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:m«—whep 1}& is .sur'mumvded by }ines of a differing orientation, a test line changes its apparent
orients cinm a direction away frm:r.l that of the surround lines. Using & nulling technique to arrive ai
mme;z:a xzéu;‘?, | :}:*ne }propemgs‘lgf mms ‘simulmnwus‘ orientation contrast have been analyzed: it diminishes
dmmﬂm Mm ' ;s s:gxéoun ) m?ehs,‘ rises and then falls off as a function of surround line orentation;
resentation: m rgbusf i Lg%mﬂ, is sharply tuned (+ 100 msec) fof synchrony of test and surround line
presents wm; s rob t o differences between test and sun‘ou‘n‘d line disparity but not intensity; and is
ety of ,omm m}; }c pr\esen?almn.of t.ESt and surround lines. Orientation contrast can be induced in
uany o ‘ ealums,, including l‘llusmy contours, an ellipse, a moving dot and a row of dots or
ines, | w.ﬁ two fioms .zﬂone don’t suffice. The results are taken as evidence that orientation is a domain s/
generis, in which simultaneous contrast is exhibited in the same manner as in the domains of color,

brightness and disparity.

Tilt illusion Line orientation

INTRODUCTION

Theuhum‘an observer is extremely effective in
sensing the orientation of lines: precision of less
tmn a degree were reported quite early in the
%11‘9{01.‘}’ of psychophysics (Jastrow, 1893). Even
in the absence of an immediate comparison, a
smgl_e line spanning the human fovea, i.e. 30 min
arc in length, can have its orientation ident-
1ﬁqd to better than half a degree (Westheimer,
Shimamura & McKee, 1976). Ever since Hubel
and Wie‘sel (1959) drew attention to the exist-
ence in the primary visual cortex of neural units
mm oriented receptive fields in the cat and later
in Wthwe monkey (Hubel & Wiesel, 1968), orien-
w}mm sensitivity has been a favorite topic in
visual physiology. The tuning width for orien-
tation of these units is, however, quite broad so
that they cannot be postulated as the immediate
neural substrate for the whole animal’s orien-
tation sensitivity. The situation is analogous 10
that for the eye’s position sense: the spacing and
receptive field sizes of neural units are too
coarse to account for hyperacuity directly.
Rather, a complex neural circuit must be in-
volved that processes the signals from a set of
coarse-grain units and derives a measure of
feature position that is finer than the mosaic of
retinal receptors by up to an order of magni-
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IHusory contour

tude. Concepts such as simple differencing (op-
ponency) or ratio mechanisms between units
with overlapping receptive fields have been pro-
posed, but as yet nothing is known about the
details of this processing. ;
By the same token, the mechanism by which

the value of the orientation attribute of a line is

claborated is not clear. From what is known
about the tuning width and the shift of meéan
orientation from cell to cell in neurons of the
primate striate visual cortex, it is safe to say that
more than a single cell is involved. Simple
concepts of lateral inhibition in the orientation
domain (Blakemore, Carpenter & Georgeson,
1970) won’t do either because such mechanisms
may sharpen the tuning but cannot give values
of the attribute finer than the spacing of the
members of the ensemble. Lateral connections
between orientation-selective cells in the visual
cortex have been shown to exist by anatomical
and functional tests (Gilbert & Wiesel, 1983).
Since there is a large repertoire of psycho-
physical findings relating to the effect on per-
ceived orientation of lines and gratings of
neighboring (in time or space) oriented gtimuli,
the attempt to. appose psychophysicaﬁ and elec-
trophysiological data in this area seems timely.

The literature in this area is voluminous
and it has been reviewed recently (Howard,
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1986). Because of the wide diversity of stimuli
used in the many previous investigations on the
tilt illusion and tilt aftereffect, as these phenom-
ena have been called, the subject is here
approached by a consolidated series of exper-
iments. The stimuli have been selected to high-
light specific characteristics of the interaction of
the orientation parameter of foveal line stimuli.

If the interest is in the interaction of ensembles
of otientation-tuned cortical cells, and if one
wishes to seek the closest possible psychophysi-
cal correlates, the stimuli must be chosen accord-
ingly. Some of the criteria are that the stimuli be
simple and unambiguous, and that they be
directly locatable in space and time in much the
same way as stimuli that are presented to the
animal’s eye to map a neuron’s receptive field
and the interaction between neurons. Receptive
fields of neurons serving the primate fovea are
small, almost always have only a single peak
position and the time course of response and
interaction between responses is a fraction of a
second. Moreover, to study interaction it is wise
to use stimuli that do not physically overlap, so
that one can separately vary the parameters of
the stimuli probing the test region and the region
sending interacting signals. Neurophysiological
experiments in this vein are beginning to be
reported. The psychophysical literature, to
which one might turn for results in the human
that ought to be more or less correlatable with
primate cortical neurons, contains data which
almost without exception does not meet these
criteria. For example, gratings are used exten-
sively but they unfortunately do not confine
stimuli to the receptive fields of a limited set of
neurons. There is a lot of information on the tilt
aftereffect, but the long time course of events in
this phenomenon, a matter of many minutes or
even days (Wolfe & O'Connell, 1986), makes its
relevance to the questions posed here a matter
of some doubt.

The approach followed here places the
phenomena in the wider context of interaction
between simultaneously presented stimuli in ad-
joining regions of the visual field. In the domain
of color, this is known as simultaneous color
contrast, as when a white patch next to a red one
assumes a greenish hue. In the domain of bright-
ness, there is simultaneous brightness contrast,
clearly exhibited by Hering's well-known figure
in which a gray patch on a black surround
appears lighter than on a white surround. Ac-
cordingly, and following the lead of the pioneer
in this research (Gibson & Radner, 1937), the
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phenomenon subjected to examination in this
study is called simultaneous orientation contrast.
Here follows a series of experiments that high-
light the spatial and temporal factors governing
these interactions.

METHOD

Normal human observers were shown simple
stimuli, mostly lines, on oscilloscope screens al
a distance of 3 m in an otherwise dark room and
were required to make binary judgments about
their orientation. The test line most usually
employed was 12 min arc long; it appeared every
3 sec in the middle of a fixation area that was
delineated by a set of four brackets outlining 2
square 45 min arc on a side. The fixation pattern
was usually extinguished 250 msec before the
appearance of the test pattern and did not light
up until 250 msec after its offset. Except as
specifically described for each experiment, there
were no immediate companion stimuli in the
visual field. For the record it can be stated that
the results are hardly affected if the room lights
were on and the usual contours of a small
laboratory were visible.

To obtain a measure of the observer’s orien-
tation sensitivity, the test line was shown, say,
300 times in succession, once every 3 sec, on each
occasion in one of seven orientations: randomly
vertical or n, 2n and 3n deg away from the
vertical in either the clockwise or the counter-
clockwise direction, where n depended on the
situation and was in the range of 0.6-2.2 deg.
Each time the observer had to signal, if necessary
by guessing, whether the line appeared tilted
right or left at the top. Fitting a cumulative
normal curve to the data yielded a measure of
the orientation at which the observer reported
verticality (the mean of the curve) and also of the
orientation sensitivity. The threshold, i.e. half
the difference between the line orientation for
which the observer reported “right” on 25% and
75% of occasions, gives the sensitivity of judg-
ments for orientation differences. In a practiced
observer, a comparison is not needed. An in-
ternal reference for the mean of the ensemble of
test stimuli is quickly established, and this ap-
plies even for stimuli that are not vertical
Although only fragmentary data are available,
there is no reason to believe that the findings,
which in this study were restricted to vertical test
lines, would not apply to other orientations.

" Patterns were created under computer contro}
on HP1345 vector scopes equipped with a fagt
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white phosphor (P4). Line intensity was of the
order of 0.5 c¢d/m. In the dichoptic experiments
a beam-splitter/polaroid arrangement allowed
the presentation of patterns to each eye separ-
?teﬁw. Observation was binocular except where
indicated, with normal pupils and with refrac-
tive correction where needed. Data were accu-
mulated in runs of 300. All points shown in
graphs or tables represented at least 600 re-
sponses, often many more, obtained on at least
2 days. Because the concept of a veridical
perception was not employed here, there never
were any error signals when the observer called
a line *“‘clockwise” when in fact it was shown
“counterclockwise.”

RESULTS

When a single line, 12 min arc long, is shown
in the center of the fovea for 200 msec, the
orientation sensitivity obtained by the method
described above is about 0.5 deg arc. The ob-
server may exhibit a small bias, i.e. he may call
a line “vertical” when it is slightly tilted to one
side or the other, but the bias is seldom more
that a degree with our method of presenting
stimuli. More important, with a sufficiently
large set of responses (300 or more) the standard
error of the mean is usually less than 0.1 deg, so
that context-induced changes in the apparent
vertical can be estimated quite accurately.

The following experiment illustrates the basic
phenomenon of simultaneous orientation con-
trast and the nulling method adopted to quan-
tify it. The center, 12-min arc line, identified as
the test line, is now surrounded by six similar
lines, 20 min arc away, arranged hexagonally as
shown in the inset of Fig. 1. When these sur-
round lines are tilted, say 20 deg, clockwise, a
vertical test line appears tilted counterclockwise.
Rather than merely reporting this fact, or have
the observer make a judgment of the amount of
apparent tilt, a nulling method was employed to
measure the induced tilt in the test line: when the
psychophysical procedure described in the
above paragraph is used with a configuration
consisting of the test lines surrounded by induc-
ing lines rather than the test line alone, the
psychometric curve is now shifted and its mean,
representing the test line orientation at which it
appears vertical, expresses numerically the mag-
nitude of the simultaneous orientation contrast.
There remains the problem of 2 possible ‘?b'
server bias, which was overcome by running
presentations with equal and opposite surround
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line tilts in an interdigitated fashion and using
half the differences between the mean values
of the two curves as the measure of the orien-
tation contrast for this particular surround line
tilt. This is what is plotted along the axis of
ordinates of most figures in this study. ’
_Figure 1 shows the orientation contrast for a
hexagonal configuration of surround lines as a
function of their tilt. The peaking at values of
15-30 deg is in accord with previous studies
of the tilt illusion with other patterns. The
fundamental finding is that the effect is one of
repulsion, except for a small reversal towards
attraction as the inducing lines approach
orthogonality. The test line appears tilted in &
direction opposite to that of the inducing lines;
in order to null out this orientation shift,
i.e. make the test line appear vertical in the
presence of the inducing lines, the test line has
to be presented with a tilt that is in the same
direction as the inducing lines. The large inter-
observer variability is a significant feature of
this research. As expected, there is no orien-
tation contrast when the inducing lines are
exactly parallel or exactly orthogonal.
Orientation contrast, measured at the observ:
ers’ optimum inducing orientation (i.e. the peak
of the curves in Fig. 1) diminishes with distance
between test and inducing lines (Fig. 2). These
data are in broad agreement with the findings of
Virsu and Taskinen (1975) and of Wenderoth
and Johnstone (1988a). It will be demonstrated
later that the curve does not turn down with
decreasing separation and that, rather, the inter-
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Induced orientation shift (degrees)

6 20 30 40

Angle of surround lines (degrees)
Fig. 1. Induced orientation shift Fo‘r‘iau 112 t:niin are fﬂvea‘l lm;a
surrounded by & hexagonal array of mdtfcmgllmcs (see m\sc )]
as a function of orientation of inducing J!mﬂes. E}cpoeuf@
duration 20 msec, separation between test and mdur;mg ;ngcs
20 min arc. Except for orientations that are aﬂmm'l ortf‘?gg
onal to the test line, inducing lines generatea repulsm‘n ed '?:d
in the domain of orientation. Symbols and average ﬁtm; 'iv d
‘errors of the data points for the‘ four obs@ufvers are ut Folm
1o oneé side. Each data point in this figure is baged on at jca

600 responses.
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action characterized by this experiment extends
right through the center.

The patiern of inducing lines was chosen to
surround the test line uniformly. The question
arises whether, since we are dealing with oni-
emted stimuli, there is an anisotropy in the effect
with respect to the meridian along which the
indreinafinesareniaced. favoring a direction at

right angles to the direction of the test line. The
data in Fig. 3 seem to suggest that indeed this
is the case, although in one observer the effect
is not pronounced.

In view of the indications found by
Makayama, Shimojo and Silverman (1990} that
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perceptual effects change when interacting stim-
uli are given a different disparity, an experiment
was performed in which the test line remained
in the fixation plane, but inducing lines were
either also in the fixation plane or were shown
with various crossed or uncrossed disparities.
Figure 4 shows that there is almost no disparity
effect; if anything, simultaneous orientation
contrast is stronger when the test and inducing
tines do not share the same depth plane.

On the other hand, when there is a difference
in intensity between the test and inducing line
gither way, the simultaneous prienitghon o
trast is diminished {Fig. 5).

For a study of interocular transfer of simd-
tanecus prientation contrast, the stimules pb-
tern shown in Fig. 6 was used. A sow of
obliquely oriented lines was displayved monxy
farly above and below the test fime, which was
alse viewed monocularly. The orientation
change of the test line was determined when the
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o £0.45 £0.64

b. | A 2.90 0.88
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Fig: 6. Interocular transfer of orientation contrast. Inducing
pattern consisted of five oriented lines, 12 min arc long, their
ends separated by 4 min from the end of the test line. Test
and inducing lines were either momocular, dichoptic or
binocular as shown in figure. Induced orientation shift is
feduced to about 2/3 on the average when test line is in one
eye and inducing pattern in other. Exposure duration
30 msec for observer GW and 20 msec for A.A.

test and inducing lines were in the same eye and
when they were in different eyes (monocular and
dichoptic effects). This kind of pattern has the
advantage of allowing some instability in the
horizontal eye vergence position without caus-
ing the test line to overlap the inducing lines
during dichoptic viewing. As is seen in the
figure, the transfer from one eye to the other is
about 2/3. This is about the same value as was
found by Virsu and Taskinen (1975) for the tilt
illusion and by Mitchell and Ware (1974) for the
tilt aftereffect in normal observers. There is
some binocular summation but it is not immedi-
ately clear how this observation relates to the
hierarchical model on binocular summation put
forward by Frisen and Lindblom (1988).

The above experiments have demonstrated
salient aspects of the interaction that takes
place in the realm of orientation using lines
as stimuli. Now the question is asked: what
oriented features other than lines can participate
in orientation contrast?

Hlusory contours

A virtual boundary was created b‘y a series of
three parallel horizontal lines, 3 min arc apart,
coming in from the far left edge of the oscillo-
scopic field and terminating in the center along
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a boundary which could be given a slope just as
would a real line. At the same time a series of
four horizontal lines, also 3 min arc apart and
offset by 1.5 min arc from the other set, came in
from the far right edge of the oscilloscopic field
and terminated in the same boundary, which
now became a prominent illusory contour. At
the outset it was determined that the basic
phenomenon of simultaneous orientation con-
trast is not affected by the presence of a set of
intersecting horizontal lines (Fig. 7, condition
a). Now the center, test line was replaced by the
illusory contour described above. The simul-
taneous orientations contrast is now very
prominent (Fig. 7, condition b). [llusory con-
tours can also induce orientation contrast in a
real line (Fig. 7, condition c). In some observers,
including the author, it requires some manipu-
lation to arrive at the optimum stimulus; a gap
is needed between the termination of the two

Induced Orlentation Shift
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Fig. 7. Induced orientation shift for & yariety of patterns.
Inducing pattern is always 20 min arc fmm; center Eltil;ld at the
observer’s optimum induction angle, which remained the
same for each observer for all conditions. Exposur«zf‘dyranqn
550 msec for conditions (a)~{(e); 70 msec for fmrmdﬂtmn ()
(a) Test and inducing lines 12 min arc, auperxmpoagd qn @
sét of four horizontal lines, 3 min arc apar.t. Th.ﬂ:s gives
normal values for the orientation contrast anq indicates t}.m
the four-line background neither aids nor nntgrifcres mm
induction; (b) normal orientation "“’“*W%{”‘, exmbtbed wbgm
an illusory border is created by offsetting liries by hal’f’thm‘r
standard separation; (c) illusory contours Lcan glnp mflucaj
orientation contrast in & line, but are notas eﬂ’mﬁtw«f as lines;
{d)y a stack of five short horizontal Ii:{neg‘, Zmu’x‘ dfc l;:mg.,
exhibits orientation contrast; (e) an empgual wmgw, m‘n%
axis 12 min arc and short axis 6 min atc is as gaod’ﬂ‘m‘r‘g‘e
as a single line for purposes of onemjzta_‘tmn contrast; b1( gﬂt{:
point of light, moving thirough 12 min 10 70 msec, exhibil

‘ -a strong orientation cortrast.
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sets of lines, but this has its origin probably in
the optical factors needed in a particular eye to
delineate a recognizable contour.

Simultaneous orientation contrast could also
be induced in a column of five stacked short
(3 min arc) horizontal lines (Fig. 7, condition d)
but, as will be seen below, two dots are not
eniough.

Ellipses, long axis 12 min arc and short axis
6 miin arc, were created by placing 30 dots on the
screen in appropriate positions, and they could
be presented with their long axis oriented either
vertical or at designated orientations. These
stimuli have only a small proportion of their
contours parallel to the principal direction of
the whole feature, yet there is a much stronger
orientation contrast than for a single test line
(Fig. 7, condition €).

Finally, a moving dot, traveling in a straight
line through 12min arc in 70 msec has its
apparent orientation, i.e. apparent direction of
motion, changed by flanking tilted lines in the
same manner as a solid line but with a greater
magnitude (Fig. 7, condition f). Illusions in the
apparent direction of motion have been re-
ported before (Marshak & Sekular, 1979) but in
the present context the finding highlights the
kind of feature (illusory contour, ellipse, stack
of short lines or dots, moving spot) in which
orientations contrast can be induced.

To distinguish further the range of features
that can participate in simultaneous orientation
contrast, a sequence of test patterns was created
extending from a solid line, through five and
three dots, to just two dots marking the end of
the lines. In all cases, the outside dimension of
the pattern was 12 min arc and the refresh rate
was adjusted so that in each condition the
retinal Hght flux from the whole configuration
was the same. The induced tilt was always
measured the same way, i.¢. by the angle from
the vertical of the line joining the two termin-
ation points. The results, Fig. 8, show a gradual
decrease from the full-blown contrast when the
tine is solid to an essential absence when a
12 min line is represented by only its end points.
Three points 6 min apart and five points 2.4 min
apart give intermediate values. It is interesting
that even the latter condition, when the points
are only a couple of point-spread functions
apart, does not fully address the line-orientation
processing potential, at least as far as it is
revealed in the orientation domain giving orien-
tation contrast. Im observer J.G., who has
superior resolution and detection thresholds, a
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Induced orientation shift (degrees)

Fig. 8. Orientation shift induced by a hexagonal array of
tilted lines, as a function of dot density making up the test
target, from two dots marking out the ends of a line (right)
to a full line, 12 min arc long. Exposure duration 500 msec.

full set of results was obtained with lines only
6 min long with very similar results (not shown).
Here again, five points (now only 1.2 min apart)
did not accept the same contrast that is shown
for a solid line.

There is disagreement in the literature
(O'Toole, 1979; Wolfe, 1984; Wenderoth &
Johnstone, 1988b) about the effect of exposure
duration on this kind of task. The simultaneous
orientation contrast was therefore measured as
a function of exposure duration using the
hexagonal inducing pattern. Test and inducing
lines were presented simultaneously for different
fixed durations. When the duration is short,
intensity factors enter due to the operation of
the Bunsen-Roscoe-Bloch reciprocity law.
Therefore, constancy of total flux was assured
by suitable changes in the refresh rate in the
three shortest exposures used here. Figure 9
illustrates, in agreement with Wolfe and with
Wenderoth and Johnstone, that in general the
magnitude of the contrast effect diminishes with
increase in duration. The observers executed
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Fig. 9. Orientation shift induced in a 12 min arc foveal s

fine by a hexagonal pattern of inducing lines at the optimum

ovientation for the observer, as a function of exposus

duration of the whole pattern. Durations shorter than

100 imsec had compensating increases in line intensity o
provide for constancy of total flux.







