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Abstract. The study of illusory brightness and contour phenomena has become an important
tool in modern brain research. Gestalt, cognitive, neural, and computational approaches are
reviewed and their explanatory powers are discussed in the light of empirical data. Two well-
known phenomena of illusory form are dealt with, the Ehrenstein illusion and the Kanizsa
triangle. It is argued that the gap between the different levels of explanation, bottom-up versus
top-down, creates scientific barriers which have all too often engendered unnecessary debate
about who is right and who is wrong. In this review of the literature we favour an integrative
approach to the question of how illusory form is derived from stimulus configurations which
provide the visual system with seemingly incomplete information. The processes that can
explain the emergence of these phenomena range from local feature detection to global strategies
of perceptual organisation. These processes may be similar to those that help us restore
partially occluded objects in everyday vision. To understand better the Ehrenstein and Kanizsa
illusions, it is proposed that different levels of analysis and explanation are not mutually
exclusive, but complementary. Theories of illusory contour and form perception must, therefore,
take into account the underlying neurophysiological mechanisms and their possible interactions
with cognitive and attentional processes.

1 Introduction

In 1940, Wolfgang Kohler wrote: “it seems to me, our knowledge both of psychological
rules and of the nervous system has just reached the stage at which first bridges can
be built from one realm to the other. It will be the psychologist’s task to take the first
steps in this direction” (page 48). More than fifty years later, psychologists are
beginning to respond to this challenge, especially in the field of vision research, where
phenomenological, psychophysical, neurophysiological, and computational approaches
have contributed to a better understanding of the perceptual world.

The study of visual illusions is particularly rewarding in the sense that it offers a
glimpse into the workings of the visual system when the physical stimulus and our
perception of it do not match. Once we have understood why we perceive coherent
forms in stimulus patterns which are ambiguous or seemingly incomplete, we will have
gained basic insight into the processes which govern human visual perception in
general. In the case of illusory-contour stimuli, a parallel to partially occluded real
objects seems obvious. The mechanisms that help us reconstruct the whole from its
pieces may be similar to those that produce brightness enhancement and illusory
contours in gaps.

Phenomena of illusory brightness and contour have been known for a long time
(Meyer and Petry 1987). In vision research, the tradition dates back to the classical
studies of Mach (1865-1868) and Hering (1878), who postulated that neural inter-
actions may account for phenomena of border and area contrast. It was continued
later by the Gestalt psychologists, who described in detail the conditions under which
illusions occur and how they change when these conditions are modified. Their work
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led to the definition of a set of descriptive perceptual rules (Gestalt laws) which are
governed by the principle of good Gestalt (‘Prignanzprinzip’—Wertheimer 1923;
Metzger 1953).

With the advent of single-cell recording in the late 1950s and early 1960s, psycho-
physicists began to work out behavioural paradigms which allowed them to relate
visual effects, including visual illusions, to neurophysiological data. By then, vision
scientists were increasingly pursuing and advocating the idea that perceptual
phenomena in humans would be better understood if correlated with single-cell
responses in the retina, the lateral geniculate nucleus, and the visual cortex of cat and
monkey (eg Baumgartner 1961, 1962, 1964; Jung 1961a, 1961b, 1964; Hubel and
Wiesel 1962, 1968). The more recent discovery of cortical cells in area V2 of the
monkey, responding to gap stimuli which are known to elicit perception of illusory
contours in human observers (von der Heydt et al 1984), poses new challenges to
psychophysicists and computational vision scientists alike. Although it is generally
agreed that the perception of illusory forms must have a specific biological function
(Ullman 1976, 1984; Grossberg and Mingolla 1985; Ramachandran 1985, 1987,
1992; Kellman and Loukides 1987; Shipley and Kellman 1990; Peterhans and von
der Heydt 1991; Dresp, submitted), it is still unclear at which level of explanation
one can best account for it.

Therefore, bridges have to be built to combine the neurophysiological concepts of
illusory-contour processing with the psychophysical findings and existing computa-
tional models of illusory brightness and form perception. The appearance of two
books on this topic (Kanizsa 1979; Petry and Meyer 1987) and an annotated bibliog-
raphy listing some 450 entries (Purghé and Coren 1992), suggests that a critical
discussion of these issues has become a matter of urgency. The aim of this article is
to present the empirical data on illusory contours and to evaluate the hypotheses
proposed to explain them. This is done in the hope that from such a discourse the
dividing line between neurosensory explanations (‘bottom-up’) and cognitive inter-
pretations (‘top -down’) will give way to a synthesis under which the various approaches
will complement each other for a better understanding of these fascinating phenomena.

2 Illusory contours, surfaces, brightness, and colour in Ehrenstein and Kanizsa figures
Brightness enhancement and illusory contours were first reported by Schumann
(1900) for a pattern consisting of black semicircles opposing each other across a gap.
In the empty region between these semicircles, he observed a white rectangle with
sharply defined contours that were physically not present. This rectangular surface
appeared lighter than the background surrounding the pattern. Schumann considered
this phenomenon a special example of simultaneous contrast.

A very different figure producing a similar brightness effect was introduced by
Ehrenstein (1941, 1954). He demonstrated that uniform brightness changes may
occur even when large contrasting areas are absent. In figure 1, a ‘whiter-than-white’
disc is seen in the central gap between black converging lines presented on a white
background, and a ‘blacker-than-black’ disc between similarly arranged white lines
presented on a black background. This is the well-known Ehrenstein illusion. It is
readily seen foveally and out to about 10 deg eccentricity (Spillmann et al 1976). The
illusory discs stand out relative to the figure and are delineated by a circular illusory
contour. When a ring is superimposed onto this contour, so as to connect the inner
tips of the inducing lines, the brightness illusion disappears (Ehrenstein 1941, 1954).
Brightness enhancement is also reduced or absent when the radial lines are so wide or
so many in number as to supplant the illusory contour completely. Ring enclosures
smaller or larger than the central gap have less or no effect on the strength of the
illusion (Spillmann 1977).
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A stimulus configuration which produces brightness enhancement similar to
Schumann’s was devised by Kanizsa (1955, 1974). It is made of three black discs
with cutouts (‘pacmen’) aligned at the corners of a virtual triangle (figure 2a). In this
configuration, a bright triangular surface can be seen, although there is no difference
in luminance between figure and ground. A square version of the same figure

| |

Figure 1. Ehrenstein’s brightness illusion. Light and dark illusory patches surrounded by a
sharp subjective contour are seen in the central gaps formed by radial lines. The illusion dis-
appears when enclosed by a circular real contour (after Ehrenstein 1941).

¢ I

N/

Figure 2. (a) Kanizsa’s triangle induced by sectored black discs. The illusory triangle is delineated
by a sharp subjective contour bounding a region of enhanced brightness (from Kanizsa 1955).
(b) An illusory triangle induced by sectored concentric circles (from Varin 1971). (c)An

illusory triangle induced only by dots and broken lines (from Gregory 1972). (d) A modified
Kanizsa triangle with curved, instead of straight, sides (from Gregory 1972).

(c)
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is obtained by an appropriate arrangement of four discs with rectangular cutouts
(Varin 1971). As in the Ehrenstein figure, a sharp illusory border, or edge, is
perceived, bounding the area of brightness enhancement.

Although the Kanizsa triangle is usually presented with high-contrast black or
white sectored discs, it can also be induced by appropriately sectored concentric
circles (figure 2b), or by a sequence of short parallel lines abutting the incomplete
triangle at right angles (Varin 1971; Frisby and Clatworthy 1975; Frisby 1979). How-
ever, whereas in the first case (solid inducers) the illusory contours extend collinearly
with the edges formed by the sectored discs, in the latter cases they extend orthogo-
nally to the tips of the inducing lines. For later discussion (see pages 18, 23), two
important variants of the Kanizsa triangle from Gregory (1972) are included here. In
figure 2c, three dots have been added to the open sides of a ‘broken’ triangle to
demonstrate illusory contours in the absence of solid edges or concentric rings. Note
that neither the dots nor the lines alone will elicit an illusion. In figure 2d, the blank
sectors have been narrowed so that corresponding inducing edges are no longer
aligned. As a consequence, curved contours are perceived which deviate from the
extrapolated, straight orientations of the sector angles (see also Kanizsa 1955, 1974).

Brightness induction across luminance edges, on one hand, and by ends of lines, on
the other, are usually regarded as two different phenomena, referred to as area
contrast and line-end contrast (Frisby and Clatworthy 1975; Day and Jory 1978).
The latter type of contrast refers to the small ‘lightness buttons’, emanating from the
ends of lines (Prandtl 1927; Kennedy 1978b, 1979). Both kinds of contrast engender
similar effects and may coexist in the same figure. A number of authors (Frisby and
Clatworthy 1975; Halpern 1981; Petry et al 1983; Hershberger and Stallard 1984)
have studied various examples of collinearly and orthogonally induced illusory con-
tours and found them to be about equally strong. Generally, the strength of induction
depends on contrast variability, eg the number, width, spacing, and angle of the
inducers (Lesher and Mingolla 1993).

2.1 The separability of illusory brightness and illusory contour

In their search for the determinants of illusory form, researchers have looked for
causal links between induced brightness and illusory contours (eg Day and Jory 1978,
1980; Kanizsa 1979; Parks 1979; Prazdny 1983; Watanabe and Oyama 1988). How-
ever, conclusive evidence that one of the two is a consequence of the other has not
been found. Although brightness enhancement and illusory contours usually occur
together, there are examples where they do not. Under certain conditions, illusory
contours may emerge without enhanced brightness and, conversely, brightness
enhancement may exist in the absence of illusory borders. These two characteristics
of illusory form may thus be independent of each other and should be evaluated
separately (Jory and Day 1979; Halpern 1981; Ware 1981; Petry et al 1983; Dresp
1992; Dresp et al, in press).

Figure 3 shows three examples of illusory contours without illusory brightness: in
figure 3a a modified Ehrenstein figure (Parks 1980b); in figure 3b a pair of abutting
line gratings shifted in phase (Kanizsa 1974, 1976; see also Sambin 1975, 1977;
Richardson and Wuillemin 1981; Prazdny 1983; Kennedy 1988; Soriano et al, in
press); and in figure 3¢ along the corners of grating stimuli bordering each other at an
angle (Day 1987; see also Kennedy and Chattaway 1975). For comparison, figure 4
(upper left) shows a Koffka cross (Koffka 1935) exhibiting brightness enhancement in
the central area, but having little, if any, illusory contour. Note how adding small dots
at different positions within the Koffka figure sharpens up the illusory contour and
changes the perceived shape of the illusion from circle to square and diamond
(Landauer 1978; Day 1986, 1987).
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Figure 3. (a) An illusory contour, but no brightness enhancement, is seen in this modified
Ehrenstein figure with offset lines inserted into the central gap (from Parks 1980b). (b) A sharp
illusory line or edge separates the two phase-shifted line gratings (from Kanizsa 1976).

(c) Ilusory contours running along the corners of the grating lines (from Day 1987).
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Figure 4. The Koffka cross. In the upper left figure, brightness enhancement is perceived with
little, if any, illusory border. When small dots are added around the region of enhanced bright-

ness, a sharply delineated circle, square, or diamond is seen (from Day and Jory 1980).
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To account for the origin of illusory form, Day and Jory (1978, 1980) and Jory and
Day (1979) proposed a two-stage contrast model. At the first stage, brightness
enhancement is generated by three interrelated perceptual processes: area contrast,
assimilation, and dissimilation. The extent to which each of these processes will
contribute to the strength of a given illusion depends on the geometric configuration
of the inducing stimulus (see also Kellman and Shipley 1991). According to Day and
Jory, area contrast would account best for brightness enhancement in the standard
Kanizsa triangle, whereas a combination of assimilation and dissimilation would
explain the enhanced brightness in the Ehrenstein illusion. By assimilation, the
authors mean the reduction of brightness in the interspaces between lines lying side
by side; by dissimilation, the increase of brightness in the central region enclosed
between lines lying end to end (line-end contrast).

At a second stage, illusory contours may be generated between partially defined
physical borders which confine the spread of brightness to a region compatible with
the inducing stimuli. These physical borders may be small boundary markers such as
regularly arranged line ends, dots, or edges defining a certain area within the stimulus
configuration (Gregory 1972; Day and Jory 1980). The illusory contour forms by
connecting these boundary markers, either collinearly (as in the Kanizsa triangle) or at
right angles (as in the Ehrenstein figure), thereby enclosing the area of brightness
enhancement with a smooth border (see also Frisby and Clatworthy 1975; Kennedy
1976a, 1978b, 1979; Day and Jory 1980; Sambin 1987). As with the superimposed
ring mentioned earlier, short orthogonal stops attached to the ends of lines weaken or
eliminate the illusory effect (Spillmann 1975; Sambin 1977; Day and Jory 1978).

Kennedy (1976a, 1988) and Petry et al (1983) have shown that the illusory contour
produced by line-end contrast depends not only on the orientation of the inducing
lines (slanted and tangential lines fail to elicit an illusion), but also on the shape of the
line tip. In Kennedy’s studies, thin lines and squared-off terminations produced the
strongest illusory contour. Rounded tips produced an illusory contour that was
weaker, and tapered and bevelled lines elicited no illusory contour at all, but a diffuse
glow. Diffuse, fuzzy contours surrounding an area of brightness enhancement have
also been shown with other stimuli where the tips of the inducing elements were
orientationally ambiguous (Kennedy 1975, 1976b, 1978a, 1981; Kennedy and Ware
1978; Richardson 1979; Parks 1982; Fraser 1983; Masini and Perussia 1983).

2.2 The effect of illusory surface
When the Ehrenstein figure is presented on various textured backgrounds, there is
neither brightness enhancement, nor illusory contour (Spillmann 1975; Spillmann
etal 1976; Rock and Anson 1979; Ramachandran 1987). However, there may be a
change of surface quality. In figure 5, the Ehrenstein figure has been superimposed
onto a random-dot field. As a consequence, some observers report that the dots
inside the illusory area appear to change in grain (they look less dense) and to
become organised into clusters or blobs (Spillmann 1977). This is similar to the rare-
faction phenomena reported by Kennedy and Lee (1976) and Bressan (1987). Others
see only an illusory surface, but no textural change. Still others say that the dotted
area appears to bulge forward through the gap, a sort of stereo capture (eg
Ramachandran and Cavanagh 1985; Ramachandran 1986). Analogously, the illusory
clusters may also be dragged out of the central gap by moving either the Ehrenstein fig-
ure or the background, ie motion capture (Spillmann and Redies 1981; Ramachandran
and Inada 1984).

Depth and motion are powerful determinants of illusory surface and thereby
contribute to figure-ground segregation. For example, in a sparse Julesz-type stereo-
gram, regions with different stereo-depths are perceived as stacked surfaces delineated
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by smooth edges (Julesz 1971). Similarly, a designated random-dot region moving
within a larger pattern of random dots is seen as a moving surface enclosed by sharp
illusory edges (van Doorn and Koenderink 1982). These surfaces and edges are
generated entirely by depth and motion cues; as soon as binocular fusion is lost or
movement stops, the edge disappears.

In the Ehrenstein and Kanizsa figures, surface properties such as depth, trans-
parency, and opacity have recently been studied in relation to brightness and colour
spreading on areas surrounded by illusory contours (eg de Weert and van Kruysbergen
1987; Nakayama et al 1990; Watanabe and Cavanagh 1991, 1993; Bressan 1993).
The perception of stereo depth plays an important role in image segmentation. It
enables us to attribute an illusory surface to the foreground or the background of a
visual scene; in the first case, the illusion is strengthened, in the second it is weak-
ened. However, although these surface properties are highly correlated, their inter-
relationship is far from being understood.

Figure 5. When the Ehrenstein figure is placed on a random-dot background, the dots inside
the illusory area appear to be organised in clusters (from Spillmann 1977).

2.3 The biological significance of illusory contours

The perception of illusory contours and surfaces may be biologically significant in a
world where natural forms are frequently obscured and fragmented by occluding
objects or by camouflage. Ramachandran (1985, 1987) noted that many species
possess as a natural protection against predators coats with stripes or splotches that
break the outlines of the body shape (ie as long as the animal is stationary). Thus,
visual mechanisms that allow the visual recovery of camouflaged outlines are likely to
have evolved. It is reasonable to assume that the perception of illusory contours is
generated by mechanisms that are similar to those that are used by visual systems to
counteract camouflage. Everyday life of both man and animal is full of situations
where information on contour and shape is partially lacking. To restore a complete
image from a fragmented visual world, perceptual systems must use processes which
ensure the integration of the fragments into a coherent and nonambiguous representa-
tion of the occluded stimulus. This task likely involves the perception of illusory
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contours to close gaps in the stimulus, and of illusory brightness to sketch out a
camouflaged surface (Frisby and Clatworthy 1975).

Knowing by which mechanisms such an integration is accomplished is critical to
our understanding of illusory form. Although global cognitive processes may play a
determinant role in perceptual completion (eg Shipley and Kellman 1990; Sekuler
and Palmer 1992), there are many examples where problems of occlusion are solved
without knowledge of what objects are hidden. Enns and Rensink’s (1993) demon-
stration that rapid perceptual completion is possible in complex geometrical shapes
strongly suggests the existence of mechanisms which achieve completion indepen-
dently from object recognition. Similarly, Ullman (1976), Marr (1976, 1982), and
Zucker and Cavanagh (1985) suggest that there are filling-in mechanisms in early
vision which rely essentially on the processing of local cues and operate before an
interpretation of the image takes place. In a natural environment, local cues for
occlusion are readily available at line ends and other sharp discontinuities, eg
T-junctions formed by branches (Kennedy 1988; Shipley and Kellman 1990, 1992a;
Kellman and Shipley 1991; Peterhans and von der Heydt 1991; Enns and Rensink
1994; Dresp, submitted).

In view of its possible biological significance, it is important to address the question
of the phylogenetic and ontogenetic aspects of illusory form perception. Only a few
researchers have attempted to shed light on this issue. Experiments involving the
preferential-looking procedure have shown that 3 -7-month-old children can already
discriminate between illusory arrays of the Kanizsa type and nonillusory stimuli
containing the same, but differently oriented, figure elements (Bertenthal et al 1980;
Ghim 1990). Illusory-contour discrimination at a very early age has also been
reported for the abutting-grating illusion (Rieth and Sireteanu 1993). On the other
hand, Soubitez (1982), using a Donald Duck figure with a real and an illusory eye,
found that children can perceive the Ehrenstein illusion only after age 4 to 5 years.
Interestingly, this is the same age range in which children can perceptually complete
and correctly identify images in fragmented stimulus patterns (Gollin 1960; Abravanel
1982).

Data have also become available on the perception of illusory form in animals.
Experiments with different discrimination paradigms suggest that chicks (Zanforlin
1981) and cats can ‘see’ illusory contours (Bravo et al 1988; Corbetta et al 1989;
de Weerd et al 1990). In further studies it is claimed that even bees and dragonflies
are able to ‘detect’ illusory contours (Hateren etal 1990; Horridge etal 1992).
Indeed, neurons in the optic lobe of the dragonfly have been found to respond to a
parallel shift of two abutting gratings as if to the motion of a real edge.

However, these behavioural and neurophysiological results must be interpreted
very carefully. One might ask, what were the criteria used for discriminating an
experimental figure from a nonillusory control figure? Was the discrimination based
on the perceptual presence or absence of an illusory contour, or was it simply deter-
mined by misalignment of the inducers, configurational asymmetry, or differences in
mean contrast due to a sampling artefact by the insect eye? Obviously, further
research is needed to provide conclusive evidence on perception of illusory brightness
and contour in children and animals.

2.4 Earlier explanations that do not work

The question whether the perception of illusory form may result from an adapting
biological mechanism has arisen only recently. In his pioneering paper, Ehrenstein
(1941) proposed an explanation of illusory forms on the basis of eye movements. He
assumed that in the interspaces between the inducing lines of the Ehrenstein figure, the
black of the lines and the white of the background would mix (ie assimilate) to yield a
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light grey. However, the central region of the figure would be relatively spared and
would thus appear brighter than the immediately adjacent regions of the background.
The assumption that such an assimilation would be mediated by small eye movements
is, in fact, not tenable. Spillmann et al (1976) and Reynolds (1981) found that the
Ehrenstein illusion is perceived with exposure durations too short to allow for eye
movements (30-100 ms); and that it is present in stabilised vision as well as in the
afterimage following exposure of the pattern by a flash. Eye movements may there-
fore be ruled out as an explanation, although they may help to sustain the effect.
Similar results have been obtained in the Kanizsa triangle (Ronchi and Mori 1959;
Pastore 1971; Gregory 1972; Kennedy and Chattaway 1975).

Another explanation that may be excluded is a model based on the receptive-field
organisation of the retina, as in the example of the Hermann grid illusion. Whereas
the bright and dark spots at the intersections of a Hermann grid can be largely under-
stood on the basis of the centre -surround antagonism of retinal receptive fields (for a
review see Spillmann 1994), the same simple mechanism does not hold as an explana-
tion for the large (0.5-1 deg), uniform brightness enhancement in the Kanizsa and
Ehrenstein figures (Spillmann et al 1976; Shapley and Gordon 1987). More complex
assumptions are needed.

In view of the great variety of figures that give rise to the perception of illusory
form (see Kanizsa 1979), a straightforward and general explanation of these phe-
nomena might thus be hard to find. Furthermore, the methodological and conceptual
differences between the various approaches make a clear and distinctive categorisa-
tion of the various phenomena difficult. This difficulty is reflected in the multitude of
names that have been used by different authors to refer to illusory contours:
‘apparent edges’ (Schumann 1900), ‘quasi-perceptive contours’ (Kanizsa 1955),
‘virtual contours’ (Mori 1959; Goldstein and Weintraub 1972), ‘incomplete borders’
(Mori and Ronchi 1960), ‘anomalous contours’ (Lawson and Gulick 1967; Minguzzi
1982, 1984; Sambin 1987; Peterhans and von der Heydt 1991), ‘cognitive contours’
(Gregory 1972), ‘subjective contours’ (Coren 1972; Kanizsa 1976), ‘contours without
gradients’ (Kanizsa 1974), ‘illusory contours’ (Petry and Meyer 1987), and ‘contours
bridging gaps’ (Peterhans and von der Heydt 1989). Some of these terms date back to
the earliest attempts to explain illusory form. Current theories are still influenced by
these terminological differences.

In the following section we discuss the principal theoretical and empirical approaches
to illusory contours and surface brightness as the two constituting attributes of
illusory form.

3 Gestalt and cognitive approaches: descriptions, not explanations

The principles governing perceptual organisation in real and illusory visual form were
established by the Gestalt psychologists (Rubin 1921; Wertheimer 1923; Galli and
Hochheimer 1934; Koffka 1935; Kohler 1940; Metzger 1953; Ehrenstein 1954;
Kanizsa 1979). The Gestalt approach is based on the phenomenological exploration,
description, and identification of the perceived attributes of the stimulus. At this first
level of analysis, the issue is not to explain a visual phenomenon, but to gain insight
into the structural rules that govern its emergence (Kanizsa and Caramelli 1988;
Legrenzi 1988). Whenever we attempt to explain human perception, we do so on the
basis of phenomenological attributes. Unless these have been systematically studied
and described, our explanations must be necessarily incomplete. The Gestaltists
proposed that the transformation from a physical stimulus to an illusory percept is
governed by the same organisational rules as the emergence of real form. This
approach from stimulus to percept at increasingly higher levels of structural organisa-
tion has been called ‘bottom -up’.
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3.1 The concept of Gestalt completion

The notion of Gestalt completion for explaining illusory surfaces was introduced by
Kanizsa (1955, 1974, 1976, 1979) to account for brightness enhancement in both the
Ehrenstein illusion and the Kanizsa triangle. It implies that the observer perceives the
illusory surface because this is the simplest and most economic way in which the
(apparently incomplete) stimulus configuration can be seen as a ‘whole’. The com-
pletion process closes gaps by forming transitions, or connections, between parts of a
configuration. Completion in the Gestalt approach occurs because of an inherent
tendency towards a good Gestalt, ie Pragnanz. (Kanizsa later changed his view; see
Petry and Meyer 1987, page 49.) Since the completion process connects parts of a
configuration across an area which provides no structural input of its own, illusory
forms have been referred to as amodal perceptions (Day and Kasperczyk 1983a).

Several authors (eg Kellman and Loukides 1987; Sambin 1987; Shipley and
Kellman 1992a, 1992b) still use the term amodal completion to explain how the
formation of perceptual units is achieved by a cognitive system. However, its value as
an explanation for illusory contours and surfaces appears to be limited (see, for
example, Purghé 1988, 1991). This can be demonstrated in the Ehrenstein illusion,
which persists to a considerable extent even when the inducing lines do not converge
to a common centre, when they are laterally displaced, rotated, curved, or fragmented
into dashes or strings of dots (Spillmann 1975; Kennedy 1976b; Minguzzi 1982).
Under these conditions, cues for closure are minimal, or absent, and yet brightness
enhancement is seen.

Figure 6a shows an example where an illusory square is induced by (open-ended)
lines of different orientations. Although these lines do not continue on the other side,
the bright area is quite pronounced. Similarly, an illusory triangle, albeit weak, will be
seen when the sharp-edged, solid inducers in the Kanizsa figure are replaced by
equally” shaped clusters of loosely spaced dots (Kanizsa 1974, 1976; Frisby and
Clatworthy 1975; Kennedy and Ware 1978). These findings pose a challenge to the
Gestalt explanations of brightness enhancement and illusory form by good continua-
tion and completion (cf Gillam 1987; Field et al 1993). On the other hand, in the
standard Kanizsa figure a rotation of the inducers by only a few degrees will eliminate
the contours and only bright, fan-shaped flares extending from the sectors will remain
(Mori and Ronchi 1960).

In the late 1960s, psychologists began to think of alternatives to Gestalt explana-
tions of form perception. With the advent of cognitivism, perceptual theory became
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Figure 6. (a) An illusory surface induced by jumbled, noncollinear line segments (from Albert
and Hoffman 1995). (b) Brightness enhancement and illusory contours persist in spite of different
stroke widths of the inducing lines. Note the illusory ‘streets’ along the diagonals.
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concerned with what is going on in ‘the mind’, or ‘the brain’. With Gregory’s
fascinating books Eye and Brain (1966) and The Intelligent Eye (1970), the problem-
solving approach to perception and visual illusions was born.

3.2 Illusory contours as intelligent solutions to perceptual problems

The concept of perceptual strategies is implicit to a whole class of hypotheses that
emphasise the role of cognitive factors as the determinants of illusory figures and are,
therefore, called top-down. Within this framework illusions are not solely regarded
as the results of the sensory processing of the physical stimulus, but rather as
constructs that emerge on the basis of what the observer implicitly knows about
objects and their spatial relationships in the world. The cognitive approach to the
perception of illusory form was introduced by Gregory (1972, 1973, 1974) and later
adopted by other authors (Rock and Anson 1979; Rock 1987; Parks 1987, 1989). It
goes beyond the sensory stimulus by invoking higher-order templates for its figural
interpretation. According to this theory, our perception is guided by problem-solving
strategies such as high-probability inferences, object hypotheses, and perceptual postu-
lates by which we seek to resolve ambiguities in the stimulus in the most plausible
manner (Gregory 1980, 1986, 1992). In the case of illusory surfaces, a local absence
of physical stimulation (ie a gap) would be interpreted in terms of an object partially
overlying the stimulus (ie the inducing elements). In this respect, the perception of
illusory brightness and contours is seen as the result of an active attempt by the brain
to organise an incomplete stimulus so as best to account for its ‘missing’ parts.

Applied to the particular example of the Kanizsa triangle, the most plausible
perceptual postulate would be that of an opaque triangle partly occluding three discs.
In this way, the figural integrity of the stimulus is restored and a coherent representa-
tion of form emerges. Within such a hypothesis, figure-ground segregation is,
paradoxically, considered the cause of the illusion rather than a consequence (Parks
1986, 1989). The question of how figure-ground segregation can take place before
perception of illusory contour and brightness has never been explicitly raised within
the problem-solving approach. In fact, in recent approaches it is suggested that the
illusory contours have to be generated before any figure-ground organisation, or
depth stratification, can be achieved (eg Ullman 1976; Day and Jory 1980; Grossberg
1994).

An argument in favour of the ‘inference-of-occlusion’ hypothesis can be found
when the tips of the lines in the Ehrenstein figure do not lie on a circle or square
(Gregory 1987; Bruno and Bertamini 1990), but rather terminate at different irregular
locations relative to the centre. Under these conditions, the illusory surface will
appear to become distorted and will ultimately disappear. This observation has been
interpreted as support for a cognitive explanation of the Ehrenstein illusion (Gregory
1987). On the other hand, low-level mechanisms may account for the failure of an
occluding surface to arise in perception when the shape and location of the inducers
suggest a highly unlikely object (Paradiso et al 1989).

As an alternative to Gregory’s (1972) cognitive inferences, Nakayama and Shimojo
(1992) therefore suggest that illusory-form perception may be explained by bottom -up
neural mechanisms and inference-like processes in early vision. These low-level
perceptual inferences are assumed to be based on image sampling during locomotion
and previous associative learning. Whenever the observer is presented with image
data that allow for more than one surface interpretation, the visual system chooses the
percept that is most appropriate to a generic (as opposed to an accidental) viewpoint,
ie the surface with the highest probability (Albert and Hoffman 1995). A testing of
cognitive hypotheses and perceptual postulates is not required. Nakayama and
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Shimojo (1992) do not deal with the specific neuronal aspects that might underlie
illusory-form perception. Rather, they provide a plausible way in which perceptual
inferences may be learned by experience and thus bridge the gap between higher-level
and lower-level explanations of the formation of illusory contours and surfaces
(Nakayama et al 1995).

In both these approaches, the perception of depth is basic to the strength of the
illusion. When stereoscopic depth information compatible with the monocular
occlusion cues is introduced, the Kanizsa triangle is enhanced (Gregory 1972;
Bloomfield 1973; Lawson etal 1974; Whitmore etal 1976); conversely, when
conflicting stereo information is added, it is degraded or eliminated. In this case, the
illusory triangle is sometimes seen as if it were bending forward from behind the gaps,
yielding an occluding surface that appears to lie in the front plane (Gregory and
Harris 1974).

A similar degradation occurs for neon colour spreading (Varin 1971; van Tuijl
1975; van Tuijl and de Weert 1979; Ware 1980; Redies and Spillmann 1981; Redies
et al 1984). When a coloured cross is inserted into the central gap of the Ehrenstein
figure so as to connect the inner end points of the opposing black lines, the illusory disc
will assume a transparent glow in the colour of the cross (eg van Tuijl 1975). It also
appears to float above the stimulus. This percept has been attributed to a perceptual
scissioning of the assimilative background colour into the plane of the disc (Bressan
1993; see also Gerbino and Kanizsa 1987). In this way the underlying black and
coloured lines would acquire a phenomenal unity. Transparency of the neon colour
is, in fact, critical. Nakayama et al (1990) found that when the coloured cross of a
stereoscopically presented Ehrenstein figure appears to lie in front of the inducers,
the illusory surface looks transparent (film-like), clearly delineated and vigorous neon
spreading is seen (see also Meyer and Dougherty 1987). In contrast, when the inner
cross is perceived as lying behind the inducers, the illusory area looks opaque and
there is little, if any, colour spreading (see also Nakayama and Shimojo 1990). Trans-
parency is not restricted to colour. Texture inserted in the gap will also appear
transparent (Watanabe and Cavanagh 1991).

Although stereo depth and monocular depth cues act synergistically, the rela-
tionship between them is still not fully understood. Each of them can create illusory
contours and surfaces independently of the other. Frisby and Clatworthy (1975)
therefore suggested that illusory figures produced by lateral disparity may be different
from monocularly induced apparent depth. The finding by Mustillo and Fox (1986)
that sharp illusory contours can be observed in Kanizsa-type random-dot stereograms
which are completely devoid of monocular brightness cues makes the same point (see
also Shipley 1965; Julesz and Frisby 1975; Prazdny 1985). These problems are cur-
rently being investigated by psychophysicists and computational vision scientists.

3.3 The role of attentional factors

The idea that illusory forms are a consequence of a conscious and attention-guided
exploration of the stimulus pattern has been referred to as the ‘organisational-and-
attentional-effects’ hypothesis (Halpern 1981). It has been advocated by a number of
authors in various studies (eg Pritchard and Warm 1983; Bradley and Mates 1985;
Bradley 1987; Coren etal 1987). For example, to demonstrate the importance of
conscious processes to the perception of illusory figures, Bradley and Mates (1985)
tested observers who were unfamiliar with phenomena of illusory form. One group of
subjects was merely asked to describe what they saw, another group, whether they
perceived brightness enhancement and illusory contours in a Kanizsa triangle. In the
latter case, all subjects confirmed having seen the illusion, whereas in the first group,
only a few observers spontaneously mentioned the illusory triangle (see also Wallach
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and Slaughter 1988). The authors therefore concluded that the perception of illusory
figures is mediated by conscious processes and attention. Similar results were
obtained by Pritchard and Warm (1983) and Coren et al (1987). They found that the
perception of illusory contours depends on the information about the stimuli given to
the observers, as well as on the experimental task, and that it is subject to inter-
individual and intraindividual differences. Consequently, the perception of illusory
form might be influenced by contextual and attentional processes, sometimes referred
to as ‘cognitive set’ (Coren et al 1987).

What do these conclusions tell us? A simple demonstration may suffice to illus-
trate how attentional factors can contribute to the formation of illusory form. If we
go back to figure 4 and ask naive observers to report whether they see a bright circle
within the centre of the Koffka cross, they will answer, “yes, of course”. On the other
hand, if we ask other observers whether they see a bright square, or a diamond, they
might also say “yes, of course”. It is well known that expectations and prior informa-
tion (whether right or wrong) influence our way of perceiving the world. However,
this does not explain why we see illusory figures, nor by which mechanisms these
perceptions are generated. Perceptual organisation in the Ehrenstein and Kanizsa
illusion may be modified through attention, yet there is ample evidence that these
phenomena normally arise without the help of higher processes. This is demonstrated
by the fact that illusory figures ‘pop out’ at unsuspecting observers, indicating that
contour and brightness information are processed preattentively (Gurnsey et al 1992).
Nakayama and Shimojo’s (1992) theory of preattentive, inference-like processes at a
relatively low level is very much in this vein.

3.4 Do implicit depth cues explain why we perceive illusory figures?

Somewhere in between Kanizsa’s (1955) Gestalt and Gregory’s (1972) cognitive
approach may be placed the observation by Coren (1972) that illusory figures may be
seen ‘from above’, as if they were lying on an elevated plane partly covering the
physical stimulus underneath. The perception of apparent depth in illusory figures
prompted him to suggest implicit monocular depth as an explanation of illusory form.
This approach has been referred to as the ‘cues-to-depth’ hypothesis (Halpern 1981).
The depth cues would be responsible for both figure brightness and subjective
contours (Coren and Theodor 1975; Parks 1979, 1980a). Brightness or darkness
enhancement is, in this theory, interpreted as the consequence of perceived interposi-
tion. Since an illusory figure is seen as lying in between the plane of the background
and the observer, it must be brighter (or darker) than the background. Surface
enhancement is considered a necessary step towards a coherently organised depth
percept. The illusory contour would then arise from depth stratification and figure -
ground segregation.

Some findings seem to fit in with this ‘cues-to-depth’ hypothesis. First, a small disc
superimposed onto the illusory area looks slightly smaller than on the adjacent back-
ground. This would be expected if (inappropriate) size-constancy scaling took place
(Coren 1972). Second, the difference in perceived depth between the illusory figure
and its background is greater than for nonillusory control figures (Harris and Gregory
1973; Coren and Porac 1983). Third, induced depth stratification by stereopsis can,
as already mentioned, play a major role in the formation and suppression of illusory
brightness and subjective contours.

However, there are other examples that cannot easily be reconciled with the cues-
to-depth hypothesis. Figure 6b shows a modified Ehrenstein pattern where the induc-
ing lines have different stroke width. Yet, the bright illusory blobs are very prominent
and, in addition, appear to be connected by a lattice of pale diagonal ‘streets’
(Spillmann 1975). Similarly, when the inducing lines of the Ehrenstein figure are
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differently coloured or have different contrast, brightness enhancement and illusory
contours continue to be seen. In each of these cases it is difficult, or even impossible,
to conceive collinear lines as belonging to the-same single stimulus upon which an
object has been superimposed. Interposition cues in the sense of disappearance and
reemergence of a partially occluded line might therefore not be available in these
configurations (see also figure 6a).

Similar comments have been made by Kennedy (1975, 1976a, 1978a, 1981) on
variations of the Ehrenstein figure, and by Day and Kasperczyk (1983a, 1983b) on
observations in modified Kanizsa patterns. Their observations show that illusory
contours and surfaces can be seen in figures where the inducers and the brightness-
enhanced area are perceived as coplanar (Ware and Kennedy 1977, 1978). These
results strongly suggest that illusory form and apparent depth are independent phe-
nomena. The authors conclude that depth stratification from monocular interposition
cues may contribute to the perceived strength of a given illusion; however, the idea
that it is a causal factor is not tenable. Interposition may arise either subsequent to,
or concomitant with, illusory form (cf Bradley and Dumais 1975; Rock and Anson
1979), but it has not been shown to be causal to these phenomena.

This problem is easily overcome in recent computational theories of illusory
contour perception in which the. role of local cues to occlusion is emphasised. For
example, Heitger and von der Heydt (1993) do not require that the resulting percept
must appear in depth, nor that the local occlusion cues be consistent with a single,
occluded object. Thus, the features occluded by a figure with illusory contours need
not have the same attributes (width, colour, contrast); what matters is only the local
termination of a given inducing element. For perceptual grouping, a minimum of two
inducers (edges or line ends) is sufficient. This may not be quite enough for eliciting
perception of an occluding illusory surface. On the basis of their concept of
genericity, Albert and Hoffman (1995) add that a tangent discontinuity (an abrupt
change in the orientation of the inducing contour) is necessary to see occlusion. For
example, if the pacmen eliciting brightness enhancement in the Kanizsa square have
lips that are not sharp but rounded, no occluding surface will occur.

3.5 Toward new levels of analysis and explanation

A review of the various earlier studies of illusory figures suggests that these phenomena
have multiple determinants (see also Halpern 1981, 1987; Halpern and Salzman
1983; Halpern etal 1983). Neither the Gestalt nor the cognitive approach were
successful in providing satisfactory explanations. Although it is true that general
rules, or laws, of perceptual organisation govern the structure of our visual represen-
tations and that probable objects are more readily perceived than improbable objects,
it must be emphasised that all this applies to both real and illusory forms.

The key issue to be addressed is not the boundary conditions under which illusory
brightness and contours occur, but the specific processes by which they are generated.
The question then is: are the gaps in the stimulus perceptually completed by neuro-
sensory mechanisms or by inference; and is a stimulus-inherent need for interpreta-
tion sufficient to produce perceptual data (ie occlusion) from the absence of sensory
signals (ie gaps)? Even if the resulting illusions were ‘cognitive fictions’ (Gregory
1972, 1992), the fact that we cannot see the Kanizsa figure in the physically correct
way (without the bright ‘mask’ overlying it) testifies to the power of the underlying
mechanisms. The truth likely lies in the middle, encompassing both bottom-up and
top-down processing.

Recent neurophysiological findings show that cells in the visual cortex respond to
incomplete stimuli as though they were complete (eg von der Heydt etal 1984),
strongly indicating that perceptual completion and, thus, the formation of illusory
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form can be explained without a cognitive interpretation. Current psychophysical and
animal behaviour studies likewise are focused on the question of how illusory figures
may be generated at early stages of information processing. These new lines of
research are guided by the idea that basic visual mechanisms can be integrated in a
general perceptual theory of illusory form.

4 Visual psychophysics and neurophysiology: toward an integrative theory of illusory form
Psychophysical experiments have provided a quantitative approach to the perception
of illusory form which is complementary to the qualitative analysis of these phenom-
ena by the Gestalt and cognitive approaches. Visual psychophysics is based on the
premise that under certain conditions of stimulation the neurosensory basis of
perceptual processes can be derived from behavioural data. Unlike purely phenome-
nological observations, psychophysical experiments are carried out under strictly
controlled conditions of stimulation and measurement.

In an attempt to localise the mechanisms responsible for the Kanizsa and Ehrenstein
illusions, researchers found that brightness enhancement and illusory contours dis-
appear, or are severely impaired, when presented under conditions of equiluminance
(Brigner and Gallagher 1974; Frisby and Clatworthy 1975; Spillmann et al 1976;
Brussel etal 1977; Gregory 1977; Jory and Day 1979; Day 1987; Ejima and
Takahashi 1988). This observation has been interpreted to suggest that illusory
brightness may be induced relatively early in the visual system by a luminance-
contrast mechanism. On the other hand, both the Kanizsa and the Ehrenstein
illusions are present in stereoscopic vision (see findings on stereopsis in section 3.2)
and can be perceived with dichoptic presentation of their component parts (Pastore
1971; Gregory 1972; Spillmann etal 1976). These results then suggest that the
perception of illusory figures requires additional processing past the level of conver-
gence of the two monocular inputs.

4.1 The functional equivalence of real and illusory forms

Bottom -up explanations of illusory form imply that, at some level, real and illusory
forms must be functionally equivalent. This assumption finds support in a body of
data showing that illusory-contour stimuli, in much the same way as real ones, produce
tilt aftereffects and orientation masking (Smith and Over 1975, 1976, 1977; Paradiso
et al 1989), motion aftereffects (Smith and Over 1979), apparent motion (Sigman and
Rock 1974; von Griinau 1979; Ohmura 1981; Bradley and Lee 1982; Vallortigara
1987; Mather 1988), kinetic and stereokinetic effects (Kellman and Cohen 1984;
Bressan and Vallortigara 1986; Ke'lman and Loukides 1987; Bruno and Gerbino
1991), as well as the oblique effect | <els and Orban 1987). Illusory contours have
also been shown to be subject to and t. roduce geometric illusions of the Orbinson,
Poggendorff, Zollner, Miiller-Lyer, and Ponzo type (Farné 1968; Pastore 1971;
Goldstein and Weintraub 1972; Gregory 1972; Day et al 1977; Kanizsa 1979; Meyer
and Garges 1979; Meyer 1986). Last, objects and surfaces defined by illusory contours
possess shape invariance and view stability, ie they retain their apparent shape despite
changes in position and orientation in space relative to the observer (Petry and Gannon
1987; Vallortigara 1987; Carman and Welch 1992; see, however, Bradley 1987).

To demonstrate the physical reality of illusory contours and their equivalence with
real contours, Ginsburg (1975, 1982, 1987) subjected the Kanizsa figure to low-pass
filtering. He demonstrated that after removal of the higher spatial frequencies, the
dark triangle in the inverse Fourier transform was enhanced, especially at the bounda-
ries, and therefore concluded that the low-spatial-frequency attenuation of the visual
system may aid in the formation of the illusory triangle. This conclusion has been
criticised on the grounds that it is questionable whether the output of two-dimensional
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spatial-frequency filtering directly reflects the output of the visual system, even at the
earliest stages of processing (Tyler 1977; Becker and Knopp 1978; Parks and
Pendergrass 1982). Nevertheless, the observation that optical blurring enhances the
Ehrenstein illusion (Spillmann 1975; Brigner and Hammond 1981) supports the
assumption that low-to-mid-bandpass filtering might operate in the production of
brightness enhancement.

Recent psychophysical evidence for a functional equivalence of real and illusory
contours comes from experiments in which it is shown that illusory contours give rise
to subthreshold summation effects (Dresp and Bonnet 1995; Dresp and Grossberg
1995). The classic subthreshold summation is described by the fact that adding a
nondetectable (subthreshold) line to a target line of the same polarity lowers the
threshold for the detection of the target line (eg Kulikowski and King-Smith 1973).
These findings suggest that the two kinds of lines are additive. The experiments by
Dresp and collaborators show that subthreshold lines when presented on illusory
contours become more easily detectable. Consequently, illusory-contour stimuli and
real-line stimuli are likely to be processed by the same mechanism.

4.2 Contrast mechanisms and brightness enhancement in illusory figures

The idea that brightness enhancement in illusory figures might be a result of neural
interactions which are known to underlie simultaneous-contrast phenomena (for a
review, see Fiorentini 1972) has been discussed by Brigner and Gallagher (1974) and
Frisby and Clatworthy (1975). However, this idea would need to explain why illusory
surfaces can produce stronger brightness or darkness enhancement than areas which
are completely surrounded by a contrasting black or white region (Coren and
Theodor 1975; Parks etal 1983). Few attempts were made to test this hypothesis
with the same psychophysical methods which were used to study classical brightness
and darkness induction (Heinemann 1955, 1972; Jameson and Hurvich 1966):
brightness matching, brightness cancellation, and increment-threshold measurement.

Spillmann et al (1984) used a matching and cancellation procedure to investigate
brightness enhancement in the Ehrenstein illusion. Black-on-white and white-on-
black inducing figures were tested. First, observers had to match the brightness or
darkness of the illusory patch in the Ehrenstein figure to a comparison field presented
on the surrounding background. Thereafter, they had to cancel the illusion by
superimposing an appropriate test spot of opposite polarity. It was found that the
luminance increment necessary to match the whiter-than-white effect was equivalent
to the luminance decrement necessary to cancel the brightness enhancement. Both
values were identical at 0.30 log unit. The task was then repeated for darkness
matching and cancellation in an Ehrenstein figure with all contrast signs reversed;
here the corresponding values were 0.45 log unit. This equivalence in size between
matching and cancellation stimuli is not predicted by cognitive theory, but is consist-
ent with the general assumption that the Ehrenstein illusion is produced by a neuro-
physiological mechanism. The results indicate, in fact, that the illusory patch behaves
like a real luminance patch.

Measurements of induced darkness have recently been extended to the Kanizsa
square (Dresp 1993). The increment needed to cancel out the blacker-than-black
effect was found to increase with increasing luminance of the inducers according to a
power function. This relationship suggests that brightness and darkness enhancement
in the Kanizsa square may be explained on the basis of simultaneous contrast, in
agreement with Brigner and Gallagher’s (1974) hypothesis. A mechanism based on
lateral interaction would also be compatible with the increase in the perceived
strength of the illusion when the inducing stimuli are presented intermittently (Petry
and Gannon 1987; Coren 1991; Siegel and Petry 1991).
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While matching and cancellation procedures provide consistent measures of the
strength of illusory brightness enhancement, threshold measurements in the Kanizsa
and Ehrenstein illusions have yielded paradoxical results. For example, despite the
substantial changes in perceived brightness or darkness of the illusory area, decre-
ment and increment thresholds for a small test spot presented in the centre of a
Kanizsa square were not significantly different from thresholds obtained outside the
illusory area (Coren and Theodor 1977; Dresp 1992). There was, however, a slight
decrease when the target was flashed directly on one of the illusory borders (Dresp
and Bonnet 1991, 1993; Dresp 1993). In the Ehrenstein illusion, Jory (1987) found
a marked threshold decrease in the centre of the illusory area, but not on the illusory
border (see Day and Jory 1980). These data are difficult to interpret.

A poor correlation between brightness and increment thresholds is known to exist
from real contrast figures when the target was spatially separated from the border
(Cornsweet and Teller 1965; van Esen and Novak 1974; Wildman 1974). This fact
suggests that the threshold depends on a local mechanism, whereas brightness may be
based on a global mechanism. Although illusory brightness may be triggered locally
by the ends of lines (or edges), it can be expected that, eventually, it spreads out and
fills in the area delineated by illusory contours (Gerrits and Vendrik 1970; Frisby and
Clatworthy 1975; Spillmann etal 1976; Grossberg and Mingolla 1985; Grossberg
1994). Such a spreading would involve neural interactions between cells at increas-
ingly higher levels of the visual system (Gerrits and Vendrik 1970; Gilbert and Wiesel
1985). Recent models of brightness induction demonstrate how such an integration of
local contrasts into a global representation could work. Some attribute a central role
to interactions between local feature detectors, others to symbolic interpretations of
filter outputs at different spatial scales (for a review see Kingdom and Moulden 1992).

Further research is necessary to assess the role of contrast mechanisms in eliciting
brightness or darkness in illusory forms. A psychophysical investigation of the
polarity of the inducing elements would be particularly useful. One might ask whether
inducers with opposite polarity can produce brightness or darkness enhancement.
The idea here is that in figures combining both black and white inducers on a grey
background, illusions should be weak or absent, since the two kinds of induction
processes (brightness versus darkness) would cancel each other out. Actually,
Prazdny (1983, 1985) has shown that in Ehrenstein figures composed of black and
white inducers, brightness enhancement disappears, whereas illusory contours
continue to be seen (see figure 7). Similar results have been recently obtained by

Figure 7. A Kanizsa square induced by ‘pacmen’ of opposite polarity. A weak illusory contour
is seen, but no brightness enhancement (from Prazdny 1983).
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Dresp etal (in press) supporting the statement that brightness enhancement and
illusory contours are probably independent and generated by separate mechanisms
(see also Shapley and Gordon 1985, 1987).

4.3 The neural basis of illusory contours

Neurophysiological models based on receptive-field properties of simple, complex,
and hypercomplex cells have been proposed earlier to account for brightness
enhancement and neon colour spreading (Stadler and Dieker 1969, 1972; Jung 1973;
Fuld and O’Donnell 1984; Redies et al 1984; Redies 1989). Notably, Stadler and
Dieker suggested that cortical line detectors with partially stimulated receptive fields
would produce a signal comparable to, but weaker than, the signal for a continuous
line. The appearance of illusory stripes (‘phantoms’) moving through an empty gap in
synchrony with two gratings halves on top and on the bottom (Tynan and Sekuler
1975; Fraser et al 1982) and the subsequent motion aftereffect resulting from this
kind of stimulation (Weisstein et al 1977, Weisstein and Maguire 1978; Smith and
Over 1979) could be perceptual correlates of such a mechanism. The fact that the
motion aftereffect can be transferred from one eye to the other suggests that the
underlying mechanism operates at or past the level of binocular integration in the
visual cortex (Smith and Over 1979).

The ‘triggering-of-line-detector’ hypothesis has been questioned by Gregory (1972)
and Gregory and Harris (1974) who point out that it cannot account for the occur-
rence of illusory contours such as in figures 2c and 2d. These are no easy figures to
explain by a bottom-up approach. However, although there are still many questions
that remain to be answered, one cannot dismiss the fascinating neurophysiological
evidence that has accumulated over the last decade. Specifically, it was found that
one third of the orientation-selective neurons in area V2 of the primate cortex (von
der Heydt et al 1984) and in areas 17 and 18 of the cat (Redies et al 1986) respond
to gap stimuli defined by collinear edges (Schumann) and to offset abutting gratings
(Kanizsa) in much the same way as they do to real edges and contours (Peterhans and
von der Heydt 1989, 1991; von der Heydt and Peterhans 1989a). Similar results
have been recently reported for neurons in area V1 of the monkey (Grosof et al 1993;
Lamme etal 1993). As in human perception (Spillmann 1975), the stimuli used in
these studies became ineffective when small closing lines were added to their inducing
ends, or when only one part of the stimulus was presented in the receptive field
(Peterhans and von der Heydt 1989).

These findings suggest that binocular neural mechanisms selective to orientation
may constitute the basis of illusory-contour perception. These mechanisms may
involve cortical neurons with receptive fields collinear with the orientation of the
inducing stimuli. Peterhans et al (1986) have presented a model for illusory-contour
formation consisting of two pathways. The global ‘grouping path’ operates via a non-
linear mechanism which pools the responses of end-stopped cells in V1 signalling
terminations orthogonal to the grouping direction. These neurons correspond to the
hypercomplex cells of Hubel and Wiesel (1968). By comparison, the local ‘edge-
detecting path’ consists of ordinary simple or complex cells tuned to the same orienta-
tion as the grouping direction. This dual input allows the contour cells to respond to
real edges and lines as well as to stimuli eliciting illusory contours.

Cells signalling illusory lines or edges have been found in the pale and thick
stripes, but not the thin stripes, of the cytochrome oxidase pattern of area V2
(Peterhans and von der Heydt 1991, 1993). These findings suggest that illusory
contours might be attributed to the ‘colour-blind’, orientation-selective, interblob and
magnocellular processing streams. Mediation by this pathway would be consistent
with the absence of illusory contours at equiluminant colour contrast (Livingstone and
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Hubel 1988). However, it could not explain the sharp and crisp character of these
contours, as the magnocellular system does not process high spatial frequencies.

Whatever the mechanism, there ought to be spatially defined limits to the neural
interactions underlying the formation of illusory contours. Experiments have shown
that the perceived strength of illusory contours in Kanizsa and Ehrenstein figures
decreases with increasing gap size between the inducers (Dumais and Bradley 1976;
Petry et al 1983; Bradley and Dumais 1984; Purghé and Katsaras 1991; Siegel and
Petry 1991). This finding is consistent with the responses of V2 neurons (von der
Heydt and Peterhans 1989a) and emphasises the importance of a spacing constraint in
the neuronal grouping mechanism (Zucker and Davis 1988). However, it is difficult
to reconcile with Shipley and Kellman’s (1992b) hypothesis that the clarity of illusory
contours depends on the ‘support ratio’, ie the ratio between physical edge length and
total edge length, rather than on absolute gap size.

5 Computational models and visual routines: algorithms that generate illusions
Computational models of form perception have provided hypotheses about the ways
in which a perceptual system might build up representations of form (real or illusory)
on the basis of visual routines (eg Marr 1976, 1982). These routines are designed to
extract local inputs, combine them, and integrate them into a global percept. Compu-
tational models have provided an important contribution to the theoretical framework
of illusory-form perception. The algorithms for the simulation of visual processes and
the theoretical concepts underlying these simulations constitute an invaluable source
of inspiration for further experimental studies in the field.

With respect to illusory form, important theoretical contributions have come from
a large number of researchers (Marr 1976, 1982; Ullman 1976, 1984; Cohen and
Grossberg 1984; Grossberg and Mingolla 1985, 1987; Grossberg and Todorovic
1988; Finkel and Edelman 1989; Heitger and von der Heydt 1993; Grossberg
1994). Within these computational approaches it is assumed that illusory form results
from the same mechanisms which account for the perception of real form, including
specific operators for the processing of occlusion features. Surfaces and contours are
processed in parallel by separate subsystems which, however, come to interact when a
global representation of the stimulus is built up (see, in particular, Grossberg 1994).
The mechanisms assumed to be involved here operate at a preattentive level of visual
information processing. Visual form is seen as emerging from combinations of feature
routines without the contribution of higher cognitive processes. The various models
that have been proposed in the literature operate with different network constraints.
Whereas the one by Heitger and von der Heydt (1993) is strictly feed-forward, others
(Grossberg 1987a, 1987b) use feedback loops or reentrant connections (Finkel and
Edelman 1989).

5.1 A feature-processing system to account for brightness

To account for illusory brightness and illusory contours in phenomena such as the
Ehrenstein and Kanizsa illusions, in computational theories simulations of luminance-
specific neural processes have been proposed. These simulations are based on
inhibitory and excitatory interactions between cells whose receptive fields receive
input from regions of luminance change. Luminance borders in this respect become
‘feature contours’ since they are assumed to trigger the featural process which is
responsible for the emergence of differences in brightness or darkness between
adjacent areas (Cohen and Grossberg 1984; Grossberg and Mingolla 1985, 1987;
Grossberg 1994). This idea is related to Gerrits and Vendrik’s (1970) neural model
of simultaneous contrast, which shows how antagonistic activities of neurons with a
centre -surround receptive-field organisation can explain why a dark region looks



1352 L Spillmann, B Dresp

even darker when it is adjacent to a light area and why a bright region looks even
brighter when it is adjacent to a dark field. Neurophysiological evidence for such an
antagonistic behaviour was derived from single-cell recordings in the optic nerve and
primary visual cortex of the cat [see the early work of Baumgartner (1961, 1964) and
Jung (1961a, 1961b, 1964, 1973)].

Grossberg and Mingolla (1985, 1987) and Grossberg and Todorovic (1988)
successfully simulated a featural process which is sensitive to the sign of contrast and
triggers a filling-in of featural qualities such as brightness and colour. This diffusive
process is assumed to extend over large areas away from luminance borders, depend-
ing on the local contrast available in the stimulus. Nearby boundaries will stop the
diffusion abruptly (see Ullman 1984). Such a mechanism may explain why surfaces
surrounded by fields of opposite polarity appear uniformly enhanced in brightness or
darkness. According to Grossberg and colleagues, the diffusion of brightness or dark-
ness at feature boundaries and the filling in of surfaces surrounded by boundary
contours (real or illusory) operate at the same level of information processing. The
filling in of bright or coloured surfaces is thus seen as a particular case of a locally
triggered diffusive process.

5.2 A boundary-processing system to account for illusory contours

The process which is assumed to account for contour information is called the
boundary-marking process by Ullman (1984), and the boundary-contour process by
Grossberg et al (eg Grossberg and Mingolla 1985). This process is sensitive to orien-
tation and contrast of a luminance border, but not to the polarity (or sign) of contrast.
It uses the functional properties of higher cortical neurons, so-called complex cells
(Hubel and Wiesel 1962, 1977), which respond to black as well as to white bars or
edges. Figure 7 demonstrates that illusory contours can indeed be seen with inducing
elements of oppposite contrast polarity.

The boundary-contour process synthesises boundaries from individual stimulus
elements. The final representation is derived from these local inputs, which are progres-
sively integrated into a global configuration through several stages of processing. The
important idea here is that the oriented signal which is generated at the initial stage is
preserved over the next stages. In this way, the gaps between collinearly arranged line
ends and corners can be functionally completed (see also Ullman 1976). Grossberg
and Mingolla (1985) propose that the output from short-range spatial interactions is
then integrated into a further process involving long-range spatial interactions that
allow the formation of boundaries over even-larger distances. This integration would
account for the fact that illusory contours are perceived, although more weakly, even
when the gaps between inducing elements are relatively large (see Ehrenstein 1941,
1954; Spillmann et al 1976). The boundary-contour model is consistent with neuro-
physiological findings in the monkey visual cortex (von der Heydt et al 1984; von der
Heydt and Peterhans 1989a, 1989b; Peterhans and von der Heydt 1989, 1991).

A computational approach to contour mechanisms has also been proposed by
Heitger and von der Heydt (1993). Their model accounts for the processing of
luminance-defined and illusory contours by simulating the neurophysiologically deter-
mined responses of simple, complex, and end-stopped cells (Heitger et al 1992). As
in the earlier work by Peterhans et al (1986), contour formation is achieved by an
orientation-selective grouping process that collects the responses of end-stopped cells.
Two types of end-stopped cells are distinguished (Peterhans, personal communication):
single end-stopped cells (one inhibitory region) and double end-stopped cells (two
inhibitory regions, at either end). For the grouping mechanism, only the signals of
single-end-stopped cells are used. The authors assume that these cells signal the ends
and corners (terminators) of stimuli as they typically occur in occlusion situations.



Phenomena of illusory form 1353

An interesting aspect of this model is the differential processing of corner and line-end
features. In the Kanizsa triangle, for example, illusory contours are generated parallel
to, or collinear with, the inducing corners (‘para grouping’), whereas in the case of the
Ehrenstein illusion they are generated in a direction that is perpendicular to the
inducing line ends (‘ortho grouping’). Thus, the model accounts for a variety of
illusory-contour shapes, including curved contours.

5.3 Feature - boundary interactions and the formation of global percepts

In the network model by Grossberg and collaborators, the feature process and the
boundary process operate in parallel within two separate subsystems. However, to
account for the integration of both brightness and contour information into a
coherent percept of visual form, interactions between these two systems are necessary.
Within the Grossberg logic, boundaries become visible only through feature-
boundary interactions [“all boundaries are invisible” (Grossberg and Mingolla 1987)].
In other words, it is assumed that contour cannot be perceived unless information
about differences in brightness has been preprocessed. The interactions between
brightness signals and boundary signals produce what the authors call a feature-
boundary trade-off (eg Grossberg and Mingolla 1985). The emergence of shape is
achieved through activation of boundary operators which spatially block the diffusion
generated by featural preprocessing. On the neural level, this may involve inhibitory
signals from contour neurons which act as barriers to brightness signals (Ullman
1984; Grossberg and Mingolla 1985; Shapley and Gordon 1987; Grossberg 1994).

The Grossberg model also provides an explanation of neon colour spreading and
transparency (see section 3.2). Whereas the earlier computational models were essen-
tially concerned with local aspects of two-dimensional form perception, more-global
aspects of information processing were also taken into account in the later develop-
ments of these models. Thus far the most complete model of preattentive form vision
is Grossberg’s FACADE (‘form-and-colour-and-depth’) theory (1994).

Unfortunately, psychophysicists and neurophysiologists continue to have difficulties
with abstract computational concepts such as diffusion, filling in, or orthogonal pool-
ing, to name a few. What precisely do these concepts mean in terms of neuronal
mechanisms? How would these mechanisms influence our perception under specific
conditions? How could the theories be tested? Clearly, the gap between models and
empirical data cannot be bridged unless we have an answer to the most important
question: to what extent can a simulation predict what we see?

6 Conclusions

In looking back on what has happened in the field over the last sixty years, one finds
that Gestalt theory has provided knowledge of a general and lasting value for current
approaches to illusory-form perception. However, the phenomenal descriptions in
terms of visual and perceptual mechanisms were hardly sufficient, and the cognitive
theories of the 1970s and early 1980s have likewise failed in that respect. Cognitive
approaches have been successful in showing when and how the perception of illusory
brightness and contours can vary, according to the physical stimulus or specific
instructions, but they have not really helped us to understand the emergence of
iliusory form. It seems that this can be achieved only by a theory that accounts for
the processing both of local stimulus characteristics and of global perceptual
processes. Such a theory does not yet exist.

The current stage of knowledge suggests that representations of illusory form must
be available before a conscious interpretation of the stimulus takes place. Computa-
tional models have shown how such representations may be built up in the brain via
competition and -cooperation of visual neurons: Neurophysiological and psychophysical
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studies will show whether the empirical data prove the models right or wrong. The study
of illusory form has only just begun and the principal challenge for future research is
the investigation of the biological significance of illusory figures (Dresp, submitted).

6.1 Different levels of explanation are complementary

Although in this review we emphasise the role of preattentive, bottom-up mechanisms,
we also allow for cognitive processes to modify illusory form perception. Illusory
figures are often ambiguous. Many questions remain to be answered concerning the
effects of attention and precueing on the perception of illusory form. Also, the close
relationship between illusory-contour perception and the perception of partially
occluded forms and objects in the real world should be investigated further (see
Shipley and Kellman 1990, 1992a; Kellman and Shipley 1991).

The stages of processing required to build up a global representation of illusory
form may perhaps be summarised as follows. Given the appropriate stimulus proper-
ties (local differences in luminance, collinearity), illusory-brightness and local-contour
information are coded separately at a first stage of featural preprocessing (Day and
Jory 1980; Ullman 1984; Grossberg and Mingolla 1985; Shapley and Gordon 1985;
Dresp and Bonnet 1991). At a next stage, the spread of brightness is confined by
illusory contours. Both are then integrated in a structural representation of figure and
ground. The filling in of an illusory surface would occur in relation to figure - ground
segregation (Dresp 1992). Although figure-ground organisation and filling in are
likely to be determined by interactions between brightness and contour processes,
they cannot be entirely cognition-free. Top-down effects of attentional factors
(Bradley 1987), depth stratification (Coren 1972), and problem-solving strategies
(Gregory 1972) need to be considered.

6.2 Why does the brain generate illusory form?

If we now ask the question, “why do we see illusory forms?”, there are two possible
answers. Some would say that these forms are invented [eg ‘cognitive fictions’ (Gregory,
1992)] by our cognitive system to solve a perceptual problem within a particular
stimulus context. In this case, illusory forms would be a result of learning and experi-
ence. Others would say that illusory forms are the consequence of low-level visual
processes, which fill in information where sensory input is partially lacking. In this
case, the problem would be solved by a biological mechanism without us being aware
of it. Both human and animal vision would benefit from such a mechanism.

Saying that illusory forms are intelligent constructs of human perception or consid-
ering that they are the result of biological adaptation implies that we make
assumptions concerning the level at which these phenomena arise in the brain. Is the
critical level the neurosensory one, or is it the cognitive one? Computational models
capable of generating illusory contours lead us to suggest that low-level processes of
form completion exist. However, as with real objects, cognitive processes may then
generate the most likely percept within a given context. One of the main purposes of
visual learning and cognition must be either to inhibit or to reinforce structural
representations that were initially generated via preattentive mechanisms.

6.3 Can we bridge the gap between levels of explanation?

Most researchers in the domain of illusory-brightness perception now share the view
that the perception of illusory figures must be based on some biological function (for
a review see Dresp, submitted). However, there is still disagreement on how to approach
this topic theoretically. In reviews on illusory contours and the associated brightness
phenomena (eg Petry and Meyer 1987) the different viewpoints are categorised into
bottom-up and top-down approaches, which implies that they are mutually
exclusive. The message in this article is that they are not. Rather, holistic approaches
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on one hand and reductionistic approaches on the other must be considered
complementary (see also Frisby and Clatworthy 1975; Pritchard 1986). Perceptually,
a top-down signal may be as real as a bottom -up signal. Clearly, as our understand-
ing of illusory phenomena progresses, the distinction between upward and downward
processing becomes ever more difficult to define.

As already mentioned (section 2, page 1336, and section 4.3), a major challenge
for a strictly neurosensory approach to illusory form is posed in figure 2c, where each
side of a hypothetical triangle is defined by only two end points and an open angle
supporting it in the middle. Nevertheless, an illusory contour emerges. Another
challenge is figure 2d, where the illusory contours are curvilinear, continuing in a
direction different from that suggested by the straight-edged inducing contours (see
also Kanizsa 1955, 1974, 1976, 1979). How could neurophysiological and computa-
tional mechanisms account for these effects? True, some end-stopped cells in the
visual cortex of the cat are curvature selective (Dobbins et al 1987). But can they
provide the neural basis for curved illusory contours like those shown in figure 2d?

Further examples to be explained are illusory surfaces that are slanted or bending
in depth (Kanizsa 1974, 1976), hierarchies of stacked illusory figures (Ehrenstein
1941, 1954; Brigner and Gallagher 1974; Kanizsa 1974; Salzman and Halpern
1982), and three-dimensional objects such as the reversible illusory Necker cube
(Piggins 1975; Bradley and Petry 1977). Nakayama and Shimojo’s (1992) red cross
embedded in a large white Ehrenstein figure also belongs here. Contrary to lateral
disparity this figure elicits perception of a red transparent neon disc hovering above
the large white cross. Are these effects representative of bottom -up processing, top -
down processing, or both?

One may argue that we will never be able to explain fully all of the illusory bright-
ness and contour percepts. At best, we might come close to it. By presenting rival
approaches from phenomenology, cognition, single-cell recording, and visual compu-
tation and by suggesting how they may complement each other, in this article we want
to show how an interdisciplinary approach is more likely to produce a complete and
coherent body of evidence. Perhaps the pieces will eventually fit together and the
question, “can we bridge the gap between levels of explanation?” will become obsolete.
For the time being, however, the picture in the puzzle is only beginning to show.
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