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The perception of cast

shadows

Pascal Mamassian, David C. Knill and Daniel Kersten

When an object casts its shadow on a background surface, the shadow can be

informative about the shape of the object, the shape of the background surface and the

spatial arrangement of the object relative to the background. Among all these roles, we

found that cast shadows were perceptually most relevant for the recovery of spatial

arrangement, especially when the shadow is in motion. This finding is intriguing when

one considers the ambiguities in the possible ways that shadow motion can be

interpreted. We reasoned that the visual system must use a priori constraints to

disambiguate the cast shadow motion. One of these constraints is that the light source

is stationary. Though simple, the stationary-light-source constraint supports rich,

reliable inferences about the qualitative motions of objects in three dimensions.

It is on this natural weakness of ours that the
shadow painting and conjuror art and their fellows
rely when they deceive us with their tricks.

Plato, The Republic, 602d

The importance of shadows in Western cultures cannot
be underestimated. Pliny the Elder placed the origin of
painting at the first time the shadow of a man was outlined
on a wall, and Plato used the metaphor of a cave on the
walls of which shadows of the external world were projected
to explain his theory of knowledge'. As these examples illus-
trate, shadows were early on appreciated for their likeness
with real objects. However, the first thorough analysis of
shadows had to wait until 1490 when Leonardo da Vinci
described how artists could use light and shade to evince
perceptions of three-dimensional relief in paintings®. While
da Vinci naturally focused on shadows in static images, re-
cent developments have shown that shadows are particu-
larly salient cues to depth in dynamic scenes where objects
and their cast shadows are moving relative to one another.
This paper reviews recent work which has elucidated the
informational structure of moving shadows and has raised
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important and difficult theoretical issues about the visual
interpretation of depth in dynamic scenes.

In order to understand the information content of
shadows, one must first recognize that shadows come in two
types, depending on how they are formed on surfaces. We
will refer to the two types as ‘attached” and ‘cast’ shadows
(Fig. 1). Shadows are regions of a surface which receive no
illumination from a light source. Attached shadows are
formed when a surface obstructs the light falling on itself.
They include two contiguous sub-regions that are physically
hard to separate: regions which are in shadow because they
face away from a light source, and neighbouring parts of a
surface that these regions occlude from the light source?.
Cast shadows are formed when one surface occludes an-
other surface from the light source. In this case, an ‘image’
of the casting surface is formed on the occluded surface, and
the cast shadow is ‘surrounded by light'*. Shadows should
also be distinguished from shading. In contrast to shadows,
shaded regions of a surface directly face the light source
so that a change in local surface orientation will cause a
gradual change in reflected light’.

The information available from attached shadows is
necessarily restricted to the shape of the surface on which they

Pll: $1364-6613(98)01204-2



are formed. Cast shadows, on the other hand, are related to
two distinct surfaces, the surface of the casting object and the
surface on which the shadow is cast. As such, cast shadows
are potentially informative about the shapes of either of the
surfaces and about the spatial layout of the scene. Spatial
layout refers to the spatial relationships between the surfaces
in the scene, both qualitatively (e.g. object A is to the right
of object B) and quantitatively (e.g. the distance between
objects A and B is 5 cm). One main difference between the
roles of attached and cast shadows is therefore that the for-
mer leads to questions regarding local scene properties (e.g.
what local surface shape can produce the observed attached
shadow boundary?) and the latter to questions of global
scene characteristics (e.g. how far from the background an
object has to be to produce the observed cast shadow?).
This paper will focus on the perceptual interpretation
of cast shadows. As we will show, the human visual system
does not effectively use cast shadows as cues to surface
shape, despite the potential reliability of the information
they provide. Conversely, cast shadows are very salient cues
to the spatial layout of objects in a scene. The contrast be-
tween cast shadows as cues to surface shape and cast shad-
ows as cues to spatial layout seems also to hold in dynamic
scenes. Particularly striking is the observation that moving
cast shadows can produce a very vivid impression of an ob-
ject moving in depth. Moreover, simply manipulating the
motion of an object’s cast shadow can dramatically change
the perceived trajectory of the object. We will briefly review
the evidence for these claims and then discuss the particular
problem of inferring spatial layout from moving cast shad-
ows. In particular, we will analyse the nature of the @ priori
constraints needed to infer surface layout from moving cast
shadows and relate these to the perceptual phenomenology.

Cast shadow cues

The shape of a cast shadow is related to the shapes of both
the casting object and the receiving surface, while the lo-
cation of the shadow is a function of the location of these
two surfaces. In this section, we shall present evidence suggest-
ing that cast shadows are more effective as a cue for spatial
layout than as a shape cue.

Static cue for surface shape

Cast shadows are potentially informative about the shapes
of both the casting object and the surface on which they lay.
In a constrained world where objects have only planar faces,
shadows are more informative about the shape and position
of the receiving surface than about the object that caused
them®’. In a more general world of piece-wise smooth sur-
faces, the ambiguity in the information about the casting
surface increases, but the information provided about the
shape of the shadowed surface remains strong, particularly
at creases (i.e. orientation discontinuities)’. Intuitively, it is
easy to imagine the complexity of recovering the shape of an
object from its silhouette when that silhouette has been de-
formed by the shape of another surface. To see how the
shape of a cast shadow can provide reliable information
about the surface on which it is cast, consider the picture of
a pencil casting a shadow on a folded card shown in Fig. 2.

The shape of the card by itself is ambiguous: it can be folded
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Shading
Attached shadow

‘Inter-reflection

Cast shadow e

Fig. 1 Definitions of shadows. Shading is the variation of reflected light on a surface
patch which faces directly the light source. Shadows are regions occluded from the light
source and come in two types: attached shadows are formed on the very surface which is oc-
cluding the light whereas cast shadows are formed on remote surfaces. For extended light
sources, penumbras surround the cast shadows. Finally, attached shadows sometimes in-
clude inter-reflections that result from light rays bouncing back from surrounding surfaces.

like a “W’ or an ‘M’ viewed from above (this bistable per-
ceptual display is known as the ‘Mach card illusion’). When
the pencil casts a shadow on the folded card, the shape of
the card should no longer be ambiguous: the card is convex
at points where the shadow touches the pencil and concave
at points where the shadow is the farthest from the pencil.
The presence of the shadow casting object should serve to
strengthen the information provided by the cast shadow,
but it is not technically required to make the information
reliable, given some qualitative knowledge about the direc-
tion of the light source’.

We have performed numerous experiments using am-
biguous shapes like that shown in Fig. 2 in an attempt to
show that the visual system can use the shapes of cast

Fig. 2 Pencil over a folded card. The folds of the card are am-
biguous in that they can appear convex or concave. The shape
of the shadow cast by the pencil should disambiguate the fold,
because when the shadow touches the pencil, the fold is necess-
arily convex. Nevertheless, the shape of the card remains per-
ceptually equally ambiguous. The reader is encouraged to try
this demonstration with a real pencil on a real folded card,
viewing with one eye shut.

®
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shadow boundaries to constrain the perception of surface
shape. In particular, we have manipulated the opacity and
penumbras of the shadows to increase the belief that the
dark regions depicted realistic cast shadows. However, in no
case have we found a significant effect of cast shadows on
subjects’ judgments. Even though the shape of the shadow
in Fig. 2 is theoretically sufficient to disambiguate the shape
of the card, the shape remains ambiguous perceptually.
While such a negative result is necessarily limited to the
types of stimuli we used in the experiments, our repeated in-
ability to find an effect strongly suggests that the visual sys-
tem does not make use of the information provided by cast
shadows about surface shape, or if it does, the information

is perceptually ‘weak’.

Dynamic cue for surface shape

When the object casting the shadow is moving, more in-
formation can be gathered from the transformation of the
shadow across time. As a source of information about
the shape of the casting surface, dynamic shadows are par-
ticularly effective when formed on planar surfaces. In that
case, the problem of inferring the shape of the casting surface
reduces to a generalized form of the structure from motion
problem?®. Indeed, initial demonstrations of the kinetic depth
effect used a shadow casting method to create stimuli’. These
stimuli typically elicit percepts of rigid three-dimensional
structures in motion when the shadows contain trackable
feature points. When the surface of the object is smooth, so
that the correspondence of its shadow contour across time is
more difficult to establish!®'", the object is more likely to
appear non-rigid'>"%. In these studies, however, observers
interpret the shadow as the profile of an object rather than
the shadow cast by an object. It is possible that shadows will
be processed differently by the visual system when they are
seen as mere shadows. Whether or not the shadow infor-
mation would then constrain the interpretation of the
casting object remains an open question.

The motion of dynamic cast shadows also provides
some information about the shape of the shadowed surface
when it is not flat. Consider, for example, replacing the pen-
cil in Fig. 2 with a ball moving along the path defined by
the axis of the pencil. The ball’s shadow in the dynamic case
would then follow the path defined by the pencil’s shadow
in the static case. Therefore, the information provided by
dynamic cast shadows about the shape of the shadowed sur-
face is qualitatively similar to the information provided by
static cast shadows. As for static shadows, we have looked at
the effect of moving cast shadows on the perceived shape of
the shadowed surface. Simulating a ball flying above a
folded card, we found no effects of the cast shadow trajec-
tory on the perceived convexity of the card’s folds. What we
did find was a strong impression of a ball moving in three-
dimensional space. This led us to a detailed investigation of
the perception of dynamic surface layout from moving cast
shadows. We now turn to this topic after a brief description

of the static case.

Static cue for spatial layout
Qualitatively, the information provided by an object’s cast
shadow about its disposition in three-dimensional space is

straightforward: the closer an object is to the background
surface, the closer the shadow will be to the casting object.
It is this property which da Vinci encouraged artists to take
advantage of in his writings on cast shadows®. Despite da
Vinci’s ministrations, visual artists have been surprisingly
reluctant to include shadows in their paintings'é, though
they do appear prominently in production graphics, as in
the use of drop-shadows. Many popular computer graphics
packages include drop-shadows as a standard format for
titles, legends, etc., and they appear prominently in web page
graphics. The effects of static cast shadows on perceived
depth relations between surfaces is phenomenologically
clear, as shown in Fig. 3. Their perceptual salience has also
been demonstrated experimentally, particularly in their
ability to anchor surfaces in depth when they are placed in a

perspective rendering!>16.

Dynamic cue for spatial layout

Just as static cast shadows provide information about static
depth relations between objects, the motions of cast shad-
ows in dynamic scenes provides information about the rela-
tive motions of objects in scenes. We will describe the struc-
ture of this information in some detail in the next section;
however, its basic features are fairly simple — the motion of
an object that casts a shadow on a background surface will
cause the cast shadow to move in the image. The motion of
the shadow, therefore, provides information about the rela-
tive motions of the object and the background surface.
Motion of a cast shadow away from the casting object sug-
gests that the object and background surface are moving
apart in space, and conversely for motion towards the object
(but see next section for an elucidation of the implicit as-
sumptions on which this description is based).

We have created a demonstration illustrating the per-
ceptual salience of this form of dynamic shadow infor-
mation. By moving only the cast shadow of a static object in
a scene, we were able to induce a strong percept of object
motion in depth (despite the fact that the object did not
move or change size in the image'). If the three images in
Fig. 3 represent consecutive frames of a movie, the central
square will appear to move in depth as a result of the trans-
lation of the shadow beneath it. The proportion of times the
square is perceived moving in depth increases when a
penumbra is surrounding the shadow boundary, when the
shadow displacement is consistent with a light located
above the scene, and when the shadow is dark rather than
light!s.

When the object is also moving, its trajectory in depth
can be dramatically influenced by the trajectory of its cast
shadow. For instance, a ball placed inside a box can appear
to roll on the bottom of the box or rise in a frontal plane
by a simple manipulation of the shadow trajectory (Fig. 4).
We quantified the effect more formally by having observers
estimate the height on the wall to which the ball appeared
to move at the rightmost point in its trajectory. Subjects’
estimates were strongly correlated with the path of the ob-
ject’s cast shadow, consistent with the phenomenal obser-
vations'®. Interestingly, the perceived trajectory of the ball
in space was not affected by changing the contrast, the
opacity or even the shape of the shadow. This differs from
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Fig. 3 Effects of cast shadow position on object location. The square appears farther from the background checkerboard when the
cast shadow is detaching from the square. When these images are shown in succession, the square appears to move in depth even though
the square is strictly static. (A movie demonstration of this can be seen on the web at http://vision.psych.umn.edu/www/kersten-lab/
shadows.html)

the effects found for the apparently moving square (Fig. 3),
a point to which we will return to in the discussion.

The vivid impressions of spatial layout induced by mov-
ing cast shadows contrasts with the limited influence they
have on the perception of surface shape. In the next section,
we outline some of the assumptions the visual system uses
to infer the spatial layout from moving cast shadows.

Cast shadow constraints

The motion of a cast shadow is inherently ambiguous.
Consider again the simple configuration of a square overlaid
on a checkered background (Fig. 3). The location of the
shadow cast by the square on the background could be the
result of an infinite number of combinations of the posi-
tions of the viewpoint, the light source, the casting object
and the background surface. As a consequence, when a
shadow is moving across the retina, any combination of
these four factors could be responsible for the shadow dis-
placement (see Box 1). Nevertheless, a displacement of the
cast shadow produces a percept of a square moving in
depth, fairly consistently over repeated observations'’.

The selection of one particular interpretation over the
multiple others indicates that the visual system uses some
a priori constraints to resolve the ambiguity in cast shadow
information. In this review, ‘perceptual constraints’ refer to
assumptions made by the visual system unless contrary evi-
dence is available. It is important to keep in mind that these
perceptual constraints can be violated when contrary infor-
mation is available in the image. For instance, we might as-
sume that light is coming from above unless there are famil-
iar objects in the scene (e.g. faces) that are obviously lit from
below. When the scene is complex and seemingly ambigu-

ous in many ways, perceptual constraints enable us to arrive
at a quick and stable understanding of a visual scene. We
consider now the constraints that justify why a moving cast
shadow produces an impression of an object motion rather
than a light source, background or viewpoint motion.

Light source motion
The results of our experiments are consistent with the hy-
pothesis that the visual system assumes light sources to be
stationary in the scene. Observers perceived a square mov-
ing in depth in Fig. 3 even when the image sequence was
obtained by moving the light source rather than the square.
Likewise, observers perceived a ball rolling on the bottom of
the box or rising in a frontal plane in the animations illus-
trated in Fig. 4, even when the image sequence was gener-
ated by moving the light source'®. Adding more evidence
that the light was actually moving, such as adding more ob-
jects in the scene, did not affect the perceived trajectory of
the ball®. Thus, the stationary light source constraint ap-
pears to be a strong prior assumption which observers make
about scenes, rather than an inference based on image data.
To assume a stationary light source is reasonable when
the average speed of objects moving around us is compared
to the speed of the sun as seen from the earth. If the light
source is fixed in space, where is it? It is well-known that by
default, human observers assume the light to come from a
single source located above their head”?2. From the mea-
surements of perceived trajectories in the ball-in-the-box ex-
periments (Fig. 4), we were able to derive more precisely the
assumed light source location. For most observers, the data
were consistent with an assumption of a light source located
in the close vicinity of their head. Changing the shading on

V 2
£=

Fig. 4 Single frames of a movie showing a ball moving inside a box. The ball can be made appear to roll on the bottom of the box
or rise in a frontal plane by arranging the ball’s shadow to follow the same trajectory as the ball or a horizontal trajectory. The perceived
location of the ball can be assessed by having observers adjust the height of a horizontal bar to the perceived height of the center of the
ball at the right end of its trajectory. (See movie on the web at http://vision.psych.umn.eduivww/kersten-lab/shadows.html)
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Box 1. The potential sources of a cast shadow displacement

A scene which contains cast shadows is composed of four basic
elements localized in space: the light source, the background
surface on which the shadow appears, the viewpoint and the object
casting the shadow. It is important to single out each of these
elements and to study the changes that they induce in the image
when they are displaced. Here, we use the square-over-checker-
board movie to illustrate our points (see Fig. 3 in main article). We
assume that the scene is viewed under perspective projection.
The displacement of the shadow can be characterized as a change
in visual angle from 6, to 6, for the location of the shadow rela-
tive to the casting object. Intuitively, 6, and 6, can be thought of
as the distance in the image between the square and its shadow.

(1) Light source (L): assuming that light is coming from
above, a displacement of the light source towards the back-
ground surface (L, to L,) will result in a downward displace-
ment of the shadow (Fig. A). Moving the light source will also
produce a deformation of the shapes of the cast and attached
shadows and a change in shading and penumbra (the penumbra

shrinks as the light source gets closer to the object).

A Displacement of the light source
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(2) Background surface (B): the background surface is the
surface on which the shadow is cast. A displacement of the
background surface away from the object (B, to B,) will result
in a downward displacement of the shadow (Fig. B) and an in-
crease in the size of the penumbra. Moving the background sur-
face will also produce a change in the projected texture (texture
elements will get smaller but denser as the background gets far-
ther away from the viewpoint).

(3) Casting object (O): a displacement of the casting object
towards the viewpoint (O, to O,) will result in a downward dis-
placement of the shadow (Fig. C). Moving the object closer to
the observer should also increase its image size and change the
penumbra around the cast shadow.

(4) Viewpoint (V): we shall assume that the scene is viewed
from a single viewpoint. Moving the viewpoint closer to the
object (V, to V,) will result in a downward displacement of the
shadow (Fig. D). A displacement of the viewpoint should also
induce a change in the image size of the object and the texture

of the background.

B Displacement of the background
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the ball to suggest illumination from alternative directions
only changed the perceived trajectory of the ball slightly —
not nearly as much as was predicted by the new light source
location'®. This limited ability of human observers to pick

up information about the light source location is a recurrent

finding?*?4,

Background motion

The background surface is not only the surface on which
the shadow is cast, it is also the reference surface against
which the movement of an object can be detected. If one
merely looks at the relative motion of the object and the
background, the absolute motions of object and back-
ground are lost. In studies of induced motion, a static object
can be perceived to move when only the background is
moving®2¥, Similarly, our observers preferred to see the
square moving in Fig. 3 rather than the background. In
other words, it seems plausible that a stationary background
constraint was used to simplify the interpretation of the

scene.

Viewpoint motion

When the observer is getting closer to the object, the visual
angle between the object and its cast shadow increases just
like it would if it was the object that was moving instead.
This ambiguity between observer and object motion was
never experienced: none of the observers in our experiments
ever reported a perception of self-motion. Of course, the
information provided by the vestibular system was contrary
to this possibility. On the other hand, it is well-known that
self-motion can be experienced from visual motion alone®-3'.
The reason why self-motion was not experienced in our
displays is probably linked to the fact that such experience
usually requires a large optic flow, or at least a visual stimu-
lation where the possibility of a static reference frame has
been discarded. As we saw above, it appears that observers
use a stationary background constraint to interpret Fig. 3,
which in turn implies a constraint of stationarity for the
viewpoint.

Object motion

We have seen that the displacement of the shadow in Fig. 3
was preferentially perceived as resulting from the displace-
ment of the square in space. It is important to realize that
this interpretation violates two constraints. First, the square
is moving directly along the line of sight, which means that
the viewpoint is in an accidental position: a small shift of
the viewpoint will make the square move across the retinal
plane as well as in depth. The freedom to allow the view-
point to be anywhere in the scene rather than at accidental
positions is referred to as the generic viewpoint constraint.
It is interesting to note that humans behave as if they use
this constraint®>*. In the movie, the shadow motion clearly
overrides the generic viewpoint constraint. Second, even
though the object is moving in depth, its image does not
change size — a violation of the change-of-size cue (i.e. the
image gets bigger as the object gets closer’®). In fact, when
the displacement of the object induced by the shadow mo-
tion is increased, the object appears to change size in a way
that is consistent with its perceived depth (that is, to inflate
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as it recedes in depth so that its image is kept constant'®).
This phenomenon is quite striking, especially in the light of
the evidence that the visual system prefers to assume objects
to be rigid, and thus fixed in size®. The fact that the cast
shadow cue can override the generic viewpoint constraint,
the constant size cue as well as the rigidity constraint is a
qualitative index of the strength of the cast shadow cue for
dynamic spatial layout perception.

The cue of object motion from cast shadow motion is
different from other depth cues. While most depth cues
provide some information locally, cast shadows act at a dis-
tance from the object which is moving in depth. In other
words, cast shadows are non-commensurate with other
depth cues because they provide global rather than local in-
formation about spatial layout. Nevertheless, an interaction
between cast shadows and other depth cues has been found
experimentally, in particular the cues of size change, binoc-
ular disparity and motion parallax'®3. As such, cast shad-
ows pose a challenge for models of depth cue interaction
where depth in each visual direction is averaged across all
depth cues™®.

Conclusions

In this review, we have outlined the role of cast shadows for
the perception of surface shape and spatial layout. Cast
shadows are those shadows that are projected on a remote
surface. We found that even though they were potentially
informative about surface shape, cast shadows served very
weakly, if at all, in this function. On the other hand, cast
shadows clearly provide very salient cues for the relative dis-
positions of objects in space, particularly when an object
and its cast shadow are moving. This raises some unique
and difficult conceptual issues for perception. The issues re-
volve around three problems: segmenting and labeling cast
shadows in scenes, linking cast shadows with the objects
which cast them and interpreting spatial relations from the
changing displacement between an object and its shadow in
an image.

Segmentation and labeling

Before they can be used as cues to spatial layout, cast shad-
ows must be segmented from the background and labelled
as cast shadows. In static images, shadows can easily be con-
fused with other events on surfaces: black paint (surface
of black fabric (like in Dali’s
‘Disappearing Bust of Voltaire’) or even stain on clothes
(like in Rembrandt’s ‘The Night Watch’ cited by
Arnheim?). The fact that they are just like transparent sur-

markings), pieces

faces®® which are darker than their immediate vicinity® is
barely sufficient to detect them. However, the presence of
penumbra may help distinguish shadows from sharp surface
markings®.

In dynamic scenes, a feature appears which can very re-
liably determine proper shadow labeling: the relative mo-
tion of an object and its cast shadow is constrained to follow
a line connecting the object to the light source. Assuming
the light source is fixed, the virtual line connecting an object
and its cast shadow will thus revolve around a common
point (the projection of the light source in the image). For
light sources distant from a scene, the motion is constrained
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Outstanding questions

Psychological

e Shadows in a scene sometimes fail to appear like shadows, and,
conversely, dark materials can be misperceived as shadows. What are the
criteria used by human observers to categorize a patch in the image as a
shadow? How good are we at discriminating attached from cast
shadows?

¢ \What are the mechanisms which led us to select the particular
constraints used by our visual system? What is the contribution of
exposition to natural scenes to the final selection of constraints?

Neural

¢ It is now believed that there exists two streams of visual processing in
the cortex: one occipito-temporal stream dealing with the shape of
objects and one occipito-parietal stream dealing with their location in
space. If this view is correct, are attached shadows processed in the
former and cast shadows in the latter stream?

¢ Do special neural mechanisms exist in the visual system for measuring
the particular type of correlated motion which is found between objects
and their cast shadow? For instance, is the firing rate of cortical cells (in
particular in areas V1 and MT of macaque monkeys) affected by
correlated motion in another part of the visual field?

Computational

* How can a visual system compute spatial layout from cast shadow
information? Can it be done with a simple heuristic which embodies
fixed assumptions about light source direction, background surface
shape and viewing position, or must it resolve the information
cooperatively with estimates of these other scene properties?

e Cast shadows provide some information about the location of remote
objects. How can this ‘delocalized’ information be integrated with more
local forms of depth information such as stereopsis?

to always be in a common direction in the image. The pres-
ence of such a constrained motion in the image is a strong
indicator that two moving patches are related as an object to
its shadow.

The importance of correlated motion as a cue to
shadow labeling may explain the divergent phenomenal
effects of violating luminance constraints in the square-
above-the-checkerboard movie and the ball-in-a-box movie
(see descriptions above). In the former, the object (square)
is static, so that the motion of the cast shadow is trivially
correlated with that of the object (by virtue of being linear
motion). In this special case, object-shadow correlated
motion does not provide a reliable cue to shadow labeling,
and violations of shadow luminance constraints (such as
making the shadow lighter than the background) do reduce
the efficacy of the shadow cue. In the ball-in-a-box
movie, the object itself is moving, hence the object-shadow
correlated motion which appears in the animation would
be accidental if caused by anything other than an object
casting a shadow. It therefore provides a strong cue to
shadow labeling, and the phenomenal percept of motion
is more robust to violations of shadow luminance con-
straints.

Linking objects with their shadows

In order to use cast shadow information to surface layout,
shadows must be properly linked to the objects that cast
them. This is yet another variant of the ubiquitous match-
ing problem in visual perception. In static scenes, determin-
ing the correspondence between an object and its cast
shadow is a very difficult problem’. Few simple cues are
available, besides the relative distances between a shadow
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and candidate objects. Theoretically, one could match the
shape of a shadow to that of objects in a scene. However,
this matching procedure would appear to be computation-
ally prohibitive for even the simplest objects, and this is
probably the reason why having a trapezoidal rather than el-
liptic cast shadow in the ball-in-a-box movie did not reduce
the effectiveness of the percept'®.

In dynamic scenes, in which both objects and their
cast shadows are moving, the correlated motion between an
object and its shadow provides a reliable and simple source
of information for linking cast shadows and objects. This
further emphasizes the potential importance of object-
shadow correlated motion for shadow interpretation. The
relative simplicity of the correlated motion feature suggests
the intriguing possibility that the visual system contains
low-level mechanisms for detecting such correlations. One
way to experimentally test this possibility would be to
decorrelate progressively the object and shadow motions
and check the induced effect on the perceived object

motion.

Inferring spatial relations

Finally, we come to the basic problem of actually inferring
spatial relations from the relative dispositions of objects and
their cast shadows. Assuming they have been properly seg-
mented, labeled and linked, cast shadows provide infor-
mation for the spatial layout of the scene (i.e. the relative
positions of surfaces and objects in the world). In dynamic
scenes, the changing distance between an object and its
shadow provides information about the relative motions of
objects in the world. Our analysis of cast shadow motion in-
formation in the previous section highlighted the different
factors which determine the pattern of object-cast shadow
motion appearing in an image. This analysis revealed that
the interpretation of an object moving in depth was chosen
against other equally valid interpretations involving a mo-
tion of the light source, the background surface, or the
viewpoint. Taking into account these biases (or perceptual
constraints), cast shadow motion provides crucial informa-
tion about the relative motion of objects in a scene. The way
perceptual constraints interact with the information in the
image can be formally described within a Bayesian frame-
workl 42,

In summary, we found that cast shadows have a strong
influence on the perception of spatial layout, but only a
weak impact on the shape of the objects casting or receiving
the shadows. One reason for this dichotomy might be that
straightforward assumptions allow the visual system to
make reliable inferences about the relative position of ob-
jects while equally powerful assumptions seem hard to come
by for the interpretation of the objects’ shape. However, the
link between perceptual constraints and statistical proper-
ties of natural scenes remains to be ascertained.
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Advance Notice
Two Special Issues — Trends in Cognitive Sciences and Trends in Neurosciences

The increasing interest and understanding of the development, and motor and cognitive functions of the cerebellum
are highlighted in a series of articles that have been commissioned for two special issues of TICS and TINS.

The special issues, commissioned with the assistance of the special guest editor Peter Strick, Syracuse, NY, USA, will
present the latest information from leading scientists in the fields of anatomy, gene expression, development,
conditioning, learning, neuroimaging, modelling, and cognitive function. The short review articles will provide a
comprehensive introduction to the key issues in current cerebellar research for specialists and non-specialists alike.

Subject areas covered in the special issues will include the following:

Development and developmental genetics of the cerebellum
Hereditary ataxias
Function of the inferior olive
Long-term depression
The cerebellum in motor learning and cognition
Conditioned reflexes and cerebellar learning
Neuroimaging of language, learning and memory in the cerebellum
Cerebellar dysfunction and cognition
Computational models of cerebellar function
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