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Abstract—Certain art forms, such as Patrick Hughes’s ‘reverspectives’, Dick Termes’s ‘Terme-
spheres’, intaglios, and hollow masks, appear to move vividly as viewers move in front of them,
even though they are stationary. This illusory motion is accompanied by a perceived reversal of depth,
where physical convex and concave surfaces are falsely seen as concave and convex, respectively.
A geometric explanation is presented that considers this illusory motion as a result of the perceived
depth reversal. The main argument is that the visual system constructs a three-dimensional represen-
tation of the surfaces, and that this representation is one of the sources that contribute to the illusory
motion, together with vestibular signals of self-motion and signals of eye movements. This explana-
tion is extended to stereograms that are also known to appear to move as viewers move in front of
them. A quantitative model can be developed around this geometric explanation to examine the extent
to which the visual system tolerates large distortions in size and shape and still maintains the illusion.

Keywords: Hollow-mask illusion; reverse perspective; stereopsis; depth reversal; schema-driven
perception; illusory motion; egomotion; perspective painting.

INTRODUCTION

How do humans maintain the impression of a stable environment as they move
around? The question may appear trivial, until one begins to consider the drastic
deformations that retinal images undergo as we move about in the environment (self-
motion, or egomotion). For the non-specialists who still fail to see the importance of
this issue for perception, one can offer a powerful challenge: namely, some classes
of striking art pieces that appear to move vividly as observers view them under
egomotion, even though the stimuli are rigid and stationary. As a consequence,
when these stimuli rotate, they appear to rotate in the direction opposite to that
of their actual direction of rotation. Early examples of such stimuli are Mach’s
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book (Jernigan and Eden, 1976; Papathomas, 1999), a rectangular card folded in
the middle (to form a dihedral angle) that can reverse its depth, and Ames’s window
(Ittelson, 1952). I will use the term ‘pseudomoving’ to group all the stimuli that
share the above properties. When skeptics experience the illusory motion of these
static stimuli, they immediately appreciate why it is important to examine how
humans perceive the stationarity of static objects. In fact, understanding the reasons
why these stimuli appear to move helps explain our ability to extract stationarity of
non-moving objects.

Classes of art pieces and stimuli that elicit illusory depth and motion

The stimuli presented below share three common properties: First, the percept of
depth they elicit can be different than the physical depth. Second, they can appear
to move when a viewer moves in front of them as he/she views them. Third, if they
are rotated in front of a stationary viewer, they can appear to rotate in the opposite
direction. One potential explanation for the illusory motion, based on the illusory
depth, is presented after a brief description of the stimuli.

Reverspectives. One class of such art pieces, commonly referred to as ‘rever-
spectives’, has been invented by London-based artist Patrick Hughes in the 1960s
(Hughes, 2006; Slyce, 1998; Wade and Hughes, 1999). These works of art are
painted on piecewise planar three-dimensional (3-D) surfaces. They are composed
of solid volumes that are smaller at the front (closer to the observer) than the back
(away from the observer). Figure 1a shows the front view of his piece ‘All Roads
Lead to Infinity, 1996’. The piece of Fig. 1a is composed of four slightly over-
lapping truncated pyramids, with their apexes closer to the viewer than their large
bases (see also Fig. 3a). As shown in the top view of part of this piece in Fig. 3a, the
large bases of these truncated pyramids are farther than the small faces. The phys-
ical geometry of this art piece competes with the painted scene; namely, whereas
the small faces of the physical objects (truncated pyramids) are closer to the viewer
than the wide bases, the perspective cues in the painted scenery suggest that these
small faces are the far walls in the horizon, i.e. they appear to be further away
than the wide bases. As a result, this object elicits a bistable percept. In the veridi-
cal state, observers perceive the true physical 3-D geometry, while in the illusory
state, observers perceive the depth that is suggested by the painted scenery, i.e.
there is a reversal of depth. As a consequence of this depth reversal, the art piece
appears to move vividly when observers move in front of it (Cook et al., 2002; Pa-
pathomas, 2002; Papathomas and Bono, 2004; Wade and Hughes, 1999). There is
evidence that the pictorial cues on the painted surface enhance the illusion (Papath-
omas, 2002).

Termespheres. The second class of art pieces that exhibit pseudomotion is called
‘Termespheres’, created by South Dakota-based artist Dick Termes. Simplistically
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(a)

(b)

(c)

Figure 1. Three stimuli that produce reversal of depth and illusory motion. (a) Patrick Hughes’s
‘All Roads Lead to Infinity, 1996’. (b) Three views of Dick Termes’s ‘St. Mark’s Square’. (c) Three
views of a hollow mask; to view the mask stereoscopically, cross-fuse the two rightmost images, or
un-cross-fuse the two leftmost images (the two side images are identical).

speaking, these are large (typically 24-inch diameter) spheres that are painted
with multiple-point (usually six-point) perspective (Seckel, 2004; Termes, 1998)
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to represent how an eye, positioned at the center of the sphere, would view the
scenery around it (Termes, 2006).

A conventional perspective painting can be thought of as obtained by holding an
imaginary pane of glass in front of the painter and painting on its surface each point
of the outside world as its ray of light ‘pierces’ the pane on its way to the artist’s
eye. In an analogous way, a Termesphere is obtained by corresponding light rays
as they pierce the sphere that encircles the painter on their way to the painter’s eye,
which is located at the sphere’s center. Three views of such a sphere that depicts
the Piazza San Marco in Venice, titled ‘St. Mark’s Square’, are shown in Fig. 1b. If
one views this sphere for a long time, a depth reversal ensues: the sphere appears to
be concave, rather than convex. If one moves in front of the sphere and maintains
the depth reversal, the stationary scene on the sphere appears to move. More often,
a Termesphere is set to rotate, and observers experience a reversal in depth and
a concomitant reversal of the direction of rotation. The frequency of obtaining
these illusory percepts increases with increases in the rotational speed (Branum and
Thornton, 1991).

Intaglios — hollow masks. A related class of stimuli that exhibit pseudomotion
is that of intaglios (James, 1890/1950) and hollow masks (Gregory, 1964, 1970; Hill
and Bruce, 1993, 1994; Papathomas and Bono, 2004; Papathomas and DeCarlo,
1999). An example of a hollow mask is shown in Fig. 1c, painted on the inside
(concave side) by Staten Island-based artist Robert Bunkin. If a hollow mask
is viewed from an adequately long distance, it appears as a normal face, thus
reversing depth relationships. The illusion is stronger under monocular viewing,
because it eliminates the binocular disparity cue, and thus minimizes the probability
of perceiving the veridical depth relationships. Just as with reverspectives and
Termespheres, viewers perceive the illusory face to move vividly and ‘follow’ them
when they move in front of it. This illusory motion is improved considerably if the
hollow mask is filled with a transparent medium (Dultz, 1984).

Stereograms. Finally, stereoscopic images, particularly those rendered in red-
green anaglyphs or those viewed through polarized filters, appear to move as the
viewer moves in front of them. Specifically, objects that are perceived to be in front
of the background appear to move ‘with the observer’, i.e. if the observer moves to
the right or left, they appear to move to the right or left, respectively. Conversely, if
the stereogram portrays a hole behind the background, the hole moves ‘against the
observer’, i.e. moving to the right or left if the observer moves to the left or right,
respectively (Rock, 1983; Shimono et al., 2002; Tyler, 1974).

Brief summary of theories on perception under self-motion

The issue of perception under self-motion has engaged vision scientists from the
very beginning of systematic vision research (Gibson, 1968; Gogel, 1982, 1990;
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Helmholtz, 1867/1910; Jaekl et al., 2005; Swanston and Wade, 1988; Wallach,
1976, 1985, 1987; Wallach et al., 1985). For good reviews of the issues involved,
see Bruce et al. (1996) and Wertheim (1994) and peer commentaries. Gibson’s
theory of direct perception posits that, under self-motion, stationary objects in
the world are perceived as such exclusively on the basis of retinal information,
without the use of extraretinal signals (Gibson, 1968). At the other extreme,
inferential theories posit that the brain uses both retinal and extraretinal signals
to determine whether, under egomotion, objects in the world do or do not move
(Rock, 1983; Swanston and Wade, 1988; Wallach, 1976; Wertheim, 1994). One
of the assumptions of inferential theories is that the retinal optical flow signal of
an object in the world is constantly compared against the expected optical flow
signal, as predicted by transformations that a putative 3-D model of the object would
undergo under egomotion (head and eye trajectories). This comparison would yield
no differences for stationary objects. On the contrary, the differences between the
two image motions can be used to infer the motion trajectory of moving objects.

There are several forms of inferential theories. At one extreme are theories
positing that reasoning-like processes are involved in recovering the 3-D structure
of the environment under self-motion (e.g. Rock, 1983). On the other hand, Wallach
(1985, 1987), among others, hypothesized that compensation mechanisms compare
the visual flow with proprioceptive signals that monitor self-motion, such as head
turning; given that both the visual and the proprioceptive signals originate from the
same cause, i.e. turning of the head, the compensation mechanisms account for the
visual motion as a result of the head motion, thus correctly assessing the stationarity
of the environment. Several researchers have proposed that one of the reasons that
people misperceive the motion of objects is that they misperceive the distances of
the objects (Gogel, 1990; Ohtsuka et al., 2002). In particular, Gogel proposed his
theory of phenomenal geometry, in which the space perceived by observers is best
described not by the objective values of geometrical variables, but by the perceived
sizes of these variables. Wertheim (1994) extended the analysis of self-motion
signals by separating them into two components: eye movement in the head and
head movement in space. Recently, several researchers experimented with virtual-
reality environments to study the factors affecting visual perception during self-
motion (e.g. Glennerster et al., 2006; Harris et al., 2000; Jaekl et al., 2005).

In this paper I present a unified explanation that accounts for all these phenomena
of depth reversal and concomitant illusory motion under egomotion. This explana-
tion is similar to Gogel’s theory of phenomenal geometry (Gogel, 1982, 1990), and
it extends to stereoscopically viewed stimuli.

AN INFERENTIAL-THEORY-BASED EXPLANATION OF ILLUSORY MOTION

Inferential theories posit that, in addition to the retinal optical flow, the brain
uses extraretinal signals to infer whether objects in the environment move or are
stationary (Gogel, 1990; Rock 1983; Swanston and Wade, 1988; Wallach, 1976;
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Figure 2. A simplified schematic to indicate the three signals that are available to determine whether
an object is moving or is stationary: optic flow, head and eye motion, and mental 3-D model.

Wertheim, 1994). The situation is depicted in Fig. 2. The observer moves
to the right, as shown by the thick arrow, while staring at the external cube.
The retinotopic image, shown schematically inside the observer’s head, undergoes
certain transformations, as a result of head and eye movements. The retinal optic
flow as well as the motion of the eyes and head are signals that the observer
has access to, and he/she can use them to determine whether the external object
is stationary. Moreover, if the visual system builds a putative high-level 3-D
representation of the cube, this information can be used to predict the expected
optic flow and compare it against the actual flow. If these signals agree, then the
object must be stationary. If there are any differences, they can be used to estimate
the motion of the object.

Thus, theoretically at least, all the signals of Fig. 2 can be used to assess the
stationarity of external objects. Although, of course, no one questions the role of
the optic flow, the contribution of the other factors is still debated. The explanation
offered in this paper assumes that the observer makes use of all three available
signals illustrated in Fig. 2: the retinal optic flow, the internal 3-D representation
that the viewer constructs in his/her brain, and extraretinal signals (eye movements
and vestibular signals of self-motion). According to this explanation, the illusory
motion is the result of the depth difference between the physical and the perceived
stimulus. In what follows, I will illustrate this general scheme for the specific
examples that were described in the introduction.

Reverspectives

Figure 3a illustrates why reverspectives appear to move as a viewer moves in front of
them. The figure shows a top view of the reverspective of Fig. 1a as seen by a viewer
who moves from left (position 1) to right (position 2); a heavy arrow shows the
egomotion vector. To simplify the drawing, only two of the four truncated pyramids
are shown, and we assume monocular viewing conditions. The actual art piece is
composed of truncated pyramids that protrude toward the viewer, with their volumes
heavily shaded in Fig. 3a. However, because of perspective, foreshortening, and
other cues, the viewer at position 1 perceives a depth reversal, i.e. concave truncated
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Figure 3. (a) Schematic explanation for the illusory motion perceived by a viewer moving in front of
a reverspective; see text for details. (b) Ditto for a hollow mask.

pyramids receding away, as shown by the lightly shaded volume and dashed-line
surface labeled ‘Perceived Scene 1’. Naturally, the perceived depth of every point
on the actual scene can be anywhere along the line of sight joining the physical point
with the eye (dashed lines for position 1); a few key points are shown in the figure.
As the eye moves, the perceived points must still lie along the line of sight. Thus, if
the viewer maintains the illusory depth percept, each perceived point moves as the
eye moves, with the physical point acting as a pivot. Thin and thick solid lines are
used to show lines of sight and the perceived surface, respectively, for position 2. As
seen in Fig. 3a, if the viewer maintains the illusion, the perceived surface appears to
move (thick arrows labeled ‘illusory motion’). An example is shown for feature F
on the physical surface in Fig. 3a, which appears to move from virtual position F1

to F2. Thus, the illusory motion is a corollary of the reversal of the perceived depth.
It is important to notice that, if the depth reversal is not obtained, i.e. the observer
assigns to each point its veridical depth, then a similar construction with lines of
sight reveals that the reverspective will not appear to move.

The proposed explanation also predicts what happens when a reverspective
is rotated in front of a still observer, as shown in Fig. 4. The piece rotates
counterclockwise, as seen from above, from an initial position at t1 (solid lines) to
a final position at t2 (dashed). The illusory surfaces, as perceived by the viewer, are
shown by solid and dashed lines at t = t1 and t = t2, respectively. This construction
explains what indeed happens in reality: observers perceive the illusory surface to
rotate in the opposite (clockwise) direction (for an animated version of a rotating
reverspective, visit http://ruccs.rutgers.edu/∼papathom/kastoria.htm).
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Figure 4. Schematic explanation of why a stationary viewer perceives a rotating reverspective to
rotate in the opposite direction to that of the physical direction; see text for details.

Termespheres

The explanation of why a convex stationary Termesphere appears to move, if it is
misperceived as concave, is very similar to that offered for reverspectives. One
simply has to replace the physical reverspective surface of Fig. 3a by the convex
hemisphere seen by the viewer, and the perceived surface of Fig. 3a by a concave
hemisphere that would be perceived behind the physical visible hemisphere under
a depth reversal. Lines of sight that pivot around physical points on the sphere will
reveal why the sphere appears to move. Termes (1971) offers some observations
about conditions that enhance the illusory percept. In general, painted cues that
suggest a concave surface, such as a vanishing perspective point near the center of
the visible hemisphere or lighting from below, enhance the illusion.

Intaglios — hollow masks

The schematic explanation for the illusory motion is shown in Fig. 3b, using a
notation similar to that of Fig. 3a. The physical concave mask is shown by heavy
volume shading and solid lines, while the perceived convex face at eye position 1 is
shown by light shading and dashed lines, corresponding to the dashed lines of sight.
If the viewer maintains the illusion as she/he moves to position 2 (solid lines of sight
and surface lines), each feature on the mask pivots around its physical position,
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because it is constrained to lie along its line of sight. For example, the concave
left eye of the physical mask (feature F in Fig. 3b) is perceived as the right eye of
the convex face that moves from F1 to F2. This construction indicates that the face
‘follows’ the observer; namely, as the observer moves to the right, the face features
also move to the right. As with reverspectives, if the observer does not obtain the
depth illusion, then there is no illusory motion. Also, if the observer is stationary
and the mask is rotated, the perceived direction of rotation is opposite to the actual
direction, as can be shown by a construction similar to that of Fig. 4.

Stereograms depicting a surface in front of or behind the background

Figure 5a illustrates a case where a surface is seen in depth in front of the
zero-disparity background. The figure portrays a top view of a setup where
the left- and right-eye images are delivered to the appropriate eye using either
a red-green anaglyph or polarized images. The left- and right-eye images are
shown schematically on two thin planes for clarity; of course, in reality they are
superimposed by drawing or projecting them on the display surface (sheet of paper
or display screen). The left- and right-eye background is shown by right- and left-
slanted hatched areas. If this were a random-dot stereogram (Julesz, 1971), these
would be identical black-and-white random-dot patterns, producing a background
of zero disparity and perceived at the depth of the display surface. The left- and
right-eye images also contain a surface, shown in black, with an identical random-
dot pattern in the two eyes. However, this surface has a nasal binocular parallax:
one eye’s image is displaced toward the nose, relative to the other eye’s image; as a
result, it is perceived in front of the background (labeled ‘perceived surface 1’); its
location (for viewer position 1) is determined by the point where the dashed lines
of sight for the left and right eyes meet each other. Also, notice the monocularly
occluded areas, shown in white.

Now consider what happens to the perceived surface as the viewer moves to
position 2. Of course, the background remains motionless at the depth of the display
surface, having zero disparity; this would be more evident if we had shown lines of
sight for points belonging to the background, but this would overcomplicate the
drawing. As can be seen by the lines of sight for the new position 2, the perceived
surface appears to move in the same direction as the observer. The perceived
motion displacement, m, can be obtained as a closed-form function of the binocular
parallax, D, the interocular distance, I , and the magnitude M of the egomotion
vector (see the Appendix), as m = MD/(I + D).

The case of a stereogram with a surface behind the background is shown in
Fig. 5b, using the same notation as in Fig. 5a. Now, however, the illusory surface
is perceived behind the background, because it has a temporal-ward binocular
parallax. Again the point where the dashed lines of sight for the left and right
eyes meet each other determines the location of the perceived surface. However,
when the viewer moves to the right, this surface moves in the opposite direction.
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(a)

(b)

Figure 5. Schematic explanation of why a moving observer viewing a stereogram perceives a
disparity-defined surface to move in the same (a), or opposite (b), direction, depending on whether
the surface appears to be closer, or further, than the background, respectively. The left and right eye’s
images are shown by +45-degree and −45-degree hatch lines, respectively. See text for details.
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A formula for the apparent motion displacement can be obtained in this case in a
manner similar to that of the previous paragraph (see the Appendix).

The general rule emerging from this analysis of stereograms is that, if objects are
perceived to be closer to the observer than they are physically, then they appear
to move in the same direction as the observer. Similarly, if they are perceived to
be located further than they are physically located, then their illusory motion is
opposite to that of the observer. This stereogram rule (see the Appendix for a proof)
is also true of 3-D objects (Gogel, 1990), as illustrated in Figs 3a and 3b.

DISCUSSION

There is no universal agreement on how humans, under egomotion, determine
whether surfaces and objects in the environment move or are stationary (Wertheim,
1994). Supporters of direct-perception and inferential theories are still debating the
issue (Bruce et al., 1996). Both theories predict that there is no illusory motion
under self-motion if we recover the veridical depth of the viewed object. Although
the explanation presented here is in the camp of inferential theories, one must
acknowledge that direct-perception theories can explain pseudomotion, because the
percept of illusory depth and illusory motion is perfectly valid and consistent with
the proximal stimulus, just as the veridical percept. Even though both percepts
are valid under the direct-perception theory, nevertheless, such illusory percepts
— especially the ones obtained as one moves in front of reverspectives with both
eyes open — challenge theorists to offer an explanation for why humans can be so
blatantly inept at breaking the illusion.

However, there is evidence against the strict version of the direct-perception
theory, which does not consider extraretinal signals to be essential for recovering
the stationarity of objects under self-motion. For example, recent evidence that
such signals play a role in recovering the structure of the environment is offered
by Wexler (2003), who demonstrated that subjects are more accurate when they
use voluntary, rather than involuntary, head movements. More specifically, Nawrot
(2003) presented experimental evidence that the slow optokinetic response (OKR)
signal is used by the visual system to arrive at an unambiguous perception of
depth from motion parallax that is generated by self-motion (see also Ono and
Ujike, 1994). Papathomas and Bono’s (2004) experiments indicated that top-down
processes play a role in the perception of 3-D faces and scenes, thus offering
evidence against direct-perception theories, which generally downplay the role of
top-down processes in perception. Indeed, only inferential theories accept the role
of mental 3-D representations in assessing motion of external objects under self-
motion (e.g. Gogel, 1990; Rock, 1983; Wertheim, 1994), as does the explanation
proposed in this paper. In fact, the proposed explanation posits that the ultimate
percept is the result of some initial 3-D mental representation that is updated as
a result of the visual motion signals. This is very similar to Ullman’s (1984)
incremental rigidity scheme, supported by experimental evidence (Hildreth et al.,
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1990), which proposes that the visual system builds up an accurate 3-D model of an
object incrementally from an animation sequence of images.

Investigating which of the two types of theories is valid is not easy. Perhaps one
approach is to concentrate on the fundamental propositions of each, and try to design
strategic experiments to test key hypotheses. One such fundamental difference
is the following. Direct-perception theories posit that the percepts of illusory
depth and illusory motion are obtained simultaneously, whereas inferential theories
posit that the percept of illusory motion is the result of the internal 3-D depth
representation that reverses depth relationships (Gogel, 1990). A weak indication in
favor of inferential theories is that one of the best ways to increase the illusion’s
probability for observers who have difficulties perceiving the illusory motion is
to instruct them to maintain the illusory depth while they move in front of the
reverspective. Investigating systematically whether illusory depth is simultaneous
with or precedes illusory motion may prove to be a big challenge that will require
converging evidence from psychophysical, neurophysiological and brain imaging
experiments. The stimuli presented in this paper, with appropriate modifications,
can be used to design strategic experiments in this effort.

This explanation makes certain predictions that can be tested in future experi-
ments. In the case of stereograms, these predictions are quantitative, as detailed
by the equations in the Appendix. A similar formulation, using binocular disparity,
rather than parallax, was presented by Shimono et al. (2002), who conducted ex-
periments to confirm their prediction. For reverspectives or hollow masks, a mere
observation of Figs 3a and 3b predicts that the magnitude of the illusory motion
vector gets larger for physical points that are closer to or further away from the ob-
server, respectively. These predictions were confirmed in brief sessions with several
observers. In fact, many observers who view the hollow mask for the first time re-
port that only the nose rotates, as they move in front of the mask; ultimately, they
perceive that the whole face rotates. One explanation is that, initially, the nose’s il-
lusory displacement is significantly larger than those of other features, thus leading
to its dominance of the illusory motion. Subsequent exposure sensitizes observers
to the smaller displacements, thus resulting in the percept of the whole face rotating.

To confirm that a prior cognitive assumption that faces are convex can give rise to
the hollow-mask illusory motion, the author collaborated with Doug DeCarlo who
has developed a computational algorithm (DeCarlo and Metaxas, 1996) that uses
facial image features to estimate spatial parameters that best fit a stored (convex)
facial prototype. The model estimates the 3-D shape and motion of a face, and
tracks the features over time, when it is provided with an animated sequence of the
rotating face as input. When the model’s input was an animation sequence of a
hollow mask rotating from left-to-right (counter-clockwise as seen from above), the
algorithm ‘perceived’ the hollow-mask illusion: namely, it perceived a convex face
that rotated in the opposite direction, just as humans do. When DeCarlo modified
the algorithm by including a model of an infinitesimally thin facial mask, with
both a convex and a concave side, the algorithm obtained the veridical percept of a
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hollow mask (Kaur et al., 2000), just as humans do when they see the mask from
an adequately small distance. This algorithm provides evidence that the mental 3-D
representation can obtain a depth reversal and, consequently, give rise to illusory
motion. In an analogous manner, it is possible to develop a computational algorithm
for estimating the 3-D structure and motion of scenes, based on prior constraints
on how to interpret perspective and foreshortening. Our prediction, to be tested
in future studies, is that such an algorithm will be subjected to the same illusory
motion when provided with an animation sequence of a rotating reverspective.

The proposed explanation can be applied to flat-canvas paintings of faces or scenes
that contain strong perspective and foreshortening cues. Such flat paintings still
result in mental 3-D schemas, the depth of which is different than the depth of the
flat canvas. According to the explanation, this depth discrepancy must result in
illusory motion for an observer who moves in front of the painting. However, such
illusory motion is significantly weaker than that of hollow masks or reverspectives
(Papathomas et al., 2004), perhaps because motion parallax signals are nearly equal
across the entire flat surface. It appears that the widely varying motion parallax
signals of volumetric stimuli (hollow masks and reverspectives) play a significant
role in eliciting the powerful illusory motion, and that the 3-D schema alone is not
sufficient to generate strong illusory motion.

Observers who obtain and maintain the illusory depth with reverspectives or
hollow masks as they move and/or as the stimulus moves experience large shape
distortions that are the opposite of the expected distortions. As an example, take
the physical surface A1B1F1C1D1 of Fig. 4 at t = t1, which is rotated to the new
position A2B2F1C2D2 at t = t2. Notice that apexes A1B1 and C1D1 approach and
recede, respectively, under the rotation. Thus, the retinal images of faces A1B1 and
C1D1 are enlarged and reduced, respectively. When observers obtain the veridical
percept, the movements in depth (approach/recede) are consistent with the retinal
size changes (expansion/contraction), and the reverspective’s perceived shape is
preserved because of size and shape constancy. However, under the illusory depth
reversal of Fig. 4, this consistency breaks down: thus, even though the retinal size of
the illusory face A′

1B′
1 expands, it is perceived to recede; similarly, the retinal size

of C′
1D′

1 contracts, but it appears to approach. This inconsistency creates glaring
distortions of size and shape that are nevertheless tolerated by the visual system;
under these circumstances, the rigidity constraint is violated (Hildreth et al., 1990).
Despite these distortions, the illusory percept is maintained for most observers,
even under binocular viewing at relatively small viewing distances (Papathomas and
Bono, 2004); most observers recover the veridical percept when the rotation is large
enough to produce self occlusions, i.e. a truncated pyramid of the reverspective
occluding part of the other truncated pyramid. The diagrams in this paper provide
a schematic explanation for the illusory motion. A quantitative analysis of the size
and shape transformations would provide tools for examining the extent to which
the visual system can tolerate large distortions and still maintain the illusion.
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Finally, it must now be obvious that a good understanding of why such stimuli
as hollow masks and reverspectives appear to move when we move around will
help us explain why stationary objects appear to be stationary, as they should, when
we move around. In fact, if the proposed explanation proves to be valid, then the
illusory motion will indeed be the consequence of misperceived depth relationships,
which give rise to a discrepancy between the expected and actual retinal optical
flows. If, however, we manage to obtain the veridical depth relationships, as we do
most of the time, this will result in a situation where the expected retinal flow will
be equal to the actual retinal flow, thus leading to the conclusion that the object must
be stationary.
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APPENDIX: DERIVING FORMULAS FOR APPARENT DEPTH AND MOTION
IN STEREOGRAMS

For simplicity, Fig. A1 shows two points, rather than two surfaces. Points V
(triangle) and W (diamond) are perceived in front of and behind the display surface,
respectively. B is the viewing distance, I is the interocular distance, DV and DW

are the binocular parallaxes. We want to compute the apparent depth b, and the
apparent motion displacement m that is perceived when the observer moves over
a distance M from position 1 to 2. Consider point V first. From similar triangles
V1VLVR and V1L1R1, we obtain bV/DV = (B − bV)/I , from which

bV = BDV/(I + DV). (A1)

From similar triangles V1VLV2 and L1VLL2, we get mV/M = bV/B and,
substituting from (A1), we finally get

mV = MDV/(I + DV). (A2)

We next consider point W, which is perceived behind the display surface. Working
with similar triangles W1WLWR and W1L1R1, in a similar fashion as with point V,
we obtain bW/DW = (B + bW)/I , from which

bW = BDW/(I − DW). (A3)

Finally, from similar triangles W1WLW2 and L1WLL2, we get mW/M = bW/B

and we substitute from (A3) to obtain

mW = MDW/(I − DW). (A4)

In equations (A1–A4) we worked with geometrical quantities. It is possible to
unify the above equations by employing a vector notation, using boldface symbols:
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Figure A1. This diagram uses the same notation as Fig. 5. The left and right eye’s images are shown
by +45-degree and −45-degree hatch lines, respectively. Features V (triangle) and W (diamond) are
shown by open symbols; solid symbols are used to show their perceived locations.

for any point U, binocular parallax vector DU is from the right eye’s image UR

to the left eye’s image UL. Thus, if UL is to the right (to the left) of UR, then
the corresponding binocular parallax DU is positive (negative). Similarly, a motion
vector is positive or negative if the perceived motion is in the same or opposite
direction to that of the observer, respectively. The interocular distance vector I is
assigned a direction from the left to the right eye. Under this notation, we now have
unified formulas for the apparent depth bU and a motion vector mU for any point U,
which replace equations (A1–A4) above:

bU = BDU/(I + DU) (A5)

and

mU = MDU/(I + DU). (A6)

If bU turns out to be positive (negative), it means that U is perceived in front of
(behind) the display surface. Similarly, if mU turns out to be positive (negative), it
means that U appears to move with (against) the observer. Notice that, for a given
point U, vectors bU and mU have the same sign. This means that points in front of
(behind) the fixation mark appear to move with (against) the observer.


