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Holes in illusory conjunctions

UN CHEN and WU ZHOU
University ofScience and Technology ofChina, Beijing, China

To address the fundamental question "What are primitives of visual perception?" we tested the hy
pothesis of early topological perception employing illusory conjunctions. Through a series of experi
ments, which were well controlled for various feature errors, we consistently observed the illusory
conjunction of holes, which are a typical kind of topological property. Subjects in our experiments per
ceived illusory hollow figures in which the conjoined holes underwent geometric transformations. This
indicates that the holes were perceived as abstract topological entities available at an early stage, which
provides further support for the hypothesis of topological perception.

Treisman and Gelade (1980), among others, have re
ported that when attention is overloaded, subjects often
report seeing illusory conjunctions-that is, incorrect re
combinations of the features that they detect. For exam
ple, when forced to divide their attention across several
briefly presented objects like a red X and a blue S, sub
jects often reported perceiving a blue X or a red S. Owing
to its obvious importance, the discovery of illusory con
junctions has stimulated research on numerous issues in
the current study of perception and attention, including
our own research on the fundamental question "What are
the primitives for representing visual information?" Spe
cifically, features that give rise to illusory conjunctions
must be separately abstracted at an early visual stage, for
if such an abstraction of features did not occur, their il
lusory conjunctions would be difficult to explain. Thus,
features that produce illusory conjunctions are strong can
didates for the primitives of visual perception.

The hypothesis oftopological perception (Chen, 1982)
directly leads to certain candidates for visual primitives.
The hypothesis assumes that a primitive and general func
tion of the visual system is the perception of topological
properties, including the number of holes. There is evi
dence that such topological properties serve as primitives
in various processes involved in perceptual organization
(see, e.g., Chen, 1982, 1985, 1989; Elder & Zucker, 1993;
Han & Chen, 1994; He & Chen, 1994; Lan & Chen, 1996;
Zhou & Chen, 1996). For example, two visual stimuli that
are topologically different with respect to holes are more
discriminable in a near-threshold same-difJerent task than
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are other pairs offigures that are topologically equivalent
(Figure 1) (Chen, 1990). The discoveryoftopological struc
ture in vision provides a challenge to computational ap
proaches to vision based on local geometrical properties
(see, e.g., Chen, 1989) and, on the other hand, suggests a
formal description of Gestalt-type phenomena and Gib
sonian invariance perception (e.g., Chen, 1982, 1985).

If topological properties are the basis of visual primi
tives, illusory conjunctions oftopological properties, such
as holes, should sometimes occur. To test this prediction,
we adopted an experimental paradigm originally designed
by Treisman (1986).

EXPERIMENT 1

Method
The stimulus displays each contained three different figures (Fig

ure 2). These particular figures were chosen because they are typical
examples of a topological difference in holes. That is, the ring in the top
row of Figure 2 differs topologically from the solid triangle and ellipse,
in that the ring contains a hole whereas the triangle and ellipse do not;
although phenomenally they look quite different, the triangle and ellipse
are topologically equivalent to each other. As a control for holes, the
stimulus display shown in the bottom row of Figure 2, which contained
all solid figures, was also added to the stimulus displays. The size ofthe
triangle was 1.4° X 2.7°; the size of the ellipse, 3.4° X 1.4°; and the
sizes of the outer and inner circles of the ring were 2.3° X 2.3° and I° X

1°, respectively. The size of the digits was about 0.4° X 0.7°. And, the
width of the three figures and two digits aligned together was about 14°.
All the figures and digits were black on a white background.

A three-field projector tachistoscope was used to present the stimuli.
The subjects' primary task was to report correctly the two digits flanked
on each side. As a secondary task, the subjects were asked to report ver
bally the shapes of the three figures located at the middle of a display;
they were instructed not to guess but to report only what they were fairly
confident of seeing. Each test display was followed by a mask consist
ing of a checkerboard. Exposure durations were adjusted separately for
each subject to keep an overall probability of correct responses to shapes
at a rate of about 90%. Here, correct responses to shapes refer only to
reports of correctly reporting the outline shapes, without considering
holes. Errors such as reports of hollow triangle and/or hollow ellipses
did not affect the adjustment of exposure durations, for these errors
might have been due to illusory conjunctions of holes, the occurrence
of which was our primary interest. For the purpose of the present ex
periment' the locations of the three figures reported were recorded but
not considered as a criterion ofjudging correctness of reports. The mean
exposure duration across all the trials was about 90 msec, with a range
across subjects of about 60-180 msec. A set of 114 slides, consisting of
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Figure 2. Top: An example ofthe stimulus displays used in the
first experiment. Each contained three different figures--a ring,
an ellipse, and a triangle---flanked on each side by a digit. Bot
tom: An example ofthe stimulus displays, which, as a control for
holes, contained all solid figures. 88.6

11.4*
16.8

Correct shapes
Errors of outline shapes
Possible illusory conjunctions of holes
Feature errors of holes

I. Misperceiving a solid figure as a hollow one 2.2
2. Misperceiving a ring as a hollow triangle 2.3
3. Misperceiving a ring as a hollow ellipse 1.9

Conservative estimate of illusory conjunctions !O.4t

*Under the condition ofbriefpresentation with masking and divided at
tention, subjects made errors in spontaneously reporting various kinds
of outline shapes that were not presented-for example, squares, rec
tangles, upward triangles or ellipses, repeated shapes such as two disks
or two ellipses or two triangles at one presentation, and other irregular
shapes. tThe difference between illusory conjunctions and feature er
rors was significantly greater than zero for both the feature errors of
Type I (t test, p < .001) and Type 2 (t test, p < .00 I), and for the sum of
the two types of feature errors (t test, p < .002).

Results and Discussion
The results indeed support the prediction of illusory

conjunctions of topological features: 15 of 19 subjects
(on 16.8% of all trials) reported seeing hollow triangles
and/or hollow ellipses, which were not presented. The
topological property ofa hole contained by a ring appeared
to be abstracted, and then recombined with a solid trian
gle and/or ellipse so that hollow triangles and/or hollow
ellipses were produced. Table 1 summarizes the main as
pects of the data.

It might be argued that despite the topological expla
nation, the hollow ellipses and the hollow triangles that
were perceived mayhave been caused by two kinds offea
ture errors in perceiving holes; that is, subjects might sim
ply misperceive (l) a solid figure as a hollow one, or (2) a
ring as a hollow ellipse or a hollow triangle. The following
analysis, leading to the conservative estimate that illu
sory conjunction of holes occurred on 10.4% of the trials
(shown in Table 1), rules out this objection. The first kind
offeature error commonly occurs in the study of illusory
conjunctions: subjects report a feature, such as a hole,
that is not presented in the stimulus displays. For the pre
sent experiment, the rate of such a feature error of holes
(the misperception ofa solid figure as a hollow one) can
be measured by using the stimulus display of Figure 2
(top row), the control for holes: Although the display in
this figure contained no hollow figures, subjects reported
them. Type 1ofthe feature errors of holes in Table 1shows
that the rate of this kind offeature error was 2.2%.

Although the first kind of feature error mentioned
above (i.e., to misperceive a feature-a hole in this case
that is not presented), is commonly considered in the study
of illusory conjunctions, the second kind offeature error
is specific to the present experimental stimuli. The ques
tion is: How does one measure this kind of feature error
operationally? If subjects misperceive a ring as a hollow
ellipse or a hollow triangle-that is, if they misperceive
the outer border of the ring as an ellipse or triangle-what

Response % Total Reports

Table 1
Mean Percentage of Correct Reports, lIIusory Conjunctions,

and Feature Errors of Holes With Verbal Reporting

o

314

310

59.0

41.1

35.6

%
CORRECT
RESPONSE

so
s.

••

96 stimuli from the top row of Figure 2 and 18 from the bottom row of
Figure 2, as a control, was presented once to each subject. Each figure
was presented equally often at each position. Nineteen subjects partic
ipated in the experiment.

To examine further the confidence of the subjects in their reports,
they were asked to point out which of the figures they had perceived
from among a list ofvarious kinds offigures. This was done only in the
first two blocks and the last two blocks ofpresentations. The list of fig
ures that the subjects could point to included, in addition to the four
kinds of figures actually presented: two kinds of hollow triangles-a
triangle with a triangular hole and a triangle with a circular hole; two
kinds of hollow ellipses-an ellipse with an elliptic hole and an ellipse
with a circular hole; a solid rectangle; and a solid square.

Figure 1. In conditions under which various factors commonly
considered in the study of visual perception (e.g., luminous flux,
spatial frequency components, and perimeter length) have been
controlled, two visual stimuli that are topologically different with
respect to holes, such as an S-Iike figure and a ring, are more dis
criminable in a near-threshold same--different task than are other
pairs of figures that are topologically equivalent, such as a disk
and a square or a disk and an S-Iike figure.
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of less than 4.2%, the probability that the two kinds of
feature errors would occur on the same trial was at least
much lower than 4.2%, so they were omitted.]

With respect to reporting by pointing, the results fur
ther support the argument that the conjunction errors in
volving holes are genuine perceptual experiences in the
following two senses. First, subjects showed confidence
in seeing illusory conjunctions of holes: 17 subjects, in
cluding 2 who did not verbally report seeing hollow tri
angles or ellipses, pointed out hollow triangles and/or el
lipses at a rate of21 % ofthe total presentations; but only
3 subjects pointed out solid rectangles and/or squares,
with an average rate of less than 1%. Second, it is par
ticularly interesting that only triangles containing a trian
gular hole and ellipses containing an elliptic hole were
reported by pointing; in other words, no subjects reported
seeing triangles containing a circular hole and/or el
lipses containing a circular hole. If the subjects simply
misperceived the outline shape of the ring or simply su
perimposed the circular hole contained by the ring on the
solid figures because of, say, afterimages, it would be
difficult to explain why no circular holes with triangles
or ellipses were perceived. This aspect of the result also
indicates the abstract nature of the holes contained in the
illusory hollow figures(that is, the concrete shape of a
hole is irrelevant to its identity as a hole. The abstract
nature suggests that holes were extracted before their il
lusory conjunctions.

EXPERIMENT 2

Figure 4. Reports of hollow triangles and hollow ellipses other
than those in Figure 3 were not counted as illusory conjunctions.
Instead, the reports were attributed to Type 2 feature errors of
holes (see Table 1).

In Experiment 1,8 subjects who reported seeing hol
low triangles and/or hollow ellipses by pointing said at
that time that in their verbal reports they often did not
distinguish between a hollow figure and a solid one of
the same outline shape. This aspect ofthe results calls at
tention to a limitation on the verbal reporting of shapes.
On the other hand, to instruct subjects to report particu
larly if there are holes might introduce the possibility of
bias. In view ofthese considerations, and as a further test
of illusory conjunctions of holes, in the second experi-
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could such reports look like? A direct result would be that
it would cause reports of a hollow ellipse or triangle but
no ring or disk. Type 2 in Table 1 shows that the second
kind of feature error, reports of seeing hollow triangles
and/or hollow ellipses without seeing disks or rings, oc
curred at most on only 4.2% of the trials. With respect to
this type offeature errors, a report was counted as an illu
sory conjunction only if the subject reported seeing one
of the sets of figures illustrated in Figure 3. Otherwise,
to keep the estimate ofillusory conjunctions conservative,
reports ofhollow triangles and hollow ellipses, illustrated
in Figure 4, were not counted as illusory conjunctions.
Instead, the reports were attributed to Type 2 of feature
errors ofholes in Table 1, even though they might in fact
have been produced by illusory conjunctions. (That is, an
illusory conjunction of holes actually occurred, but an
error in perception of shape also occurred-namely, the
misperception ofa disk as another shape.) Thus, at least
the excess ofconjunction errors over the sum ofthese two
types of feature errors, 10.4% [(16.8 - 2.2 - 4.2)%], rep
resents genuine incorrect combinations of holes rather
than simply misperceptions ofholes. [Because the feature
errors of outline shape were kept below 11.4% = (100 
88.6)%, and because the feature errors ofperceiving a ring
as a hollow triangle or a hollow ellipse occurred at a rate

Figure 3. A report was counted as an illusory conjunction only
if the subject reported seeing a hollow triangle or a hollow ellipse
and, at the same time, a solid disk (top two rows), or a hollow tri
angle and/or a hollow ellipse and, at the same time, a ring (bot
tom two rows).
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Figure 5. Top: stimulus displays representing the inside relation
ship. Bottom: stimulus displays used, as a control for the inside!
outside relationship, to represent the outside relationship.

ment, we used a different procedure for reporting
namely, drawing by hand instead of reporting verbally.

Results and Discussion
As can be seen in Table 2, the results showed illusory

conjunctions on 17.6% ofthe trials (ttest,p < .001), much
higher than those shown by verbal report in the previous
experiment. The converging results, obtained by the dif
ferent procedure of reporting by hand drawing, further
confirm the illusory conjunction of holes.

Method
The method was identical to that of Experiment I except that sub

jects reported via drawing by hand instead ofreporting verbally. For the
first two blocks ofpresentations, the subjects were asked to report what
they saw also by pointing among the same list of figures as in the first
experiment, and feedback was given only ifa subject reported a hollow
figure by pointing but drew it as solid. Nine subjects who had not par
ticipated in Experiment I took part in the second experiment.

EXPERIMENT 3
together was about 20°. All the figures and digits were black on a white
background.

1.8

2.2

90.6
9.4

24.0

One distinguishing aspect of illusory hollow figures
produced in Experiments I and 2 is that the conjoined
holes underwent remarkable geometric transformations,
such as shape transformations of a circle to a triangle or
to an ellipse. The next question is, Which constraints, if
any, playa role in such drastic deformations shown by il
lusory holes? One more experiment was run to examine
the constraints.

Method
A new sample of8 subjects participated in Experiment 3. In a proce

dure similar to that used in Experiment 2, subjects were shown a set of
three outline figures (see Figure 5). These stimuli were used to repre
sent the inside/outside relationship, another kind of topological invari
ant. Although deformations restricted to the spatial dimensions of the
figures could change the shapes and locations of the figures, such de
formations could not change the inside/outside relationship between the
figures; that is, such deformations could not change which objects were
located inside and which were located outside the circle, for example.
The size of the outline triangle was 3° x 4°; the size of the outline
square, 4° X 4°; and the sizes of the outer outline circle and inner cir
cle, were 4° X 4° and I ° X 1°, respectively. The size of the digit letters
was about I° x I 0. The width of the three figures and two digits aligned

Table 2
Mean Percentage of Correct Reports, Illusory Conjunctions,

and Feature Errors of Holes With Reporting by Hand Drawing

Response % Total Reports

Correct shapes
Errors of outline shapes
Possible illusory conjunctions of holes
Feature errors of holes

I. Misperceiving a solid figure as a hollow one
2A. Reporting a hollow triangle but without

a ring or disk
2B. Reporting a hollow ellipse but without

a ring or disk 2.4
Conservative estimate of illusory conjunctions 17.6*

*The difference between illusory conjunctions and feature errors was
significantly greater than zero for the feature errors of both Type I
(t test, p < .00 I) and Type 2 (t test, p < .00 I), and for the sum ofthe two
types of feature errors (t test, p < .00 I).

Results and Discussion
When shown the stimuli in the top row ofFigure 5, all

subjects reported seeing a small figure contained within
a larger triangle or square, and when shown the stimuli
in the bottom row of Figure 5, all saw a small figure out
side a larger triangle or square. To keep the estimate of
illusory conjunction conservative, only the response sets
in Figure 6 were considered illusory conjunctions. They
occurred on 16.6% (t test,p < .001) and 12.4% (t test,p <
.002), respectively, of the total presentations ofthe stim
uli in Figure 5.

The following points are noteworthy. (1) With the
stimuli ofFigure 5 (top), the same shape transformation
as that in Experiment 1was observed. All subjects except
one (who reported twice seeing a small circle contained
inside a larger square) reported seeing only a small tri
angle and square, enclosed by a larger triangle and square,
respectively, rather than the small circle that was actu
ally presented. (2) With the stimuli in the top row of Fig
ure 5, no subject reported seeing a small figure outside
a larger one; with the stimuli in the bottom row of Fig
ure 5, no subject reported a small figure encircled by a
larger one either. This indicates that although transfor
mations ofshape occur in the production of illusory con
junctions, two topological constraints-those ofnumber
of holes and the inside/outside relationship-remain in
variant in the illusory conjunctions.

GENERAL DISCUSSION

The illusory conjunctions of holes reported here confirm the validity
of the phenomenon of illusory conjunctions. Furthermore, the illusory
conjunction of holes provides robust support to the hypothesis of the
early topological perception.

A major difficulty with the evidence for the early topological per
ception is that it is difficult to design stimuli that represent only topo
logical distinctions without introducing differences in nontopological
variables, such as spatial frequency components or luminous flux, that
are commonly considered in the study of visual perception. Even though
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Figure 6. Examples of the response sets that were considered to

be illusory conjunctions. To keep the estimate of illusory con
junction conservative, only these response sets were counted.

various factors (e.g., luminous flux, spatial frequency components, and
perimeter length) may be controlled under conditions, such as those in
Figure I, a single piece of evidence for topological perception still
leaves room for an argument against the topological hypothesis in terms
of confounding by nontopological factors (e.g., for texture perception,
see Julesz, 1981; for visual sensitivity, see Rubin & Kanwisher, 1985;
for visual search, see Treisman & Gormican, 1988). This confounding
seemed unavoidable before discovery of the illusory conjunction of
holes. However, the holes in illusory conjunctions differ from those in
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the original stimuli (e.g., in shape), and they do not depend on detailed
geometric properties or physical properties such as spatial frequency
components and luminous flux. It is therefore quite difficult to explain
these results in terms of confounds of such nontopological features.
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