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Illusory form with inducers of opposite contrast
polarity: Evidence for multistage integration

BIRGITTA DRESP, VERONIQUE SALVANO-PARDIEU, and CLAUDE BONNET
Uniuersite Louis Pasteur, Strasbourg, France

The perception of brightness differences in Ehrenstein figures and of illusory contours in phase
shifted line gratings was investigated as a function of the contrast polarity of the inducing elements.
Wepresented either continuous lines or line-like arrangements composed of aligned dashes or dots
whose spacing was varied. A yes/no procedure was used in which naive observers had to decide
whether or not they perceived a brightness difference in a given Ehrenstein figure or an illusory con
tour in a phase-shifted line grating. The results show that brightness differences are perceived to
some extent in Ehrenstein figures with inducers of opposite polarity of contrast; however, the per
centage of yes responses was systematically lower and response times were longer than for figures
with inducers of the same polarity. Phase-shifted line gratings with lines of opposite polarity of con
trast yielded stronger illusory contours and shorter response times than those with lines of the same
polarity. When the sign of contrast was not the same within a given line of induction, neither differ
ences in brightness nor illusory contours were perceived. The results suggest that the mechanisms
that lead to apparent differences in brightness are more sensitive to input of the same contrast po
larity, the mechanisms generating illusory contours more sensitive to input of opposite polarity. The
data are discussed in the light of a multistage approach to illusory form perception and some impli
cations for cortical models of illusory contour integration are discussed.

Previous psychophysical investigations of illusory sur
faces and contours have shown that local characteristics
of the stimulus configuration determine the strength of
the illusory percept that results from it. It has thus been
established that the size and the spacing of inducing ele
ments influence both global (Dresp, 1992; Dresp, Loren
ceau, & Bonnet, 1990; Watanabe & Oyama, 1988) and
local (Dresp & Bonnet, 1991, 1993, 1995) sensitivity to
illusory contours and brightness in the Kanizsa square.
Similar size-spacing constraints seem to influence the
magnitude of apparent brightness in the Ehrenstein fig
ure (Zucker & Davis, 1988) and the clarity of illusory
contours in stimuli consisting of two phase-shifted grat
ings and other line configurations (Lesher & Mingolla,
1993; Shipley & Kellman, 1992). However, whether size
and spacing factors more strongly affect the sharpness of
the illusory contour or the brightness ofthe apparent sur-
face has not been clearly determined, yet. .

Some authors (e.g., Day & lory, 1980; Shapley & Gor
don, 1985, 1987; Ware, 1981) have emphasized the ne
cessity of separating surface brightness from contour ef
fects to obtain a deeper understanding of phenomena of
illusory form. A phenomenal argument in favor of such
a conceptual separation would be the fact that surface
brightness and illusory contours, although they quite often
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occur together in one and the same stimulus, can occur
separately in different figures. This observation inevi
tably suggests that, at some stage of processing, illusory
surfaces and illusory contours are generated by indepen
dent mechanisms.

Another factor hitherto not systematically investigated
in studies of illusory brightness and contour is the contrast
polarity of the inducing elements. As a consequence, we
still do not know the extent to which illusory brightness
or contour integration is possible with inducers of vary
ing contrast sign. It can, in particular, be expected that
variations in contrast polarity do not affect illusory con
tours in the same way as they might affect illusory sur
face formation (Dresp, 1993; Prazdny, 1983; Shapley &
Gordon, 1987).

Neurophysiological models of illusory contour and
brightness are constantly confronted with the problem of
how to conceptually separate these two aspects of illu
sory form. Most of these models refer to receptive field
properties of visual cortical cells as a key to understand
ing how information about an illusory line, or edge, is gen
erated by combined activities of detectors that process
orientation information provided by the inducing ele
ments of the stimulus (Grossberg, 1994; Grossberg & Min
golla, 1985; Heitgcr, Rosenthaler, Von der Heydt, Peter
hans, & Kubler, 1992; Lesher & Mingolla, 1993; Peterhans
& Vonder Heydt, 1989; Von der Heydt & Peterhans, 1989).

An explicit distinction between brightness and contour
effects is made in the model by Grossberg and colleagues.
The authors assume that a multistage process involving
hierarchically organized cortical mechanisms would ac
count best for the genesis of illusory forms. At a first
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EXPERIMENTl

illusory contour strength. In this figure, one perceives a
sharp contour apparently separating two surfaces de
fined by sets of parallel lines, but no brightness differ
ence between the surfaces.

Figures 1a and lb. The Ehrenstein figure (a) and the phase-shifted
grating illusion (b). The first stimulus gives rise to the perception of
apparent brightness enhancement in the center ofthe configuration.
The illusory surface has no clearly defined boundaries. One may per
ceive a circle, a diamond, or a square in the center ofthe figure (see
also Day & Jory, 1980). In the second stimulus, one perceives a sharp,
illusory contour separating the two phase-shifted gratings. There is
no apparent difference in brightness between the two line surfaces.

In the first experiment, observers had to decide whether
or not they perceived a difference in brightness between
the center of an Ehrenstein figure and its background,
the luminance of both regions being strictly equal. The
inducing figures consisted ofeither four continuous lines
or four inducers made ofeither aligned dashes or aligned
dots (see Figures 2, 2a, and 2b). The combinations of
contrast polarities resulted in figures that appeared ei
ther lighter or darker than the background. The observ
ers, therefore, were asked to decide on the presence or
absence ofa difference in lightness, knowing that it could
be either positive or negative.

ba

Method
Subjects. Ten observers participated in the experiment, ranging

in age from 20 to 40 years. Some of them were familiar with illu
sory figures; others were not. All subjects, however, were naive to
the purpose of the study. Two of them can be regarded as psycho
physically trained. All observers had normal or corrected-to-normal
vision.

Stimuli. The stimuli used in the first experiment are shown in
Figures 2a and 2b. They consisted of Ehrenstein figures with either
four inducing lines or four inducers made of either aligned dashes
or aligned dots. The polarity of contrast of the inducing elements
could be uniform or alternating. In the case of uniform polarity, the
inducers were either all black (as shown in Figure 2), or all white
(not shown in the figure). In the configurations consisting of
aligned dashes or dots, contrast polarity was varied both between
and within inducing lines.

The luminance of the gray background upon which the stimuli
were presented was 12 cd/m-. The luminance of the white induc
ing elements was about 22 cd/m/, and that of the black inducers
about 2 cd/m/. With these values, the strength of the illusion in the
black version of a configuration with continuous lines appeared

stage, the activities of detectors that are selective to the
polarity ofcontrast (classically referred to as feature de
tectors) would generate local signals of differential
brightness at line ends or other feature boundaries. These
signals may then be averaged in space and give rise to a
global representation ofbrightness differences within the
figure. At a next stage, spatially distributed signals may
be integrated via detectors that signal the presence of an
illusory edge or contour, and that accept input of either
polarity. The ideal illusory contour detector, as sug
gested by Grossberg and colleagues, would be an opera
tor that integrates contrasts of any sign over the spatial
scale defined by the size of its receptive field.

In our study,we wanted to determine the extent to which
a hierarchical model offeature integration might success
fully predict the perception ofillusory surface brightness
and contour in configurations with inducing lines ofvary
ing contrast sign. Weused lines, aligned dashes, or aligned
dots as inducers, and also varied the spacing between the
stimulus elements. Ifhierarchical feature detection mod
els based on the receptive field properties of visual neu
rons explain the genesis of illusory form, one may as
sume that the functional properties of the hypothetical
detectors can be linked to specific perceptual responses.
For example, brightness perception may be diminished,
or abolished, when the inducing elements have opposite
contrast signs. In this case, the local signals of differen
tial brightness generated by the individual features should
cancel each other out. As a consequence, no global rep
resentation of a brightness difference can be extracted
from the stimulus. Illusory contour perception, on the
other hand, may not be affected by variations in the con
trast polarity ofthe inducing elements. Neurophysiologi
cal evidence tends to suggest that the cortical genesis of
illusory contours involves all stages of processing, in
cluding mechanisms that integrate across polarities (e.g.,
Grosof, Shapley, & Hawken, 1993; Heitger et al., 1992).

To provide separate accounts for effects on surface
brightness on the one hand and effects on illusory con
tours on the other, we ran two experiments with different
stimulus configurations and different observers. In both
cases, we used line configurations in order to minimize
differences in stimulus geometry. Generally, illusory
forms induced by the ends of lines define one class of
phenomena, and illusory forms induced by edges, as, for
example, the well-known Kanizsa square, may be defined
as another class ofillusions, with presumably slightly dif
ferent underlying mechanisms (see also Lesher & Min
golla, 1993).

In our first experiment, the Ehrenstein figure (Fig
ure 1a) was used to assess illusory figure lightness as a
function of spacing and contrast polarity of the inducing
lines. In this configuration, the shape of the illusory sur
face is ambiguous (see also Day & lory, 1980), and the
observers can, if it is required, concentrate on global
brightness differences without being influenced by a con
tour effect. In the second experiment, we used the so
called shifted grating illusion (see Figure 1b) to evaluate
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Figures 2,23, and 2b. Figure 2 showsthe stimuli used in the first experiment. Ehrenstein figures made of continuous lines (bottom), aligned
dashes (top), and aligned dots (middle) were presented to naive observers who had to judge as quickly as possible whether they perceived any
difference in brightness between the figure and the ground. In configurations made of aligned dashes or dots the polarity of which varies within
a given inducing line, the illusion is completely destroyed. In the stimuli with continuous lines,we varied the size of the central gap in the con
figuration; in the stimuli with dashes or dots, the central gap size was constant, and the space between individual dashes and dots was varied
(2a and 2b).

equal to the strength produced by the white version. In figures with
white inducers, the illusory region appeared darker; in stimuli with
black inducers, it appeared lighter.

In the figures with continuous inducing lines, the size of the gap
separating the lines was varied. Gap sizes were about 6, 12, 18,24,
and 30 arcmin. The width (about 2 arcmin) and the length of the
lines (about 1°) were constant. In the figures made of aligned
dashes or dots, the gap in the center of the configurations was held
constant at 6 arcrnin, and the space between dashes and dots was
varied instead. Interelernent spaces of 9, 12, 15, 18, and 38 arcmin
were generated. The dots had a constant diameter of2 arcrnin, and
the width (also 2 arcmin), and the length (4 arcmin) of the dashes
in the other figures were also held constant. Altogether, 55 differ
ent stimulus configurations were presented to the 10 observers.

Procedure. The figures were generated by means of a VGA
Trident graphics card installed in a Hewlett-Packard Vectra 486.
They were presented in random order on the computer screen
(Philips Monochrome, 640*480, 60 Hz), and each presentation
was repeated four times within an experimental session consisting
of 220 trials.

The observers were placed in front of the screen at a viewing
distance of approximately 80 em with their heads resting on a chin
support. The figures appeared in the center of the screen and the
experiment was run under low photopic viewing conditions. The
subjects had to judge as quickly as possible whether or not the cen
ter of a given configuration appeared to differ in lightness com
pared to the background. The responses were encoded by means of
a response key set connected to the computer. Response times were
also computed. As soon as one of the two keys was struck, the fig
ure disappeared from the screen and the next trial was initiated.

The time interval between stimulus offset and the presentation of
the next figure was about 800 msec.

Results and Discussion
A first analysis consisted of testing whether the effects

of white and black inducing elements in figures with only
one contrast polarity (all inducing elements white, or all
black) were, as we expected from the preliminary sub
jective strength adjustments, symmetrical. A global anal
ysis of means revealed that the difference between the
black and white conditions was indeed negligible and
statistically nonsignificant for the two dependent variables
(difference in percentage yes < 10%, and difference in re
sponse time <50 msec). A more detailed analysis showed
that this held for figures made ofcontinuous lines as well
as for figures with dashes or dots. As a consequence, we
averaged over these two contrast conditions and used the
mean values for all further analyses.

A striking aspect of the data is that the figures made
of dashes or dots the contrast polarity of which was al
ternating within a given inducing line did not engender the
perception of lightness differences. In almost all cases,
they yielded 0% ofyes responses, and the response times
showed only little variation (Figure 4d). The data indi
cate that, paradoxically, the figures with dashes gave rise
to a slight increase, from 0% to 20% yes in the two con-
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Figure 3a. The frequency of the perception of differences in brightness between the figure and the ground in

stimuli made of continuous lines. The percentage of positive responses is plotted as a function of the size of the
central gap in the figures, and the contrast polarity of the inducing elements (same vs, varying between indue
inglines).
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Figure 3b. The frequency of the perception of differences in brightness in stimuli made of aligned dashes or
dots. The percentage of positive responses is plotted as a function ofthe space between individual dashes or dots,
and their contrast polarity (same vs. varying between inducing lines).
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ditions in which the spaces between the dashes were the
largest (Figure 4d). A closer look at these stimuli sug
gests an explanation ofthis finding. In fact, when the gaps
between the dashes become larger, a local configuration,
appearing as a tiny Ehrenstein illusion induced by small,
continuous lines ofopposite contrast sign, emerges in the
center of the figures. Given the particularity of these ob
servations, we decided not to include the two stimulus
conditions in which contrast polarity varied within the
inducing lines in the global analysis of comparisons.

Global effects of contrast polarity and inducer
type. In this analysis, we compared the results of the 10
observers in the two polarity conditions (same vs. varying
between inducers) and the three figure conditions (con
tinuous lines vs. dashes vs. dots) while averaging over the
spacing factor.Generally, figures with inducing elements of
the same contrast polarity were found to yield a stronger
illusion, reflected through a higher percentage ofyes re
sponses, than figures with inducing elements ofopposite
contrast polarity (61% yes and 40% yes, respectively).
This effect was statistically significant [F( 1,18) = 5.180,
P < .05]. Furthermore, response times were shorter for fig
ures with elements ofthe same contrast polarity (767 msec
compared to 863 msec). This effect was also statistically
significant [F(I,18) = 6.854,p< .05].

Figures with continuous inducing lines produced sig
nificantly stronger illusions than figures with dashes,
and figures with dashes did better than figures with dots
[90%,58%, and 18% yes, respectively; F( 4,72) = 4.185,
P < .0 I]. Furthermore, response times were shorter for
figures with lines than for figures with dashes, but
slightly longer for stimuli with dashes than for stimuli
with dots (710, 883, and 780 msec, respectively). The ef
fect offigure type on response time was not significant.
Global interactions between contrast polarity and figure
type were significant for neither of the two dependent
variables.

The effect of interelement spacing was assessed in
separate analyses for the three types of figures (figures
with continuous lines, figures with dashes, and figures
with dots). For each figure type, we compared the results
ofthe 10observers in the two polarity conditions (same vs.
varying between inducers) and the five spacing conditions.

The results for figures with continuous inducing lines
are shown in Figures 3a and 4a. With increasing size of
the gap in the center of the figures, the strength of the il
lusion decreased significantly [F(4,72) = 3.49,p < .025]
and response times increased significantly [F(4,72) =
7.916, P < .01]. As would be expected from the global
comparisons, figures with lines of the same contrast po
larity produced significantly stronger illusions [F( 1,18) =
4.83,p < .05] and shorterresponse times [F( 1,18) = 5.63,
P < .05]. The interactions between polarity and spacing
were nonsignificant. These data are represented in Fig
ures 3b and 4b. Apart from the observation that the fig
ures made of aligned dashes produced generally weaker
illusions than those obtained with configurations of con
tinuous lines, the effects observed in both figure condi-

tions are quite similar. Increasing the space between
dashes had an effect comparable to that obtained when
the size of the central gap in the figure varies. With in
creasing interelement spacing, the strength of the illu
sion decreased significantly [F(4,72) = 4.162,p < .01],
while response times increased significantly [F(4,72) =
6.88,p < .01]. As would be expected from the global com
parisons, figures with dashes of the same contrast polar
ity produced stronger illusions [F(l,18) = 12.264, p <
.01] and shorter reponse times [F(l ,18) = 5.254,p < .05]
than those with dashes the polarity of which varied from
one inducing line to the other. As for figures with con
tinuous lines, interactions between polarity and spacing
were nonsignificant.

The configurations made of dots generally produced
weak illusions, with low percentages ofyes responses, fall
ing rapidly to zero when interelement spacing increased
(Figure 3b). The effect of interelement spacing on the
percentage of yes responses was significant [F(4,72) =

6.376,p < .01]. In contrast to the other two figure con
ditions, response times decreased with increasing inter
element spacing (Figure 4c). This reversed effect ofspac
ing on response time was significant [F(4,72) = 3.63,
p < .025]. This finding might have been due to the fact
that the percentage ofyes responses leveled out at zero
in the three largest spacing conditions. In this case, the
subjects should have been quite certain about the total
absence of an illusion, and therefore their decision time
would be expected to have been shorter than in conditions
in which they were less certain about the total absence of
an illusion and tended to respond yes in a certain propor
tion of the trials. As in the other figure conditions, stim
uli with homogeneous contrast polarity produced stronger
illusions than those with dots the polarity of which var
ied from one inducing line to the other [F(I,18) = 5.259,
p < .05]. In contrast to the other figure conditions, re
sponse times were longer for stimuli with homogeneous
contrast polarity. Again, this reversed effect was signifi
cant [F(I ,18) = 4.961,p < .025] and can also be explained
on the basis ofa high number of0% yes responses in the
conditions in which polarity was varying from one in
ducing line to the other. As in the other figure condi
tions, interactions between spacing and polarity were non
significant.

Conclusions
The results ofthis first experiment are consistent with

earlier findings from studies using magnitude estimation
or scaling techniques to evaluate the strength of illusory
figures as a function of size-spacing constraints imposed
by the inducing elements (Dresp et al., 1990; Shipley &
Kellman, 1992; Watanabe & Oyama, 1988; Zucker &
Davis, 1988). They furthermore suggest that surface
lightness/darkness in illusory figures similar to the one
that is perceived in the Ehrenstein configuration can be
expected to be stronger in configurations with inducers
of the same contrast polarity, although stimuli in which
polarity varies from one inducing line to the other to
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Figure 4a. Response times as a function ofthe spacing and the contrast polarity of the inducing elements for
stimuli with continuous lines.
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Figure 4b. Response times as a function ofthe spacing and the contrast polarity of the inducing elements for
stimuli with aligned dashes.
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Figure 4c. Response times as a function ofthe spacing and the contrast polarity ofthe inducing elements for

stimuli with aligned dots.
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some extent also seem to produce the surface enhance
ment. The process underlying this phenomenon can be
described as one that integrates local and spatially dis
continuous information. Collinear dashes seem to be in
tegrated better than collinear dots. This suggests the ex
istence of some kind of hierarchical organization in the
process, with a critical sensitivity to local orientation. Fi
nally, collinear inducing elements (dashes or dots) the
polarity ofwhich is not constant within a given line of in
duction fail to produce an illusory surface.

EXPERIMENT 2

In the second experiment, run with different observers
to make sure that the responses would not be influenced
by expectations from the first experiment, subjects had
to decide whether or not they perceived an illusory con
tour in configurations consisting of two phase-shifted
line gratings. As in the first study, the inducing elements
were either continuous lines or line-like arrangements
made ofeither aligned dashes or aligned dots (Figures 5,
5a, and 5b). The contrast polarity of the inducers was
varied as described above. However, with the phase
shifted grating stimuli, additional control of the global
contrast of the two gratings was necessary. We took care
that each side of a configuration contained the same
number of white and black inducing lines to avoid dif
ferences in global contrast that could have artifactually
enhanced the strength of illusory contours. Preliminary
trials revealed that figures with dashes or dots the polar
ity of which varied within an inducing line (such combi
nations did not produce illusory brightness in the previ
ous experiment) in no case yielded the perception of an
illusory contour (Figure 5). Consequently, we did not in
clude these stimulus conditions in our second experi
ment. Also, to make the sessions shorter for the subjects,
we used only three spacing conditions in the second study.

Method
Subjects. Ten subjects, none of whom had participated in the

first study, were run in this experiment. Some ofthem were famil
iar with illusory figures; others were not. All observers were naive
to the purpose of the investigation and had normal or corrected-to
normal vision.

Stimuli. The stimuli used in this second experiment are shown
in Figures Sa and 5b. The inducing lines were either continuous or
made of aligned dashes or dots. The polarity ofcontrast of the in
ducing elements could be uniform or alternating. In the case of
uniform polarity, the inducers were either all black (as shown in
Figure 5), or all white (not shown in the figure). Background lumi
nance, the luminance of inducing elements, and width and/or
length were the same as in the first study. The orientation ofthe in
ducing lines was horizontal, and the phase-shifted line gratings
thus produced vertical illusory contours. We varied the vertical gap
separating the inducers in configurations made of continuous lines.
Gap sizes were 12, 18, and 24 arcmin, In the configurations made
of aligned dashes or dots, we held the vertical separation ofthe in
ducing lines constant at 12 arcmin, and varied the gaps between
dashes and between dots. Gap sizes were 12, 15, and 18 arcmin,

Procedure. In this experiment, the observers had to judge, as
quickly as possible, whether or not they perceived an illusory con
tour in a given stimulus configuration. The display and the general
principles ofthe experimental procedure were the same as those in
the first study.

Results and Discussion
As in the first experiment, the results obtained in the

conditions in which the inducing elements all had the
same contrast polarity (all black or all white) were sym
metrical. Mean differences in the percentage of yes re
sponses and in response time were negligible and statis
tically nonsignificant. Differences in the percentage of
yes responses did not exceed 10%, and differences in re
sponse time were smaller than 30 msec in all figure con
ditions. As a consequence, we averaged over these two
contrast conditions and took the mean values for all fur
ther comparisons.

As mentioned, to save time we did not include the fig
ures in which contrast polarity varied within inducing
lines in the second experiment. Preliminary trials on
three naive observers had shown that these figures did
not yield the perception of an illusory contour on any
trial (for an illustration, see Figure 5).

Generally, the most striking finding in this second ex
periment, in which subjects had to decide on the pres
ence or absence of an illusory contour, was that the ef
fect of the contrast polarity of the inducers (same vs.
varying between inducing lines) on both the strength of
the illusion and the time necessary to respond to it, was
found to be reversed compared to what was observed in
the first study, in which subjects had to evaluate surface
lightness/darkness.

Global effects of contrast polarity and inducer
type. In the global analysis, we compared the results of
the 10 observers in the two polarity conditions (same vs.
varying between inducing lines) and the three figure con
ditions (figures with continuous lines vs. figures with
dashed lines vs. figures with dotted lines) while averag
ing over the spacing factor. The data showed that, in gen
eral, illusory contours were more often perceived in con
figurations with inducers of opposite contrast polarity
(85% yes) than in figures in which all inducing elements
had the same contrast sign (53% yes). This effect was
statistically significant [F(1, 18) = 8.776, P < .0 I]. Com
plementarily, response times were found to be signifi
cantly shorter when contrast polarity varied from one
inducing line to the other [l,090 msec compared to
1,320 msec; F( 1,18) = 5.388, P < .05]. As in the first ex
periment, figures with continuous lines yielded stronger
illusions than figures with dashes, and dashes did better
than dots (93%, 64%, and 49%, respectively). The effect
was significant [F(2,36) = 5.033, P < .25]. Reponse
times were generally shorter for figures made of contin
uous lines than for those made of dashed lines, and
slightly longer for figures with dashes than for those
with dots (1,060, 1,280, and 1,270 msec, respectively).
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5a)

5)

5b)

Figures 5, Sa, and 5b. Figure 5 shows the stimuli used in the second experiment. Phase-shifted line gratings made of continuous lines (bot
tom), aligned dashes (top), and aligned dots (middle) were presented vertically to naive observers who had to jUdge as quickly as possible
whether they perceived an illusory contour in the stimulus or not. In configurations made of aligned dashes or dots the polarity of which varies
within inducing lines, no illusory contour is perceived. After preliminary trials with 3 observers, we decided not to include these stimuli in the
experiment to save some time. In the figures made of continuous lines, we varied the vertical space between inducing lines; in the figures made
of dashes or dots, the vertical space between inducing lines was constant, and the space between individual dashes or dots varied (Sa and 5b).

The effect of inducer type on response times was not sig
nificant, nor were interactions between polarity and in
ducer type.

As in the analysis of the data from the first experi
ment, we compared the results of the 10 observers in the
two polarity conditions (same vs. varying between in
ducers) and the three spacing conditions separately for
each type offigure. The results obtained with these fig
ures are shown in Figures 6a and 7a. Gratings with lines
ofalternating contrast polarity yielded stronger illusions
and shorter response times than gratings with lines of the
same polarity [F(I,18) = 8.337,p < .Ol, and F(I,18) =
7.319, P < .025, respectively]. Furthermore, when all
lines had the same sign, the strength of the illusory con
tour slightly decreased when the lateral space between
the inducing lines increased. This was not the case for
lines with alternating polarity. The effect of line spacing
on the percentage of yes responses was not statistically
significant here, nor was the effect on response times,
which varied only little (see Figure 7a). This finding
suggests that the limit of illusory contour integration was
far from being attained with the lateral spacing sizes
used in this experimental condition. Interactions between
polarity and spacing were nonsignificant.

Gratings made ofaligned dashes the polarity of which
varied from one inducing line to the other produced
stronger illusory contours and shorter response times

than those with inducers of the same polarity [F(l,18) =
9.31,p < .01, and F(l, 18) = 7.250,p < .25, respectively;
see Figures 6b and 7b]. With increasing space between
the dashes, the strength ofthe illusory contour decreased
significantly [F(2,36) = 5.923,p < .01]. Response times
tended either to increase and then decrease again (grat
ings with inducers of the same contrast polarity; see Fig
ure 7b) or to level out (gratings with inducers of oppo
site polarity). The effect of spacing on response times
was not significant; nor were interactions between po
larity and spacing.

As noted in the global analysis, figures with dots gen
erally gave rise to the perception of an illusory contour
less frequently than figures with dashes or continuous
lines. As in the other figure conditions, however, stimuli
in which contrast polarity varied from one inducing line
to the other produced stronger illusory contours than
stimuli in which all the dots had the same contrast po
larity [F(1,18) = 6.093,p < .05; Figure 6b]. In both cases,
the percentage of yes responses decreased when the
space between the dots increased [F(2,36) = 18.583,p <
.01]. Although this decrease was slightly steeper for the
figures in which all dots had the same contrast sign, the
interaction between polarity and spacing was not signif
icant. For figures with both polarities, response times
first increased and then decreased again with increasing
space between the dots (Figure 7c). When all dots had
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Figure 6a. The frequency of the perception of an illusory contour in figures made of continuous lines. The
percentage ofpositive responses is plotted as a function ofthe size ofthe vertical gap between the inducing lines
and their contrast polarity (same vs. varying between inducing lines).
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Figure 6b. The frequency ofthe perception of an illusory contour in configurations made of aligned dashes
and dots as a function of their spacing and contrast polarity (same vs, varying between inducing lines).
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figures with continuous lines (7a), aligned dashes (Th), and aligned dots (7c).
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the same contrast sign, response times steeply decreased
with increasing space between the dots (in this case, the
percentage of yes responses reached zero at the largest
spacing value; cf. Figures 6b and 7c). The interaction be
tween spacingand polarity was significant here [F(2,36) =
3.488,p < .05].

The separate investigation of illusory surface bright
ness on the one hand and illusory contour strength on the
other reveals that these two aspects of illusory form per
ception can, indeed, be functionally distinguished, as has
been suggested earlier by Day and lory (1980), Ware
(1981), Shapley and Gordon (1985, 1987), and Kellman
and Loukides (1987). Although both phenomena are found
to depend in similar ways on the size-spacing constraints
(see also Zucker & Davis, 1988) imposed by the induc
ing elements of the illusory figure, they appear to be dif
ferently affected by local variations in contrast polarity.

Apart from the observation that both surface bright
ness (Experiment 1) and illusory contours (Experiment 2)
are completely destroyed when the sign ofcontrast varies
within inducing lines, it appears that integration of changes
in contrast polarity from one inducing line to the other
characterizes a critical step in the genesis of illusory con
tours (Experiment 2), whereas it seems to rather hinder
the emergence of surface lightness or darkness (Experi
ment 1). Although the data from the first experiment tend
to indicate that differences in surface lightness or dark
ness may also emerge to some extent from configura
tions with inducers ofopposite contrast sign, we suspect
that the phenomenon is different in nature in these cases.
First, it takes significantly longer to be perceived and,
furthermore, discussions with the observers revealed
that they had difficulties in seeing neat lightness differ
ences in Ehrenstein figures with inducers of opposite
polarity. The subjects reported that they tended to infer
the existence of such differences in these figures because
the latter had sharp, diamond-shaped, illusory contours
that did not emerge from the configurations with induc
ers ofonly one polarity. Thus, combining contrasts of dif
ferent sign appears to strengthen the otherwise ill-defined
figure boundaries (see Figure 9b, which will be dis
cussed later).

The fact that configurations of lines with the same
polarity yield more frequently and more rapidly the per
ception of differences in brightness between the figure
and the background suggests that the underlying process
prefers input of the same contrast sign. Thus, it may
seem that a simple contrast model involving detectors of
differential brightness would suffice to explain apparent
brightness in the Ehrenstein illusion (see, e.g., Spillman,
Fuld, & Gerrits, 1976). However, the results of our first
experiment indicate that local contrast cannot be the
only critical factor. Although aligned dots of the same
sign do produce the illusion, they have significantly less
inducing power than continuous lines or aligned dashes.
This observation strongly suggests that the process that
generates the illusory surface must receive critical input
from mechanisms that are sensitive not only to the con
trast sign, but also to the orientation of local features.
Cortical contrast mechanisms that integrate spatially
discontinuous features within the spatial scale defined
by their receptive fields provide a plausible model here
(Figure 8). Some ofthe geometrical constraints that have

----

Conclusions
The results of the second experiment confirm that the

perception of an illusory contour depends on the same
inducer size-spacing constraints as the perception of il
lusory surfaces (see Experiment I). In the case ofspatial
discontinuities within the inducing lines, collinear
dashes were, again, found to produce better results than
collinear dots. This suggests that local orientation is crit
ical for illusory surfaces and contours. Collinear induc
ing elements the polarity of which is not constant within
a given line of induction fail to produce illusory con
tours. The same conclusion has been found to hold for
illusory surfaces (see Experiment 1).

However, the effect of variations in contrast polarity
between inducing lines is reversed in the case of illusory
contours. The data of the second experiment clearly
show that illusory contours are better perceived in fig
ures in which the contrast polarity varies from one in
ducing line to the other, whether the configuration is
made of continuous lines, dashed lines, or dotted lines.

Figure 8. Figure 8 illustrates schematically how the integration of
local signals triggered by individual stimulus elements such as dots or
dashes may define the receptive field of a feature detector that gen
erates signals of differential brightness. These signals, preferably
when they are ofthe same sign (Experiment 1), would then input to
the process responsible for the Ehrenstein illusion. End inhibition can
explain how differential brightness is coded at the neural level (see,
e.g., Peterhans, Von der Heydt, & Baumgartner, 1986). When spe
cific geometrical constraints are satisfied in a stimulus confignration
(see, e.g.,Kellman & Shipley, 1991), summation or averaging ofIocal
brightness signals may generate surfaces (e.g., Grossberg, 1994).
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Figure 9a. Figure 9a illustrates schematically how the receptive field of an illusory contour detector may be built up on the basis of
local signals of differential brightness. Integration of signals of opposite sign via detectors that are insensitive to the sign of contrast
may explain why illusory contours are better perceived in configurations in which contrast polarity varies from one inducing line to
the other (Experiment 2).

Figure 9b. A variation of Day and Jory's (1980) demonstration. This example shows how additional features of opposite contrast sign
lead to the perception of a sharp illusory contour in a configuration that initially gives rise only to the perception of a fuzzy illusory
area.

to be satisfied to establish perceptual links between in
dividual features, namely line ends, in illusory figures
have been formalized by Kellman and Shipley (1991).

How feature processing can explain apparent bright
ness or darkness has been simulated earlier on the basis
of interactions between spatial filters (Zucker & Davis,
1988), or by cortical network models involving detectors
with the same orientational preference and position and
receptive fields of different size, signaling brightness
discontinuities at feature boundaries such as line ends
(see, e.g., Grossberg, 1994; Grossberg & Mingolla, 1985;
Peterhans, Von der Heydt, & Baumgartner, 1986). Sum
mation or averaging of the signals would explain how
global lightness or darkness enhancement is generated in
various configurations. Obviously, there is for the mo
ment no way of establishing a tighter link between any
model of such a kind and experimental data as those
shown here. This would be possible if we were in a posi
tion to provide local measures of brightness at distinct
locations within the stimulus configurations, for exam
ple, by means of increment detection techniques. Earlier
attempts in this direction failed to produce coherent re
sults in the Ehrenstein figure (e.g., Spillman, Fuld, &
Neumeyer, 1984). As a consequence we must, for the

time being, rely on psychophysical procedures that allow
the quantitative assessment ofglobal differences in bright
ness between the figure and the ground only.

The fact that illusory contours are significantly better
perceived and take less time to emerge in configurations
with inducers ofopposite contrast sign suggests that their
processing involves mechanisms that integrate across
polarities fast, apparently over quite large distances. This
conclusion is consistent with current knowledge on the
neurophysiological correlates of illusory contours (Heit
ger et al., 1992; Peterhans et al., 1986) and implies that
their genesis involves more complex cortical interactions
than does the formation ofapparent brightness. How the
integration of signals ofopposite contrast sign in the for
mation of illusory contours may work is illustrated in Fig
ure 9a. The receptive field of an illusory contour detec
tor, insensitive to contrast polarity, would be built up on
the basis of spatial interactions between feature detectors
that are polarity selective. This interpretation also explains
why configurations of aligned dashes or dots the polar
ity of which varies within an inducing line do not yield
illusory percepts of any kind (results of Experiments I
and 2). In this case, the inducing lines do not stimulate
polarity-selective feature detectors at the first stage, and
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further integration is therefore not possible. Such a con
clusion is basically consistent with most of the current
cortical models ofiIIusory contour formation (see, e.g.,
Grossberg & Mingolla, 1985; Peterhans & Vonder Heydt,
1989).

The idea that illusory contours may involve higher
processes than the formation ofapparent brightness was
suggested earlier by Day and Jory (1980) on the basis of
phenomenal demonstrations in the Ehrenstein illusion.
The authors showed that adding dots at precise points in
the figure can lead to the formation ofclearly defined il
lusory contours. A variation of Day and Jory's demon
stration is presented in Figure 9b, which shows that a
strikingly sharp illusory contour emerges from the Ehren
stein configuration when lines of opposite contrast sign
are placed at the otherwise ill-defined boundaries of the
illusory surface.

In summary, the data from our two experiments sug
gest that configural effects on surface brightness and
illusory contours (see also Kellman & Loukides, 1987) in
volve mechanisms at different stages ofcortical process
ing. They support the view that the perception of bright
ness enhancement on the one hand and the perception
of illusory contours on the other ought to be functionally
distinguished.
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