
The bar ^ cross ^ ellipse illusion: Alternating percepts of rigid and nonrigid
motion based on contour ownership and trackable feature assignment
Abstract. We present a new multistable stimulus generated by continuously rotating an ellipse
behind four fixed occluders. Despite the stimulus remaining constant, observers can alternate
between one of four percepts: (1) a continuously morphing cross; (2) two independent perpen-
dicular bars oscillating in depth; (3) a rigidly rotating ellipse observed behind the occluders;
(4) a fixed cross observed through a continuously rotating, elliptical aperture. Interestingly, the
initial percept naive observers tend to see is percept 1, which is the only nonrigid motion percept.
This appears to be a violation of the hypothesized `rigidity heuristic' in which rigid motion
percepts tend to be perceived over retinally equivalent nonrigid ones. Here, we describe the rela-
tionships between each of the percepts and the assignment of contour ownership and figure/ground
segmentation.

A central function of object recognition is the ability to perceive a moving object as a
whole even when it is partially occluded. Because the 2-D image of a partially occluded
object is inherently consistent with at least two interpretations (coplanar abutment
and occlusion), the visual system must make assumptions about the likely configu-
rations of objects in the world in order to produce a stable percept. In particular,
the visual system must take into account whether the observed contour in the image
belongs to the occluding surface or the occluded surface.

Movement of the occluded object can both facilitate and hinder recognition.
The motion signals generated along continuous portions of contour are inherently
ambiguous owing to the aperture problem (Fennema and Thompson 1979; Adelson
and Movshon 1982; Marr 1982; Nakayama and Silverman 1988). In contrast, the
motions of certain contour features such as line terminators or junctions are poten-
tially unambiguous and can be used to override the aperture problem (Ullman 1979).
However, the motions of these trackable features can themselves be misleading if they
are due to occlusion and are not intrinsic to the moving contour (Shimojo et al 1989).
Thus, in order to generate a stable percept of a moving object, the visual system
must determine ownership of any such trackable features, as well as ownership of any
moving portion of continuous contour.

In many cases of ambiguous stimuli it has been shown that, of the possible percepts
consistent with the retinal image, the one that tends to dominate is the one corre-
sponding to the motion of a rigid object (for example, `the kinetic depth effect'ö
Wallach and O'Connell 1953). It has been argued that an assumption of rigid motion is
implicitly encoded in the processing of moving stimuli (Ullman 1984). Psychophysical
studies of the kinetic depth effect have illustrated the close relationship between contour
features (such as junctions, terminators, and regions of high curvature) and the percept
of rigid and nonrigid motion, demonstrating that the presence of such trackable features
facilitates rigid-motion percepts (Wallach and O'Connell 1953). Studies of anorthoscopic
perception have also found a similar relationship between contour features and rigid-
motion perception. Anorthoscopic perception is a term used to describe the ability to
recognize an object as it moves behind a narrow aperture. The recognition is facilitated
by the presence of contour features such as corners or terminators (Zo« llner 1862;
Helmholtz 1867/1962; Parks 1965). In the absence of such features recognition does not
occur, and nonrigid motion is observed within the aperture.

Here, we introduce a new multistable illusion that makes obvious the role of the
assignment of contour ownership and determination of implicit and explicit trackable
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features in the perception of partially occluded moving objects. The illusion also
illustrates the relationship between trackable features and rigid-motion percepts. Interest-
ingly, we find that, unlike many ambiguous stimuli in which the rigid percept has
been shown to dominate, it is the percept of nonrigid motion that tends to dominate
(at least in naive viewers) in the stimulus presented here.

We first encountered the illusion while modifying the well-known `breathing square'
illusion (Meyer and Dougherty 1990, Shiffrar and Pavel 1991), in which a square rotating
behind four square occluders is perceived to rotate nonrigidly and undulate in depth. The
breathing-square illusion results from an interaction between the motion signals gener-
ated by the corners of the rotating square (when exposed) and the motion signal
generated by the sides of the rotating square. The interaction between the motion of
the square and features defining the occluders has more recently been studied by
McDermott and Adelson (2004). They found that form characteristics, such as the
concavity or convexity of the occluding contour as well as the presence and orientation
of T-junctions, influence both the strength of the occlusion percept and the perception of
motion behind the occluder. We were interested to know if an interaction similar to
that of the breathing square would occur between the regions of high and low contour
curvature located along the contour of an ellipse as it rotated in the 2-D plane behind
four occluders (figure 1; also see supplementary video and the color version of figure 2
on the Perception website: http://www.perceptionweb.com/misc/p5568/).

(a)

(b) (c)

Figure 1. The bar ^ cross ^ ellipse stimulus (a) is generated by rotating an ellipse (b) behind four
square occluders (c) that are the same color as the background (black outlines not present in
actual stimulus).
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To our surprise, rather than observing a `breathing ellipse', we initially observed
what looked like a nonrigid cross `morphing' in the 2-D plane (percept 1: figure 2a).
After some time, however, we were clearly able to see an ellipse rigidly rotating behind
the four occluders (percept 2: figure 2b). The percept would spontaneously oscillate
between these two alternatives with some regularity. Upon further inspection, we
observed two more alternative percepts: that of two independent bars oscillating in
depth (percept 3: figure 2c), and that of a stationary cross observed through a rotating
elliptical aperture (percept 4: figure 2d). We have since presented the stimulus to dozens

(a) (b)

(c) (d)

Figure 2. Observers will see one of the following four percepts when viewing the bar ^ cross ^ ellipse
stimulus: (a) Percept 1: A cross figure nonrigidly morphing in size and shape. (b) Percept 2:
An ellipse rigidly rotating behind four square occluders. (c) Percept 3: Two independent perpen-
dicular bars rigidly oscillating in depth. (d) Percept 4: A stationary cross viewed through a rigidly
rotating elliptical aperture. A colour version of this figure and a video demonstration can be found
on the Perception website, at http://www.perceptionweb.com/misc/p5568/.
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of undergraduate students. In general, the students will, as we did, initially observe
the nonrigid cross. Indeed, in a controlled experiment in which naive viewers were
presented with the stimulus for 15 s, thirteen of fourteen reported observing the morph-
ing cross percept. Of these, two reported experiencing a perceptual switch to one of
the other percepts (rotating aperture) during the 15 s of presentation. Only one subject
did not initially observe the morphing cross (this observer reported seeing the oscillat-
ing bars). In general, the alternative percepts are generally observed only after subjects
have been instructed to look for them, and, once observed, have a tendency to alternate
back and forth between the four possibilities.

Each of the four percepts is consistent with a different figure/ground segmentation,
which seems closely related to the assignment of contour ownership and trackable
feature motion. In percept 1, the image is segmented into two layersöa figure and a
background. All contours in the image are `owned' by the figure, leading to the percept
of an unoccluded cross. The resulting percept of a nonrigid cross is the one that naive
observers tend to perceive most dominantly. This would appear to be a violation of
the `rigidity assumption' in which rigid percepts, if possible, tend to dominate. However,
the fact that this nonrigid percept tends to dominate is perhaps not so surprising
when the role of feature motion is taken into account. Here, the motion percept is
primarily driven by the signals generated by the inward/outward motion of the four
line-ends (trackable features) rather than those generated along continuous portions of
contour. The trackable features in this case are intrinsic to the cross and the resulting
nonrigid percept is observed.

In percept 2, the image is segmented into three layers: a frontal layer consisting of the
occluders, a middle layer consisting of a partially occluded ellipse, and a background.
In this percept, ownership of the contour is divided between the occluders and the
ellipse. The `outer' curved portions of contour are assigned to the occluded figure
(ellipse) while the linear `inner' portions of contour are assigned to the occluding layer
(squares). Unlike percept 1, the trackable, inward/outward motion of the line-ends is
ignored, while the integrated motion signals of the contour of the ellipse drive the rigid
percept of rotation. That this percept is not as readily observed as the morphing cross,
speaks to the importance of trackable feature motion in disambiguating motion percepts.

In percept 3, the image is segmented into two figures (perpendicular bars) and a
background. The ownership of the contour is divided between the two bars, leading
to a percept of one bar partially occluding the other bar. As is the case in percept 1,
the trackable feature motion of the line-ends, which get assigned to the bar to which
they belong, primarily drives this percept. These motion signals are consistent with the
sizes of each bar oscillating out of phase with each other. Here the bars are perceived
as being rigidly fixed in their actual size, generating a linear-perspective depth cue that
leads to the percept that the bars are, in fact, not changing in size but are, instead,
oscillating to-and-fro in depth.

Like percept 2, in percept 4 the image is segmented into three distinct layers: a frontal
plane in which an elliptical aperture exists, a middle layer consisting of a partially
occluded cross, and a background. In this case, ownership of the contour is again
divided between the occluding layer (elliptical aperture) and the figure layer (cross).
However, unlike percept 2, the `inner' linear portions of contour are assigned to the
figure (cross) and the `outer' curved portions of contour are assigned to the occluding
layer. As in percept 2, the inward-outward motion of the line-ends is ignored, while
the integrated motion signals belonging to the elliptical aperture drive the rigid percept
of rotation.

Why is it that, despite the rigid nature of percepts 2, 3, and 4, these percepts do
not dominate in naive viewers? Perhaps it is because trackable features, by their very
nature, must belong to the object perceived to be moving, and thus have intimately
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connected with object recognition. It is clear upon inspection of the stationary image
depicted in figure 1a that the most readily recognized object is a cross, and therefore
the motion of the trackable features is most readily consistent with percept 1. Presum-
ably the strength of each of the four percepts can be manipulated by adjusting the
characteristics of the components in the image, thereby strengthening or weakening
their likelihood of recognition. For example, percept 2 (rotating black ellipse) would
most likely be accentuated by decreasing the sizes of the occluders, thus revealing more
of the elliptical contour in the image.

In conclusion, recognition of partially occluded moving objects depends heavily on
the assignment of contour ownership and the identification of contour features such
as line-ends as being either implicit (belonging to) or explicit (due to occlusion of) the
moving object. This multistable illusion exploits these processes by presenting a stim-
ulus whose image is wholly consistent with alternative contour ownership assignments.
Here we find, as one might expect, that the dominant percept is one that is primarily
driven by trackable features, rather than contour motion signals. Surprisingly though,
the resultant percept is one of nonrigid motion. This demonstrates the importance of
trackable feature motion as compared to an assumption of rigidity in the disambiguation
of motion signals.
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