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Abstract

The Craik–O’Brien–Cornsweet effect (COCE) is an illusion in which luminance discontinuities give rise to illusory brightness.
One hypothesised mechanism for the induction of illusory brightness is that the cortex constructs a brightness percept from edge
information by a lateral ‘filling-in’ process. A requirement for the filling-in hypothesis is that ability of the illusion to form would
be limited by the speed of propagation of the filling-in. The results presented here from three methods indicate that in the case
of COCE gratings brightness information propagates at a fixed speed across the central visual field of about 19°/s, and across
visual areas V1 or V2 at 155 or 205 (920) mm/s, respectively. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

1.1. Illusory brightness and the
Craik–O’Brien–Cornsweet effect

The Craik–O’Brien–Cornsweet effect (COCE) is a
visual illusion where the perceived brightness of a re-
gion can be affected by luminance gradients or disconti-
nuities near the enclosing edges of that region [1–3] (see
Ref. [4], for review). For example, the central regions of
each of the bars of the grating in Fig. 1 appear to be
alternately light and dark. The intensity profile overlaid
on this grating shows, however, that the central regions
of each bar are in fact equally luminant. It is as though
our visual system has taken the information carried by
the luminance discontinuities at the edges and filled in
the missing brightness between them. A COCE grating
can thus appear very similar to, or even indiscriminable
from, a grating consisting of an alternating series of
uniformly luminant bars—a so-called square-wave
grating (cf. Fig. 2, bottom).

The perceived similarity of COCE and square-wave
gratings can be understood in part in terms of the

suppression of low spatial frequencies by achromatic
retinal ganglion cells with receptive fields organised in a
centre-surround fashion [3,5,6]. The COCE and square-

Fig. 1. A Craik–O’Brien–Cornsweet effect (COCE) grating. The
intensity profile (solid scalloped line) has been overlaid on the grat-
ing. Note that despite the apparent differences in the brightness of the
central regions of successive bars, the intensity of each of these
regions is the same.
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Fig. 2. Stimulus layout for Experiment 1 for matching the induced
modulation of COCE gratings and square-waves. Both gratings were
modulated sinusoidally in time and subjects adjusted the contrast of
the square-wave grating (lower) to match the observed depth of
illusory modulation in the central 1° of a COCE grating (upper).

1.3. Interpreti6e mechanisms as alternati6es to filling-in

An alternative hypothesis put forward to explain the
illusory brightness in COCE gratings is that higher
cortical centres compensate for retinal filtering by asso-
ciating the retinal output with a percept of the pattern
with filled-in brightness via an interpretive map [10,11].
According to this interpretive hypothesis, a COCE grat-
ing is perceived to be a square-wave grating at those
spatial and temporal frequencies and levels of contrast
where the low spatial frequency information differenti-
ating the patterns is removed by retinal filtering. The
patterns would thus become discriminable when the low
spatial frequency information differentiating the two is
above the contrast at which it would be independently
visible [12]. At this contrast COCE patterns appear
scalloped rather than square, hence the often used term
‘scallop threshold’. Sullivan and Georgeson [12]
showed, however, that the induction effect can not only
persist to contrasts several octaves above the threshold
for seeing the missing low frequency components (on
their own), but that these relatively high contrast
COCE gratings can still be indiscriminable from
square-waves. That is to say the scallop threshold can
occur at contrasts well above the threshold at which the
missing low spatial frequency components would be
visible. This departure is largest at lower luminances
and for contrast reversed gratings [12]. Results at
higher luminances, employing temporally unmodulated
COCE patterns, tend to support the original interpre-
tive hypothesis [13–16]. Given that our gratings are
temporally modulated we have sought to partially ad-
dress Sullivan and Georgeson’s [12] results by compar-
ing thresholds for the visibility of the slightly different
missing low spatial frequency components of our
COCE gratings with the upper contrast limit at which
illusory brightness induction is still observed.

2. Methods

Grating patterns were displayed on a Barco CCID
7551 monitor at a pixel resolution of 512×420, a
refresh rate of 102 Hz, and a mean luminance of 45 cd
m−2. The intensity levels were set with a precision of
about 0.1%. Subjects viewed the gratings binocularly.
The viewing distance was maintained at 60 cm with the
aid of a chin rest. The gratings were composed of an
odd number of vertical bars in order to ensure that one
bar always lay in the middle of the display. In all tests
grating contrast was modulated sinusoidally over time
and subjects were required to make judgments based on
any perceived modulation induced in the central por-
tion of the COCE stripes. Fig. 1 provides an example of
a COCE pattern at one extremum of the temporal
modulation sequence, and demonstrates the spatial lay-

wave patterns differ only in the lower spatial frequency
region of their Fourier spectra and so the COCE and
square-wave elicit similar responses from the retina.
Thus retinal filtering explains why the gratings may
look alike, but not why they look the way that they do.
That is, how is the retinal output transformed into a
percept where the brightness is filled-in?

1.2. A proposed mechanism of the COCE: ‘Filling-in’

It has been hypothesised that brightness processing is
mediated by a cortical filling-in process [7–9]. This
filling-in hypothesis contends that brightness informa-
tion spreads laterally in a cortical map representing the
visual field, moving from the edges towards the middle
of each grating bar. According to this hypothesis, the
perceived brightness of each point in the visual field is
represented by some measure of activity of the corre-
sponding point in the cortical representation.

A filling-in process should require some finite amount
of time for the brightness to spread from cortical
locations corresponding to two neighbouring edges of a
COCE grating into the cortical space between them.
One would thus expect a cut-off temporal frequency
beyond which the filling-in process would be over-
whelmed: no illusory modulation of brightness over
time would occur above this temporal frequency. Fur-
thermore, this cut-off temporal frequency should in-
crease with increasing spatial frequency, as the cortical
distance over which filling-in must occur is then re-
duced. This hypothesis was tested in our first three
experiments.
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out. The spatial profile of the waveform was composed
of quartic sections (Appendix A). Quartic functions
were selected because the flat bases of quartic functions
(Fig. 1, solid scalloped line) mean that the whole of the
region over which subjects were asked to make judge-
ments was essentially unmodulated and so any induced
brightness modulation perceived in this region would be
illusory. The presentation order of the stimuli was
randomised in all experiments. All subjects had normal
or corrected-to-normal vision. This study was con-
ducted under protocol M881 of the Human Ethics
Experimentation Committee of the Australian National
University. All subjects gave informed written consent.

In Experiment 1 subjects were asked to match the
depth of modulation perceived in a COCE grating to
that of a square-wave grating. The stimulus layout is
illustrated in Fig. 2. Both gratings had their contrasts
modulated sinusoidally in time and the modulation of
the gratings was synchronous. Preliminary experiments
showed that the subjects had difficulty in making this
judgement at a specified point; therefore the subjects
were asked to consider whether brightness modulation
was perceived within a circular judgement area span-
ning 1° in the middle of the central grating bar. No
fixation points were provided as such marks may have
provided subjects with a reference point of fixed bright-
ness, thereby confounding the measures of illusory
brightness. The size and location of this area was
demonstrated to the subjects before the experiments.
The horizontal central stripe (Fig. 2) was black and
wide enough to prevent grating induction [17] across
this band. A modified binary search was used in our
first experiment to determine the contrast match [18].
The method of adjustment was used for all subsequent
experiments. Four subjects participated in Experiment
1, two of these subjects were naive as to the purpose of
the experiments.

In Experiment 2 subjects were presented with modu-
lated COCE gratings, initially having contrast 0.1, and
they were asked to adjust the contrast to find a level
sufficient to induce modulation in the central 1° of the
central stripe of each COCE pattern. The stimulus was
presented over the whole monitor, as in Fig. 1 (but
without the intensity profile). The same four subjects as
those in Experiment 1 were used. The location of the 1°
region was illustrated for the subjects before the
experiments.

In Experiment 3, the subjects varied the temporal
frequency of a contrast 0.1 COCE grating to determine
the maximum temporal frequency at which temporal
brightness modulation was perceived in the central 1°
of the middle bar. This experiment was less time con-
suming than the previous two. Temporal frequency
thresholds were determined at seven spatial frequencies
ranging between 0.042 and 0.212 cd: a super-set of
those used in Experiments 1 and 2. Seven subjects
performed this task, each between two and four times.

Experiment 4 incorporated a waveform constructed
by subtracting the COCE wave-form from a square-
wave grating of equal contrast and spatial frequency;
this grating will be termed the difference grating. For
each spatial frequency the presentation temporal fre-
quency was that obtained in Experiment 3 (on complet-
ing Experiment 3 each subject proceeded immediately
to Experiment 4). Subjects varied the contrast of the
difference grating to find the minimum contrast at
which temporal modulation was perceived in the centre
of the middle bar. The difference grating is very similar
to a sine wave: the amplitude of the fundamental
Fourier component of the difference grating is four
times as large as the sum of the amplitudes of all of the
other components and at threshold the difference grat-
ing has the appearance of a sinusoidal grating. Thus the
weak higher harmonics mean that, at the threshold for
the difference grating, these higher harmonics are sub-
threshold and do not contribute to the percept near
threshold.

Multiple regression analysis was conducted with
SPSS (SPSS International BV, Gorinchen, The Nether-
lands). For each data set an attempt was made to see if
separate effects for subject and spatial frequency could
be found and whether any such model was significantly
different from a model containing spatial frequency
alone. Model significance and comparison of models
were determined by F-tests. Fitting such models meant
that while the mean thresholds may have varied be-
tween subjects, probably reflecting some subjectivity in
the judgement of brightness modulation, it was possible
to estimate the slope of the dependence of critical
temporal frequency upon spatial frequency. A fixed
slope significantly greater than 0 indicates a finite
spreading velocity for the tested induction effect.

3. Results

3.1. Experiment 1: Matching square-wa6e gratings to
COCE gratings

The means of psychometric functions for four sub-
jects are shown in Fig. 3. The functions show the
amount of square-wave contrast required to match the
modulation of the COCE grating at each temporal
frequency, for each of three spatial frequencies. The
principle finding was that induced modulation was
stronger and persisted to higher temporal frequencies
for higher spatial frequencies. The dashed horizontal
line in Fig. 1 represents 70% of the distance from the
mean to the contrast values obtained at 0 Hz and the
basal level (actually measured out to 16 Hz but not
shown). As will be evident the parallel nature of the
psychometric curves means that the exact level chosen
to compare results for different gratings does not mat-
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ter since it is the distance between these functions which
determines the slope of the relation between the crite-
rion temporal frequency and the test spatial frequency.

For each function two continuous curves are shown
through the data points, one being the straight line or
trapezoidal spline and the smoother curve being a thin
plate spline [19]. The two interpolation methods are
shown to illustrate that either method provides much
the same answer. Having no parametric model to fit to
the functions we simply took the interpolated temporal
frequencies corresponding to the 70% level from the
trapezoidal spline values (e.g. *, Fig. 3) for further
analysis. The values used for regression analysis (Sec-
tion 2) were taken from individual interpolated psycho-
metric functions rather than those obtained from the
mean psychometric curves.These resulting temporal fre-
quency values were then plotted against their respective
spatial frequencies, the means being shown in Fig. 4 (*).
No significant subject effect could be fitted and so a
simple regression on spatial frequency is shown
(dashed-dot line). The slope of this line (9S.E.),
11.2493.27°/s, was significantly different from 0 (P=
0.0065), such a relationship is consistent with a fixed
speed of spreading of brightness information from the
edges of the COCE grating towards the centre of each
stripe.

3.2. Experiment 2: Contrast for modulation induction

Here subjects adjusted the contrast of COCE grat-
ings, contrast modulated at various temporal frequen-
cies, to find the minium contrast at which illusory
brightness modulation occurred. As temporal frequency

Fig. 4. Data from Experiment 1, square-wave contrast to match
COCE modulation (–, *); and Experiment 2, contrast for induction
(– –, O). Both are presented as the temporal frequencies to achieve a
criterion effect (see text). The data are in reasonable agreement and
both slopes are significantly different from 0 indicating that bright-
ness information derived from the edges present in the COCE grat-
ings propagates at a finite speed. To minimise clutter either the upper
or the lower se are presented for each mean data point.

increased subjects’ behaviour was to attempt to use
higher contrasts to induce a modulation. A thin plate
spline [19] (cf. Fig. 3) was used to interpolate the data
obtained for each spatial frequency to find the temporal
frequency which would have required a contrast of 0.1
to just induce modulation. This procedure also pro-
vided data which could be compared more directly with
that obtained in Experiments 1 and 3 which employed
contrast 0.1 COCE gratings. The resulting data were
fitted with a multiple regression (Section 2). A relatively
significant subject effect was found (P=0.054) and the
independent effect of spatial frequency provided a slope
of 8.4392.72°/s (P=0.0074). Since the significance of
the subject effect was marginal we also report that
without fitting the independent effect of subject the
estimated slope was 8.4393.17°/s (P=0.016).

3.3. Experiment 3: The COCE temporal frequency
threshold

The mean of all results for the COCE temporal
frequency threshold is shown in Fig. 5. A multiple
regression indicated that there was a significant subject-
wise effect, F(6,42)=25, PB0.00005. As in Experi-
ments 1 and 2 the temporal frequency for an induction
effect increased with increasing spatial frequency:
F(1,41)=132, PB0.00005, the resulting slope of
9.5690.83°/s being highly significantly different from 0
(PB0.00005). The fitted lines from Fig. 4 are shown
for comparison: the vertical shift of those lines in part

Fig. 3. Psychometric functions for Experiment 1 showing the average
square-wave contrasts used to match the modulation seen in the
COCE gratings. Error bars are standard errors and are only shown
for the data for the 0.212 cd COCE grating. Errors for the other two
curves are similar but are not shown to reduce clutter.
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Fig. 5. Data from Experiment 3, showing the cut-off temporal
frequency for the COCE as a function of spatial frequency. This
figure presents the mean of 19 data sets from seven subjects, following
correction for an independent subject-wise effect (Section 2). The
fitted lines from Experiments 1 and 2 are reproduced here for
comparison. The error bars are S.E.

Table 1
Speeds of propagation of induced brightness using different methods

No. subjectsPropagation speedExperiment
(9S.E.) (°/s)

22.4496.54Contrast matching 4
16.8695.44 4Contrast for induc-

tion
7Temporal frequency 19.3291.55

threshold
Rossi and Paradiso 411.3392.23

[21]

thresholds for corresponding difference gratings. The
dual abscissa reflects the fact that the temporal fre-
quency thresholds from Fig. 5 were used to determine
the presentation temporal frequency for each spatial
frequency. The fact that the illusory brightness
threshold line is higher than the line of threshold for
the difference grating shows that there is still induction
of brightness even at contrast levels well above those
where the difference grating becomes visible. It is im-
portant to state that near threshold our difference
patterns appear as sinusoids. This is to be expected
because the higher spatial harmonics contained in the
difference pattern are less visible than those in a square-
wave, and so are invisible at the threshold for the
fundamental. That only the fundamental was visible is
supported by the curve plotted just above our data in
Fig. 6. The curve represents the predicted thresholds for
the fundamental based on the spatiotemporal threshold
function published by Kelly [20].

4. Discussion

As explained in Section 1, the filling-in hypothesis
predicts that there should exist a temporal frequency
cut-off for the perception of COCE-induced illusory
brightness, and that this temporal frequency should
increase with increasing spatial frequency. The results
shown in Figs. 3 and 4 are thus consistent with the
filling-in hypothesis or at least some process requiring
the lateral propagation of information about the bright-
ness of edges in the COCE gratings. The slopes of these
functions, although derived from different methods, are
in good agreement as summarised in Table 1.

The values reported in Table 1 represent speeds of
propagation of induced brightness which are twice the
slopes reported so far. This doubling corrects for the
fact that the brightness induction proceeds across 1/4 of
a cycle (i.e. 1/2 of a bar from its edge to its middle) and
that two inductions occur per temporal modulation.
Also presented in Table 1 are values based on the data
of Rossi and Paradiso [21]. Those authors examined the

reflects the fact that the seven subjects of Experiment 4
were a super-set of those used in Experiments 1 and 2.

3.4. Experiment 4: The contrast threshold for the
difference grating

Fig. 6 shows a comparison of the threshold for
COCE-induced illusory brightness with visibility

Fig. 6. Comparison of spatiotemporal thresholds for COCE-induced
illusory brightness with visibility thresholds for corresponding differ-
ence gratings (solid line, O). Brightness induction occurs for between
2 and 4 octaves of contrast above the threshold for seeing the missing
difference component (dotted line, O). The thresholds for the differ-
ence grating are essentially the same as those expected for the
fundamental alone (dashed, x), based on the data of Ref. [20].
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induction of brightness modulation in neutral grey re-
gions placed between modulated rectangular bars. We
have extracted the raw data from their paper (from
their Fig. 2) and performed the same regression analysis
as employed for the data presented in Figs. 3 and 4.
Placing 95% confidence limits on Rossi and Paradiso’s
data allows a range of propagation speeds of 11.339
7.10°/s, thus permitting an upper limit of 18.43°/s:
overlapping with the lower bound (at 95% confidence)
of our most accurate method at 15.53°/s (19.32−3.79,
df=6), and close to our grand mean of 19.52°/s. Thus,
four independent measures, derived from 11 subjects, in
two labs, all suggest a brightness induction propagation
speed of about 19°/s within the central 1° of the visual
field.

Fig. 6 compares the contrast threshold for visible
brightness modulation in the difference grating to the
threshold for COCE-induced illusory brightness. Note
that illusory brightness does not fail completely until
the contrast is well above that required to see the
difference grating independently. A similar effect was
also demonstrated by Sullivan and Georgeson [12].
Those authors used so-called missing fundamental grat-
ings, i.e. square-waves with their fundamental removed.
They showed that their COCE gratings could appear
completely filled-in—i.e. to look exactly like a square-
wave pattern—at contrasts at which the missing funda-
mental Fourier component would be seven times
stronger than threshold if presented on its own.

Their results pose problems for the basic interpretive
hypothesis: while the interpretive hypothesis accounts
well for the appearance of missing fundamental grat-
ings below the threshold for seeing the fundamental it
does not account for brightness induction above the
threshold for seeing the missing component. Burr [15]
demonstrated that brightness appearance of high con-
trast COCE patterns is not predicted by the basic
interpretive hypothesis, and also that noise versions of
COCE patterns violate the basic interpretive model,
given their high spatial frequency content. Dooley and
Greenfield [22] demonstrated that a nonlinear contrast
gain control operating on spatial frequencies below 1 cd
is required to extend the interpretive hypothesis to
suprathreshold contrasts. Moulden and Kingdom [23]
have, however, extended the interpretive hypothesis in a
way which can account for some of the additional
brightness induction.

Our results with the difference gratings do not repre-
sent a falsification of the interpretive hypothesis but do
support Sullivan and Georgeson’s [12] findings and the
notion that the original interpretive hypothesis may be
an incomplete theory [15,22]. Our results could in fact
support more sophisticated versions of the interpretive
hypothesis where the propagation of edge brightness
information is required for the interpretive hypothesis.
For example the basis of the interpretive hypothesis is

that the Fourier components of the COCE pattern are
recognised as being square-wave-like, and the lack of
lower spatial frequencies is also in effect recognised. If
these recognition processes were spatial frequency de-
pendent, say requiring communication between distant
cortical cells, then such an interpretive mechanism
would have a brightness information propagation
speed.

Assuming for the moment that some form of propa-
gation of brightness information does mediate COCE-
induced illusory brightness perception, there is good
reason to believe that such a process occurs in the
visual cortex [7,9,24–26]. Whether that process repre-
sents filling-in or some other process is immaterial to
the present discussion. Whatever the exact process it is
possible to use the COCE temporal frequency cut-off as
a function of the spatial frequency (Fig. 5) to derive a
theoretical estimate of the propagation velocity in terms
of millimetres of cortex per second. To do this, we
estimate the time taken for the filling-in process to
spread from one of the flanking edges of the COCE
grating to the boundary of the subject’s inspection area.
The corresponding cortical distance can be determined
after taking into account the cortical magnification
function. We make the approximation that the bright-
ness signal must travel at least to the edge of the
inspection area within one half-cycle of the contrast-re-
versal; that is, before the reversal of the edge contrast
that gave rise to the brightness signal. The cut-off
temporal frequency ft is related to the spatial frequency
fs by Equation 1. The derivation is given in the Ap-
pendix A. 6 represents the cortical propagation velocity
in mm/s, A, B and C are constants determined for V1
to V4 by Sereno et al. [27] in fitting the human cortical
magnification factor M to an equation of the form
M(r)=A(r+B)−C, where M is in mm/°. The diameter
of the central judgement area, j, was 1°.

ft=
6(1−C)

2A
�� 1

4fs

+B
�1−C

−
� j

2
+B

�1−Cn (1)

Fig. 7(a) shows this equation fitted to the data in Fig. 5
assuming that brightness information propagation oc-
curs in V1. The fit is best for a cortical propagation
velocity of around 155915 mm/s. Note that the only
variable available for fitting Eq. (1) to the data is the
cortical propagation velocity 6. It is encouraging that
this one variable may be set such that the resultant
theoretical relationship fits the shape, slope and vertical
displacement of the data.

It is possible that the propagation effect could occur
in a visual area other than V1 [7]. Electrophysiological
experiments suggest that illusory contours [28,29] may
be first defined at the level of V2 [30–32]. Perhaps
filling-in of contours and filling-in of brightness could
occur in the same cortical area. Fig. 7(b) shows the data
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as they compare to a theoretical plot where the values
of A, B and C were determined for V2 by Sereno et al.
[27]. The fitted cortical propagation velocity is 205920
mm/s.

4.1. Comparison of results with physiological data

The most likely basis for filling-in seems to be the
spread of activity through excitatory connections in the
cortex [7,8,33,34]. In this context, it is useful to com-
pare the velocities of propagation estimated here with
those observed for epileptiform discharges. A similar
comparison between the spread of brightness informa-
tion and of the propagation of epileptiform discharges
has been made by Paradiso and Nakayama [35]. An
epileptiform discharge is a synchronous depolarisation
of a large number of neighbouring neurones [36,37].
The cortex contains an extensive network of neurones
linked through excitatory connections [38–42]. It is
likely that these connections are the mechanism by
which an epileptiform discharge propagates to other
neural areas [43,44].

Chervin et al. [44] found velocities for propagation of
epileptiform discharges which ranged from 63 to 88
mm/s in slices of the primary visual cortex of the rat
and the cat, and of the primary somatosensory cortex
of the rat. Goldensohn and Salazar [45] obtained a
value of 250 mm/s in an in vivo preparation of cat
sensorimotor cortex. It has been suggested that the
penicillin treatment used by Goldensohn and Salazar
[45] may have influenced the propagation of the dis-
charges, and that the method did not control for prop-
agation through tissues beneath the neocortex [44].
Gutnick and Wadman [46] reported values ranging
from 20 to 150 mm/s for the propagation of epilepti-
form discharges across slices of the parietal cortex of
the guinea pig. Wadman and Gutnick [47] reported a

velocity of 70 mm/s in rat parietal cortex. The velocities
estimated by this study are 155 or 205 mm/s, depending
upon whether we assume that propagation occurs in V1
or V2. These values correspond fairly well with the
physiology after allowing for differences between in
soma sizes and axon diameters in the visual cortices of
humans and the laboratory animals.

4.2. Comparison of results with psychophysical data

Paradiso and Nakayama [35] reported results consis-
tent with a filling-in model for non-illusory brightness.
Their estimates for the propagation velocity of filling-in
were in the range of 150–400 mm/s. Studies of the
critical temporal frequencies for induced brightness
[21,48] are similar to those determined here for illusory
brightness (Fig. 6). Rossi and Paradiso [21] found that
the cut-off temporal frequency for brightness induced
between solid stripes increases with spatial frequency.
The relationship between cut-off temporal frequency
threshold and spatial frequency as reported by Rossi
and Paradiso [21] varies greatly between subjects for
spatial frequencies above 1 cd. Our subjects reported
having great difficulty in restricting their attention to
the central area of each bar at spatial frequencies above
0.4 cd, a complaint consistent with the large variation
between subjects noted at these spatial frequencies.
Perhaps the results in Rossi and Paradiso [21] reflect
the same difficulty at high spatial frequencies. In any
case, the overall similarity between our findings and
theirs (Table 1) suggests that similar processes may
underlie the phenomenon of brightness induction in
simultaneous contrast and the filling-in that is observed
in the COCE illusion. Given that the retina deletes the
low spatial-frequency content of a square-wave grating
and makes the stimulus almost indistinguishable from a
COCE profile, it quite possible that the two phenomena
reflect the same kind of processing at the cortical level.

Rossi and Paradiso [21] did not use their data from
their Fig. 2 to estimate the velocity of brightness induc-
tion. Instead they employed another method which
produced estimates around 160920°/s. They estimated
the filling-in velocity by examining phase differences
between real and induced brightness modulation. It has
been proposed that a filling-in process may underlie the
processing not only of illusory or induced brightness
but also real brightness [9]. This suggestion is supported
by psychophysical results [35,49]. These models of
filling-in predict that there would be little if any phase
differences between real and induced brightness; there-
fore it does not seem that any such phase differences
observed can be used to estimate the filling-in velocity.
Moreover, a filling-in velocity of 140–180°/s requires
temporal frequency thresholds ranging from 10 to 640
Hz over the spatial frequencies from 0.03 to 2 cd
examined by those authors. Inspection of Rossi and

Fig. 7. Comparison of cut-off temporal frequencies measured for the
COCE with theoretically predicted values, assuming that filling-in
takes place in V1 (a) or V2 (b). The error bars represent 95%
confidence intervals.
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Paradiso’s [21] other data indicate that these cut-off
frequencies range from 0.7 to 5 Hz over the same
spatial frequency range (their Fig. 2) and thus predict
propagation velocities around 10°/s (e.g. Table 1).

5. Conclusion

Our results indicate that a fixed cortical propagation
velocity of brightness information explains the appear-
ance of COCE gratings across a range of spatial and
temporal frequencies. The results are thus consistent
with a ‘filling-in’ process mediating COCE-induced illu-
sory brightness. The results are inconsistent with the
hypothesis of a simple interpretive mechanism where
the illusory brightness occurs only when the difference
between a COCE pattern and a square-wave pattern is
not independently visible. It is not possible, however, to
rule out all possible interpretive mechanisms. The tem-
poral characteristics of COCE-induced illusory bright-
ness are similar to those of induced brightness,
consistent with the suggestion that propagation of
brightness information from edges underlies both
effects.
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Appendix A

A.1. The COCE intensity wa6eform

The spatial dependence of the intensity of the COCE
is given here for one extremum in the temporal cycle of
the COCE. I(x) is the intensity and DI/I is the Michel-
son contrast, DI being the maximum departure from
the mean intensity I. This sample profile has a spatial
frequency of 1/2p for simplicity; it is scaled to various
spatial frequencies in the experiments described here.
Other COCE waveforms have been used, notably the
‘missing fundamental’ form used by Sullivan and
Georgeson [12]. The waveform described here was used
in preference to other COCE waveforms due to the
existence of a broad region in the middle of each bar
which exhibited negligible real modulation in intensity:
any brightness modulation observed there was therefore
illusory.

I(x)=I( +DI
I(
�p

2
�−4�

x mod p−
p

2
�4

sgn(p−x mod 2p)

(A1)

where sgn(q)=
!+1

−1
for q]0
for qB0

A.2. The cut-off temporal frequency as a function of
spatial frequency

The cortical distance between the edges of the COCE
grating bar and the edges of the inspection area may be
estimated using the cortical magnification factor (M).
The cortical magnification factor is often fitted to an
equation of the form M(r)=A(r+B)−C [27,50]. The
values reported by Sereno et al. [27] and used here were
A=20.05, B=0.08 and C=1.26 for visual area V1
and A=25.19, B=0.09 and C=1.53 for visual area
V2. The cortical distance d is then given by

d=
&

r 1

r2

M(r) dr

=
A

1−C
[(r2+B)1−C− (r1+B)1−C] (A2)

where r1 and r2 are the eccentricities of the edges of the
grating bar and the inspection area, respectively. De-
noting the spatial frequency of the pattern by fs and the
diameter of the judgment area by j we have

r1=
1

4fs

and r2=
j
2

(A3)

We make the approximation that the brightness signal
must reach the edge of the inspection area within one
half of the period T of the temporal modulation; filled-
in brightness would be opposed by a reversal of edge
contrast after this time. We use the edge of the area
rather than the centre as our psychophysical criterion
for brightness modulation was for modulation observed
anywhere within the inspection area.

T
2

=
d
6

(A4)

We then have the cut-off temporal frequency

ft=
6

2d
(A5)

The cut-off temporal frequency can then be expressed
as a function of spatial frequency by a combination of
Eqs. (A2), (A3) and (A5).

ft=
6(1−C)

2A
�� 1

4fs

+B
�1−C

−
� j

2
+B

�1−Cn (A6)
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