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ABSTRACT

We present a new paradigm for studying motion perception. This approach is based on a class of stimuli that we
devised for testing the relative strength of stimulus attributes (luminance, color, spatial frequency, orientation,
binocular disparity, etc.) in eliciting motion perception by correspondence matching. In this class of stimuli, different
attributes are matched simultaneously in the spatio -temporal domain in a systematic, algorithmic manner which allows
each attribute to produce motion in an arbitrary direction (if, of course, it is a token for movement perception),
independently of the other attributes. This results in animation sequences in which many different motion paths may
co- exist, each path due to a different attribute. Such an arrangement allows a direct comparison of the strength of
attributes in eliciting movement. Results from psychophysical experiments based on our paradigm can be used to
develop complex motion detection models for machine vision systems which attempt to approximate human
performance. Similar methods are discussed for studying stereopsis mechanisms.

1. INTRODUCTION

One of the problems in the study of motion is finding the
relative strength with which the various object attributes
(luminance, color, spatial frequency, shape, etc.) elicit
movement perception. In continuous, but particularly in
stroboscopic (apparent), motion the term correspondence
matching refers to the process by which the visual system
manages to match the attributes of moving objects across space
and time to detect any motion of the targets. Thus the question
is whether we can design experiments which will enable us to
classify these attributes according to their importance in this
spatio -temporal correspondence matching. For example, is
luminance more important than shape in eliciting motion
perception? How does spatial frequency rate when compared to,
say, orientation?
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Significant progress has been made in answering questions of
this type. We would like to begin, albeit anachronistically, with
a special kind of stimulus, used, among others, by Navont and
by M. Green and his colleagues2'3 which enables the
experimenter to examine whether the studied attribute is a token
in movement perception and, if so, how it compares with other
attributes. The idea behind Green's stimulus is illustrated in
Figure la, in which the "targets" are shown as circles. Solid
and dashed circles indicate what is displayed in frames 0 and 1,
respectively.

All the attributes of the targets are kept the same, except for
attribute A, which can be assigned N different values,
0, 1, ... , N - 1 (in Figure la N = 2). As can be seen from the
spatio -temporal arrangement of Figure la, if attribute A is
indeed a token for the perception of movement, the sequential
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(a) An example of the stimuli used by M. Green ana uts collaborators. The objects drawn in solid and
dashed lines are displayed in frame 0 and 1, respectively. (b) A similar arrangement where the targets
are all on the same line. The same convention is used as in (a) with respect to solid and dashed circles.
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display of frames 0 and 1 will give rise to motion in the
counter- clockwise direction, as indicated by the path pR, because
the inter -frame displacement A9 is half the period P9. Using
stimuli of this type Navonl observed that shape is not a strong
token for carrying movement. Green and Odom3 showed that
the third dimension, i.e. depth, is indeed important in the
perception of motion. Green2 demonstrated that orientation and
spatial frequency are also good tokens for motion, whereas
phase is not. What Green was not able to do was to compare
directly the strength of the various tokens in eliciting apparent
motion, although he mentions that "orientation also proved to be
a correspondence token, although anecdotal observer reports
suggest that it is not as powerful a token as spatial
frequency.s2 We will describe, in Section 3, an extension of
this stimulus which offers a way to compare any pair of
attributes directly.

Other researchers have used similar stimuli, the most
common of which is the type shown in Figure lb, where the
elements are configured along a line and where the motion is
along the horizontal line, rather than around the circle of
Figure la. To generalize, we have shown an inter -frame
displacement Ax which is not necessarily half the spatial period
Px, as is the case in Figure la (of course, this could also be done
with the stimulus of Figure la). Experiments have been
conducted in which the strength of motion S was recorded as a
function of Ax. One may compare indirectly the strength of
various attributes in eliciting motion by comparing the
corresponding curves of the functions S(Ax) for those attributes.
Again, our paradigm offers a more direct method of comparing
the strength of two attributes.

2. THE ROLE OF VARIOUS ATTRIBUTES IN MOTION

Stimuli similar to those presented in Section 1, as well as
numerous variations of those, have been used by experimenters
to investigate the role of the various attributes in eliciting
movement perception. We shall mention briefly the work of
several researchers who have contributed in this area,
concentrating on results that are relevant to our paradigm.

In addition to Navonl and Green2 who experimented with
shape in general, and orientation in particular, Kolers and
Pomerantz and Kolers5 presented evidence indicating that these
attributes are very weak tokens for carrying motion. Similar
conclusions were drawn by Hochberg and Brooks6, Watson7,
and Burt and Sperlings. On the other hand, Ullman9, Green2
and Gorea and Papathomas1o,11 report that orientation can
indeed carry motion, albeit not as strongly as spatial frequency
can. The apparent disagreement between these two groups can
be easily explained by the different spatio- temporal arrangements
and the different criteria employed. The attribute that was
studied most extensively is luminance. Several researchers have
experimented to investigate its role in motion and we limit our
list to a few recent reports by Antis12, Cavanagh et al.13,14,
Gores and Papathomas1°, and Chang and Julesz15. There is
general agreement that luminance if one of the, if not the,
strongest carriers of movement. Another strong carrier is spatial
frequency, as the results of Gorea and Payathomast6 Green,2
and Ramachandran, Ginsburg and Anstisl indicate. The roles
of size and contrast were investigated by Ullmanls and Pantle
and Sekuler19, respectively. Binocular disparity proved
important in motion (Green and Odom3, Papathomas et al.20).
As far as color is concerned, all studies agree that it is a much
weaker token than luminance (Cavanagh et al.13,14,21
Troscianko22, Ramachandran and Gregory23); some
experimenters have carried the argument further by theorizing
that color is not at all a carrier of motion (Livingstone and
Hube124).

3. A NEW PARADIGM

In all of the stimuli used in the apparent motion experiments
mentioned earlier, all the attributes of the objects- targets were

held fixed except for the one attribute that was being studied.
There are a few exceptions to this observation, but even in the
few cases where two attributes were varying simultaneously
(Ramachandran et al.17, Cavanagh et aí.13 and Kooi et al.25) the
methods used do not allow the extension of their paradigm to
any number of arbitrarily chosen attributes, as is the case with
our new class of stimuli which allows any multiple attributes to
be arranged simultaneously in the spatio -temporal plane.

3.1 Correspondence matching with multiple attributes -A new

class of stimuli

The best way to introduce this class of stimuli for motion
perception is to describe it in general terms and then to illustrate
it with specific examples. The general idea in the case of
clockwise /counter- clockwise motion along a circle is shown in
Figure 2. To understand the notation used in this Figure, which
shows schematically four time frames t = 0, 1, 2 and 3, the
reader is asked to compare it to Figure la, which shows
schematically only two frames.

For simplicity's sake let us initially consider only the first two
frames of Figure 2, i.e. t = 0 and 1. Although the radius of
t = 1 is shown larger than that of t = 0 for notational
convenience, in fact the elements of t = 0 and t = 1 are
displayed in temporal sequence on the same fixed radius r0, just
as in Figure la. At t = 2, the elements of the third ring (t = 2)
are displayed at the same radius r = r0, followed by the
elements of the outer ring (t = 3) again at r = r°. The only
reason we increase the radius of the second and subsequent
frames is to show the spatio -temporal patterns that give rise to
clock- or counter -clockwise motion. Thus, the increasing radius
in Figure 2 corresponds to increasing time in a manner that is
directly analogous to the Cartesian x - t plane of Adelson and
Bergen26 in horizontal motion. By analogy, Figure 2 introduces
the 6 -t plane, i.e. the polar form of the x - t plane; of course,
as we indicated elsewherell, our technique can also be applied in
the x - t plane.

Each target in the stimulus of Figure 2 can be characterized
by many attributes A, B, C ,.... Only two of them are shown
here for simplicity (we shall see how these attributes can be
combined effectively in subsection 3.2). Each attribute X can
take on N different values X0,X1,..., XN_1 (N = 3 in
Figure 2). Other choices of assigning values to X will be
considered at the end of this subsection. For example, if A is
color, then one possible assignment would be A0 = red,
Al = green, A2 = blue; if B is orientation, then B0,B1 and B2
could correspond to 0 °, 120° and 240 °, respectively, and so on.
In our stimuli, we usually choose the inter -frame displacement
AO to be half the inter -element distance P8, but this is not
necessary. Next let us consider the types of motion resulting
from the configuration of Figure 2. If we concentrate on the
variations of attribute A, let us begin with the element A2B2 of
t = 0 at the 5- o'clock position. At t = 1 it is more likely that,
as far as attribute A is concerned, that element will be matched
to the A2B0 element of t = 1 at 4- o'clock rather than to the
AIB2 element of t = 1 at 6 o'clock. Proceeding in this manner,
we see that, if attribute A is indeed a token for motion, this
element will elicit a counter -clockwise motion along the circle of
radius r0, indicated by the path pAR. Similarly, if we concentrate
on attribute B, we will observe a clockwise path pBF in the
opposite direction to that of pAR.

Before considering other general properties of this kind of
stimuli, let us illustrate with a simple example. Figure 3
illustrates a specific instance of Figure 2, where A and B are
spatial frequency and orientation, respectively. In this case, A0,
Al and A2 are low, medium and high spatial frequency and B0,
B1 and 82 are assigned orientations of 0 °, 60° and 120 °.

Note that, if you "follow" the spatial frequency (ignoring the
orientation changes), the resulting path is in the counter-
clockwise direction as t increases. The dual is true if you follow
the orientation without paying attention to the changes in spatial
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directly analogous to the Cartesian x - t plane of Adelson and 
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Each target in the stimulus of Figure 2 can be characterized 
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take on N different values XQ ,Xi, ..., XN . : (N = 3 in 
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considered at the end of this subsection. For example, if A is 
color, then one possible assignment would be A 0 = red, 
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could correspond to 0°, 120° and 240°, respectively, and so on. 
In our stimuli, we usually choose the inter-frame displacement 
A8 to be half the inter-element distance P B , but this is not 
necessary. Next let us consider the types of motion resulting 
from the configuration of Figure 2. If we concentrate on the 
variations of attribute A, let us begin with the element A 2B 2 of 
t = 0 at the 5-o'clock position. At r = 1 it is more likely that, 
as far as attribute A is concerned, that element will be matched 
to the A 2B 0 element of t = 1 at 4-o'clock rather than to the 
AiB 2 element of t = 1 at 6 o'clock. Proceeding in this manner, 
we see that, if attribute A is indeed a token for motion, this 
element will elicit a counter-clockwise motion along the circle of 
radius r0 , indicated by the path p^. Similarly, if we concentrate 
on attribute B, we will observe a clockwise path pBF in the 
opposite direction to that of p^.

Before considering other general properties of this kind of 
stimuli, let us illustrate with a simple example. Figure 3 
illustrates a specific instance of Figure 2, where A and B are 
spatial frequency and orientation, respectively. In this case, A 0 , 
Ai and A 2 are low, medium and high spatial frequency and B 0 , 
BI and B 2 are assigned orientations of 0°, 60° and 120°.

Note that, if you "follow" the spatial frequency (ignoring the 
orientation changes), the resulting path is in the counter 
clockwise direction as t increases. The dual is true if you follow 
the orientation without paying attention to the changes in spatial
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Figure 2. A schematic representation of the new stimuli in the polar form. A and B are two distinct attributes.
Time increases along the radial axis in a figurative way. One can verify that attributes A and B are
matched to produce counter- clockwise and clockwise motion, respectively.

frequency: the resulting trajectory is in the opposite (clockwise)
direction.

One of the properties of these stimuli is that they are periodic
in time (see subsection 3.3.3). Here it can be verified that the
temporal period is 6 frames. Thus we would need to generate
two more frames (t = 4 and t = 5) and then we could create an
animation sequence of arbitrarily long duration. When we
display these frames in sequences of long duration, and show
each frame sufficiently long to allow smooth pursuit of the
targets, the resulting percept is quite interesting. If one
concentrates in spatial frequency and "locks his /her attention"
to, say, the low frequency A0, one may see these "balls" move
in the counter- clockwise direction while, at the same time, they
rotate about their center (also in the counter -clockwise direction)
in increments of 60 °. If one "locks in" to a fixed orientation,
say horizontal, one may see these balls move in the clockwise
direction while their stripes become thicker or thinner.

If, on the other hand, we show sequences of only a few (say
2 to 4) "short- living" frames (typically 33 msec), to prevent eye
movements, then the observer presumably cannot attend to a
particular attribute and perceives the motion in the direction that
is dictated by the strongest between the two attributes. This
allows the researcher to design experiments for the direct

comparison of motion "tokens ".

Of course, there is no reason why we could not arrange both
attributes A and B in thesame (concurrent matching) rather than
in opposite (competitive matching) directions on the spatio-
temporal 6 4 plane. If both of them are tokens for motion, such
an arrangement would enhance the strength of the elicited
apparent movement. Indeed, we verified this statement for
many pairs of attributes such as binocular disparity and
orientation, or luminance and color, etc.

Another issue that must be emphasized is that this paradigm
does not limit us to two attributes. In fact, an arbitrary number
of attributes can be combined as long as it is possible to form a
conjunction of multiple attributes on the same target
simultaneously (we present our ideas on that in the next
subsection). Suppose it is possible to use many attributes
A, B, C , ... , Z. The power behind our paradigm is that each of
these can be arranged in the spatio -temporal domain
independently of the others. A subset of them may be arranged
to produce motion in one direction, while another subset may be
configured to elicit movement in the opposite direction, while a
third subset may be arranged to produce ambiguous motion, i.e.
motion that is equally probable to be seen in two opposite
directions. There are at least three ways to produce ambiguous
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in increments of 60°. If one "locks in" to a fixed orientation, 
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direction while their stripes become thicker or thinner.

If, on the other hand, we show sequences of only a few (say 
2 to 4) "short-living" frames (typically 33 msec), to prevent eye 
movements, then the observer presumably cannot attend to a 
particular attribute and perceives the motion in the direction that 
is dictated by the strongest between the two attributes. This 
allows the researcher to design experiments for the direct

comparison of motion "tokens".

Of course, there is no reason why we could not arrange both 
attributes A and B in the same (concurrent matching) rather than 
in opposite (competitive matching) directions on the spatio- 
temporal 0-r plane. If both of them are tokens for motion, such 
an arrangement would enhance the strength of the elicited 
apparent movement. Indeed, we verified this statement for 
many pairs of attributes such as binocular disparity and 
orientation, or luminance and color, etc.

Another issue that must be emphasized is that this paradigm 
does not limit us to two attributes. In fact, an arbitrary number 
of attributes can be combined as long as it is possible to form a 
conjunction of multiple attributes on the same target 
simultaneously (we present our ideas on that in the next 
subsection). Suppose it is possible to use many attributes 
A, B, C ,..., Z. The power behind our paradigm is that each of 
these can be arranged in the spatio-temporal domain 
independently of the others. A subset of them may be arranged 
to produce motion in one direction, while another subset may be 
configured to elicit movement in the opposite direction, while a 
third subset may be arranged to produce ambiguous motion, i.e. 
motion that is equally probable to be seen in two opposite 
directions. There are at least three ways to produce ambiguous

SPIEVol. 1077 Human Vision, Visual Processing, and Digital Display (1989) / 287

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 10/17/2017 Terms of Use: https://spiedigitallibrary.spie.org/ss/TermsOfUse.aspx



\ \
t=1

\\ _ \
\

-t =0,

O
/

Figure 3. A particular example of Figure 2, in which A is spatial frequency and B is orientation.

0 \ \.I, / \ P\
I / \ 1 1 I

\
1 1 \
\ \ \\ // " / PR /
\ \
1

/ /

\ /r \ \\ 0`- ,Ø,
JF/1/ I /

PF

PFi

/

Figure 4. Illustrating the cyclic configuration of attribute C in the 9 -t domain.

288 / SP /E Vol. 1077 Human Vision, Visual Processing, and Digital Display (1989)

o
X

X
t=3

/

x

/
\ 

t = 1 \

\ \\ \
\ \

I I I Io 
o

o
\ \ - x
\ \\ \ _N

\ N

\ X 

\

x
x

x

O
Figure 3. A particular example of Figure 2, in which A is spatial frequency and B is orientation.

Figure 4. Illustrating the cyc//c configuration of attribute C in the 6-r domain. 

255 /SP/£ \/o/. 1077 Human Vision, Visual Processing, and Digital Display (1989)

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 10/17/2017 Terms of Use: https://spiedigitallibrary.spie.org/ss/TermsOfUse.aspx



motion using, say, attribute C. For all three we must have

AO = 2 Pe. 1) The simplest one is to let C stay fixed at C0 for

all the targets. Then, as far as attribute C is concerned,
clockwise motion is equally probable as counter -clockwise
motion. 2) The same is true when C is distributed cyclically,
varying as shown in Figure 4.

The reason the name cyclic was chosen is that, whether you
follow the clockwise path pF or the counter- clockwise path PR,
the values of C change in a cyclic fashion:
C0C1C2C0C1C2 for PF and C2C1C0C2C1Co for
PR. Again, C is not matched along either path, resulting in
ambiguous motion. 3) Finally, another way to elicit ambiguous
motion is to assign to the targets random values of C from a set
of possible values {CO3 C1, C2, ... , Cr }.

Most of the studies of other researchers concentrate on
studying one attribute A, while keeping all others (B, C , ... , Z)
fixed. This is what we call motion due to A within B, C, ... , Z.
If, on the other hand, we configure attribute A to carry motion
while we vary attribute C either cyclically or randomly, then we
call this kind of motion as occurring across attribute C. This is
another advantage of our paradigm, i.e. the ability to observe
different modes of movement.

3.2 Conjunctions of attributes
The success of designing stimuli of the type described in the

previous subsection depends on our ability to form conjunctions
of many different attributes within the same target. To fix
matters, let us consider the following attributes: A = spatial
frequency, B = orientation, C = color, D = luminance,
E = contrast, F = size (scale), G = binocular disparity. In
general, then, a target may be located at (x0,y0) and be
assigned a value A;B CkD tE,nF Gp where each attribute X is
present in the stimulus and is assigned a value Xq, where
X E {A, B, C, D, E, F, G} and 0 q N - 1. One possibility
of a target which may combine these attributes is the
Gabor patch27, shown in Figure 5.

Figure 5. A Gabor patch.

Its luminance function 1(x, y) is given by

I(x, y) = to + Jexp[(x.2 + y:) /Q2] sin [wxx. + wyy. + ] (1)

with

x. = x - x0 and y. = y - yo , (2)

where 10 = mean luminance, and J is the (luminance)
amplitude. The fundamental spatial frequency and the
orientation of the patch are functions of cox and co)., and 4
determines the phase. Such a patch may be designed to possess
unique values of A, the fundamental spatial frequency; B,
orientation; C, color; E, contrast; F, size and G, binocular
disparity. It is not clear how to assign values to the luminance
attribute in this case, although one possibility is to manipulate
10. Nevertheless, this element offers the possibility of forming
conjunctions of a large number of attributes.

3.3 Properties of the new class of stimuli

These stimuli possess some desirable properties1l which we
shall present briefly:

3.3.1 Ease of generation. Let us denote by f, r and c the
subscripts assigned to attribute X at location O and t (see
Figure 2) so that the resulting arrangement will produce
clockwise, counter- clockwise and cyclically ambiguous motion
(see Figure 4), respectively. Then, there exist explicit formulas
for these subscripts:

f = [(9 + t) % (2N)]/2

r = [(9 - t) mod (2N)]l2

c = (-9) mod N

(3a)

(3b)

(3c)

where a % b is the remainder of the division of a by b, mod is
the modulo function, and N is the number of different values
that are assigned to each attribute. The spatiotemporal positions
occupied by targets are only those for which O + t is even.
Hence the values of f, r and c are only defined for (9 + t) even.

3.3.2 Periodicity along O. The elements are periodic along O
with

period N, as can be verified either from Figure 2 or, in general,
from Eq. (3).

3.3.3 Periodicity along t. Even more important than spatial
periodicity, the stimuli possess temporal periodicity with a period
Pi = 2N. This allows us to create animation sequences of
arbitrarily long duration by displaying frames 0 through 2N - 1
over and over again.

4. OTHER APPLICATIONS OF THE PARADIGM

In addition to using these stimuli for motion experiments
with human subjects, there are other areas where such stimuli
can find applications.

4.1 Correspondence matching in stereopsis

The Cartesian form of the stimuli can be used to test the
relative strength of two attributes for stereopsis. The idea is
illustrated in Figure 6, which is drawn after a similar figure by
Julesz28, used to illustrate the construction of a classical
random -dot stereogram (RDS). The extension that we propose
here is that, instead of using elements characterized by one
attribute only (typically luminance in classical RDSs), we use the
conjunction of multiple attributes.

The symbols A, a and a all refer to the same attribute, say
luminance, which will be denoted generically by A. We show
two values of luminance: Ai = a 1 = al = bright and

Similarly, B, b and 13 all stand for a
color, denoted by B. One possible

B0= b0 =[30 =blue and

A0 = a0 = a0 = dim.
second attribute, say
assignment is
B1 = b1 = ßt = yellow.

The reason why we use three different symbols for the same
attribute will be explained next. For simplicity, ignore the
presence of the symbols B, b and ß in Figure 6, for the time
being. With respect to Á, one may distinguish three different
areas in the left and right images: 1) There is an area that is
identical in both images and it forms the background; the symbol
A is used in this area. 2) There is a central square (4 x 4)
outlined by dashed (left) or dashed /dotted (right) lines, which is
also identical in the two images, but it is shifted horizontally to
the right by one block in the left image relative to the right
image. This forms the target and the symbol a is used in this
area. 3) Finally, because of the shift, there are areas that
become uncovered and have no correspondence in the two
images. The symbol a is used in these areas. When fused in
stereo, the target is seen to loom over the background. This is
the method of constructing classical RDSs.28

We now present our extension of the RDS by considering
attribute B in Figure 6. Here, if we ignore the presence of
attribute X, we also observe a background (symbol B), a square
target, outlined by dotted (left) or dashed /dotted (right) lines
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Figure 5. A Gabor patch.

Its luminance function I(x, y) is given by

/(*, y) = /o + Jtxp[(xl + v*)/a 

with

x* = x - XQ and y* = y - > 0  (2)

where /Q = mean luminance, and / is the (luminance) 
amplitude. The fundamental spatial frequency and the 
orientation of the patch are functions of co* and co}., and (j> 
determines the phase. Such a patch may be designed to possess 
unique values of A, the fundamental spatial frequency; B, 
orientation; C, color; £, contrast; F, size and G, binocular 
disparity. It is not clear how to assign values to the luminance 
attribute in this case, although one possibility is to manipulate 
70 . Nevertheless, this element offers the possibility of forming 
conjunctions of a large number of attributes.

3.3 Properties of the new class of stimuli

These stimuli possess some desirable properties 11 which we 
shall present briefly:

Figure 2) so that the resulting arrangement will 
clockwise, counter-clockwise and cyclically ambiguous motion 
(see Figure 4), respectively. Then, there exist explicit formulas 
for these subscripts:
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(3b) 
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c = (-Q)modN
where a % b is the remainder of the division of a by b, mod is 
the modulo function, and N is the number of different values 
that are assigned to each attribute. The spatiotemporal positions 
occupied by targets are only those for which 9 -I- r is even. 
Hence the values of/, r and c are only defined for (6 + r) even.
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with
period N, as can be verified either from Figure 2 or, in general, 
from Eq. (3).

3.3.3 Periodicity along t. Even more important than spatial 
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In addition to using these stimuli for motion experiments 
with human subjects, there are other areas where such stimuli 
can find applications.

4.1 Correspondence matching in stereopsis

The Cartesian form of the stimuli can be used to test the 
relative strength of two attributes for stereopsis. The idea is 
illustrated in Figure 6, which is drawn after a similar figure by 
Julesz28 , used to illustrate the construction of a classical 
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here is that, instead of using elements characterized by one 
attribute only (typically luminance in classical RDSs), we use the 
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luminance, which will be denoted generically by A. We show 
two values of luminance: A\ = a\ = c^ = bright and 
AQ = OQ = ot0   dim. Similarly, B, b and g all stand for a 
second attribute, say color, denoted by B. One possible 
assignment is B 0 = b Q = p 0 = blue and 
B] = b l = PJ = yellow.

The reason why we use three different symbols for the same 
attribute will be explained next. For simplicity, ignore the 
presence of the symbols B, b and £ in Figure 6, for the time 
being. With respect to A, one may distinguish three different 
areas in the left and right images: 1) There is an area that is 
identical in both images and it forms the background; the symbol 
A is used in this area. 2) There is a central square (4 x 4) 
outlined by dashed (left) or dashed/dotted (right) lines, which is

also identical in the two images, but it is shifted horizontally to 
the right by one block in the left image relative to the right 
image. This forms the target and the symbol a is used in this 
area. 3) Finally, because of the shift, there are areas that 
become uncovered and have no correspondence in the two 
images. The symbol a is used in these areas. When fused in 
stereo, the target is seen to loom over the background. This is 
the method of constructing classical RDSs. 28

We no_w present our extension of the RDS by considering 
attribute B in Figure 6. Here, if we ignore the presence of 
attribute A, we also observe a background (symbol B), a square 
target, outlined by dotted (left) or dashed/dotted (right) lines
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Using conjunctions of attributes to generate random -dot stereograms.

(symbol b), and the uncovered areas (symbol (3). Here,
however, the target is shifted horizontally in the opposite
direction, resulting in a stereoscopic percept of a square "hole"
dug behind the background. The question becomes: When each
element (block) is defined by the conjunction of attributes A,BI,
as shown in Figure 6, what will be the resulting percept? How
will the two attributes interact? We are planning experiments to
address such questions.

Of course, there are other configurations one can construct.
One possibility is to use more than just two values for each
attribute. Another variant is the case in which fl may be
distributed as shown in Figure 6, while B is assigned random
values; such a pairing could be used to study the strength of A
across B in stereopsis. Yet another possibility is to form a
looming (i.e. cross -disparity) square using X and a looming
triangle using B and observing which of the two figures
dominates, thus obtaining a measure of the relative strength of
the two attributes for stereopsis.

4.2 Tests for motion detectors

We are currently completing a set of experiments that we
have originated for assessing the relative strength of several
attributes for motion detection. In particular, we have used the
competitive matching paradigm (subsection 3.1) with several
pairs of attributes to determine which one is stronger. One
interesting result is that, when we showed such stimuli with long
frame durations and long sequences where the competing
attributes were color and orientation, some subjects saw
"layered" motion; i.e. they reported that they perceived
simultaneously two "layers" sliding across one another in
opposite directions. It would be interesting to input these stimuli
to various motion detection models and compare their
performance to that of humans.

5. MOTION DETECTION MODELS

Several computational models have been proposed recently
for animal and human motionyerception. A pioneer in this area
is the model of Reichardt29 on which is based the ERD
(elaborated Reichardt detector) model of van Santen and
Sperling30. The ERD model has been shown to be equivalent to
that of Watson and Ahumada31, as well as to the energy -based
model of Adelson and Bergen26. Some of these can be modified

to serve as motion detectors in machine vision. Most of these
models, however, sense motion that results from spatio -temporal
variations only in the luminance values of the stimuli. As a
result, the proposed model detectors are assumed to be narrowly
tuned to the Fourier energy of the stimulus at various spatial and
temporal frequencies (although Chubb and Sperling32 have
recently developed a more general model which detects motion
in "non- Fourier ", drift -balanced stimuli).

Our studies indicate that other important attributes must be
incorporated in such motion perception models. For example,
color seems to be a carrier of motion, albeit weaker than
luminance. Binocular disparity was also found to play a role in
recovering three -dimensional representations for the purposes of
motion. The above comments are valid for both long -range and
short -range motion mechanisms12'33'34'35 but are particularly
valid for the low- level, short -range models. As far as the long -
range mechanisms are concerned, which are thought to play a
role in the correspondence matching process, our observations
on the complex interactions of several attributes can be used to
fine -tune the performance of motion models for better
approximating human performance.

6. CONCLUSIONS

This new paradigm for studying motion perception allows the
simultaneous and independent arrangement of multiple attributes
in the spatio- temporal domain. The ensuing animations involve
very complex motion paths and enable us to study the
interactions of the attributes in the process of producing apparent
motion. These stimuli allow us to study directly the relative
strength of various carriers of motion. At the same time such
stimuli and ideas can also be used for testing animal motion
models of machine motion detectors. Finally, similar ideas,
based on the conjunction of attributes, can be used in the study
of stereopsis.
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