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Abstract

The Pinna illusion (Pinna & Brelstaff, 2000) consists of two concentric rings of micropatterns that appear to counter-rotate when the
observer moves towards the stimulus. There have been several reports that the illusion is stronger when the retinal expansion is produced
by observer self-motion than when produced on a computer screen without observer self-motion. In fact, we found that the illusion is as
strong (or stronger) when the retinal expansion is produced on a computer screen without observer self-motion. In a second series of
experiments the strength of the Pinna illusion was inferred from the amount of physical counter-rotation required to null it. The strength
of the illusion is relatively unaffected by changes to the global structure of the display but minor changes to the micropatterns comprised
in the display can effectively eliminate the illusion. We provide a simple model of optical flow that is in very good agreement with many of
the results reported.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

There are several striking illusions of motion arising
from static images [e.g., the Ouchi illusion (Ashida, 2002;
Ashida, Kitaoka, & Sakurai, 2005; Hine, Cook, & Rogers,
1997; Khang & Essock, 1997a, 1997b; Ouchi, 1977; Spill-
mann, Heitger, & Schüller, 1986; Spillmann, Tulunay-Kee-
sey, & Olson, 1993), Kitaoka�s ‘‘rotating snakes’’ illusion
(Conway, Kitaoka, Yazdanbakhsh, Pack, & Livingstone,
2005) and variants of the Fraser and Wilcox (1979) ‘‘esca-
lator illusion’’ that arises from asymmetric luminance-gra-
dients (Faubert & Herbert, 1999; Naor-Raz & Sekuler,
2000)]. Fig. 1A shows another remarkable motion illusion
that was discovered by Baingio Pinna and reported by Pin-
na and Brelstaff (2000). When the centre of Fig. 1A is fix-
ated and moved towards the eyes, a compelling illusory
rotation of the two rings of squares (micropatterns) com-
posing the display is experienced. The illusion-like the
other motion illusions just cited—demonstrates a clear fail-
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ure of the visual system to solve the aperture problem
(Bayerl & Neumann, 2002; Gurnsey, Sally, Potechin, &
Mancini, 2002; Morgan, 2002; Pinna & Brelstaff, 2000).
As the stimulus expands and contracts on the retina each
micropattern travels along a straight line that connects it
to the centre of the display, and yet the micropatterns do
not appear to follow a straight path. Several recent papers
have suggested that motion illusions such as the Pinna and
Ouchi illusions can be explained by an ‘‘orthogonal bias’’
(Mather, 2000). On this account the visual system produces
an interpretation of image flow that is biased towards the
strongest normal velocities (i.e., velocities perpendicular
to 1D contours) in the image. This kind of bias can be
shown to occur when the process of optical flow estimation
is contaminated by spatiotemporal noise (e.g., Fermüller &
Malm, 2004; Fermüller, Pless, & Aloimonos, 2000; Weiss,
Simoncelli, & Adelson, 2002; Weiss & Fleet, 2002).

This role of orthogonal bias in the original Pinna illu-
sion (Fig. 1A) can be understood by considering the low
frequency luminance gradients present in the micropatterns
as shown in Fig. 1B. When Fig. 1A expands on the retina
the two micropatterns directly to the right of centre (shown
in Fig. 1B, top) translate to the right. The low frequency
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Fig. 1. (A) The original version of the Pinna illusion. When fixating on the central black dot and moving toward the paper, one should experience the
circles counter-rotating. (B) The two micropatterns at the top have strongly oriented low-spatial frequency components. The two bottom micropatterns
depict a blurred version of the two above, i.e., high frequencies have been removed from the image. When the micropatterns translate to the right the
stimuli will most strongly stimulate neurons selective for the directions indicated by the white arrows (normal velocities). (C) A variant of the Pinna
illusion comprising Gabor Patches.
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luminance gradients present in the display (Fig. 1B, bot-
tom) are oriented ±45� to the true 2D flow and their nor-
mal velocities (speed of motion in a direction perpendicular
to the luminance gradient) would excite direction selective
mechanisms tuned to up-to-the-right and down-to-the-
right as indicated by the white arrows. This pattern of acti-
vation is replicated along all lines of expansion resulting in
a clockwise flow component in the outer ring and a
counterclockwise flow component in the inner ring. The
importance of low-frequency luminance gradients is dem-
onstrated when the box-like micropatterns of Fig. 1A are
replaced with Gabor patches (Fig. 1C). Morgan (2002),
Gurnsey et al. (2002), and Bayerl and Neumann (2002)
showed that these displays produce a very compelling illu-
sion. Gurnsey et al. demonstrated that the strength of the
illusion depends on the number of Gabor patches in the
display, their wavelengths, and the orientation difference
between adjacent patterns in the inner and outer rings.

It might seem that the Pinna illusion can be understood
completely in terms of the so-called orthogonal bias. How-
ever, there have been anecdotal reports that the illusion is
strongest when the observer moves towards the paper on
which the illusion is printed than when the paper is moved
towards the eyes (Gurnsey et al., 2002; Morgan, 2002;
Spillmann, Pinna, Stürzel, & Werner, 2003). If it were true
that the illusion�s strength depends on the manner in which
identical retinal motions are created (self-motion vs.
screen-motion) then extra-retinal contributions to the
strength of the illusion would be clearly implicated. In fact,
there are perceptual differences when retinal motions are
produced in these two ways (Morgan, 2002). Under condi-
tions of self-motion there is size constancy; the two rings of
micropatterns appear to counter-rotate within a static ring
of constant size. It is reasonable to suppose that vestibular
inputs or efference-copy contribute to size constancy. Un-
der conditions of screen-motion observers are clearly aware
of the retinal expansion and contractions. It may be that
the strength of the illusion is affected by differences in ex-
tra-retinal inputs under conditions of self-motion and
screen-motion. In fact, Morgan (2002) made exactly this
case, as did Gurnsey et al. (2002). However, a difference
in salience between screen-motion and self-motion has
not been demonstrated empirically so it is not clear
whether an appeal to extra-retinal input is actually required
to explain the illusion.

To assess the role of extra-retinal contributions to the
Pinna illusion we conducted a two-part experiment; each
part required participants to make relative salience judg-

ments. In the first part, we measured the orientation depen-
dence of the illusion under conditions of self-motion and
screen-motion using the relative-salience method of Gurn-
sey et al. (2002). In this paradigm participants are present-
ed with pairs of stimuli that differ only in the orientation
difference between the micropatterns in the inner and outer
rings (see Fig. 2) and asked to judge which of the two pro-
duced the stronger illusion. Using a set of stimuli compris-
ing several orientation differences, the relative salience of
each orientation difference could be established. The sec-
ond part compared directly the strength of the illusion aris-
ing from self-motion and screen-motion.

A second series of studies was conducted to measure the
absolute strength of the Pinna illusion under a variety of
conditions. Rather than assessing the relative salience
of particular orientation differences, the absolute strength
of several orientation differences was measured using a
nulling procedure (Bayerl & Neumann, 2002). In this par-
adigm, the strength of the illusion is inferred from the
amount of physical rotation opposite to the illusory rota-
tion that is needed to null the illusory percept. The nulling
procedure was used to determine which stimulus factors af-
fect the absolute strength of the illusion. These factors
included the number or rings in the stimulus, the speed
of stimulus motion and the characteristics of the constitu-
ent micropatterns, among several others.



Fig. 2. Examples of stimuli from the inner (bottom) and outer (top) rings of displays like the one shown in Fig. 1C. Each pair is described in terms of the
orientation difference between the micropatterns relative to upward motion. Lines parallel to the true 2D flow have a 0� orientation difference and those
perpendicular to the true 2D flow have a 180� orientation difference.
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2. Experiment 1a: Orientation dependence of the Pinna

illusion

The question addressed in Experiment 1a is whether
identical patterns of retinal stimulation elicit different ‘‘ori-
entation tuning curves’’ when produced by self-motion or
screen-motion. The experiment employed the method of
relative salience judgments used by Gurnsey et al. (2002).
Participants were presented with all possible pairings of
nine orientation differences and the relative strength of illu-
sion produced by each orientation difference was deter-
mined by the number of times it was chosen as producing
the stronger illusion. The tuning curves produced in this
way for self-motion were compared to those associated
with screen-motion.

2.1. Method

2.1.1. Stimuli

Fig. 3A provides an example stimulus used in Experi-
ment 1a. All stimuli comprised 24 Gabor patches in the in-
ner ring and 30 in the outer ring so that micropattern
density was the same within the two rings. Each Gabor
patch was defined as

gðx; yÞ ¼ e�
ðx2þy2Þ

2r2 cos
2p
k
ðx cos h� y sin hÞ

� �
; ð1Þ

where k is the wavelength in pixels, h is the orientation and
r is the spread of the Gaussian envelope. The nine orienta-
tion differences ranged from 0� to 180� in 22.5� steps. Nom-
inally, 0� indicated that adjacent micropatterns in the inner
an outer rings were both oriented parallel to the line that
connects their centres to the centre of the display, and
180� indicated that adjacent micropatterns in the inner an
outer rings were both perpendicular to the line that con-
nects their centres to the fixation dot.

In the screen-motion condition each micropattern
moved back and forth along a notional line emanating
from the centre of the display. This motion simulated the
expansions and contractions that would occur if the partic-
ipant viewed a stationary stimulus while moving towards
the screen (starting at 67 cm and moving to 47 cm) then
away from the screen (i.e., back to 67 cm). Because self-mo-
tion cannot be initiated or stopped instantly, the stimulus
size on each frame was proportional to the value of a co-
sine function with a wavelength of 40 cm (i.e., the cosine
function goes through half a cycle in 20 cm). There were
N = 30 frames in the forward sequence so the simulated
distance from the display on each frame of forward motion
is described as

distancei ¼ cosðp � framei=N framesÞ � 10þ 57. ð2Þ
In this way the change in simulated distance from frame to
frame depended on the frame number; the size change was
greatest at frameN/2 and smallest at frame1 and frameN�1.
Thirty frames were created and played forwards and back-
wards to create one cycle of expansion and contraction;
frameN was presented only once so there were
N * 2 � 1 = 59 images in the sequence. Each image was
presented for two video refreshes on a monitor having a re-
fresh rate of 85 Hz. Therefore, each image played for
2 * 1000/85 = 23.53 ms for a total sequence duration of
59 * 23.53 = 1388.27 ms.

The size of each micropattern (determined by k and r)
was scaled with simulated distance to the screen. At a sim-
ulated distance of 57 cm, each micropattern had k = 9.57
pixels and r = 4.78 pixels. The centres of the inner and out-
er rings were 143.6 and 169.1 pixels from screen centre. At
each simulated distance these standard values were scaled
by 57/distancei. The two rings of micropatterns were sur-
rounded by ‘‘guides’’ (see Fig. 3A) whose Gaussian cross-
sections were scaled with simulated distance in the same
way as the Gabor patches.

2.1.2. Participants

There were eight participants (six females and two
males) recruited from the Concordia community. Two par-
ticipants had previously participated in similar psycho-
physical experiments and the remaining six were naı̈ve to
the experimental procedures.

2.1.3. Apparatus

The experiments were conducted using a Macintosh G4
connected to a 21-in. multiscan colour monitor with dis-
play resolution set at 1024 · 768 pixels. Pixel width was
.37 mm and the screen refresh rate was 85 Hz. The gamma
correction software available in the Psychtoolbox (Brai-
nard, 1997) was used to linearize the screen luminance
and a Minolta CS-100 photometer was used to find the
absolute luminance levels. Stimuli were created and exper-
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Fig. 3. Examples of the stimuli used in Experiments 1–5. (A) Two rings of micropatterns with ‘‘guides.’’ (B) Two rings of micropatterns without guides.
(C) One ring of micropatterns. (D) Two rings, no guides, surround by a square frame. (E) Half-wave rectified Gabors. (F) Cosine gratings within a
circular, step-edge aperture.
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iments were run in the MATLAB (Mathworks) environ-
ment using functions in the Psychtoolbox (Brainard,
1997) that provide high level access to the routines of the
VideoToolbox (Pelli, 1997).

2.1.4. Procedure

2.1.4.1. Screen-motion conditions. The participants viewed
the screen from a distance of approximately 67 cm and a
chin rest was used to maintain this viewing distance. On
each trial the participant viewed a fixation dot in the centre
of the screen and two stimuli were presented with an inter-
stimulus interval of 250 ms. The two stimuli differed only in
the orientation difference between the micropatterns in the
inner and outer rings (see Fig. 2). After each trial the par-
ticipant indicated whether the first or second stimulus pro-
duced the stronger sense of motion by clicking once or
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twice on the mouse. The next trial began immediately fol-
lowing a valid response. (A link to a screen-motion trial
is provided in the Appendix A. The file is in Quicktime
format.)

There were nine stimuli (each representing a specific ori-
entation difference) so there were 9C2 = 36 possible pair-
ings of stimuli. Within a block of trials each of the 36
pairs was presented once. The order of presentation of
the pair elements was chosen randomly on each trial. There
were three blocks of trials and each began with an instruc-
tion screen that reminded the participant to click once if
the first stimulus produced the more salient motion and
twice if the second produced the more salient motion.
The block was initiated by a mouse-click.

2.1.4.2. Self-motion conditions. At the beginning of each
self-motion trial the participant sat at 67 cm from the
screen. This was achieved by adjusting a neck-strap con-
nected to a chin rest that was fixed at 47 cm from the
screen. Prior to each trial a ‘‘motion calibration’’ screen ap-
peared which comprised just the three guide rings of
Fig. 3A expanding and contracting exactly as they did in
the screen-motion condition. In addition, the central fixa-
tion dot (5 · 5 pixels) changed from white to black to white
over the same period as the expansion and contraction of
the guides (1388.27 ms). Two hundred and fifty millisec-
onds following the offset of the guides and fixation dot a
stimulus appeared along with the fixation dot. The partic-
ipant moved back and forth from the rest position (67 cm)
to the chin rest (47 cm) and back to the rest position in syn-
chrony with the luminance variation of the fixation dot.
Two hundred and fifty milliseconds after the offset of the
fixation dot the second stimulus appeared and the self-mo-
tion was repeated. At the end of the trial the participant
indicated which of the two stimuli produced the stronger
sense of illusory motion.

2.2. Results

The dependent measure was the number of times that
each stimulus (i.e., orientation difference) was judged to
produce the stronger sense of illusory motion. Within
each block, each stimulus was presented once with each
of the other eight stimuli and so it could be chosen a max-
imum of eight times as producing the more salient motion
and a minimum of 0 times. There were three blocks of tri-
als so the maximum ‘‘salience score’’ was 24 and the min-
imum was 0. Fig. 4A shows plots of the relative salience
measure (expressed as a proportion of the maximum
score) as a function of orientation difference for the
screen-motion and self-motion conditions. (Note that data
from one participant were excluded from the statistical
analyses because they seemed to show that on a large per-
centage of trials she reversed the response options.) It is
clear that the pattern of relative salience judgments does
not change as a function of how the retinal motion was
produced.
For each participant the relative salience curve was fit
with a third degree polynomial and the peak of the curve
was found. The averaged performance peak was at an ori-
entation difference of 65.17� in the self-motion condition
and at 73.46� in the screen-motion condition. The self-mo-
tion and screen-motion peaks for each participant were
submitted to a paired t test and were found to be not sta-
tistically different [t (6) = �1.73, p > .05]. The results of
Experiment 1a indicate that the relative salience judgments
are little affected by the manner in which otherwise identi-
cal patterns of retinal motion are produced.

3. Experiment 1b: Relative salience of illusory motion

produced by self-motion and screen-motion

It is possible for the relative salience measures to be
identical and yet differ substantially in absolute terms. To
directly test the idea that self-motion produces a stronger
illusion we had participants judge the salience of illusions
arising from self-motion and screen-motion. On each trial
participants were presented with the same stimulus under
screen-motion and self-motion conditions and judged
which condition produced the stronger illusion.

3.1. Method

3.1.1. Stimuli/apparatus/participants

The stimuli, apparatus and participants were the same
as in Experiment 1a.

3.1.2. Procedure

A trial consisted of the two presentations of the same
retinal motion, once produced by self-motion and once
produced by screen-motion. Within a block each of the
nine orientation differences was presented once. There were
12 blocks and in half the blocks screen-motion was present-
ed first and in half self-motion was presented first.

3.1.2.1. Screen-motion-first trials. At the beginning of each
block an instruction screen was presented to remind partic-
ipants that a screen-motion trial would be followed by a
self-motion trial. A trial began with a stimulus presentation
exactly like the screen-motion condition of Experiment 1a
followed by a stimulus presentation exactly like the self-
motion condition of Experiment 1a; i.e., the participant
moved forwards and backwards in synchrony with the fix-
ation dot. There was no ISI between the two presentations.
Following the self-motion part of the trial the participant
clicked once or twice to indicate which interval produced
the more salient illusory motion.

3.1.2.2. Self-motion-first trials. At the beginning of each
block an instruction screen was presented to remind partic-
ipants that a self-motion trial would be followed by a
screen-motion trial. A trial began with a stimulus presenta-
tion exactly like the first part of a self-motion condition of
Experiment 1a in which a ‘‘guides only’’ sequence preceded
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Fig. 4. Results of Experiment 1. (A) Proportion of times each orientation difference was chosen as producing the stronger illusion. N = 7, error
bars = ±SEM. Filled circles represent self-motion conditions and unfilled circles represent screen-motion conditions. (B) Probability of reporting that self-
motion produced the more salient illusion as a function of orientation difference. N = 7, error bars = 95% CI. Results of Experiment 2. (C and D) Same as
(A and B) for three experienced observers. Results of Experiment 3. (E and F) Same as (C and D) for logarithmically spaced orientation differences.
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the presentation of the first self-motion stimulus. The self-
motion component of the trial was followed immediately
by a stimulus presentation exactly like the screen-motion
condition of Experiment 1a. Therefore, in both the
screen-motion-first and self-motion-first conditions, the
self-motion stimulus was always preceded by a motion
stimulus that acted as an exemplar to help the participants
co-ordinate their motions. As in the screen-motion condi-
tion there was no ISI between the two presentations. Fol-
lowing the self-motion part of the trial the participant
clicked once or twice to indicate which interval produced
the more salient illusory motion. Participants were given
as many practice blocks as they required to get comfortable
with the procedure.

3.2. Results

The dependent measure was the number of times that
each motion type (i.e., self-motion vs. screen-motion) was
chosen as producing the stronger sense of illusory motion
for each orientation difference. Because there were 12
blocks of trials the maximum ‘‘salience score’’ was 12
and the minimum was 0. Fig. 4B shows plots of the propor-
tion of times screen-motion was chosen as more salient for
each orientation difference. If self-motion conditions pro-
duce stronger illusions then proportions should be greater
than .5. In fact, there is a general tendency for screen-mo-
tion to be preferred. For the orientation differences of 22.5�
and 157.5� the 95% confidence intervals did not include .5
indicating a statistically significant preference for screen-
motion. Although the confidence intervals around the
remaining conditions include .5, in 7 of 7 conditions in
which the micropatterns in the inner and outer rings dif-
fered in orientation, the proportions shown in Fig. 4B were
less than .5; this has a probability of 0.008 under the bino-
mial distribution assuming a 50% chance of success. There-
fore, there is no evidence that self-motion produces a
stronger illusory motion. To the contrary, the available evi-
dence suggests a preference for screen-motion.

4. Experiments 2 and 3: Replication with experienced

observers

Experiment 2 was a replication of Experiment 1 except
that three experienced observers served as participants.
Experiment 3 differed from Experiment 2 only in terms of
the orientation differences used. Rather than nine equal lin-
ear steps between 0� and 180� there were nine equal loga-
rithmic steps between 10� and 156�. Experiment 3 was
run mainly for comparison with results of Experiment 4,
described below.

The results of Experiment 2 are summarized in Figs. 4C
and D. Again, there is little evidence of different tuning
curves for the screen- and self-motion conditions (Fig. 4C);
in fact the average peak orientation differences were almost
identical (76.2� and 76.3�). And, when the salience of the



1 Of course, the trade-off here is a lack of precision as the orientation
differences increase. However, this imprecision does not limit our ability to
answer questions about the relationship between the nulling and relative-
salience tasks or about the stimulus factors influencing the strength of the
illusion.
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screen- and self-motion is directly compared (Fig. 4D) the
preference (when there is one) is for screen-motion.

The results of Experiment 3 are summarized in Figs. 4E
and F. The general pattern of results is the same as for
Experiments 1 and 2. The tuning curves in Fig. 4E are shift-
ed slightly to the left relative to those in Figs. 4A and C.
For self-motion the peak was at 58.1� and for screen-mo-
tion it was at 64.9�. This shift occurs because of the asym-
metric distribution of orientation differences presented to
the participants.

The results shown in Figs. 4B, D, and F indicate that
there is no preference for screen-motion or self-motion
for orientation differences near the peaks of the tuning
curves in Figs. 4A, C, and D. The preference for screen-
motion over self-motion appears for non-optimal orienta-
tion differences. In other words, when the illusion is stron-
gest there is no preference for screen-motion over self-
motion but as the illusion weakens participants show a
preference for screen-motion over self-motion.

5. Experiment 4a: Measuring the absolute strength of the

illusion

In the previous experiments we assessed how judgments
about the relative salience of stimuli varies as a function of
the orientation difference between micropatterns in the in-
ner and outer rings. Although these experiments provide
useful answers to certain questions they do not provide
an absolute measure of the strength of a particular illusory
motion. A time-honoured way of assessing the absolute
strength of a percept is by measuring the amount of oppos-
ing stimulation needed to null it (e.g., Hurvich & Jameson,
1957). Thus, an obvious way to assess the absolute strength
of any version of the Pinna illusion is to measure the
amount of physical rotation counter to the illusory rotation
that is needed to null the illusion.

There were two reasons for conducting experiments
using the nulling procedure. The first is to compare the re-
sults with those of the relative salience procedure to deter-
mine whether the two measures produce consistent results.
The second is to use an objective methodology to answer a
number of questions about the display characteristics that
determine the strength of the illusion.

5.1. Method

5.1.1. Stimuli

The stimuli were similar in most respects to those used in
the screen-motion condition of Experiment 1 with the fol-
lowing exceptions. During a trial, stimuli only expanded
on the screen (as opposed to expanding and contracting).
As well, the step size from frame to frame was constant in-
stead of following a cosine function. Again there were nine
versions of the basic stimulus with the orientation differ-
ence between micropatterns in the inner and outer rings
as the independent variable. Unlike the stimuli in Experi-
ments 1 and 2 the orientation differences ranged from 10�
to 156� in equal logarithmic steps. Logarithmic steps were
used because the tuning curves from Experiments 1 to 3
seemed quite broad and we wanted to measure the effect
of smaller gradations of orientation differences (below the
peak) without increasing the number of intervals.1

For each of the nine orientation differences there were
nine levels of counter-rotation ranging in linear steps from
0 to 11.35 angular deg/s. For the inner ring the counter-ro-
tation was in the counter-clockwise direction and in the
outer ring it was clockwise. (A link to a file showing a stim-
ulus near the PSE is provided in the Appendix A. The file is
in Quicktime format.)

5.1.2. Participants
One of the authors (GP) and two other experienced psy-

chophysical observers (PY and SM) served as participants.
All had normal or corrected to normal vision and had par-
ticipated in many psychophysical tasks.

5.1.3. Apparatus

The apparatus was exactly as in Experiment 1.

5.1.4. Procedure

On each trial a single stimulus was presented and the
participant judged whether the inner ring appeared to ro-
tate in a clockwise or counter-clockwise direction. In all
conditions the illusory motion was clockwise. A single
mouse click indicated clockwise and two clicks indicated
counter-clockwise. For each orientation difference, each
of the nine counter-rotations was presented once within
each of 20 blocks of trials. Thus, for each orientation differ-
ence there were 180 trials. The nine conditions were run in
a different random order for each of the three participants.

5.2. Results

A single click (indicating clockwise) was scored as a 1
and a double click (indicating counter-clockwise) was score
as a �1. Means across the 20 replications of each counter-
rotation were computed. Means for all orientation differ-
ences were generally close to 1 when the counter-rotation
was 0 (i.e., participants experienced the illusory motion)
and dropped to �1 when the counter-rotation was 11.35
(i.e., participants experienced the true rotary motion). To
compute this point of subjective equality (PSE) for a partic-
ular orientation difference the means across the nine count-
er-rotations were fit with a Gaussian integral scaled to the
range [�1,1]. The mean of the best-fitting Gaussian corre-
sponds to the PSE. Fig. 5A shows plots of PSE as a func-
tion of orientation difference for each of the three
participants.
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Fig. 5. Results of Experiments 4a–4f and Experiment 5. Please note that legends refer to the stimuli shown in Fig. 3. (A) Results of Experiment 4a.
Stimuli were two rings and guides (Fig. 3A) for three observers. (B) Results of Experiments 4a (filled circles: two rings with guides, Fig. 3A), 4b
(unfilled circles: two rings, Fig. 3B), and 4d (unfilled squares: two rings with frame, Fig. 3D); N = 3, error bars = ±SEM. (C) Results of Experiment
4b (unfilled circles: two rings, Fig. 3B) and 4c (filled squares: one ring, Fig. 3C); N = 3, error bars = ±SEM. (D) Results of Experiment 4b (unfilled
circles: two rings, Fig. 3B) and 4f. The filled stars represent PSEs when the stimuli from Fig. 3B were presented at double speed. The unfilled stars
show the ‘‘double-speed PSEs’’ divided by two. N = 3, error bars = ±SEM. (E) Results of Experiment 4b (unfilled circles: two rings, Fig. 3B) and 4e.
The unfilled triangles represent the PSEs obtained using the rectified stimulus shown in Fig. 3E and the filled triangles represent the PSEs obtained
with the broadband stimuli shown in Fig. 3F. N = 3, error bars = ±SEM. (F) Standard deviations of the best fitting psychometric functions obtained
in Experiments 4a, 4b, 4d, and 5. In all cases the average standard deviation of the best fitting Gaussian integral is plotted as a function of
orientation difference. N = 3, error bars = ±SEM.
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The results plotted in Fig. 5A show a very similar pat-
tern for the three participants. The average orientation
difference yielding the strongest illusion was 94.2� (92.8�,
103.9�, and 86.1� for GP, PY, and SM, respectively).
(Peaks were obtained using the best-fitting third degree
polynomials.) On the log scale there is a linear increase
in the strength of the illusion with increasing orientation
difference and then an abrupt drop once the peak is
reached. It is worth noting that the average peak of
94.2� is slightly lower than the average peak at 112�
reported by Gurnsey et al. (2002) in an experiment that
used the method of relative salience judgments. (Note that
when the data reported by Gurnsey et al. are fitted with
third order polynomials, the average performance peak
is at 101.4�.) However, a peak at 94� peak is substantially
larger than the average peak of 64.9� found in Experiment
3, which also employed the method of relative salience
judgments. We discuss reasons for this divergence in Sec-
tion 8. For now we note that the nulling procedure pro-
duces reliable results and thus provides a tool for
addressing questions about the factors that determine
the strength of the illusion.
6. Experiments 4b–4f: Factors influencing the strength of the

illusion

Experiments 4b–4f used exactly the same methodology
and participants as Experiment 4a to assess factors that
determine the strength of the Pinna illusion.

6.1. Experiment 4b: Importance of ‘‘guide rings’’

In all experiments so far we employed stimuli in which
the Gabor patches were surrounded by rings, which we
have called guides. These guides were also used by Gurnsey
et al. (2002) because informal observations suggested that
they enhanced the strength of the illusion. The results of
a theoretical and empirical analysis of the Pinna illusion
by Bayerl and Neumann (2002) suggest that the illusion
is enhanced when local normal velocities equal to the true
2D image velocity neighbour the Gabor patches. Bayerl
and Neumann demonstrated this effect using displays much
like ours. In one case they superimposed on each Gabor
patch a second Gabor that was higher in spatial frequency
and oriented perpendicular to the line connecting it to the
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centre of the display. Thus, when the high frequency Gabor
translates away from the centre of the display its normal
velocity equals the true, local 2D image velocity. The
guides in our stimuli provide exactly the same kind of
information but are broadband rather than narrowband.
Therefore, the analysis and results of Bayerl and Neumann
suggest that eliminating the guides should diminish the
strength of the illusion. To assess this suggestion we repli-
cated Experiment 4a in all respects except that we eliminat-
ed the guides from the displays (see Fig. 3B).

6.2. Experiment 4c: Number of rings

Bayerl and Neumann (2002) also argued that the
strength of the Pinna illusion involves interactions be-
tween the two rings of micropatterns and this lead them
to expect that eliminating one of the rings should reduce
the strength of the illusion. However, their results show
only modest differences between one and two ring ver-
sions of the experiment. To assess the importance of hav-
ing one vs. two rings we replicated Experiment 4b in all
respects except that only the inner ring of Gabor patterns
was present (see Fig. 3C).

6.3. Experiment 4d: Frame of reference

Experiment 1b showed no evidence that self-motion
yields a stronger illusion than screen-motion; in fact the
opposite seemed to be true. However, our screen-motion
condition differs somewhat from the case in which a stim-
ulus is printed on a piece of paper and moved towards
the eyes. In the former situation, the expansion and con-
traction of the stimulus occurs within a fixed frame of ref-
erence (i.e., the outline of the computer monitor) whereas
in the latter the figure expands on the retina while a frame
(the piece of paper) expands as well. It might be argued
that the expanding frame of reference provided by the out-
line of the paper provides information to the visual system
that the display is part of an object moving towards the
observer. This information might weaken the strength of
the illusion. To examine this possibility we replicated
Experiment 4b but surrounded the figure with a white
square frame (shown Fig. 3D) that expanded and contract-
ed with the concentric rings.

6.4. Experiment 4e: Stimulus speed

It is clear that the Pinna illusion is orientation tuned but
it is not clear why. And, it is not clear whether there is a
link between the orientations of the micropatterns in the
displays and the speed at which they are moving. It might
be that the strength of the illusion depends on the speed of
the normal velocity of each micropattern. So, if the illusion
is optimal for a particular speed then its orientation tuning
should change as a function of stimulus speed. On the other
hand if it is just the orientation difference in the inner and
outer rings that affects the illusion there should be no effect
of stimulus speed on the shape of the orientation tuning-
curve. To examine this issue we used the two-ring display
(Fig. 3B) that expanded at twice the speed used in Experi-
ments 4a–4d.

6.5. Experiment 4f: Stimulus bandwidth

An interesting difference between the Gabor versions of
the Pinna illusion used here and the original examples used
by Pinna and Brelstaff (2000) [and later by Bayerl and Neu-
mann (2002)] concerns the bandwidth of the stimuli. Gabor
patches are narrowband in the spatial frequency domain
and the micropatterns in Fig. 1A are broadband. Yet, in
both cases strong illusions are produced. This suggests that
the spatial frequency bandwidth of the stimuli has no effect
on the strength of the illusion so that minor modifications
to the spatial structures of the Gabor displays that change
the stimulus bandwidth should have little effect on perfor-
mance. To assess this implication, two modified versions of
the standard stimulus used in Experiment 4b were created.
Fig. 3E shows a half wave rectified display in which all
luminance values below the mean luminance are set to
the background luminance. This rectification manipulation
seems relatively minor but it substantially increases the
spatial frequency bandwidth of the stimulus. The Gabor
patches were modified in a second way by replacing the
Gaussian window with a step-edged circular aperture
(Fig. 3F). Again, this manipulation substantially increases
the spatial frequency—and orientation—bandwidth of the
patch. With these broadband stimuli we repeated the con-
ditions of Experiment 4b. Rather than using counter-rota-
tions of 0 to 11.35 angular deg/s, we used counter-rotations
of �2.88 to 8.64 (where �2.88 indicates rotations in the
same direction as the illusory rotation) because pilot testing
indicated that this manipulation substantially reduced the
illusion. Therefore, the counter-rotations of �1.44 and
�2.88 angular deg/s were included to ensure that at least
some of the displays appeared to rotate in the illusory
direction.

6.6. Results

6.6.1. Experiments 4b and 4d

Fig. 5B summarizes the results of Experiments 4b (two
rings and no guides: unfilled circles, see Fig. 3B) and 4d
(two rings surrounded by a frame: unfilled squares, see
Fig. 3D) averaged over the three participants, along with
the averaged data of Experiment 4a (two rings and guides:
filled circles, see Fig. 3A). (Please note that in all panels of
Fig. 5 the legend entries refer to the stimuli depicted in the
indicated panels of Fig. 3.) All three curves are essentially
identical. Therefore, the suggestion by Gurnsey et al.
(2002) that the ‘‘guides’’ might enhance the salience of
the illusion is not supported by the present data. As well,
these data do not seem to support the idea that normal
velocities consistent with the radial flow enhance the illu-
sion as suggested by Bayerl and Neumann (2002).
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Surrounding the display with a square frame that expands
and contracts at the same rate (Experiment 4d) clearly has
no effect on the strength of the illusion.

6.6.2. Experiment 4c

Fig. 5C plots the results of Experiment 4c (one ring:
filled squares, see Fig. 3C) along with the results of
Experiment 4b (two rings: unfilled circles, see Fig. 3B).
Using only one ring of micropatterns produced a moder-
ate increase in the illusion strength (relative to Experi-
ments 4a, 4b, and 4d) at small orientation differences
and a moderate decrease in the illusion strength at large
orientation differences. We have no explanation for the
small increase in illusion strength for small orientation
differences. The modest decrease in illusion strength at
larger orientation differences (i.e., 56–156�) suggests pos-
sible synergistic effects between biased velocity estimates
of opposite directions in neighbouring regions (Bayerl
& Neumann, 2002). Perhaps the resulting motion con-
trast enhances the illusion. It must be said, however, that
these differences are relatively small compared to the dif-
ferences resulting from other manipulations to be de-
scribed below.

6.6.3. Experiment 4e

The results of Experiment 4e (two rings presented at
double speed: filled stars, see Fig. 3B) are plotted in
Fig. 5D along with the results of Experiment 4b (two rings:
unfilled circles, see Fig. 3B). The expansion of the stimulus
in Experiments 4a–4d required .7 and .35 s in 4e. Doubling
the speed of the stimulus expansion doubles the amount of
counter-rotation required to null the illusion. This can be
seen when the PSEs from Experiment 4e are divided by 2
(Fig. 5D, unfilled stars). In this case the results of Experi-
ment 4b and 4e largely overlap except at the 156� orienta-
tion difference. There is no indication that the faster curve
is shifted to the left as might be expected if the illusion
depended on an optimal speed of motion normal to the
micropattern orientation. Rather, the illusion seems to be
largely orientation dependent.

6.6.4. Experiment 4f

The most dramatic effects in Experiment 4 were pro-
duced by the bandwidth manipulation in Experiment 4f.
Fig. 5E compares the results of Experiment 4b (two rings:
unfilled circles, see Fig. 3B) with those of the two broad-
band conditions in Experiment 4f. Increasing the band-
width of the stimulus effectively eliminated the illusion
for the rectified patterns (two rings rectified Gabors: un-
filled triangles, see Fig. 3E) and dramatically reduced it
for the hard-edged apertures (two rings of micropatterns
within step-edge apertures: filled triangles, see Fig. 3F).
These results may reveal important principles of direction
selectivity in the human visual system. (A link to a file
showing the effect of rectification is provided in the supple-
mental material at the end of this document. The file is in
Quicktime format.)
7. Experiment 5: Orientation tuning discrepancies between

Experiments 3a and 4a

Experiment 3a (see Fig. 4E) and Experiment 4a (see
Fig. 5B) provide two measures of the orientation tuning
of the Pinna illusion for three experienced psychophysical
observers; the results are clearly discrepant. If the results
of the nulling procedure revealed the mechanisms underly-
ing the relative salience judgments then the peak orienta-
tion difference should be the same in both cases. A
comparison of Figs. 4E and 5B indicates that the peaks
are not the same. Furthermore, Fig. 5B shows that the
PSE for the largest (156�) orientation difference is about
6 angular deg/s which is greater than the PSEs for orienta-
tion differences of 40� and less. This implies that if the
mechanisms subserving relative salience judgments are
the same as those subserving the nulling procedure, then
an orientation difference of 156� should be judged as more
salient than orientation differences of 40� and less. Fig. 4E
shows this is clearly not the case.

The discrepancy between the two tasks may be ex-
plained by differences in task requirements. In Experiment
3, participants had only to compare two percepts and de-
cide which was more salient. Experiment 4, although
apparently simpler in some sense, might actually be a less
direct measure of the strength of the illusion. In the nulling
procedure the strength of the illusion is inferred from the
amount of counter-rotation required to cancel the illusion.
However, the orientations of the Gabors composing the
stimulus may affect both the probability of seeing illusory
motion (in the case of no counter-rotation) and the ability
to detect a counter-rotation. Therefore, an orientation dif-
ference that produces a relatively weak illusion in a relative
salience task might produce a rather large PSE if it is diffi-
cult to detect its physical counter-rotation.

One indication of these two contributions to observed
PSE can be seen in the standard deviations of the psycho-
metric functions used to compute the PSEs. As mentioned,
the PSEs were computed by fitting Gaussian integrals to the
direction judgment data in Experiment 4. Each Gaussian
has a mean (l) and standard deviation (r). (The l value
gives the PSE.) Fig. 5F plots the average r values as a func-
tion of orientation for Experiments 4a, 4b, and 4d, all of
which involved two rings of micropatterns (see Figs. 3A,
B, and D) presented at the normal speed. It is clear that
the standard deviations of the functions increase as the ori-
entation difference increases. Fig. 5B shows that orientation
differences of 56� and 156� (in Experiments 4a, 4b, and 4c)
both elicit PSEs of about 6 angular deg/s but it can be seen
in Fig 5F that the standard deviations of the psychometric
functions are much smaller for 56� than 156�. This difference
in standard deviations means that there is more uncertainty
for judgments around the PSE at 156� than at 56�. This may
indicate difficulty detecting the counter-rotation of the stim-
uli. A final experiment was conducted to assess the possibil-
ity that PSEs may be affected by difficulty detecting the
physical counter-rotation of the stimulus.
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7.1. Method

The participants, apparatus and procedure were essen-
tially identical to those of Experiment 4b with the following
exceptions. On each trial the two rings of the stimulus
rotated by did not expand. The participants� task was to re-
port the direction of rotation of the inner ring (clockwise or
counter-clockwise). There were 9 levels of rotation of the
inner rings ranging from �2.88 (counter-clockwise) to
2.88 (clockwise) angular deg/s.

7.2. Results

In all cases the PSEs were very close to 0 (M = .06
angular deg/s) however there was some bias at 156�
(M = �.5 angular deg/s) indicating that the PSE was a
slight clockwise rotation. There were substantial differenc-
es in the r values across orientation differences. These are
shown as filled diamonds in Fig. 5F. For 156� in partic-
ular, the standard deviations are extremely large indicat-
ing a great deal of uncertainty around the PSE. In
other words, participants become less sensitive to rota-
tions as the orientation difference between the rings
increases. This is consistent with the idea that the large
PSEs found at large orientation differences in Experiment
4 were not a pure measure of the strength of illusory mo-
tion but arise in part because of the difficulty participants
have detecting physical rotations as the orientations of
the Gabor patches get closer to parallel with the direction
of motion.

7.3. A simple model

As mentioned in Section 1, a number of recent papers
have pointed out that optical flow estimates may be biased
towards the strongest normal velocity within the region of
integration when noise contaminates the local velocity sig-
nals (e.g., Weiss & Fleet, 2002) or the spatiotemporal deriv-
atives (Fermüller et al., 2000). To relate these arguments to
the present results we implemented a simple optical flow
model and examined its responses to drifting columns of
A B C D

Fig. 6. (A) An example of the stimulus used in the simulations. The stimulus c
pixels per frame. (B) An example flow field recovered from (A). (C) Same stimu
field recovered from (C). (E) Plot of orientation bias as a function of orientatio
one column of micropatterns was used in simulations the x-axis is labelled to
Gabor patches in the presence of varying degrees of Gauss-
ian noise.

The optical flow constraint equation (Horn & Schunck,
1981) tells us that

fxux þ fyuy þ ft ¼ 0; ð3Þ
where ux and uy are velocity components, fx and fy are spa-
tial derivatives, and ft is the temporal derivative, at image
point I (x,y, t). More concisely

fsuþ ft ¼ 0; ð4Þ

where u = (ux,uy) and fs = (fx, fy). In our model fx, fy and
ft were computed within 53 pixel volumes around image
point I (x,y, t). If derivatives are computed at N locations
around I (x,y, t) we can let Is = ([fx,1, fy,1], . . ., [fx,N, fy,N])
and It = (ft,1, . . . , ft,N); i.e., Is is an N · 2 matrix and It is
an N dimensional vector. The least squares estimate of
2D image flow at position (x,y, t) is obtained by

û ¼ �ðI0sIsÞ
�1
I0sIt. ð5Þ

In our model û was estimated at position (x,y) from the
responses in a 32 · 32 region centred on (x,y). To calculate
the response of the model to a translating stimulus we aver-
aged the û values estimated obtained at each (x,y) location
through which the stimulus travelled.

The column of Gabors in Fig. 6A was chosen to approx-
imate a segment of a pattern such as shown in Fig. 3C.
Each Gabor patch was defined within a 32 · 32 pixel win-
dow and the stimulus translated to the right over five
frames at a rate of 2 pixels per frame. We were interested
in the effects of Gabor orientation and noise on estimates
of image flow. The Gabor orientations were those used in
Experiment 4 and the noise at each pixel (Weiss & Fleet,
2002) was drawn from a zero mean Gaussian distribution.
The standard deviation of the noise (r) was the same for x,
y, and t. The values of r were chosen somewhat arbitrarily
to range from 0 to 1, with 1 being the maximum value in
the Gabor patches. For each orientation and noise level,
10 flow estimates were computed and then averaged.

Selected results of the simulations are summarized in
Fig. 6E, which plots error in the estimated direction of flow
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as a function of stimulus orientation and noise level. When
there is no noise in the signal (e.g., Fig. 6A) the direction of
flow is recovered correctly for all orientations (e.g.,
Fig. 6B). When noise is added to the stimulus (e.g.,
Fig. 6C) the direction estimate is biased towards the velocity
normal to the orientation of the Gabor (e.g., Fig. 6D). For a
given noise level the degree of bias depends on the orienta-
tion of the Gabor. In fact, for noise = .1 the magnitude of
the direction bias across orientations shows a pattern
remarkably similar to the pattern of results found in Exper-
iment 4 (cf. Fig. 5B). As noise level increases direction errors
increase for each orientation difference and the orientation
difference producing the maximum errors shifts to the left.

The results of the simulations show that when an appro-
priate level of noise is added to stimuli similar to those used
in the experiments, the direction errors induced in a rela-
tively standard optical flow algorithm nicely parallel the
strength of the Pinna illusion as measured using the nulling
procedure. This suggests that in large part the Pinna illu-
sion can be understood as a direct consequence of intrinsic
noise within the spatiotemporal filters that recover optical
flow within the human visual system.

Although there is a very nice correspondence between the
behavior of themodel andhumanperformance for the exam-
ples shown in Fig. 6, there is a substantial divergence be-
tween the two in the case of broadband stimuli. When the
rectified stimuli (Fig. 3E) are submitted to the model, the re-
sults are identical to those obtained with narrowband stimu-
li. Thus, the model is not affected by stimulus bandwidth in
the same way that human performance is. Possible reasons
for this difference are considered in the following section.

8. General discussion

8.1. Screen-motion vs. self-motion

Experiments 1, 2, and 3 do not support the notion that
extra-retinal inputs (such as efference copy or vestibular
signals) play an important role in determining the salience
of the Pinna illusion. In fact, when there is a difference, it is
the screen-motion condition that yields the more salient
illusion. These results raise two questions: (a) why might
self-motion produce a stronger illusion than ‘‘paper-mo-
tion’’ and (b) why does screen-motion produce a stronger
illusion than self-motion in certain conditions of Experi-
ments 1–3? The answer to both of these questions might
have to do with the smoothness of the retinal motions pro-
duced under conditions of ‘‘paper-motion,’’ self-motion
and screen-motion because these three conditions can be
ordered with respect to the smoothness of the retinal mo-
tions they produce. When one holds a piece of paper and
moves it towards the eyes, motion jitter might arise from
paper flutter (caused by air resistance), slight hand tremors
and error prone muscular contractions required to move
the paper. Self-motion on the other hand involves no issues
of flutter or hand tremors and the resulting motion is more
ballistic with fewer sources or error. Screen-motion elimi-
nates all sources attributable to muscle noise and hence
produces the smoothest retinal motion. Thus, simply
assuming that the illusion is strongest when retinal motion
is smoothest reconciles claims that the illusion is strongest
under self-motion conditions (Gurnsey et al., 2002; Mor-
gan, 2002) with the present data, which show the opposite.
The fact that screen-motion produces an illusion that is as
strong or stronger than self-motion is fortunate because it
means that various aspects of the illusion can be studied in
conditions over which we have the greatest control.

8.2. Origins of the illusion

Experiments 4a–4d showed that many structural (i.e.,
global) aspects of the stimuli had little or no effect on its
strength, as measured by the nulling procedure. The
strength of the illusion is not affected by guide rings, or a
moving frame and only modestly affected by the number
of rings present. Combined with the results of Experiments
1–3, the results of Experiments 4a–4f suggest that the char-
acteristics of micropatterns making up the display are the
main determinants of the illusion�s strength. Furthermore,
we showed that a very simple model to compute optical
flow is in excellent agreement with the data from the null-
ing experiments. Central to this model is the important role
of noise. In a noiseless signal the model always recovers the
true 2D image flow. But, when noise is added the model
produces flow estimates that are biased towards the stron-
gest normal velocities in the display. The degree of this bias
is related to the amount of noise in the system (either inter-
nal or external) and the orientations of the micropatterns.
Therefore, we conclude that the illusion is essentially attrib-
utable to a failure of the early visual system to solve the
aperture problem in the presence of noise. We see no need
to posit the involvement of high-level feedback or extra-ret-
inal inputs to explain the general features of the illusion.
Therefore, we think a model somewhat simpler than that
offered by Bayerl and Neumann (2002) might be sufficient
to capture the essentials of the illusion.

8.3. Orientation tuning

All experiments reported here measured the orientation
tuning of the Pinna illusion, as did Experiment 1 in Gurn-
sey et al. (2002). Experiments 1a, 2a, and 3a measured ori-
entation tuning-curves for screen-motion and self-motion
conditions using very similar procedures. The mean tuning
curve peaks for the self- and screen-motion conditions of
Experiment 1a were 65.2� and 73.5�, respectively. For
Experiment 1b these means were 76.2� and 76.3�, respec-
tively, and, for Experiment 1c these means were 58.1�
and 64.9�, respectively. Therefore, these means covered
an 18� range with a mean of 69�. A reanalysis of Gurnsey
et al. (2002), Experiment 1, revealed a mean peak of 101.4�,
which is substantially larger than the peaks found in the
present study. This difference is difficult to explain. Of
course the participants were different in the two cases so
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it could be a simple matter of sampling error. As well, there
were stimulus differences between the two studies. At a
viewing distance of 57 cm the micropatterns in the Gurnsey
et al. (2002) stimuli were 6.67� and 7.85� from fixation
whereas in the present experiment they were 5.3� and 6.2�
from fixation. In the Gurnsey et al. study the one cycle of
expansion and contraction took 2 s whereas in the present
experiment on cycle took 1.4 s. Finally, there were 30 micr-
opatterns in the inner ring of the stimuli used by Gurnsey
et al. and 24 in the present experiment. Therefore, it might
be that stimulus position, speed and density conspire to
move the peak of the tuning curves to higher orientation
differences.

The peaks of the tuning curves in Experiments 1a, 2a,
and 3a (relative salience judgments) were consistently lower
than those of Experiments 4a, 4b, 4c, 4d, and 4e (nulling
experiments), which were about 96� on average. It was
shown in Experiment 5 that the difference in orientation
tuning between the nulling experiments and the relative-sa-
lience experiments could be attributable to task differences.
In particular, the increased peaks in the nulling experi-
ments may reflect difficulty detecting the physical count-
er-rotation thereby artificially inflating the estimated
strength of the illusion.

8.4. The issue of bandwidth

Experiment 4f showed that relatively minor changes to
the micropatterns produce very large changes in the
strength of the illusion. In fact, a half-wave rectification
of the stimulus (Fig. 3E) essentially eliminates the illusion.
This finding is unexpected and probably has important
implications for a general understanding of how optical
flow is computed in the human visual system. The band-
width effect shows that the visual system fails to solve the
aperture problem only when the micropatterns making
up the stimulus are narrowband; or, perhaps more precise-
ly, when the predominant normal velocities producing the
illusion are restricted to a narrow band of relatively low
frequencies, as in the original Pinna illusion (see Figs. 1A
and B). We consider several explanations for the band-
width effect.

In a very recent study of the Ouchi illusion Ashida et al.
(2005) showed that stimuli comprising thin lines (rather
than the more usual rectangles or gratings) elicit salient
illusory motion. However, the salience of the illusion
decreases monotonically with increasing positional jitter
of the lines. Both the jittered and non-jittered stimuli are
broadband and have equivalent energy, but the energy dis-
persion is greater in the case of the jittered stimuli. Ashida
et al. point out that jittering the stimuli decreases the ener-
gy at the fundamental frequency of the display (and at
higher harmonics) and they attribute the reduction in the
illusion�s strength to these energy reductions. However, in
this case energy reductions were confounded with increased
energy dispersion (e.g., see Ashida et al., Fig. 3) and so can-
not provide either a necessary or sufficient account of the
jitter effect. Nevertheless, the effect of rectification in
Experiment 4f also has the effect of reducing energy at
the peak frequency of each Gabor micropattern and might
explain the bandwidth effect (at least for the rectified stim-
ulus) in Experiment 4f. This explanation can be assessed
informally by looping the Appendix A (‘‘broadband.mov’’)
while reducing the screen contrast. Even large reductions in
contrast have little effect on the illusion and certainly do
not weaken the illusion induced by the standard stimulus
to the point of that induced by the full contrast, rectified
stimulus. Therefore, we think that energy dispersion is a
more likely account of reduced salience of the both the Ou-
chi- and Pinna-illusions.

Given the dependence of bias on the presence of noise
we might conclude that broadband signals have lower net
internal noise than narrowband signals. It is likely that
optical flow is computed from the outputs of a large num-
ber of filters each of which may be contaminated by inde-
pendent internal noise. It may be that when information
is combined across scales the effect is to average out these
independent sources of noise. This seems an unlikely expla-
nation because the effect of noise should be similar across
scales. If optical flow computations were carried out within
a single spatial frequency band the result would always be a
bias in the direction of the dominant normal velocities.
Therefore, it seems unlikely that combining information
from different scales would produce the desired ‘‘averag-
ing-out’’ effect. In any case, being broadband is sufficient
to eliminate the illusion; the original Pinna stimuli were
broadband and elicited striking illusions. The same is true
of the original Ouchi- and Kitaoka-illusions.

In broadband signals (e.g., Fig. 3E) there are phase-co-
incidences across scales (Marr & Hildreth, 1980; Morrone
& Burr, 1988). These may be taken as non-accidental
events that have the same underlying physical cause. If
such coincidences normally form the input to an optical
flow computation they might effectively attenuate noise in
the system. Because there is a higher probability that a
phase coincidence will arise from a common physical cause
(e.g., a translating surface-, luminance- or material-discon-
tinuity) than from an accidental coincidence of structure at
different scales (arising from independent noise sources),
internal responses that are unrelated to the moving stimu-
lus (i.e., noise) would be eliminated.

Our model shows that direction bias occurs in a stan-
dard optical flow algorithm only when there is noise in sig-
nals. Therefore, a simpler explanation for the bandwidth
effect is that high-frequency channels have less internal
noise. In fact, Gurnsey et al. (2002) showed that in judg-
ments of relative salience high frequency Gabors produced
a weak illusion. Gurnsey et al. also showed that very low
frequency Gabors produced a weak illusion. In either case,
the bandwidth effect may not reveal the consequences of
integration across scales but differences in internal noise
at different scales. That is, as the bandwidth of a signal
increases (or as the energy dispersion increases) the effect
may be to introduce significant energy into channels having
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less internal noise, permitting a less biased estimate of im-
age flow.

The present results are not sufficient to distinguish these
different possibilities. However, from the preceding discus-
sion it is clear that relatively straightforward follow-up
studies may shed light on which are more or less plausible.

8.5. Relation to motion transparency

The Pinna illusion would seem to bear some relationship
to transparent motion plaids (e.g., Adelson & Movshon,
1982; von Grünau & Dubé, 1993). When two drifting grat-
ings (sine wave or square wave) are superimposed they will
appear either as a single coherent grating or two transpar-
ent gratings, one sliding over the other. Therefore, trans-
parency may also be seen as a failure to integrate two
local motions to produce a common motion much like
the Pinna illusion reflects a failure to integrate local mo-
tions into a coherent local flow.

The tendency to see transparency or coherence depends
on many factors, including the direction difference (normal
velocities) between the two gratings; as the direction differ-
ence increases transparency is increasingly likely to be seen
(e.g., Adelson & Movshon, 1982; Gurnsey & von Grünau,
1997; Kim & Wilson, 1993). The largest normal velocity
direction difference in the present stimuli is associated with
the smallest orientation difference; i.e., for an orientation
difference of 10� micropatterns in the inner and outer rings
are oriented ±5� from the direction of true 2D flow, pro-
ducing a normal velocity direction difference of 170�. As
the orientation difference increases the direction difference
decreases. Over the range of 10–156� orientation difference
(see Fig. 4), the Pinna illusion shows the opposite depen-
dence on direction difference; as the orientation difference
increases—and direction difference decreases—the illusion
becomes stronger. Therefore, the principles governing mo-
tion transparency seem to be different from those govern-
ing the Pinna stimuli.

9. Conclusions

• We find no evidence that self-motion produces a more
compelling illusion than screen-motion. It seems likely
that the smoothness of the retinal motion (rather than
extra-retinal inputs) determines the strength of the
illusion.

• The nulling procedure shows that many global/structur-
al changes to the stimulus displays have little effect on
the illusion. The strength of the illusion is not affected
by the number or rings, the presence of ‘‘guides’’ of a
frame that expands and contracts along with the stimu-
lus, nor is the orientation tuning of the illusion affected
by the speed of expansion.

• The largest effects we observed arise from changes to the
micropatterns comprised in the display. In particular
broadband signals produce a far weaker illusions than
narrowband signals. Therefore, the strength of the illu-
sion seems to depend on local factors rather than glob-
al/structural factors.

• The Pinna illusion can be understood as an ‘‘orthogonal
bias’’ that arises from internal noise in the mechanisms
that compute optical flow.

• The relative-salience and nulling procedures reveal dif-
ferent dependencies on orientation differences. The null-
ing procedure may misrepresent the actual perceptual
salience of the illusion because it confounds the strength
of the biased illusory motion signal with sensitivity to
physical counter-rotation.

• The reasons for the bandwidth effect are unclear. It is
interesting to note that noise-dependent biases in flow
estimates from a standard optical flow model are similar
for narrowband stimuli (Fig. 3B) and broadband stimuli
(Fig. 3E). Apparently, this is not the case for psychophys-
ical observers, leaving an intriguing question to pursue.
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