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INTRODUCTION

As many authors (Uliman, 1979; Anstis, 1979; Marr, 1982) have pointed out, at the core of how to understand
apparent motion lies the correspondence problem: in the process of perceiving apparent motion, one has to establish at
some level a correspondence identifying the parts of two succeeding stimulus frames which represent the same object.

One distinguishing fact of apparent motion is that when one perceives apparent motion, often he also perceives
some sort of transformation from one stimulus pattern to another; for example, a square is moving and changing shape
simultaneously to become a circle. Kolers & Pomerantz (1971) found that three kinds of transformations, not only trans-
lation and rotation of rigid shape but also intriguing plastic deformation, occured when the dissimilar pairs gave
apparent motion. The interesting question is: What kinds of invariants under the transformation of “plastic deformation®
does the visual system depend on to determine that two figures, however shapechanged they may be, nevertheless
represent the same object?

As Chen (1980, 1981, 1982a,b,c,d) has argued, a primitive and general function of the visual system may be the per-
ception of global topological invariants, such as conneclivity, closure and holes, which are defined as invariants under
topological transformations (plastic deformations without breaking and fusion). Many paradigms and approaches in visual
perception, such as the object superiority effect (Weisstein & Harris, 1974; McClelland, 1978; Williams & Weisstein,
1978; Chen, 1982c), grouping (Olson and Attneave, 1970; Pomerantz, Sager & Stover, 1977; Chen, 1982a), card sorting
(Palmer, 1978), effortless texture discrimination (Julesz, 1981), visual sensitivity to distinction made in topology
(Pomerantz, 1980; Chen, 1982b) and competing organization with several simultaneous factors (Chen, 1982d) have pro-
vided some evidence for detection of topological properties in visual perception. The many facts mentioned above also
lead us 1o consider topological invariants as candidates for the correspondence tokens in apparent motion.

METHOD

The gencral method for the fellowing experiments was advanced by Ullman (1979) and is called "the competing
motion technique”. In this method two stimulus displays are successively presented. The first one contains a single figure
in the center, while the second contains two figures located on either sides of, and at the same distance from, the center.
The question asked is whether the figure in the first stimulus display is perceived to move to one or the other of the two
figures in the second. In Ullman's demonstrations, cach set of two stimulus displays were alternated repeatedly, and
without providing precise data, he reported the subjects’ motion preference. For collecting accurate data, in the follow-
ing experiments each set of two stimulus displays was presented on just one cycle for each trial, but many trials were
used as experimental presentations. This method provides us an experimental measure to compare and characterize the
effect of various structural invariants.

A three-field tachistoscope was used for presenting stimuli. Subjects were asked to look at a fixation point at the
center of the preexposure field then press a button which resulted in a presentation cycle. Each first stimulus display con-
taining a middle figure of each pair was presented for 100-150 msec. and each second stimulus display, for 1000 msec.,
with a inter-stimulus interval (ISI) of 20-30 msec.. For each presentation subjects were required to choose in a forced
choice procedure one of two responses: “right” (motion from a middle figure to a figure at right) or "left” (motion to a
figure at lef1), guessing if necessary. For each subject the presentation durations were adjusted in order to produce
strong effects of apparent motion. Each subject was initially familiarized with the phenomenon of apparent motion under
the condition of single alternate exposure. At least three trials of each pair were used as a practice presentation. The
order of presentations was randomized and counterbalanced across subjects. Four blocks of 21 trials per block, which
contained three prescntations of cach pair, were used for test presentation.

Four subjects participated in all these experiments involving seven pairs of stimulus displays.

Pair 1 (adapted from Pomeranltz et al, 1977) consists of the two stimulus displays shown in Fig.1l. The first contains
an arrow (stimulus a). The second contains two figures which are made up of exactly the same three line segments as the
arrow, The difference between stimulus b and ¢ is just that the one of the shorter line segments is located in two
different positions, displaced by a constant distance from the same line segment in the arrow. But the closcd nature of a
triangle makes it topologically different from the other two figures.



Pair 2 is shown in Fig.2. Each of the three figures is made up of five line segments with two sorts of lengths. Among
the three figures are stimulus a and b adapted from Julesz (1980). Although stimulus a has a different number of *termi-
nators” from stimulus ¢ and the same number of terminators as stimulus b, stimulus a possesses the same topological
invariant, simple connectivily, as stimulus ¢ and is different in topological invariants from stimulus b, which is discon-
nected with a closure.
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In Pair 3, stimulus a is a solid circle, stimulus b is a ring and stimulus ¢, a solid square. From our intuitive experi-
ences, a solid circle scems to have more "similarity” to a ring than to a square; however, from topology, the difference
between a disk and a ring is much deeper than that between a disk and a solid square. For the latter, the difference will
dissolve under a topological transformation, a plastic deformation without breaking and fusion. On the other hand,
stimulus b is characterized as a connected component with a hole in it, a typical topologically invariant description.

Fig4 shows Pair 4, which is similar to Pair 3 except that a square with a square hole in it was used instcad of the
disk, the middle figure in Pair 3.
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The three figures contained in Pair 5 have the common feature of possessing holes in a connected component
(shown in Fig.5). However, stimulus b has two holes in it, while stimulus a and c, just one. The number of holes is a
topological invariant, "the order of connectivity”. So, stimulus a is topologically equivalent to stimulus c, but not to
stimulus b, The inner diameter of stimulus ¢ is 0.71 ( 2/2) times that of stimulus b, so the total area of the two inner cir-
cles of stimulus b is equal to that of the inner circle of stimulus c.

Pair 6 (shown in Fig.6) involves another kind of global topological invariant, whether a target line is within a closed
curve or oulside it. If the two stimulus displays were superimposed, both stimulus a (a line segment) and the target line
in stimulus ¢ would lie within the big circle of stimulus ¢, while stimulus b (another line segment) would be outside the
circle.

Discrete dots were used to make up Pair 7 (shown in Fig.7). These figures are adapted from Zecman (1965). Each
figure is a set of discrete dots, but globally they look like Pair 3. Even though at the viewing distance in the experiment
one can sec that these stimuli are discrete dots, one still has a wholistic perception, that is, stimulus a looks like a solid
circle; stimulus c, a solid square; stimulus b, a ring. For a clearly discrete set, why do we have continuous and wholistic
perception? This fact suggests thatl the visual system can ignore details within a certain range for attaching importance to
global structure (Chen, 1980, 1981).
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RESULTS AND DISCUSSION

Subject 1 | Subject 2 | Subject 3 | Subject 4 | Average
Pair 1 92% 81% 5% 75% Bl1%
Pair 2 81% 92% B1% 83% BS%
Pair 3 B1% 92% 2% 81% B8%
Pair 4 2% 83% N% 92% 90%
Pair § 831% 100% 83% 92% 920%
Pair 6 2% 92% 83% 83% B8%
Pair 7 8% 92% BI% 75% 83%

TABLE 1. The percentages of reporting motion from each middle figure to the figure with the same topological invariants. The
differcnce in average percentages between figures with the same topological invariapts and figures with different ones are all

significant, p< .0).

The results with all seven pairs are shown in Table 1. They clearly show that subjects saw strong preference for
motion from a middle figure to a figure that has the same topological invariants as the middle figure. The figures used in
the first pair were made up of exactly the same line segments. According to the theory (Ullman, 1979) considering line
scgmenls as correspondence tokens, the only diffcrence between stimulus b and c is that one component line segment
was translated with a constant distance. It seems difficult for this kind of theory to interpret the preference for motion
from stimulus a to stimulus ¢.

In Marr's "primal sketch” (1978) and Julesz' theory of effortless texture discrimination (1981), terminators are also
considered as basic primitives. Along this line, somebody might like to argue that the preference for motion between
stimulus a and c in Pair 1 was observed not because of closure but just because of terminators. However, the result with
Pair 2 scems to rule out this objection. Stimulus a possesses the same number of terminators as stimulus b but not
stimulus c. In some cases, terminators may reflect closure and connectivity properties, but not always.

Assuming that the visual response to closure resulted from topological structure in visual perception, it would be
predicted that subjects would sce motion preferentially between a disk and a solid square rather than between a disk and
a ring. The result with Pair 3 supports this prediction.

It is interesting to note that for Pair 3 and 4 only the stimulus in the first display changed; yet the preferred direc-
tion of apparent motion strongly reversed from the solid square in Pair 3 to the ring in Pair 4. This pattern strongly sug-
gests topological cxplanation. In fact, Ramachandran, Anstis and Ginsburg (1982) have already reported that subjects
display preference [or motion from a solid square to a solid circle rather than an oultline square and from a cross to a
rotated cross rather than a square made by the same line segments. The facts have been interpreted assuming that "low
spatial frequency dominates apparen! molion®. Along this line of thinking, the preference for motion from a hollow
square 1o a ring would have to be interpreted as high spatial frequency domination of apparent motion. These two obser-
vations, thercfore. cast some doubt on the value of explanations of apparent motion using the notion of spatial fre-
quency. Under plastic deformation of stimuli, like lines or blobs, spatial frequencies, whether low or high, would be
difficull to imagine as invariants for the correspondence tokens.

Because the number of holes in a connected component represents a typical Lopological invariant and its intuitive
mcaning is not obvious, Pair 5 was designed to give more evidence for the topological hypothesis and also to further rule
out some other factors that are often relevant to the study of brightness sensitivity or spatial frequency analysis. The fact
that the total arca of the two inner circles in stimulus b is equal to that of the bigger inner circle in stimulus ¢ makes the
explanation in terms of diffcrences in brightness or spatial frequency difficult; however, the result is consistent with the
topological explanation. One might argue that the motion from stimulus a to stimulus c¢ arises from the "similarity”
between them. However, in Pair 3, the motion [rom the disk to the square rather than to the ring already indicates that
the correspondence tokens are not these kinds of similarity [aclors.

Some long-standing debates about the nature of apparent motion have often centred on the fundamental question
of how to undcrstand grouping (Anstis, 1979). Chen (1980, 1981) has considered grouping also as the extraction of global
topological invariants. The very nature of visual perception is discrete, and the approach of perceptual organization, say,
the Gestalt laws. is often aimed at some obviously discrete stimuli, such as dot arrays. Therefore, general topology can-
not be directly used to describe perceptual organization. For a clearly discrete set, why do we have continuous and
wholistic perccptions? In this sense, the Gestall perceptual phenomena look puzzling. The mathematics of Tolerance
Spaces (Zeecman, 1962) tells us how to formulate the global properties on a discrete set. Tolerance is an algebraic relation
chosen not only to represent the concept of the least noticeable differcnce bul also to represent a minimum measure
within the range of which dctails will be ignored by the perceptual system for attaching importance to global properties.



In a tolerance space, we can build up a mathematical structure similar to topology. Grouping represents a visual function
to ignore details within a certain tolerance and to extract global tolerance invariants, such as tolcrance conncctivity, clo-
sure and holcs. Taking a tolerance of onc centimeter, the two most noticecable global tolerance propertics of the second
stimulus of Pair 7 are that it has two pieces (iwo tolerance connected components) and one of them has a hole in it. So,
if grouping can really be considered as the extraction of global tolerance invariants, then preference of apparent motion
should be obscrved from the tolerance circle to the tolerance square rather than to the tolerance ring, the global toler-
ance property of which is different from that of the others. The result with Pair 7 helps us with the suggested theoreti-
cal basis for understanding grouping. Correspondence processes with either grouping or normal patterns can be described
consistently in terms of topological invariants.

SUMMARY AND GENERAL DISCUSSION

Using the adapted "competing motion technique®, seven pairs of stimulus figures showing topological variation were
designed to reveal some evidence for that topological invariants play a role in correspondence processes of apparent
motion. These experimental data, which show that subjects reported strong preference for motion {rom a central figure
to a figure with the same topological invariants as its, came from various kinds of stimulus patterns that represent quite
different structural forms and that control other explanatory factors, such as brightness, spatial frequency and termina-
tors. Nonetheless all of them are consistent with the topological explanation and strongly suggest a topological structure
in visual perception.

The key point is that the units of figure perceptual representation are invariants at different geometrical levels
(Chen, 1981). Along this line we can deepen our comprehension of some of the long-standing debates about apparent
motion. For example, now it is clear that the question of whether motion perception precedes form perception is not a
good question. Form perception includes different levels and at the level of cxtraction of topological invariants it pre-
cedes motion perception; however, at the levels of more detailed properties, say, the difference between a square and a
triangle, motion perception may precede form perception. So, we cannot simply claim that "the correspondence tokens
are not structured forms”™ (Ullman, 1979). The right question is which kinds of structured forms should be considered as
the correspondence tokens, and which kinds are not. In fact, topological invariants are a kind of important structured
form.

The critical act in formulating Ullman’s computational theory for apparent motion is of using the rigidity con-
straint on the way the world behaves (Marr, 1978). Ullman's theory is noted for the discovery of a valid constraint of
rigidity, which “enables us to solve the structure-from-motion problem unambiguously”(Marr, 1982). But at the same time
a certain limitation of the theory also comes from rigidity. Plastic deformation is a strong and common phenomenon in
apparent motion. Marr (1982) pointed out that a new theory may be needcd for when the object is not only moving but
also changing. The experimental facts reported in the present paper and their topological explanation have suggested a
new type of analysis of apparent motion, which has been motivated by the general transformation, plastic deformation.

The suggested topological approach, supported by empirical data, has also raised some interesting issues about
Marr’s “primal sketch”. "The primal sketch” has emphasized "the local geometry of an image®. How should we consider
the relationship between topological properties and "the primal sketch”? It seems that it is implausible mathematically to
compute out topological properties from local geometrical properties, such as oriented edges, lines, blobs. And the fact
that perception of topological invariants precedes motion perception has shown the early extraction of topological pro-
perties. Many other experiments, for example, the configural superiority effect (Chen, 1981) and competing organization
with several simultancous factors (Chen, 1982d), have also provided some evidence for the extraction of global topologi-
cal invariants carlier than that of local geometrical properties, such as orientations, positions. So, considering the time
dependence of perceived properties, it seems difficult to assume that topological properties are derived from local
geometrical properties. Minsky and Papert (1972) proved that for perceptrons, the topological predicate is not finite
order; however, lower-order perceptrons can be used for computing geometrical properties. Thus from the perspective of
computational theory, the global nature of topological propertics makes them essentially different from local geometrical
properties. It therefore seems difficult for "the primal sketch” to accommodate topological properties without changing
its local nature. These questions are fundamental for understanding vision and deserve further study.

Note about figures
All stimulus figures used in these experiments are black on white paper. Line scgments in Pair 1, 2 and 6 were drawn by a pen with
line width in .50 mm.



Two of three line segments of each stimulus figure in Pair 1 bave equal length in 24 mm, the other, 32 mm. The distance between
stimulus b and ¢ is 36 mm.

Three of five line segments of each stimulus figurc in Pair 2 have cqual length in 26 mm, the others, 11 mm. The distance between
stimulus b and c is 34 mm.

In Pair 3, the diameter of the disk is the same 32 mm as the outer diameter of the ring and onc side length of the square. The inner
diamcter of the ring is 18 mm. The distance between the ring and the square is 40 mm.

In Pair 4, one outer side of stimulus a is the same 27 mm in length as one side of the squarc and the outer diameter of the ring.
The inner side of stimulus a is 14 mm in length. The inner diameter of the ring is 18 mm. The distance between the square and the ring
is 40 mm.

The outer diamcters of three stimuli in Pair § are all the same 40 mm. The diameter of the inner circle in stimulus a is the same
)5 mm as that of onc inner circle of stimulus b. The inoer diamcier of stimulus ¢ is approximately 21 mm. The distances between
stimulus a and b and stimulus a nd c are all 2 mm.

The lengths of three line segments in Pair 6 are all the same 21 mm. The diameter of the circle is 59 mm. The distance between
stimulus a and b is the same 25 mm as that between stimulus a and the target line in stimulus c.

In Pair 7, the diamcter of stimulus a is 33 mm, the outer diameter and the inncr diameter of stimulus b are, respectively, 43 mm
and 19 mm, and one side length of stimulus ¢ is 30 mm. The distances between stimulus a and b and stimulus a and ¢ all 3 mm.
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