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the edge samples have weight 1 and all nonedge samples
have weight 0. At each update step, nonedge samples are
assigned a new weight which is the average weight of the
neighbors which contributed to the sample. As relaxation
proceeds, the weights converge to 1.

When multiple interpretations of the edge elements are
possible, we exhaustively consider each of the possibili-
ties, The edge classification assignment is assumed to be
globally consistent. That is, it is never the case that two
adjacent edge elements are assigned inconsistent inter-
pretations. This limits the possible edge interpretations to
a few possible cases. In our current system, we fit a
surface to each possible configuration of edge interpreta-
tions. The surface is evaluated for plausibility and we
choose the surface which is most plausible. A surface is
deemed plausible when the maximal change in mean cur-
vature is small. Implausible edge interpretations result in
surfaces that force large changes in curvature into a small
part of the surface.

5. EXPERIMENTAL RESULTS

The method presented in the previous section was ap-
plied to classes of motion fields corresponding to general
situations described in [3, 5]. The examples were done as
simulations to test the approach in a manner that would
not be dependent on particular flow estimation and
boundary detection algorithms. In all cases, a flat *‘back-
ground”’ surface was moving horizontally in one direc-
tion while the ‘‘object’” surface was moving horizontally
in the opposite direction. Objects were always bounded
by fixed, stationary apertures. Input to each test con-

sisted of boundaries labeled as to possibie interpretations
in Table 1 that were consistent with the particular simula-
tions, together with an indication of regions in the flow
field with large second derivatives. No effort was made to
model the transparency used in [5].

Figure 3 shows the surface recovered from a simula-
tion modeling a situation in which a narrow cylinder is
rotating in front of a translating background and all of the
edges have been assigned their correct interpretations.
Figure 4 shows the surface recovered from a situation
that is identical save that the edges to ecither side were
misclassified. That is, the surface immediately to the left
of the left vertical edge was presumed to be oriented
parallel to the line of sight and in front of the surface to
the right of the left vertical edge, which was presumed to
be oriented perpendicular to the line of sight. The right
vertical edge was similarly misinterpreted. Note that this
case is locally consistent with the constraints in Table 1.
Tigure 5 is based on input in which the right vertical edge
is labeled in a manner consistent with a rotating cylinder,
but the left edge is mislabeled as in Fig. 4. Maximum
mean curvatures for Fig. 3, 4, and 5 are 0.017, 0.158, and
0.283, respectively, indicating that the reconstruction in
Fig. 3 is to be preferred. As should be clear from Fig. 3,
the method recovers a reasonable interpretation of the
surface in this case.

Figure 6 show the surface reconstructed from data con-
sistent with the displays described in Royden er al. [3]
and Thompson et al. [4]. (In this and all subsequent fig-
ures, only the surface associated with the edge classifica-
tions minimizing the maximum curvature is shown). In
the center of the pattern, uniform translational motion is

FIG. 3.

Reconstruction of rotating cylinder with correctly classified edges.
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FIG. 4.

bounded by a stationary aperture. The surrounding area
contains uniform translation motion in the opposite direc-
tion. As previously indicated, when the aperture is suffi-
ciently narrow this is seen as a rotating cylinder, even
though no rigid interpretation is ‘‘mathematically’’ possi-
ble. Figure 6 does in fact show a recovered cylinder.
Figure 7 shows the same situation, except that the ap-

erture is much wider. The recovered surface is rather like

FIG. 5.

Reconstruction of rotating cylinder with right edge correctly interpreted but left edge misclassified.

Reconstruction of rotating cylinder with incorrectly classified edges.

a conveyor belt, a perception often seen by people when
presented with such displays. Figure 8 uses the same
aperture width, but now the second derivatives of flow
are consistent with a curved object. With this addition, a
cylindrical surface is recovered. This demonstrates that
the method can make use of quantitative information
about local surface shape.

Figure 9 shows the surface recovered from data indi-
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FIG. 6. Reconstruction of translating surface bounded by a narrow aperture.

cating a rotating cylinder surface viewed through a trian-
gular aperture [5]. While the second derivatives indicate
no change in curvature vertically, the simple qualitative
nature of the recovery algorithm has no difficulty in gen-
erating a cone shaped surface. The method uses informa-
tion about surface curvature in this example, but is not
bothered by the fact that the changes in flow are quantita-
tively inconsistent with the curvature of the cone.

A demonstration involving. Ramachandran et al.’s ad-

jacent cylinders would produce essentially the same sur-
face as shown in Fig. 8. In this situation, the edge infor-
mation disappears where the two cylinders touch, since
the flow is continuous at that point. Over most of the
region corresponding to the cylinders, second derivatives
of flow are high enough to indicate a curved surface. As
with perception by humans, the actual amount of curva-
ture in the reconstruction is determined by the nature and
location of the edges, not local variations in optical flow.
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FIG. 7.

Reconstruction of translating surface bounded by a wide aperture.



THOMPSON AND PAINTER

76

i
il
i
i
e

Reconstruction of rotating cylinder surface bounded by a wide aperture.

FIG. 8.
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FIG. 9. Reconstruction of rotating cylinder surface viewed through a triangular aperture.
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6. DISCUSSION

The above results provided an existence proof that
very simple qualitative properties of edges in optical flow
fields can be used to reconstruct the surface shape of
moving objects. These gqualitative constraints account for
a number of illusions described in the perceptual psychol-
ogy literature which involve a moving dot pattern being
seen in a manner inconsistent with predictions made by
standard structure-from-motion methods. Rather than
being just a curiosity, we argue that these illusions are a
consequence of a visual system evolved and adapted to
be effective in more realistic circumstances. Flow pat-
terns at edges involve large-magnitude effects that should
be obtainable with greater reliability than the subtle spa-
tial or temporal changes used by classical structure-from-
motion algorithms. Thus, it make good engineering sense
to anchor surface reconstruction on these data.

The method described here has as yet been tested only
on simulated data. Our goal was to demonstrate the plau-
sibility of the approach without confounding the evalua-
tion with effects due to errors in detecting, localizing, and
classifying flow boundaries. Efforts are now underway to
experiment with real image sequences, though results
will likely depend on improvements in the ways motion
edges can be detected.

We make no claims that the particular surface recon-
struction algorithm presented here is the best approach.
It does deal with singularities in surface slope which are
difficult for most methods based around functional ap-
proximation of depth (range). It is also able to mix con-
straints on relative depth, surface orientation, and sur-

face curvature. Likewise, we make no claims that the
methods described in this paper are sufficient for more
complex motion analysis problems. Our use of the sec-
ond directional derivative of flow as a surface curvature
measure is obviously naive. The best approach to the
recovery of surface shape and motion, we feel, will come
from a combination of qualitative constraints such as we
have described and traditional quantitative methods. In
fact, such constraints may make feasible the use of other-
wise noise sensitive methods such as {7] and a host of
similar techniques.
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