewing. Row-by-row presentation of the
létters results in a higher proportion being correctly identified than
when the entire chart is exposed. Curiously this improvement is not 30
marked with binocular viéwing as with moﬁocular viewing (Savage and
Sumner, 1950). "This finding suggests that there may be binocular
summation of {nterference between rows of letters which offasets any
advantage "confined by binocular, summation of excltatory effects.
Similarly, Blake, Fox and McIntyre (reported in Blake and Fox, 1973)
found binocular summation for forced-choice recogq;tion of a target
1ett$r presented aléne. However, when the target letter was surrounded
by several n;ntarggé'letters.'binocular pe;formance was no better than
monocular . performance.

Fry aﬁd Bartléy (1933) hypothesized that the binocular response
represented a summdation process and an inhibitory process in
combination. The abSVe findings- do suggest that the superiority of
binoccular perfqrmancgﬁ;s limited to displays with either few contours
or uidely.;paéed contours. In displays containing numerous or closely

" spaced cﬁntdurg the:contribution of interéerence may equal or exceed
that of summaﬁion'effecpively eliminating any superiority of binocular
viéwing. - to -

The present experiment uasf@ddressed to the question of Qhether
contour interaction effects uould‘ be similar regardless of whether
viewing uas binocular or monocular. -

METHOD
Subjects. Four psychology students with normal or corrected-to-normal

visual aculty participated in this study:
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Apparatus. The apparatus used in this investigation was the same as
that usgd in Experiment 3.

Stimuli. The stimuli were similar to those deseribed in the previous
experiment but two lines iere added one on either side of the test
line, parallel to 1t and equidistant from it. There were 10 different
line patterns: one consisted of the test 1ine-alone while the others
consisted of the test line with two lines flanking it ejther touching
it or at distances of 1,2,3,4,5,7,10 and 15 minuteﬁ of are. For each
i&né pattern the. gap occurred once in the upper portion of the  test
“line and once in the lower part of th line.

Procedure. This study was conducted in the same way a3 the previous
experiment. All subjects viewed the baseline target with the dominant
eye (that used for siéhting when both are open). Subsequently three
subjects (J.S., S.D. and M.L.) viewed the stimull with the dominant eye
owﬁF‘15-ses§10ns and ﬁwq,(J.S. and R.C.) viewed the stimuli binoéularly

over 5 days. _Binocular testing of J.3. was carried out after the 15

ménocular sesslons. In the experimental sessions the 20 different

stimuli were presented in a random sequence in each of 5 blocks of
triél; giving 10 presentations of a given line pattern per sesaion. |
| RESULTS

The gap size usediin this expériment was 0.5 minutes- of arc.
All R-SQbJectS-correctly locatea the gap in the test line on
approximately 80 per cent of the baseline trials (Table-ﬁ).

Of the subjects who viewed the stimuli monocularly 2 maiﬁtained
their baseline accuracy for ﬁhg no added 1ine (nJ condition over the

experimental sessions (Figure 25). M.L. however jndicated that
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Table V. Selected gap size and baseline scores
of subjects in Experimeat Four.
Subject Dominant Gap size Baseline
eye (minutes) " score
J.S. - Left 0.5 . 80%
M.L. Right 0.5 80%
S.D. ¥ Left 0.5 81%
R.C. Right 0.5 _ 80%

S
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Figure 25.

116

Accuracy in.determining gap
location with varying
distances between the test
line and two lines added one
to eithef side of the test
line. Subjects J.S., S.D.
and M.L. (X-baseline score).
Each data point represents
150 trials.



PROPORTION CORRECT TRIALS

0-80

" 060 -

+00 100
0-80 060
‘: 060 RS T O | ! 1 | Ozp
+t00 | 1100

0-80

0-60 '
100

1
Q
o

012345 7 10

LINE SEPARATION (MINUTES)

(9)xd



17

although he performed adequately in the baseline sessicns he had

difficulty focussing on the test line in the absence of the two added

lines during. the experimental sesslons. Allowing for that particular

difficulty the three subjects showed similar variations in accuracy of

gap location with differing

distances of the added lines. Accuracy

declined as the spacing between the lines diminished from 4 to 2

minutes of afc and improved 3

data point in the figure rep

omewhat at a separation of 1 minute. Each

resents 150 trials. Figure 26 summariﬁes

the general effect taken as an average of the three individual plots.

E

When the stimuli were viewed binocularly accuracy dipped when

the lines were separated by about 3 minutes of arc (Figure 27). When

j.S. viewed the targets binocularly the "V"-shaped interference effect

shifted slightly toward larger line separations compared to monocular

viewing.

-

DISCUSSION

. Perception of a gap in a line is similarly affected by

variations in the distance of additional lines flanking the first under

both monccular and binccular viewing. In 1light of intersubject

variation, however, it is not clear whether one should describe the

effect at separations of 2 to 3 minutes of arc as interference or that

at somewhat greater separatio

stimulus configuration 1in which the flanking lines make contact with

ns as facilitation of gap perception. The

the test line (0 minutes of arc separation) may well constitute a

'different task than the other configurations judging by subjective

reports and the unpredictable direction which the accuracy function

takes in the transition fro

m 1 to 0 minutes separatioﬁ between the
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Figure 26.
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Postulated effect of two
added lines on perception of
a gap in a line between them.
The model is derived from
averaging the functions of
the subjects who viewed the
targets monocularly.
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Figure 27. Accuracy in determining gap
location with varying
distances between the test
line and two lines added one
to either side of the test .
1ine. Subjects R.C. and J.S.
viewing binocularly. Each
data point represents 50
trials.
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lines. Although J.S. obtained relatively higher scores for binocular
viewing than he did for monocular viewing, these may reflect a practice
effect rather than binocular summation, as binocular testing followed

the sessions of monocular testing.

A



Experiment Five. The Shape of the Interference Function

Flom et al. (1963) found that perception of the break in a
Landolt rihg was most adversely affected when tangential bars were
removed to a distance of about 1 minute of arc. As the spacing between
the bars and the ring varied from that value, accuracy in lcoating the
gap improved resulting in a "U"- or "W "-shaped function ovef a range of
small contour separations. A similar effect has been suggested in
Experiments 3 and 4 and the present study was designed to explore the
shape of the contour interaction function more carefully. As the bars
in the Flom et al. (1963) study were the same width as an arc of the
Landolt ring, the.widfh of the added lines used in this experiment was
reduced to equal the width of the test line.

METHOD

Subjects. Two students with normal or corrected-to-normal viéual

acuity served as subjects in this experiment. -

_—

Stimuli. The test line was of the same dimensions as that uséq in the
previous experiments, thatris. approximately 0.5 minutes of arc wide by
74.5 minutes of arc high., Two lines of the same dimehsions as the test
line were located, one on either side of it and equidistant from it, at
distances of 0.3, 0.5, 0.7, 0.9, 1.1, 1.2, 1.4, 1.6 and ‘1.8 minutes of
arc. One set of stimuli had a solid test line whereas in another set
the test line was broken in the middle by a gap©0.3 minutes of arc in
size. The two sets of stimuli were combined giving one solid test line
and one broken test line for each three-line configuration.

Apparatus. The apparatus used in this study was that described in the

previous experiments,
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Procedure., The procedure followed in this experiment was similar to
that in the preceding studies. The stimuli were viewed mbnocularly.'
There were two baseline sessions, one to test ‘each eye. Solid and
broken test lines were presented equally often in a random ;equencg in
each of 5 blocks of 20 trials. The subject was to respond "yes" to
indicate that a gap was judged to be present and "no" to indicate the
abaénce of a gap In the tgst line. In each of the 20 experimental
sessions which followed, the various 3-line s%}muli were‘Prespnted in a
random sequence within each of 5 blocks of trials giviqé a total of 10
trials for each line separation per session. Only one eye was‘tested
in a ﬁiven‘sessibn. The data for each eye were analyzed separately‘and T
scored for the proportion of correct trials at each line separation so

)
that 100 triais contributed to each data point. : }

T ' RESULTS ’

The gap size chosen permitted each subject to corrgctly report
either the presence or the absence of a gap on at least 70 percent of
the baseline trials regardless of uh;ch eye viewed the target (Table
VI), As the spacing between the lines was reduced accuracy declined’
then roselagain (Figure 28), Over the line separations tested the
lowest point fell at about 1.2-minutes of arc and represented more than

S

a 20 per cent declfhe in accuracy from the highest point- of the

function, If the scores ﬁere-corrected for chance success (P%C) th‘i-_,//zﬁ’//

difference in accuracy was over 40 per cent.
DISCUSSION

These results -extend the notion that along the edge of a

: 4

contour there is effectively a trough-like area of 1nterf‘erence in

which perception of (a discontinuity in) another contour is relatively

impaired (Figure 29).



Table VI.

Subject

M.H.

L.deS.

123

Gap size and baseline scores for the subjects

in Experiments Five.-

Eye Gap size Percent correct trials
(minutes) Gap present No gap

" Left (dom.) 0.3 75% 70%
Right . 0.3 86% - 71%
Left 0.3 70% 90%

Right (dom.) - 0.3 B4Z

98%
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Figure 28.
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Accuracy in discriminating
presence or absence of a gap
in the test line with varying
distance of two symmetrically
flanking lines. Subjects
M.H. (L.E. and R.E.) and L.
de S. (L.E. and R.E.}. Each
data point represents 100
trials. '
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Figure 29.
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Postulated effect of two

-narrow added lines on

diserimination of the
presence or absence of a gap
in a line between them. The
model is derived by averaging
the functions in Figure 28.
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If phe probability of.saying "yes" when there is a gap present
1s plotted against line separation and the probability of saying "yes"
when there 1s no gap in the test line 1is similariy plotted, it is
apparent that the tendency to report the presence of a gap varies with
vfn*/iine separation in a manner comparabie to the response of a visual cell

with an antagonistie centre-surround-extra-surround receptive field
organization (Figures 30, 31 and 32). By analogy, the gap may be

conceived of as effectively overlying the ™on" centre of the

hypothetical receptive field. When the symmetrically flanking lines

are very close to the test line one may imaginé that they overlie the .

‘-inhibitory surround. As the centre is effectively stimulated and the
surround is not the net response of a cell in the visual system
possessing a receptive field so stimulated would be to fire. As the
black flanking lines are removed to greater distances from the test
line the light area between the lines is-extended laterally so that the
inhibitory surround is stimulated over increasing areas. As the size
o} the stimulated surrcund area incfeases a stronger inhibitory effect
is exerted sc that the neﬁ response of the visual cell is diminished
reaching a minimum when the total width of the surround is.st}mulated.
As the flanking lines are moved still further from the test line the
light area between the lines begins to encroach on the "disinhibitory"
extra-surround. As mo?_ f theﬁextra—surround area is stimulated its
antagonistic influence on the inhibitory effect of the sqfround
increases and the net response‘of the cell is a gradual recovery‘of

firing in response to stimulation of the receptive field centre by the

bright gap in the test line.



Figure 30.
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Probability of indicating the
presence of a gap in the test
line (A) overall, (B) when

there was a gap present, and

- (C) when there was no gap

present: Subject M.H. In
the 3 pairs of graphs
individual data points
represent 100, 50 and 50
trials, respectively.
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Figure 31.

128

Probability of indicating the
presence of a, gap in' the test
1ine (A) overall, (B) when
there was a gap present and
(C) when there was no gap
present. Subject L.deS. In
the 3 pairs of graphs
individual data points
represent 100, 50 and 50
trials, respectively.
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Figure 32.

Postulated effect of 2
flanking lines on perception
of a gap in the test line.
Model is derived by averaging
the 4 (B) functions in
Figures 30 and 31.
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This comparison to single cell function is appealing as it
suggests a model for the seemingly paradoxical finding that perception
of a gap in a test line is less likely when additional lines are a
short distance (appr"oximately one minute of ar'c)" away from the test
iine than when these lines are either closer to or further from the
test line. While this analogy draws on one of the pervading organizing
principles of the mammalian visual system, antagonistic centre-sur-
round-extra-surrcund effects, it cannot betoffered as an appropriate
 model of the integrated function of the human visual system with the
present state of our knowledge. As noted earlier, the
electrophysiological data are derived from non-human species usually

with immobilization of the eyeball, so generalization to the

i

freely-viewing human is ndt necessarily warranted. Moreover, little is-

nown about the relationship between single cell activity and the
' <

activity of populations of cells, much less the relation of either to

perceptual experience. Consequently this appealing analogy between

perception and single cell activity is purely speculative.
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CHAPTER FIVE
GENERAL DISCUSSION AND CONCLUSIONS

The work reported here constitutes a rather broad, empirical
study of the general reiatiohship among small eye movements, spatial
interaction between visual contours and the perception of (a
discontinuity in) a target contour. As had been found by others (Riggs
and Ratliff, 1951; Fender, 1956; Steinman et al., 1967), saccadic eye
movements recorded duri;g steady fixation of a small stationary target
rarely exceeded 39 minutés of arc in amplitude and were frequently less
than 10 minutes of are. - Recording during conversatioé, a less
structured situation with no explicif fixation instructions, suggested
the possible variation in the amplitude and frequency of these small
eye movements. More saccades occurred during conversation and there
was an increase in the relative number of saccades exceeding 30 minutes
of arc in amplitude. The distributions d?;saccade amplitudes differed
significantly in the two situations.

Historically fixation eye movemgnts wébe regarded as unique and
as possibly being generated by a different neural mechanism than were
the larger 'scanning' saccades. Zubef, Stark and Cook (1965) found
that -a single fdnction described the relationship between velocity and
amplitude for all saccadgs up to 3 degrees suggesting that saccades of
varying amplitudes were @énerated by a common neur#l mechanism or were
at least limited by the same mechanics. Cunitz and Steinman (1969)
hypothesized that if saccades of varying ampli;ude were initiated by a

single neural system, the distribution of time ‘intervals between
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saccades should not vary with saccade amplitude. They found that
although the size of saccades differed substantially during reading as
compared %to maintained fixation, the distributions of time intervals
between fixation. microsaccades and between large reading saccades
overlapped considerably and the modal interval between saccades was
tvery similar' in the two condi}‘.ions. They concluded that the temporal
distribution of eye movementg was not related to their size and that
all saccades of varying amplitude were initiated by a single system.

In the work reported here, the interval between saccade onsets
was taken as the variable indicative of the functioning of an
initiating mechan.i_sm for saccades. ;l'he distributions of intervals

.
between saccade onsets during conversation and during fixation differed

significantly with a tendency toward proportioﬁately more short
interval:_s (up to 100 milliseconds) during conversat;on. Despite the
initial impression that the iérger eye movements recorded during
conversation might be associated with shorter intervals between saceade
onsets no linear relationship between saccade amplitude and‘ﬁ_ime since
the onset of the previous saccade 'could be established. In fact, the
relationship between these variables appears to differ in the 2
situations with association between sho;'t intervals and small saccades
more likely during conversation tﬁan during fixation.

Al£h0u3h these data support Cunitz anci Steinman's conclusion
that there is no general relationship between the timing of saccades
and their amplitude, they indicate nevertheless that the timing of
saccades zay 'vary in different .situations. It is not qlear whether

this 1is sufficient to refute the notion of a common initiating

Bl



mechanism. At least some'proportion of the smaller saccades observed
during conversation may be 'corrective', that is, minor ad justments to
the main saccade. As such, they may not be appropriately regarded as
initiated by a discrete neural event equivalent to +rhat initiating the
main saccade. HRather, éorrective saccades may represent an alteration
superimpoged on the main saccade and thus (by their occurrence before
another main saccade) contribute to the proportion of relatively short
intervals between saccade onsets. It appears that ﬁhe question of a
single initiating mecha;ism for ;accadic eye movements cannot be simply
resolved with data on the timing of saccades.

Abolition of the relative motion between a visual image ;pd the
retina results in intermittent perceptual fading of part or all of the
image (see work by Ditechburn, Riggs, Yérbus, Pritchard, Evans, Piggins
and others). Small eye movements apparently play a role in sustained
perception of a visual target (Ditchburn, Fender and Mayne, 1959).
Indeed when a subject first views a 1stabilized' retinal image the eye
moves about in an exaggerated fashion as if to restore peréeption of
the target. In the present work, it was hypothesized that successful
manipulation of the 1ikelihood of perceiving a target in a freé-vigwing
aituation (as opposed to s£abiliéed ‘vieuihg) might precipitate a
concomitant change in 'the pattern qf small eye movements suggestive 6f
én attempt to restore perception.

Perceptiondgl; target contour may be adversely affected by the
presence Qr a nearby contour (Rentschler and Hilz, 1976; Flom, Weymouth
and Kahneman, 1963) over separations as small as a few minutes of arc.

A{‘this is within the range of amplitudes of fixation microsaccades one
kS

- N
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might expect to see a concomitant change in the paitern of small eye
movements. To facilitate prediction in the present work, a vertical
line target was utilized and the amplitude distribution of horizontal
séccades varied as expected. The area of interference alceng the addéd
line appeared to be a few minutes of arc in extent. When the distance
between the target contour and the added contour was such that
perception of the target ﬁas disrupted there was an increased number of
horizontal eye movements slightly larger than the _apparent area of
{nterference, Were it not for the fixed locétion of thg added line
relative to the test line these eye movements might have been adequate
to restore perception of the visual target

Apparently, ‘the distribution of saccadile amplitudes may be
affected by subtle variations in the viewing situation which afrect
perception of a feature of interest. The provocation of a predicted
shift in the di;tributidn of saccadic amplitudes by manipulation of the
perceptibility of .a target contour in an unstabilized'vieuing situa;}on

éugments ;vidence (albeit indiregtly) thiF microsaccadic eye movements
| act to maintain perception of a visual térget.‘

Among the ;ﬁudies of contour effects there 1is considerable
variation with respect to the shape and dimensionsxof target figures,
.~the spatial separations between contours tested and the subject's task
.COntour interaction ‘effects have been described as interference,
fagilitation or hoth and the estimated spatial extent of_the contour
effect differs across studies, In generél however, the mggnitude of
the effect on pefceptidn of_é target ééntour varies with the -spatial

separation between the target and a nearby contour. . -

b
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The present HO[‘]{ concerned the effect of 1 or 2 vertical lines

on perception of ‘a gap in another vertical line. The uee of such a.
-vtarget provided’ for minimal confounding of contour interaction and

permitted prediction of a specific shift in the amplitude distribution ,

of‘ horizontal microsaccades The data conf‘irm that along a contour

there is an effective area of perceptual interference extending a few' »

minutes of arc from the contour.. Perception of a target contour HhiCh
. falls within an area' a few minutes of arc from another contour 1s
likely to be adversely affected.

Interfering eff‘ects between letters summate so that the
deleterious effect of 2 flanking letters on perception of 5 "taréep
letter 1is great;er than that of a single adJacent letter (Taylor and
-Br:own, 1972; Bouma, 1970): Moreover ‘.:here appeare to be a. strong
supraretinal c.omponent to the interaction between adjacent letters
(Taylor and Brown, 1972) as well‘as between other types of ‘target

contour and one or more additional.contours (Westheimer and Hauske,

1975; Flom, Heath and Takahashi, 1963). These studies all demonstrated-

" that a contour presented to one e};e may have a deleterious effect on
p’ércepéion or a contour presented to the other eye.

Simultaneous presentation of a target contour to both eyes
frequently facilitates perception of the tagget (Horowitz, 19189, Savage
and Sumner, 1950; Kahneman, Norman and~ Kubovy, 1967) Hhen a ..arget
contour is surrounoed by other contours, the advantage (to perception
of . the target) conferred by binocular yresentation ‘may be 80
. |qttentuated as to be neglig:hble. suggesting that interference effects

hu_nate ta\h(:iularly as well {Davage and .Sumner, 1950; Blake and Fox,

1973). | ] : Y

At
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In the present work perception of a gap in a llne was aimilarly

yaffected under both monocular and binocular viewing "conditions by
variations in the distance to 2 flanking lines Though perception
deteriorated and improved over the same range of'separations for all
subtects ;nder both viewing conditions, compared to percegpion with no
added lines, the contour effect appeared to be interfence in scme cases
and facilita%ién in others - a rather puzzling situation. The
experiment was not.conducted in such a uay-as to permit asgsessment of
the contribution of binocular summation whether facilitative or
interfering. - The experiment simply demonstrates contour interaction
effects in bofh monocular and binocular viewing.

The data of Flom et al. (1963) as well as results reported here
suggested that the gffect of contour interac&iggﬁon target perception
might conform to a "UTH or "Y-" shaped function of contour separation,
at least over an ;rea of a few minutes of aré. Re;tricting the line
separations tested to just a few minutes of afp confirﬁed that the
.1ikelihood of perceiving the gap in the test Lline Qaried as a
trough-like function of line separation. A )

- The tendency go report perceptipn of a gap varied with contour
sepération in much the same waf as‘does:the response of certain monkey
visual cells Fo é similar stimulus. Al;hough the simllarities between
the human perceptual expérience and the response of singlé cells in the
viﬁual syaté& of the gonkey invite generalization from one to the othe;

they must be regarded cautiously as an,interesting'coincidence, given

¥ the present state of our knowledge.
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The affect of an adjacent contour on gap perception is mest
parsimoniously explained on the basls of spatial summation within
antagonistic areas of concentrically organized receptive filelds. Thus
it is unnecessary to resort to a model based on line detectors or.edge
detecfgrs (Tolhurst, 1972).1 Spiilman. Fuld and Gemits (1976) broposed
a similar model to account for the brightness phenomenon in the
Ehrenstein illusion. These authors ascribed the effect to both retinal
and supra-retinal components though the latter was regarded as being
G;Rﬁbnside}ably weaker, Although the present deta do not permit
diserimination between retinal and post—retinal effects, "the results of
Experiment Four ralse the possibility of binocular receptive fields

~

characterized by spatlal summation and by concentrically organized and

antagenistic areas of somewnat greater dimensions than in monocular

0y

- y
fields. The latter may range from 2 to 5 minutes of arc in diameter .

acoordipg to the present results, a value somewhat smaller than the 5
minute estimates by‘Westheimer (1967) and Baumgartner (1960).

In recent years the visual system has been likened to a spatiel
frequency analyser responding to the Fourier components of the
luminance distribution across the visual field (for example, See
-Hestheimer, 1960%. According to this notion d%fferent visual cﬁannels

respond to sinusoidal luminance distributions of certain frequencies

and these channels Interact in variqus ways. The results of Experiment -

Five in particular may be interpreted according to a model of sbatial
frequency channels., Gap perception is relatively unaffected when the
spacing between the lines is either one or three times the width of an

~

individual 1line. In both cases the central {test) line would coincide
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with the locus of a dip in 2 sinuscldal luminance distribution based on
the width and location of the 2 added lines. The actual luminance
distribution across the etimulus area containing the gap carries an
effective spatial frequency of half that acreoss stimulus areas
containing 3_sdlid'line segments. This freguency difference of one
octave has been found to be of significance in other psychophysical
studies. In a composite luminance grating the individual Fourler
components are perceived independently when their gpatial f;equencies
differ by at least an octave (i.e. by a factor of 2).

In the stimulus configuration providing ‘for substantial
interference with gap percepﬁion the spacing eetween the lines was such

that the lines would not coincide with the dark phases of a sinusoidal

luminance grating uhose half-cycle width equalled the width of the

target lines. This result. suggests that this particular line -

configuration failed to optimally actiéated a parﬁicular spatial
frequenc& channel rendering discrimination of the presence or absence
of a gap (i.e. a difference in spatial frequency) much more difficult,

This model has appearl however the-data do not uniquely favour either
.a spatial frequency channel model or a receptive.field model., As the
latter is simpler and requires fewer assumptions it is here endorsed in
the interests of parsimony. Extending the width of the added lines to
virtual 1nfinity would permit one to determine whether a receptive
field model based on spatial summation in concentrically organized

antagonistic areas adequately accounts for the present findings.

) The likeljhood of perceiving a visual target is typically 1ower‘

during 4 saccadic eye movement. Saccadic suppression is much greater

IR Pt )
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when a target is viewed against a patterned background than when viewed
AP

against a featureless ground. This suggests that the effect may be

principally attributed to interference or masking from contour sweeping

across the retina. In Experiment Two it was found that attenuated

perception of the gap was associated with a particular line separation

as well as with a shift in the patterﬁ of saccadlic eye movements to

somewhat larger amplitudes. The likelihood of perceiving the gap

varied with line separation. The shift toward larger saccades wWas

recorded only at the separation assoclated with a substantial

_attentuation of gap perception., As discussed in the experiment, the

altered pattern of eye movements is probably secondary. to a spatial

contour effect. Nevertheless, 1t is possible that saccadic suppression
gerved to furtﬁer depress gap perception at that point, with the added

1ine acting as & masking contour.

This research provides normative data and an approach which méy

be utilized in the study. of such perceptuél disorders as amblyopia

("lazy eyé") and certain reading .disabilities. Either of these

h

conditions might be fruitfully investigated with a model based on the

- general relationship between contour interaction, small eye movements

and visual perception suggested by these data.

et e e
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APPENDIX
ESTIMATION OF THE EFFECT OF GAP SiZE ON GAP PERCEPTION -
After Experiment 3 was completed, the gap on each stimulus card

-~

dyas measured with a travelling microscope. As there were slight
;ariations in gap-size on the‘stimuli viewed by a subject (the total
range of variation was less than 0.5 millimeters or 0.35 minutes of arec
viewed at 10 meters) the effect of these variations was éstimated and
the data adjusted accérdinglyi Preliminary woék suggested that the
proportion of correct responses increased linearly over a small range
(possibly 0.6 millimeters) of gap sizes and levelled off at higher or
lowér values. As only 2 of the original 5 subjects were availabié for
testing on varlations ir gap size specifically, the effect was inferred
for the other subjects from their originalldata.
' METHOD

Subjects. Two' of the subjects whose data are reported in Experiment 3
participated in this study. Each viewed with the dominan£ eye wearing

the same optical correction as in the original experiment.

Apparatus and stimuli. The apparatus was that used in Experiment 3.
The subjgct viewed a series of 10 cards eaéh bearing a single vertical
test line but having gaps of 5 different sizes, each sigze befﬁg
presented once near thq‘top and once near tée Bothom of the line. The
range of gap sizes tested exceeded the range of gap sizes viewed by the
subject in the original experiment. JZ was tested on gap sizes of 0,80
to 1.60 millimeters (0;28 to 0,56" minutes of are) and C.H. was tested

on gap sizes of 1,65 to 2.45 millimeters (0.58 to 0.86 minutes of arc). .



. e

Procedure. As  in the coriginal experimen? the stimulus cards were
mounted by hand and the subjéct's task was'to indicate the location of
the gap. The- 10 stimuli were ﬁrgsented in random order and the entire
;et was presented 10 times a session. Tﬂ;ke\gszs‘lo daily sessions in
all. The nuﬁber of correct responses per session fdr.each g;p size was
recorded and the overall®probability of a correct response for each gap
- size was computed. Correcticn of the data for response bias under the
signal detection model (Green and Swets, 1974) produced no significant
change 1n the number of correct—responses for the varicus gap sizes

VO
(Walsh test < Siegel, 1956)[30 the uncorrected data were used.

| RESULTS
For JZ the probability of a correct résponse increased linearly
with gap size up to 1.4 millimeters and then levelled off (Figure 33).
The linear regression of frequency of correet responses on gap size

P -]

(0.8 to 1.4 millimeters) was
Y'i = 10.2X + 4.93 (Eq. 1.1)

and the.correlation between the twé variables, r, was +0.84, For each

position of the added: line in the original experiment there were 2

possible gap sizes, 1 at the top of the test line and 1 at the bottom,

Each of these was presented twice in a session giving a total of four

»

presentations of the added line in a particular location with. respect -

to the test line. To predict the likelihood of correctly locating a
gap in the original experiment simply on the basis of its size the

regression equation was divided by 10:

po

lad
[

= 1,02X + 0.49 (Eq. 1.2)

e
Q

N



Figure 33.
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Accuracy in gap location as a
function of gap size.
Subjeet J.Z. Each data point
represents 200 trials.
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The predicted number of correct trials for the gap size at the
top of the line plus that for the bottom of the line were suBtracted
from the actual score to obtain an estimate of the experimental effect,
that is, the effect of the added line in a particular location relative
to the test line. The difference Score thus computed for presentation
of the test line alone was subtracted from the original score to obtain
a numﬂer which was then added across conditions to -all of the
difference scores. The effect éf this procedure was to standardize'the
acores to the original scoreion the test line alone. Thekg;scores.
representing the number of correct trials for each locationAof the
added line relative'to the test line, were expressed as the proportion
of trials correct under each c;ndition.

The linear regression of the number of correct responses on gap
sizes of 1.85 mm. to 2.45 mm for subject CH was

Y, = H.BXi + 4,68 (Eq. 1.3)

1
Dividing this by 10 gave

Y

10

0."811 + 047 (Eq. 1.4)

This predictor was applied to CH's data in Experiment 3 in the same

manner as had been done for JZ.

For the remaining subjects a linear regression analysis was
carried out on the original data to'derive a function relating correct
location of the gap to gap size for eéch eye ﬁested. Th; values
predicted by the obtained linear function were 'subtra;ted from the

actual scores (as wa3s done for the previous subjects) to give an
- ,
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estimate of the experimental effect. These differences in turn were

standardized to the test line alone condition and converted to

. porportions,





