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Abstract, Tilt illusions occur when a drifting vertical test grating is surrounded by a drifting
plaid pattern composed of orthogonal moving gratings. The angular function of this iilusion was
measured as the plaid orientation {and therefore its drift direction) varied over a 180° range.
This was done when the test and inducing stimuli abutted and had the same spatial frequency,
and when the test and inducing stimuli either differed in frequency by an octave, or were
spatially separated by a 2 deg blank annulus, or both differed in frequency and were also
separated by the annulus (experiments 1-4). The obtained angular function was virtually
identical to that obtained previously with the rod and frame effect and other cases involving
orthogonal inducing components, with evidence for illusions induced both by real-line compo-
nents and by virtual axes of symmetry. Although the magnitude of the illusion was very similar
in all four experiments, there was evidence to suggest that largest real-line effects occurred in
the abutting same-frequency condition, with a pattern of results similar to that obtained
previously with the simple one-dimensional tilt illusion. On the other hand, virtual-axis effects
were more prominent with gaps between test and inducing stimuli. A fifth, repeated-measures,
experiment confirmed this pattern of results. It is suggested that this pattern-induced tilt effect
reflects both striate and extrastriate mechanisms and that the apparent influence of spatially
distal virtual axes of symmetry upon perceived orientation implies the existence of AND-gate
mechanisms, or conjunction detectors, in the orientation domain.

1 Introduction

Recent research into the determinants of the orientation illusions has produced psycho-
physical data which appear related to neurophysiological evidence for more global
mechanisms in cortical areas beyond V1 (eg Wenderoth and Johnstone 1987). In partic-
ular, it has been found that large gaps between inducing and test stimuli, or remote
surrounding contours, respectively, may not affect or may modulate orientation
illusions. Such findings suggest that even simple tilt illusions have determinants more
complex than lateral inhibition between orientation-selective neurons in striate cortex
as suggested, for example, by Carpenter and Blakemore {1973). Additional psycho-
physical investigations may thus draw attention to novel stimuli which might be used as
probes in the neurophysiological investigation of single neurons.

This research is concerned with an analogue of the rod and frame illusion {(RFI), an
orientation illusion which can be considered a variant of the tilt illusion (TI). However,
ptior to our conducting the experiments reported below, we were unaware of the
relationship between the effects we were to measure and the RFI, so the stimulus

parameters we selected for the initial experiments were chosen for quite different -

but specific reasons. These are briefly explained because they are relevant to the
experiments. '
In several recent investigations of both the psychophysical and the neurophiysio-
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counterclockwise), and drifting in the directions 135° and 225°, respectively, observers
report the percept of a single coherent plaid drifting towards the left, ie in the direction
180° (Adelson and Movshon 1982; Movshon et al 1985). Neurophysiological studies
have shown that, whereas neurons in monkey striate cortex (V1) respond only to the
components of such a display, as do some cells in extrastriate middle temporal
area (MT), at least some cells in MT respond to the pattern. That is to say, V1 cells and
some MT cells respond twice as the whole pattern rotates through 180°, once when
one grating is aligned with the preferred orientation of the cell and again when the other
grating is so aligned. In contrast, at least a proportion of MT neurons respond only
when it is the perceived plaid orientation that is aligned with the cell’s preferred
direction (as previously determined with a single grating) and do not respond to the
components {Movshon et al 1985).

Based upon these observations, wenderoth et al {1988) measured motion after-
effects (MAEs) induced on a single vertical grating by a drifting plaid pattern, but the
components of the plaid were presented either simultaneously or in alternation. In addi-
tion, the relative orientations of the plaid components were varied symmetrically
around horizontal so that the composite -plaid always appeared to drift horizontally.
Whereas the MAE magnitude decreased linearly as the alternating components deviated
more from the vertical test grating, this was not the case in the simultaneous condition.
Wenderoth et al (1988) suggested that the simultaneous plaid MAE, being in part
pattern-selective rather than component-selective, reflects an extrastriate (perhaps MT )}
contribution to the MAE.

Given the fact that extrastriate receptive fields frequently are much larger and less
specifically tuned to spatial position than are V1 receptive fields (eg Allman et al 1985;
Maunsell and Newsome 1987), we began to examine displays in which central test
gratings were surrounded by drifting plaid stimuli spatially removed from the test.
We observed a robust illusion not of motion but of tilt. Experiments were then
conducted using a single plaid orientation with the component gratings oriented 60°
and 150° (30° clockwise, CW, and 60° counterclockwise, CCW, of vertical). Various
combinations of component drift directions gave plaids drifting in different directions,
despite the fixed orientations. Not only were tilt illusions obtained when there was a gap
of 2 deg between the test grating and the inducing annulus; but no reliable illusions
were obtained when the plaid abutted the test grating (Johnstone and Wenderoth 1989).
At that stage, we had observed an apparently pattern-specific tilt illusion which may or
may not have been dependent upon the pattern motion, the component orientations,
or both.

Since the illusions we obtained were small, albeit robust, it seemed logical to measure
the complete angular function of the illusion. This would provide information on the
size of the effect at different component orientations in the illusion. Experiments 1
'to 4, described below, were designed to provide such data. In the event, the angular
functions obtained were those characteristic of the RFL Prior to describing the exper-
iments, then, we first describe the RFI and its relationship to the simple TL

The tilt illusion refers to the misperception of the orientation of a test line or grating
when it is superimposed on, or intersected by, an inducing line or grating in a different
orientation. Angular separations between test and inducing stimuli of up to about 50°

typically result in repulsion (also called direct) effects, so that the test orientation
R T R P gt T arger anoilar separations often

Two-dimensional tiit illusions 27

effects are called positive, and indirect or a i i
Chown by the filed bymbol. i figum 1. ttraction effects are called negative, as

Tl}e rod and frame illusion occurs when a vertical line is surrounded by a square
but tl!ted inducing frame. Beh et al (1971) first showed that, as the surrounding frame
was tilted from vertical through 90° to horizontal, the angular function of the illu-
sion was that shown by the open circles in figure 1. In an attempt to explain this
functlpn, Beh et al proposed a ‘major axes hypothesis’ (MAH). They asserted that the
test line appears tilted away from whichever of the frame’s four axes of mirror
symmc?try is nearest vertical. As the square is tilted, say, clockwise (CW) through 90°
the axis nearest vertical is tilted CW for tilts of 0-22.5°; between 22.5° and 45°, it i;
tilted counterclockwise (CCW); then, between 45° and 67.5°, tilted CW: and fi;lally
between 67.5° and 90°, tilted CCW. Note that the same descriptive hypo;hesis, ap lie;
to tl_le T.I: when the inducing line or grating is tilted CW near vertical, the axis nealljrest
vertlc.al is that corresponding to the grating’s main lines and is CW; n’earer horizontal
the virtual axis orthogonal to the main lines is nearest vertical al;d CCW. Thus the’
TI angular function can also be described in terms of repulsion from the inducing, axis
of sy{nmetry nearest vertical [although the magnitude difference between these effects
remains u.n.explained, as Wenderoth (1977) has discussed].

.In :addltmn, of the four axes of symmetry of a square, two (vertical and horizontal)
cotncide with real lines of the frame, so-called main-line axes {Howard 1982) whereas
the other two (the diagonals) are purely virtual axes. For descriptive purposes, let us
equate dz:rect ctfects (in both the TI and the RFI) with main-line effects; and :'ndirect
effects with virtual-axis effects. In these terms, indirect (virtual-axis) effe’cts are those
f]}il:-)w? by t.helvtwo central rod and frame peaks and by the negative TI peak in figure 1;
pO:iiiv(en'}‘Tr; e:]lf) effects are those shown by the outer rod and frame peaks and the

I_Tsing.this descriptive system, then, we shall refer to tilt illusions induced by crossed
gratings in the same way. Crossed orthogonal gratings also have two main-line and two
v1rtua1. axes of symmetry: direct effects will refer to illusions which can be described as
repulsion fr01ln a main-line {ic component grating) axis nearest vertical; indirect effects
can be described as repulsion from a virtual axis {ie crossed—grating, angle bisector)
nearest vertical. The simple TI induced by a single grating will be termed the one-
(Ziuge’rll‘ilonal effect or 1-D TI; crossed-grating or square-frame effects will be termed
- S.

The ain}s of the experiments to be reported can now be restated in terms of the
above definitions. Johnstone and Wenderoth (1989} observed that drifting crossed
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gratings oriented 60° (ie 30° right of vertical) and 150° (ie 60° left of vertical) induced
an apparent CW tilt in a vertical grating which thus was set CCW to appear vertical.
This is an indirect effect: it reflects repulsion from the virtual axis of the plaid which is
oriented 105° (15° left of vertical). In these terms, the fact that the effect was small is
not surprising: indirect effects typically are of the order of 0.5-1.0° (ie figure 1;
Wenderoth and Johnstone 1988a, 1988b). Experiments 1 to 4 thus were designed to
measure the complete angular function of the 2-D TL :

General methods used in all the experiments are described first, followed by the
individual experiments,

2 General methods . -

Stimulus displays were presented on the flat screen of a Tektronix 608 display monitor
(P31 phosphor), interfaced with an Innisfree (‘Picasso’) image generator and a PDP
11/23 minicomputer. Subjects used the outer pair of three microswitches to rotate a
circular 0.6 deg visual angle sine-wave test grating to the perceived vertical. A press on
the central switch signalled completion of the adjustment, caused the setting to be
recorded by the computer, and removed the current display.

Experimenter and subject were located in adjacent laboratories. Intrasession commu-
nication was possible via an intercom system, and a slave monitor in the expetimenter’s
cubicle enabled monitoring of the subject’s settings. Subjects viewed the display in a
dark windowless cubicle. All external cues to vertical were removed by attaching to the
screen a flat black aluminium mask in which a 6.75 deg diameter hole had been cut, and
by draping black cloth over the area between the screen and the padded forehead-,

~temple-, and chin-rest which held the subject’s head. The head rest was positioned
57 cm from the screen, so that 1 cm on the screen subtended 1 deg visual angle.

The image generator was modified to run automatically via the minicomputer-and a
custom-designed D/A interface. This allowed up to three different screens to be
interleaved at a rate of 188 Hz and software enabled these screens 1o be constructed
using an on-screen menu. So, for example, the inducing annulus containing drifting
crossed gratings was constructed by interleaving two of the three screens, one confain-
ing one grating drifting within an annulus, the other containing the other grating drifting
within an identically positioned annulus. The rate of interleaving ensured that the
display was not seen to flicker. '

The central test grating always had a spatial frequency of 5 cycles deg™' and, when
the subject adjusted it it rotated at a speed of 5.9° 57" in }° steps, giving the appearance
of continuous motion. The maximum luminance of the light bars was 10.4 cd m % and
the minimum luminance of the dark bars was 2.1 cd m™2, measured on a low-frequency
grating with a Tektronix J16 (1 deg) digital luminance probe. Thus, the Michelson
contrast of the test grating, defined as (L, — Loin Ly = Lemin) WS 0.67. The crossed
inducing gratings each had the same luminance values as the test, but because of
luminance summation at their intersects plaid contrast was slightly higher {0.75).
All unfilled portions of the screen had a luminance of 2.8 ¢d m 2 and during intertrial
intervals (5 s) the screen was blanked at 6.8 cd m "2, sufficient to eradicate afterimages
between conditions.

3 Experiment 1
e e the anoular fnnetion of the 2-D TI when the test
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drifted in the 180° direction, the component gratings were oriented 45° and 135°, and
they drifted, respectively, in the directions 135° and 225°. In condition 2, the gra’tings
were oriented 35° and 125° and- drift directions were 125° and 215° respectively.
The'se 10° steps in orientation and .direction continued to condition 19, where the:
grating o_rientations were 225° and 135°, and drift directions were 315 and 45 deg,

In this experiment, the spatial frequency of the gratings composing the plaid
was the same as that of the test grating, ie 5 cycles deg '. All gratings drifted with a
temporal frequency of 2cycless™'. Thus the velocity of the test grating, given
by temporal frequency over spatial frequency, was 0.4 deg s, Plaid velocity is g’iven by
¥, = ¥.(cos 6)", where V, is component velocity and & is half the angle between the
gratings. Plaid velocity therefore was 0.57 deg s~'. The thickness of the inducing plaid
annulus was 2 deg (inside diameter 4.6 deg, outside diameter 6.6 deg).

3.1 Method

3.1.1 Subjects. Tl'lere were six subjects, members of an optional advanced under-
graduate course in Perceptual Systems, who were providing data for their own class

exercise but who, at the time of the experiment, were entirely naive about every aspect
of the experiment.

3.1.2 Procedure. Apart from one subject who was myopic in the right eye and used her
lfaft eye, all subjects viewed monocularly with an eyepatch over the left eye, The instruc-
tion was always to fixate the centre of the test grating when it was present. Discussion
after. the experiment suggested that all subjects were able to maintain fixation as
reqmred'.. Within each of the nineteen plaid orientation conditions, subjects made two
c.onsec.utlve pretest settings to vertical {surround absent), followed by four test settings
(inducing surround present). For these six trials, starting position of the test grating was
ra_ndom within £10° of vertical. A break of 15 s occurred between each such set of six
trials, although the subject was required to maintain head position during that time. The
complete set of one hundred and fourteen settings (nineteen orientations X six settings)
reqmret:.l a testing period of about 90 min, including a long halfway break, during which
Fhe subject strolled the corridor. Five practice settings were given prior to the exper-
1meI}t, with randomly selected conditions. Careful bracketing in adjustment ptior to
making a final setting was encouraged.

The i]?usion was defined as the algebraic difference between the mean of the four
cogsecutlve tests and the mean of the preceding two pretests, in any set of six trials,
Thl:s . convention meant that test settings more CW than pretests were scored as
positive { +) illusions; test settings more CCW were scored as negative (— ) illusions.

The ord.er in which the nineteen orientation conditions were completed was completely
randomized. '

3.2 Results

The mean illusions obtained in experiment 1 are shown in figure 2a. The variable on
the‘ abscissa is the direction of plaid drift, which is perfectly correlated with the orien-
tations of the component inducing gratings, as shown by the arrow (direction) and cross
(component orientations} insets on the lower and upper abscissae of figure 2a
Hovfrever, note that although drift direction varied through a full 180°, the component.
grating orientations began at the obliques (180° direction), cycled through 90° to

. . o 4i
be?orne obtl)lque again (90° direction) and then repeated the identical cycle of orien-
tatinne (OO 44 N2 Aivarntimnatl Thite the otmvilaritcr o e 1aft amed wfnlit Thalormea oof 2l
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3.3 Discussion ‘
The angular function in figure 2
with a stationary test stimulus an

a clearly is of the class of function previously obtained
d an inducing stimulus comprised of an f)utll'ne squgg
frame. Thus, each half of the figure 2a function, contained witilin ;Irlfttfllre(_:rtlxofxilgsure 4
: , is - simi frame inducing stimulus function 1 .
0° and 90° to 0°, is similar to the ! . ol
EI(‘)hg apparent difference in phase exists only because, 1n tefmst otf ther ;f;;elgg;ibts;lzss"
i in figur the inducing orientation
these two half functions in figure 2a cover . lucing o on range 135
i tation is aligned with vertic

90° to 0°. That is, a component oricniation ¢ o8

é:}Ill;l f?;:re 1 abscissa but halfway between the directions 140° and 130° and also 5
°infigure 2a. " o ) ‘ ]
an%:?orlendli%cussing theése results in more detail, it will be useful to deal w;th l:zxt[:s:
iments 2 to 4, which were similar to experiment 1 except that the'effgcts of abutiing

inducing stinu,lli and different inducing spatial frequencies were examincd.
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Figure 2. Angular functions of the two-dimensional tilt illusion {2-D TI).
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4 Experimenis 2 to 4

Unless otherwise specified, the methods and stimuli in these three experiments were as
in experiment 1.

4.1 Merhod _

4.1.1 Subjects. There were six subjects in experiment 2, and eight in each of exper-
iments 3 and 4. These were drawn from the same population as those in experiment 1.
The differences in sample size were unavoidable because, given the relatively long test
session, some subjects were unable to complete all four experiments.

4.1.2 Stimudi. In experiment 2, all conditions were as in experiment 1 except that each
of the component inducing gratings had a spatial frequency of 2.5 cycles deg™!. With
temporal frequency maintained at 2 cycles s™', each component then had a. velocity of
0.8 deg s~' and the composite plaid velocity was 1.13 deg s~*,

In experiments 3 and 4, stimuli were identical, respectively, to those in experi-
ments'1 and 2 except that the 2 deg annulus gap between test and inducing stimuli was
removed, so that the 2 deg thick inducing annulus directly abutted the test grating,

42 Results

Angular functions obtained in experiments 2 to 4 are shown in figures 2b-2d,
respectively, and they very closely resemble the function obtained in experiment 1
(figure 2a). In each case, the main effect of drift direction was significant {experiment 2,
Fig,50 = 5.67, p < 0.0005; experiment 3, F, ., = 7.83, p < 0.005; and experi-
ment 4, Fg 55 = 4.89, p < 0.0005). It can be noted that the data of the individual
subjects were very similar, so that the standard errors in all four experiments were quite
small{0.42, 0.42, 0.64, and 0.43 in experiments 1 to 4, respectively).

To illustrate the similarity between the four angular functions in figures 2a-2d, the
means for cach of the functions were entered in a simple subjects by treatments analysis
as if these four sets of means were the data of four single subjects. Figure 3a shows the
results of experiments 1 to 4 superimposed; and figure 3b shows the overall average of
the four functions, The error bar indicates £1 standard error obtained from the mean
square error of the analysis. The between-subjects effect was not significant
(F,54 = 2.03, p > 0.05), indicating no significant difference between the main effects
in figures 2a-2d. This test, however, indicates only that the means of the functions are
similar and when, as in this case, illusions are both positive and negative, the means are
not a good measure of the depth of modulation. An additional analysis therefore was

+3.0

+2.0

+1.0

Hiusion/®
=}

Plaid drift direction/® Plaid drift direction/®
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carried out on the absolute (nonsigned) illusions. The mean unsigned illusions corre-
sponding to the groups in figures 2a-2d were 0.82°, 0.86°, 1.08°, and 0.74° and
analysis of variance showed that these means were not significantly different
{(Fy 54 = 1.89, p > 0.05). However, it is noticeable from both the graph and this
analysis that illusions appear 1o be generally larger in the same-frequency abutting
condition (figure 2c}).

More detailed examination of the data of experiments 1 to 4 provided the impetus
for experiment 5. First, when Johnstone and Wenderoth (1989) obtained their small
indirect effects, these were induced with drift directions halfway between abscissa
values of 100° and 110° and also 10° and 20° in figures 2-3. Under the conditions
common to their experiments (figures 2a and 2b), three out of four of these effects are
small and negative, consistent with their result. Second, we have shown previously
(Wenderoth and Johnstone 1988a) that in the case of the 1-D Ti, introducing gaps or
spatial-frequency differences between test and inducing stimuli reduces direct but not
indirect TIs. To obtain some indication of whether the same is true of the 2-D.TI,
obtained direct and indirect effects were averaged for cach of the functions in
figures 2a-2d. Direct effects, which occurréd when a component grating was oriented

15° from vertical, occurred at drift directions 150°, 120°, 60°, and 30°; indirect effects

were estimated by averaging the effects which spanned the orientation in which a virtual
d 170°; 100°

axis would be 15° from vertical, ie the effects at drift directions of 160° an
and 110°; 70° and 80°; and 10° and 20°. Because direct (and indirect) effects were
either positive or negative depending upon whether the axis nearest vertical was
oriented CW or CCW, for this analysis only, effects in the expected direction were called
positive, ie cffects were called positive if they exhibited repulsion from the relevant axis
of symmetry.

The results of the analysis are shown in table 1 and two aspects of these data are of
interest. First, as we reported earlier in the case of the 1-D TI (Wenderoth and
Johnstone 1988a), direct effects are largest under abutting same-spatial-frequency
conditions. The introduction of a gap or a different inducing frequency reduces direct
effects. Second, but unlike the situation for the 1-D TI, indirect effects do not occur
reliably under the abutting conditions. This result, however, is precisely that reported
by Johnstone and Wenderoth (1989). In the light of these tendencies, experiment 5 was

designed to test directly for this pattern of resuls.
Table 1. Summary of average direct and indirect two-dimensional tilt illusions (in °) in exper-
iments 1 to 4.

Spatial position/frequency

Effect abut/same abut/different gap/same gap/different
Direct +1.98 +1.25 +1.15 +1.30
Indirect —0.45 +0.03 +0.16 +0.58

Because direct (and indirect) effects were gither positive or negative depending on whether
the axis nearest vertical was CW or CCW, for this analysis only, cffects in the expected
direction were called positive, ie effects were called positive if they exhibited repulsion from

the relevant axis of symmetry.
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