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56 Representing the Image

Figure 2—-10. Blurring images is the first step in detecting intensity changes in them. (a) In the
original image, intensity changes can take place over a wide range of scales, and no single operator
will be very efficient at detecting all of them. The problem is much simplified in an image that has
been blurred with a Gaussian filter, because there is, in effect, an upper limit to the rate at which
changes can take place. The first part of the edge detection process can be thought of as decom-
posing the original image into a set of copies, each filtered with a different-sized Gaussian, and
then detecting the intensity changes separately in each. (b) The image filtered with a Gaussian
having ¢ = 8 pixels; in (c), ¢ = 4. The image is 320 by 320 elements. (Reprinted by permission
from D. Marr and E. Hildreth, “Theory of edge detection,” Proc. R. Soc. Lond. B 204, pp. 301-328.)

There are two basic ideas behind the choice of the filter V*G. The first
is that the Gaussian part of it, G, blurs the image, effectively wiping out all
structure at scales much smaller than the space constant o of the Gaussian,
To illustrate this, Figure 2-10 shows an image that has been convolved with
wwo different-sized Gaussians whose space constants o were 8 pixels (Fig-
ure 2-10b) and 4 pixels (Figure 2-10c). The reason why one chooses the
Gaussian for this purpose, rather than blurring with a cylindrical pillbox
function (for instance), is that the Gaussian distribution has the desirable
characteristic of being smooth and localized in both the spatial and fre-
quency domains and, in a strict sense, being the unique distribution that
is simultaneously optimally localized in both domains. And the reason, in
turn, why this should be a desirable property of our blurring function is
that if the blurring is as smooth as possible, both spatially and in the
frequency domain, it is least likely to introduce any changes that were not
present in the original image.

The second idea concerns the derivative part of the filter, V°. The
great advantage of using it is economy of computation. First-order direc-
tional derivatives, like 8/dx or /9y, could be used, in which case one would
subsequently have to search for their peaks or troughs at each orientation
(as illustrated in Figure 2—8b); or, second-order directional derivatives, like
8°/ax” or 8/dy°, could be used, in which case intensity changes would









2.2 Zero-Crossings and the Raw Primal Sketch

Figure 2—13.

and negative, the overall average being zero. Positive values are repre-
sented here by whites, negative by blacks, and the value zero by an inter-
mediate gray. As we have seen, the critical fact about the operator V°G is
that its zero-crossings mark the intensity changes, as seen at the Gaussian’s
particular scale. The figures show this well. In Figure 2-12(c), for instance,
the filtered image has been “binarized”—that is, positive values were all
set to +1 and negative values to —1, and in Figure 2-12(d) the zero-
crossings alone are shown. The advantage of the binarized representation
is that it also shows the sign of the zero-crossing—which side in the image
is the darker.






2.2 Zero-Crossings and the Raw Primal Sketch 61

(@ (b)

Figure 2-15. Another example of zero-crossings; here, the intensity of the lines has been made
to vary with the slope of the zero-crossing, so that it is easier to see which lines correspond to the
greater contrast. (Courtesy BBC Horizon.)

those places at which the orientation of a zero-crossing changes “discon-
tinuously” The quotation marks are necessary because one can in fact prove
that the zero-crossings of VG * I can never change orientation discontin-
uously, but one can nevertheless construct a practical definition of discon-
tinuity. In addition, small, closed contours are represented as blobs, each
also with an associated orientation, average intensity slope, and size defined
by its extent along a major and minor axis. Finally, in keeping with the
overall plan, several sizes of operator will be needed to cover the range of
scales over which intensity changes occur.

Biological Implications

This computational scheme for the very first stages in visual processing
leads to an interpretation of many results from the psychophysical and
neurophysiological investigations into early vision and to a proposal for
the overall strategy behind the design of the first part of the visual pathway.

The psychophysics of early vision

In 1968, Campbell and Robson carried out some adaptation experiments.
They found that the sensitivity of subjects to high-contrast gratings was
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