Rational Processes in Perception

Alan Gilchrist and Irvin Rock

In this paper we will give our reasons for believing
that certain current attempts to explain perceptual
phenomena on a lower level in terms of known sensory
mechanisms are untenable. We will do this by focussing
on two topics, lightness perception and the perception
of apparent motion. We will summarize some older data
(not all of which are sufficiently known) and will
describe some recent work of our own. Finally, on a

more positive note, we will try to indicate the direction
that a theory must take if it is to deal effectively
with these phenomena.

Lightness Perception

We will begin with the assumption that Helmholtz was
essentially wrong in his belief that an object's light-
ness can be inferred by interpreting the luminance
reflected by it to the eye in terms of the amount of
illumination falling on it. Such a process requires
unequivocal information about the illumination whereas
the only information directly available is the intensity
of light, or luminance, reflected by each surface in the
field. Each such luminance is the joint product
of the reflectance property of the surface and the il-
lumination falling on that surface., Rather we will
assume that the perceived shade of gray of a surface is
governed primarily by the luminance of that surface
relative to the luminance of neighboring surfaces as
Hering (1920) suggested and as Wallach(1948) elegantly
demonstrated. There is now fairly wide agreement among
investigators on this general principle.

Bu*t what is the underlying explanation of it? There
is great appeal in Hering's suggestion of reciprocal
interaction, i.e. that a bright region of the field
would have a darkening effect on an adjacent region and
a dark region would have a brightening effect on an
adjacent region. We now know for a fact that the rate
of discharge in one nerve fiber is attenuated when a
neighboring fiber is stimulatei by light. Thus such
lateral inhibition can plausibly be invoked to explain
why the apparent lightness of one region is governed by
the extent of stimulation of an adjacent region (see
Jornsweet, 197C; Jameson and Hurvich, 1964).

In fact, given lateral inhibition as a known sensory
=ffect, one might have been able to predict the pheno-
mencn of contrast, even if it had never been observed
(although questions can be raised about the spatial
distance over which such a mechanism can be expected to
occur). Surrounding a gray region by a white one should
lead <o diminished discharging of retinal fibers stimu-
lated by the gray region; surrounding another gray
region of the same value by a black one should lead to
increased discharging of retinal fibers stimulated by
trat gray region because of a release of inhibition.
Thus one of these gray regions should look lighter than
the other and so it does. An implicit assumption here
is that the phernomenal shade of gray perceived in a given
region is a direct function of the rate of discharging
of fibers stimulated by that region.

The fact of constancy of lightness can be explained
along the same lines. When the illumination falling on
a surface changes, then the luminance of all adjacent
regions rises and falls together. Thus, while the rate
of discharging of cells stimulated by a gray region
should increase when illumination increases, so too
should the rate of discharging of cells from a surround-
ing white region increase. The latter will increase the
inhibition on the former with the net result of little
if any change in the absolute rate of discharging of
those cells. Therefore the perceived lightness should
remain more or less constant and so it does. Note again,
however, the assumption, here explicit, that the pheno-
menal lightness is a direct function of the rate of
discharge of the appropriate fibers.
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Underlying this assumption is another assumption about
how the visual system works that Gilchrist (1981) has
called the photometer metaphor. Just as the signal
produced by a photometer is a direct function of the
light falling upon it, so the perceived lightness of
each point in the field is assumed to be a direct
function of the rate of discharging of the cells stimu-
lated by each such point. With the knowledge that has
been available about light, about the formation of the
retinal image, and about photochemical processes and
nerve physiology it is understandable why such a view has
become so deeply ingrained as not even to be explicitly
recognized as an assumption. Given this assumption,
phenomena such as contrast and constancy, in which light-
ness does not correlate with luminance, seem to require
an explanation long the lines of lateral inhibition,

There is now, however, reason to reject this approach.
Evidence has been accumulating to support the theory
that the perception of lightness (and chromatic color)
is based on information at the edges between regions of
differing luminance (or hue). Homogeneous regions
between edges are then "assumed" to have the lightness
or color indicated by these edges. There is overwhelm-
ing evidence (Yarbus, 1967; Whittle and Challands, 1969;
J. Walraven, 1976) that the visual system responds to
changes in stimulation, not to an unchanging state of
stimulation. This is normally guaranteed by continuous
eye movements, for vision. Whenever an image can be
held stationary on the retina for a few seconds, all
visual experience stops. These facts are inconsistent
with the photometer metaphor and they strongly indicate
the crucial pature of edges or gradients in the retinal
image since this is where stimulation changes in the
normal moving eye. Krauskopf (1963) has shown that when
the boundary of a surface is prevented from moving on
the retina, its color will disappear and be replaced by
the color of the surrounding region, signalled by the
boundary of that region.

It seems unlikely that any absolute luminance infor-
mation would be picked up in this way and yet it now
seems quite possible that the visual system achieves
what it does using only relative information. Even a
simple edge-relations approach goes a long way toward
explaining lightness constancy since the luminance ratio
between two adjacent surface colors remains the same
even when illumination changes.

The important point here is that there is no need
to invoke a concept such as lateral inhibition to explain
constancy. Once the photometer assumption is made
explicit and in fact, is displaced by the concept of
edge information, the whole edifice collapses. Of
course lateral inhibition is a well-established physio-
logical fact. It is probably part of the process
whereby the ratio at an edge is determined. But we
don't believe that lateral inhibition solves any of the
basic problems of constancy. The concept of an exagger-
ation or enhancement of edge ratios seems unnecessary
and illogical. If lateral inhibition exaggerated an
edge ratio, it would do so in the same way every time
an edge of the same value were present on the retina.

A given edge ratio would be specified by a given neural
signal, with or without an exaggeration function.
Therefore the exaggeration function doesn't seem to add
anything of explanatory value.

Certain problems turn out to be dissolvable pseudo-
problems with the adoption of an edge-relations ap-
proach. One of these is constancy under changing
illumination. On the other hand, other problems emerge,
although they are more tractable. For example, how do
we now explain the constancy of surface lightness as
the surface is viewed against differing backgrounds?
The luminance ratio at the edge of a surface can change



arama-ically as it is placed on differernt backgrounds
and yet ligh+ness percertior rerains almsst unchanged.

For example, irn the classic examples -f lightness
contrast, the gray sjuare on thne white background has
an e€ize ratio tha+t is radically different (even urposite
ir. sign) from that of the gray square on the black
taczgrournd. Thus, under = simple =ige theory they
ought to arpear radically different in lightness, and
yet they appear almoz: the same. This suggests that
lightness is not determined simply by the boundary of a
surface, t.it ty tze relationship tetweern that boundary
and other boundaries. Presumably thre boundaries of the
zquares themeselves only signal departures from a back-
ground ligntress, which in turn is signalled by the
voundary of each baczgr-und. Thus the edge dividing
the white and black backgrounds signals the relationship
between the two background lightnesses and we might
expect that this edge will be as critical to the light-
ness of the targets as the edges of the targets them-
selves. In fact Gilchrist and Piantineda (unpublished
experiment) have fourd that if that edge is retinally
stabilized, the two gray squares turn black and white
respectively, jus* what we would expect based simply
on the ratios at the edges of the gray squares. We
might say that the assignment of lightnesses to the
various regions is the end result of a computational
process in which information from all edges present is
integrated. Arend (1973) and Land and McCann (1971)
have proposed similar schemes.

If such computational processes occur and are
governed by remote as well as local edge information,
the reader may well wonder about the achievement of
constancy. Consider the typical case where two gray
disks of equal reflectance on the same backgrnund are
unequally illuminated because one region and its immedi-
ate background are in shadow. Earlier we said that
constancy could be explained on the basis of the equal
ratio of each gray region to its background. That would
be true in the example under consideration. But now we
have also said that the presence of other edges enters
into the equation. The shadow edge can easily have a
ratio as great as a white-black edge and, more probably,
even greater. If this is entered into the computation,
constancy would fail; the disks would be seen az
different shades of gray in accordance with the luminance
difference bwtween them. The equal disk-to-surround
luminance ratios here logically cannot signify that the
two grays are equal if the gray regions are seen as on
backgrounds of different luminance values, or so it
would seem.

Unless the perceptual system can discriminate between
reflectance edges and illumination edges, that is

between changes in the pigment of the surface and
changes in the amount of illumination shining on the
surface. If so, perhaps illumination edges would not
be included in the computation of surface lightness
values. There is now strong evidence of just such
discrimination of reflectance and illumination edges
(Gilchrist, in press). If observers view the two disks
ynder the conditions just described, they typically do
perceive the two .grays as almost equal, i.e. constancy
is achieved. Moreover, they perceive both sides of the
background as white with one side in shadow. Thus the
central edge is apparently correctly identified as an
illumination edge. If, however, the observers view the
display through an aperture that permits only part of
the background and the two gray regions to be seen, and
if the edge of the shadow is reasonably sharp, the grays
no longer look equal, constancy is destroyed. Moreover,
the observers now perceive the two sides of the back-
ground as unequal in lightness. Thus the edge is
interpreted as separating different reflectances, not
different illuminations. In this condition only then
doec the central edge enter into the process of computing
the lightness of the gray disks.

We reported earlier that if the boundary between the
black and white backgrounds in the *raditional ccnirast

pattern is made to disappear through retinal stabiliza-
tion, one gray sg.are turns black and the other turns
white. This provides some of the best evidence for the
concept of edge integraticn. A similar experiment was
done by Gilchrist, et. al. (in press) that demonstrates
the importance of the distinction betweern reflectznce
edges and illumiration edges. When the boundary tetween
the white and black backgrounis is made to look like the
edge of a shadow, the two squares will also turn tlack
and white respectively, just as in the stabilized-image
experiment. Thus when an edge is identified as an
illumination edge, it seems to drop out of the integra-
tior process for surface lightness just as if it were
invisible.

It would take us too far afield to enter into a full
discussion of precisely how the perceptual system
discriminates illumination from reflectance edges.

While the presence of penumbra at an illuminaticn edge
may be one source of information it is not the only one
and is not necessary in the experiments just described.

Before discussing the important role that derth
perception plays in discriminating edges, it is wortr
considering the ramifications of what we have just
discussed for the notion of lateral inhibition or any
other theory of neural interaction which seeks to explain
the important ef<ects of remote edges on what is per-
ceived in regions adjacent to other edges. For now in
addition to other difficulties such a theory faces, in
dealing with such "remote" effects it would have to be
argued that such effect do not occur at all when those
remote edges are interpreted as representing illumina-
tion rather than reflectance differences. In fact, it
is interesting to note that apparently no one has
noticed that when contrast effects are applied to
illumination edges, they not only fail to result in
constancy, but they actually make matters worse.
Constancy requires that we explain how the perception
of surface lightness could be the same on both sides of
an illumination edge, given the difference in luminance.
Applying a mechanism here that further exaggerates the
luminance difference is a little like bringing water to
a drowning man.

Recent experiments (Gilchrist, 1977, 1981) have
demonstrated the role of depth perception in distinguish-
ing an illumination edge from a reflectance edge. In
one experiment an artificial interposition cue was used
to make a target square appear as located either in a
near plane, dimly illuminated, or in a far plane,
brightly illuminated, as shown in Figure 1. In terms of
the retinal image, the target square was always flanked
by a surface of much lower luminance to its lower right
and by a surface of much higher luminance to its upper
left (note relative luminances given in Figure 1).

In space, however, the low luminance surface was located
in the near plane while the high luminance surface was
located in the far plane. The results show that light-
ness is determined by the luminance ratio of the target
square to its coplanar neighbor. Thus the target square
looked white when it appeared in the near plane but
black when it appeared in the far plane. In other terms,
the edge dividing the target from its coplanar neighbor
was treated as a reflectance difference while the edge
dividing the target from its non-coplanar neighbor was
presumably treated as representing an illumination
difference. Since the retinal image was essentially

the same in both conditions, this result is inconsis-
tent with an explanation based on lateral inhibition.

In another experiment involving planes meeting to
form a dihedral angle, these ideas were put to a more
rigorous test in which predictions based on perceived
coplanarity would be the opposite of predictions based
solely on retinal ratios.

The experimental arrangements are shown in Figure 2.
In the horizontal plane, a black target tab extended
out into space from a larger white square. In the
vertical plane, a white target tab extended upward into
space from a larger black square. Thus each target
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tab was seen against the background square that was in
a separate plane. The horizontal surfaces received
about 30 times as much illumination as the vertical
surfaces, or just enough illumination difference to
make the luminance of the black target tab equal to
that of the white target tab. Given the viewing per-
spective of the observer, U5 degrees from each plane,

the display was similar to traditional contrast displays;

two targets of equal luminance on bright and dark back-
grounds respectively. Thus a theory based on lateral
inhibition would clearly predict that the target on the
bright background, in this case the upper target,
should appear darker than the other target, although
the exact magnitude of the effect is harder to deter-
mine. On the other hand, if lightness is really based
on luminance relationships within planes, then each tab
should be compared with the larger background square
that lies in the same plane, even though it is adjacent
only along one edge of the tab. Thus not only would
the coplanar ratio principle predict that the upper tab
would appear lighter, not darker, than the lower tab, it
would predict that the upper tab should look white and
the lower tab black.

In fact the latter result was actually obtained.
Figure 2 shows the median Munsell matches (next to
samples of those Munsell values) obtained from naive
observers. Moreover, since the target tabs were
actually trapezoidal in shape, they could be made to
switch perceived planes when viewed monocularly. In
that condition of the experiment the perceived light-
nesses of the tabs also switched, with the lower tab
now appearing white and the upper tab appearing black.
Since these changes in perceived lightness were pro-
duced solely by a change in depth perception, with no
change in the retinal image, these data raise difficul-
ties that may be insurmountable for current theories
based on lateral inhibition.
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Apparent Motion

Although we know a good deal about the conditions
that produce the illusory impression of motion refer-
red to as apparent motion, we still do not understand
why it occurs or, for that matter, why it only occurs
under certain conditions. What we know about this
effect is that given the sudden appearance of object a,
its sudden disappearance, followed typically by just
the right time interval of object b in just the right
new spatial location, one tends to see motion of a to
b. The currently favored explanation is that a motion-
detector cell in the brain will discharge even if the
appropriate receptor field of the retina is stimulated
discontinuously by two points rather than by a point
moving over the retina. Such cells do seem to exist in
various species of animals (Griusser-Cornehls, 1968;
Barlow and Levick, 1965).

However, the fact is that it is not necessarily the
case that the conditions for apparent motion perception
entail stimulation of separate retinal regions.
Ordinarily that is the case, since a and b are in
separate spatial locations and the eye is more or less
stationary. What seems to matter is the perception of
a and b in separate locations in space.

To get at this question an experiment was performed
in which the observers had to quickly move their eyes
back and forth synchronous with the onset of a and b
so that each stimulated the same central region of the
retina, rather than as, more typically, two discretely
different loci (Rock and Ebenholtz, 1962). Therefore,
the conditions for apparent motion might be thought not
to exist. Yet, the observer does locate a and b in
phenomenally discrete places in the environment. The
result was that although nothing was said to the obser-
vers about motion that might create an expectation of
perceiving motion, most of them nonetheless spontaneous-
ly did. This experiment seems to prove that, in humans
at least, it is not necessary to explain stroboscopic
motion in terms of a sensory mechanism that detects
sudden change of retinal location. There is neither
change of retinal nor cortical locus of projection of a
and b here.

An entirely different view that has been presented by
Rock (1975) is that the impression of motion is a solu-
tion to the problem posed by the rather unusual stimulus
sequence. First a inexplicably disappears. Then b
inexplicably appears elsewhere. By "inexplicable" we




mean that when
are looking at

an object in the world disappears as we
it, it is generally because another object
moves in front of it or it is occluded by another object
because of our motion. However, when a stationary

object suddenly and rapidly moves to another location,

it does tend to disappear from one location and to ap-
pear in another. Therefore, perhaps this state of
affairs in a stroboscopic display suggests the solution
of motion.

Given that potential solution, the question arises
as to whether it is acceptable. Motion from a to b does
account for the brief stimulation by a and b, but isn't
the absence of any visible object between the locus a
and b a violation of the requirement that a solution be
supported by what is present in the stimulus? If the
solution is "a moving across space to b" doesn't this
call for stimulus support in the form of continuously
visible motion across that spatial interval? Ordinarily
that would be true, but it is a fact that has been
demonstrated that for very rapid motion of an actually
displacing object, little more than a blur can be seen
in the region between the terminal locations (Kaufman
et al, 1971). 1In fact it was shown that if the terminal
locations are occluded, no motion of a moving object is
seen. Therefore when the spatial and temporal intervals

between a and b in a stroboscopic display are such as
would correspond with the real motion of a rapidly
displacing object, the absence of continuously visible
movement need not act as a constraint against perceiv-
ing movement. In fact, this analysis may explain why
slow rates of alternation do not lead to the impressions
of motion. By "slow rate" we mean a condition with a
relatively long interval between the disappearance
(offset) of a and the appearance (onset) of b. Such a
rate would imply a slowly moving object and a slowly
moving object would normally be seen throughout the
spatial interval between a and b. Therefore the ab-
sence of object motion over that interval at slow rates
of alternation is a violation of the requirement of
stimulus support. Hence the movement solution is not
acceptable at slow rates even if the offset and onseti
tend to suggest this solution.

While on this topic of rate we might briefly comment
on the case where the alternation is very rapid, i.e.

a zero or only a minimum interval between the offset of
a and onset of b. If the "on" time of a and b is itself
very brief, this state of affairs will result in a and
b being visible simultaneously by virtue of neural
persistence. But if a is visible when b appears, the
solution that a has moved to b is not supported or one
might say, is contradicted. This deduction was tested
by using rates of alternation that ordinarily dc
produce the stroboscopic effect but with the following
variation: First a appears, followed by the usual
tlark interval; when b appears so does 3_(in its original
location). Therefore the sequence of events is: a; a
and b,: a; a and b, etc. If the presence of a during
exposure of b violates the requirements of the motion
solution, then observers should not achieve a strobo-
sopic effect under these conditions. Our observers did
not. If, however, the display is changed so that the
a object that appears concurrently with b but in the
same location as a is somewhat different tha: the a
that appears along, observers do perceive a movi .; to
b. The sequence is a; a' and b,: a; a' and b; etc.

Tt was :roted above that in the typical experiment on
stroboscopic motion, a and b inexplicably disappear and
appear. What was meant was that no rationale is pro-
vided to the observer of why they appear and disappear

such as is the case when things in the environment
duddenly appear or disappear hecause another object in
front suddenly moves out of the way or in the way.
This suggested the following kind of experiment.
Suppose we cause the retina to be stimulated by a and
b in just the right places at just the right tempo, etc.
but by a method in which we move an opague object tack
and forth, alternately covering and uncovering a and b.

the
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(See Figure 3B) As far as the sensory theory of appar-
ent motion is concerned there is no obvious reason why
these conditions should not produce an impression of a
and b moving. But from the standpoint of problem
solving theory, we have now provided an explicable basis
for the alternate appearance and disappearance of a and
b, namely, that they are there all the time but under-
going covering and uncovering. Therefore the perceptual
system may prefer this solution or at least we are
offering it a viable alternative not usually available
(see =toper, 1964; Sigman and Rock, 19TL4).

The subjects rarely perceived motion of the dots here.
Some may object that the presence of the actually moving
rectangle interfered in some way with perceiving strobo-
scopic motion. It is, after all, an unusual, atypical,
way of studying such motion. The rectangle may draw
the subjects' attention or otherwise inhibit motion
perception of the dots. For this reason a slight change
was introduced, one that had another purpose to it as
well. Suppose the rectangle moves, but a bit too far,
far encugh no longer to be in front of where the dot
had been. But by a method, the details of which need not
be discussed here, things were so arranged that when the
rectangle is in its terminal location, the dot is
nonetheless not visible.

Now it is no longer a fitting or intelligent solution
to perceive a and b as two permanently present dots that
are simply undergoing covering and uncovering. For it
can be seen that in fact the rectangle is not covering
the spot in its terminal location and yet the spot is
not visible (violation of the stimulus-support require-
ment). Therefore the best solution is again one of
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movement and that is what the subjects perceived. Note
that this experiment serves as a control for the ob-
Jection raised to the first one; the moving rectangle
here does not interfere with perceiving motion of the
dots.

Another variation performed is based on the jdea
that for the covering-uncovering solution to be viable,
the covering object must appear to be opaque. If it
does not, it can hardly be covering anything. This
factor was manipulated in an experiment illustrated
in Figure 3B. The actual stimulus conditions are
very similar but in one case, because the oblique lines
within the rectangle are stationary and aligned with
all the others, the rectangle looks like a hollow wire
perimeter. In a control condition the lines inside it
moved with the rectangle, and it looked like an opagque
object. The difference in results is very clear: when
the rectangle appeared to not be opaque, subjects by
and large perceived movement whereas in the case of
the opague-appearing rectangle, they did not. A hollow
rectangle is in contradiction of the property of opacity
rrequired by the covering-uncovering solution.

In a final experiment, conditions were such that no
physical contours at all moved back and forth in front
of the dots. There was, however, a phenomenally opaque
object that moved, one based on illusory contours, as

illustrated in Figure 3C. The great majority of
subjects did not perceive movement, In a control
experiment, illustrated in Figure 3D, the orientation
of the corner fragments was changed so that no subjec-
tive rectangle was perceived and this array was moved
back and forth. Now the majority of subjects did
perceive movement.

It should be noted that in all these cases where a
covering-uncovering effect is perceived there is no
reason why movement of the dots could not have been
perceived a: well. That is to say, if the observer
were to see an opaque rectangle moving back ani forth
and, simultaneous with this, a dot stroboscopically
moving in tlhie opposite direction, such a solution
wouli also acccunt for the stimulus sequence. Converse-
ly everything implied by that solution is represented
in tle stiuulus, and no contradictory perception is
occurring. Therefore the tenilency to perceive dots
undergoing occlusion and disocclusion rather than dots
moving, represents a preference for one solution over
tre other. The preferred solution is obviously related
t0o a very basic characteristic of perceyption, namely,
ot j=ct permanence, thne tendency to assume the continued
rresence or existence of an otject even when it is
mome:ntarily not visirle for one reason or another. But
given thre very strong predilection we have to perceive
aprarent motion even undsr *he most unlikely conditions,
it remains a problem as to why it is not perceived in
this situztion and the object-permanence solution is

preferred. A pcszible answer is that the covering-
uncovering solution accounts for all stimulus change by
one "cause": a moving rectangle covering and uncovering
spots trat are conti present. The other solution
entails twe independent events that are coincidentally
and unaccountatly correlated; a rectangle moving in one
direction and irn anti-phase to spots moving in the
opposite direction.

There is another line of evidenc= that also strongly
supports a problem-solving irterpretation of strote-
scopic motion. If the stimulus consists of more than
a single dot or line, the problem arises of what in a
is seen moviug to what ir t. To mak~ ths point clea;,
suppose that a and b each consist of a two-by-three
matrix of dots. What will be seen hore is the rectan-
gular grouping moving as a whole (Ternus, 19z6).
Appare:tly the perceptual system seeks a movement
solution that will do justice to the object az a whole.
Indeed, w3re this not the case, the motion perceived
in moving pictures would be guite chactic, because it

&

is typically objects consisting of many parts that
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change location from frame to frame (and often many
such objects are simultaneously changing locations in
either the same or varying directions). Yet this
outcome is not predictable at all in terms of the other
kinds of sensory theories mentioned earlier.

A related example is the perception of motion of
complex stimuli such as the line drawings of three-
dimensional cuboid figures that Shepard and his
associates have used in the mental rotation studies.
Shepard and Judd (1976) presented two perspectives of
such figures in a stroboscopic motion paradigm and
showed that, at the appropriate rate of alternation,
observers perceive these objects rotating through the
angle necessary to account for the change in perspective

from a to b. This effect clearly implies that the
perceptual system deals with the problem of accounting
for the differences in a and b by an intelligent motion
solution. A further finding of interest is that the
optimum rate of alternation for achieving a continuous
coherent rotation of a rigid whole object was an inverse
function of the angular difference as implied by the
two perspectives views. In other words, the greater
the angle through which rotational motion was seen, the
slower the rate of alternation had to be.

This finding can be considered to be in keeping with
one of Korte's Laws which states that optimum apparent
motion is preserved when the spatial separation between
presentations of a and b is increased by increasing the
time interval between presentatlon of a and b. This law
makes sense if one assumes that the percelved speed of
rotation is constant. If therefore the mental represen-
tation of the object has to rotate through a greater
angle, more time is required.

Further support for this interpretation is provided
by an experiment which asked the following question: Is
it the retinal spatial separation or the perceived
spatial separation that governs Korte's Law? Perceived
separation was varied by creating conditions in which
a and b appeared at differing distance but were always
located so as to project to the eye in the same retinal
loci (Corbin, 1942; Attneave and Block, 1973). The
experiments demonstrated that it was the perceived

spatial separation, not the retinal separation that
enters into Korte's Law.

A problem-solving theory can account for these facts.
It offers an explanation of why motion is seen. Unlike
other theories, it takes as a point of departure and is
quite compatible with the fact that the conditions
leading to motion perception entail change of perceived
location rather than change of retinal location. It
offers a rationale for the known facts about alternation,
i.e. why movement is perceived only within a certain
range of middle values of inter-stimulus interval. It
can Jdeal easily with the kinds of perceived transforma-
tions or movements that occur when a and b are more
than single dots or lines, such as groupings or forms
with sub-parts, or complex three-dimensional figures
in differing orientations. Finally it permits us to
predict instances where no motion will be perceived
despite the maintenance of the spatial and temporal
parameters that ordinarily produce the stroboscopic
effect.

On the other hand this theory does not as yet explain
all the known facts. It does not explain the reported
findings that motion is seen more readily if %aoth a and
b are placed so that their projections fall within one
hemisphere of the brain (Gengerelli, 1948); nor does it
explain why the effect is more readily cbtained if a
and b stimulate one eye compared to the case where a
stimulates one eye and b the other (Ammons and Weitz,
1551). However, these findings have never been repli-
cated and warrant careful re-examination. And finally
a problem-solving theory might be considered to be
inappropriate as an explanation of the stroboscopic
effect that seems to occur in decorticated guinea pigs
(Smith, 1940) or newly born lower organisms such as



fish or insects (Rock, Tauber, and Heller, 1965).

However there now seems to be fairly good evidence
that there are two kinds of apparent motion (Broddick,
197h4; Anstis, 1980). One kind, referred to as the short-
range process, OcCcurs over very small angular separa-
tions of a and b. There is reason for believing that
this kind may be based on motion-detector neurons respon-
sive to a small shift in stimulation on the retina. The
other kind, referred to as the long-range process,
occurs over larger angular separation of a and b. This
process is probably not based on the activation of
motion-detector neurons. Most if not all of the evi-
dence discussed above pertains to this long-range pro-
cess. The short-range process thus seems to have a
direct sensory basis whereas the long-range process
seems to have a cognitive basis. In the light of this
distinction, it is possible that the findings referred
to in the previous paragraph are explicable in terms of
the short-range process.

Conclusion

At this point we should step back from these empiri-
cal studies and see what general lessons can be drawn
as to the nature of theories of perception. If the
visual system is to achieve a faithful representation
of the physical world then the organization of its own
processes must somehow mirror the organization of the
world. Any theory of perception that does not take this
point into account will ultimately fail.

In certain theories of perception, constancy and
veridicality are fortuitous outcomes that occur only
under some circumstances. This is not good enough.

Both the logic of what the perceptual system must
accomplish and the emperical evidence of what it does
achieve demand a theory in which constancy is inevitable,
not accidental.

Hereir lies the danger of theories based on simple and
limited physiological findings. Unless the physiological
finding can be seen as part of a larger process that
"homes-in" on reality in an inevitable way, that physio-
logical finding is likely to be misunderstood. This is
the problem with viewing lateral inhibition as an
exaggeration or distortion process. If we cling to the
photometer metaphor, to the assumpticn that fundamen-
tally the visual system measures the intensity (and per-
haps the wavelength) of the light at each point irn the
image, then it is not surprising that some kin2 of
distortion process will be required to transform the
array of photometer readings into something vaguely
representing visual experience.

There is no need to talk as though the intensity of
light at point A in the image is "affected" by the
intensity of light at point B. The fact is that the
light at point A, seen by itself, would be perceptually
meaningless. Having a second intensity of light present
in the visual field doesn't merely change the first
amount of light, it literally establishes a relationship
and the apprehension of this relationship produces
lightness perception in its simplest form.

C.ntrast theories are usually thought to be relation-
al theories, but they are not. As Koffka (1935) has
correctly pointed out, the ultimate correlate of light-
ness perception in a contrast theory is still an abso-
lute amount of light, not a relationship. The contrast
process only allows the absolute value of one region of
the field to be changed as a function of other values.
But it is still that absolute value that reigns. And the
reason that it has to be changed is that as an absolute
value, it will always be out of touch with visual
experi-nce, which involves relationships. In fact the
liivtory of theories of lightness perception is the

history of different correction factors designed to
bring the local luminance into correlation with per-
ceived lightness. This has never worked and it is

time we recognize that no theory based on absolute
amounts of light can work. What is constant about a
white surface, for instance, is its relationship to the
rest of its environment.

It is not surprising that the visual system gets its
critical information from the edge. This is the point
in the image where the relationship between two amounts
of light is represented. In more complex scenes each
local edge relationship, or ratio, has to be seen in
relation to other edge ratios. The concept of edge
integration that we have discussed does not involve
any distortion or exaggeration process. Rather it
involves the proper organizing of certain local rela-
tionships in order to make explicit a more global
relationship that was only implicit in the local
relationships. At the level of cognition the same
function is served formally by the syllogism.

Fundamentally the visual system must be logical
because the world is logical. The world is not put to-
gether in a random or capricious way. If a rectangular
object is incapable of obscuring a set of diagoral
lines it will also be incapable of obscuring a luminous
spot. How inefficient it would be if local percepts
were allowed to ccexist with other local but contradic-
tory percepts. A system that excludes contradictions
from its global relationships has the tremendous advan-
tage of reducing the ambiguity of its local relation-
ships.

Perception and cognition seem to share this guality
of excluding contraditions within their own domains.

Of the two, however, perception seems to be the more
successful. Of course it is possible to construct fig-
ures such as impossible triangles, or Escher drawings,
which surprise us by the extent to which visual contra-
dictions are tolerated. But it is the rareness of such
visual contradictions that leads to our delight at such
figures. Examples in which the cognitive system fails
to exclude contradictions are unfortunately too nume-
rous to mention. One only needs to turn to political
speeches, or the Bible, or journal articles to find a
gold mine of examples.

Seeing, then, is like thinking, at least in many of
its formal properties, and this may be because thinking
is 1like seeing. That is,seeing may be the primitive
form of thinking, the basic prototypical form that
shows how relationships are to be integrated in order
to correctly represent the world. Seeing, of ccurse,
had to come first, and it must be there even in
mosquitoes. Thinking, however, allows us to integrate
relationships that extend beyond the time and space
limitations of the visual system.

Perhaps the world looks the way it looks because we
are what we are physiologically. But it should not be
forgotten that the world existed before we did and thus,
as we learn from evolution, we are what we are because
the world is what it is.
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THE ROLE OF SPATIAL WORKING MEFORY
IN SHAPE PERCEPTION

Geoffrey E. Hinton
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AISTRACT

Three demonstrations are yresented and used to
surport a number of arparently unrelated claims
about the internal rerresentations that reorle have
when they perceive or imagine a spatial structure.
The first demonstration illustrates rroyerties of
the sratial working memory that enables us to
integrate successive glimrses of rarts of an object
into a coherent whole. The second demonstration
shows that our ability to generate a mental image is
severely limited by the form of our knowledge of the
share of an object. The third shows that the sharye
rerresentation which we create when we attend to a
whole object does not involve creating the kinds of
shayre rerresentations for the rarts of the object
that we would form if we attended to them and saw
them as wholes in their own right. The real
motivation for this medley of demonstrations and for
the interyretations offered is that these rhenomena
can all be seen as manifestations of a particular
kind of rarallel mechanism which is described
briefly in the last sectiod.

I PERCEPTION THROILGH A PEEPHOLE

Fig. 1 illustrates a rhenomenon called anorthoscoric
rercertion that occurs when peorle rerceive an
object one riece at a time through a slit or
reerhole (Hochberg, 1968). Inder suitable conditions
reorle reyrort that they have a rercertual exrerience
ot the whole object. They somehow integrate & number
of serarately perceived rieces into a single
Gestalt. This means that they must be storing
internal records ot their percertions of the
individual fpieces. The simflest theory ot
anorthoscoric yercertion is that the subject builds
ur an internal, picture-like rerresentation tart by
rart, and then uses this internal "ricture" as a
substitute for a2 retinel image in identifying the
whole object. As we shall see, this theory has
rroblems.

Figure 1. A cartoon strijy showing a reerhole
moving around the outline of a share. The fact
that successive frames in the cartoon fall in
different rositions mekes the task harder.
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Retina-based versus scene-based frames

In the early stagee of visual rrocessing, the
size, position and orientation of parts of the
visual injut are rerresented relative to the frame
of reference defined by the retina. Anorthoscoric
rerceyrtion, however, cannot derend on storage in
these early, "retina-based" rerresentations because
reorle tyrically fixate on the reerhole, so all the
different rieces of the object prroject to the same
bit of the retina (Rock, 1981). Refresentations that
encode the rositions of the rieces relative to the
retina would not allow us to rerceive the whole
object because the relative position of a riece
within the whole is determined by where the reerhole
is, not by where the riece falls on the retina. It
is just conceivable that as we move our eyes, the
internal records of all the freviously perceived
rieces are corresrondingly altered so that the
records always encode where the riece is relative to
the current retinal rosition, but this seems very
unlikely.

What is needed is a way of rerresenting where the
rieces are that is not affected by eye-movements or
even by movements of the whole rerson through srace
(Turvey, 1977). This can be achieved by using a
temrorary scene-based frame of reference that is
defined by some larger contextual object or
configurstion within the external scene. If we keer
a continually urdated reyrresentation of the
relationship between the retina and this scene-tased
frame, we can use it to convert from rositions on
the retina into rositions relative to the scene
before storage. These positions relative to the
scene will be unaffected by subsequent eye or body
movements. Cbviously the scene-based frame will
have to change from time to time, and it will have
to have a scele that is ayprorriate to the scale of
the rarts we are attending to, but over a yeriod of
a second or two, percertual integration of the
results of successive fixations could be achieved by
using a single scene-based frame of reference.

Post-categorical versus atomistic rerresentations

In a ricture-like rerresentation, the shapes of
objects are not exylicitly rerresented -- it
requires an interrretive frocess to extract them.
Conesider, for examyrle, how a straight line is
rerresented in an array. The line is decomyposed into
"atomic" fragments each of which is dericted by
filling in one cell in the array. The absolute
rositions of the individuval atomic iragments
relative to the whole array are encoded directly and
rrecisely, but there is no direct encoding of the
straightness of the line, because this derends on
the relative rositions of the various fragments.
Ising this kind of atomic deriction it is impossible
to rerresent the fact that a line is straight
without rerresenting rrecisely where it is relative
to the whole array. It is imrossible to be frecise
about share and vague about rosition in a fpicture-
like rerresentation.

The memory used in anorthoscoric fpercertion,



however, seeme to allow just this combination of
rrecision and vagueness. If a reerhole is moved
around a polygonal sriral (see Fig. 2) feorle often
“"rerceive" a closed rolygon. Their memory for the
frecise locations of the individual sides is ypoor
and can be swayed by exyectationes about closed
rolygone, but they know that the sides are straight.
This informal evidence that syatial working memory
can be more rrecise about the chares of rieces than
about their positions imyliee that it contains
exylicit representatione of shares rather than being
a ricture-like collection of atomistic local
features in which shayes are only imrlicit. A recent
exyeriment supports this conclusion.

Figure 2. A
peerhole is moved

sround a rolygonal
sriral without
revealing the free
ends or the adjacent
rarallel eides.

Girgus, Gellmsn, and Hochberg (1981) have shown
that it is considerably eacsier to "see" the share of
a whole object if the yeerhole is moved around the
outline of the object than if the peerhole jumrs
randomly from one jart of the outline to another.
The two different conditions were balanced so that
the total exyosure to any one rart of the object was
identical, so the contents of a jicture-like store
would be ecually good in both cases. The obvious
interrretation of this exyeriment is that when
neighbouring rarts of an object are exrosed in
succession, it is possible to form more comjylex
chunks (shafres) and hence to reduce the number of
chunks that must be stored in sratial working
memory. When successive exposures are of widely
serar=ted rieces, either no chunks are formed, or
chunks are created which do not corresprond to the
natural rarsing of the whole object into rarts. This
tyre of exrlenation imylies that the memory involved
containe exylicitly segmented and identified chunks.

II THE CUBE TASK

Hinton (1<79) describes an arrarently simrle
mental imegery task that reorle cannot do:

"Imegire a wire-frame cube resting on a tabletor
with the front face directly in front of you and
rerrendicular to your line of sight. Imegine the

long diagonal ihat goes from the bottom, front, left-

hand corner to the toy, back right-hand one. Now
imagine the cube is reoriented so that this diagonal
is vertical and the cube is resting on one corner.
Flace one {ingertiy about a foot above a tabletor
and let tlkis mark the josition of the toy corner on
the diagonal. Tre corner on which the cube is
resting is on the tabletoy, vertically below your
tingertiy. With your other hand roint to the sratial
locsticns of the other corners of the cube."

It ic fairly easy to imagine a cube in just about

any orientation if the orientation is defined in
terms of the natural axes of the cube. Fut when the
diagonal is used to define the required orientation,
we realise that relative to the diagonal, we have no
clear idea where the various parts of the cube are.
Our knowledge of the spatial disypositions of the
rar ts of a cube is relative to the "intrinsic" frame
of reference defined by the cube's own axes.
Knowledge in this form is ideal for recognising the
share of a rigid object because whatever the
object's actual size, position and orientation, the
disrositions of its parts will aslways be the same
relative to an intrinsic frame of reference based

on the object itself (Palmer, 197%; Marr end

Nishihara, 1978). So if the ayrrorriate object-tased
frame can be imrosed, the early retina-tased
rerresentations which encode the rositions of the
rar te relative to the retina can be recoded into
object-based rerresentations and this encoding will
constitute a viewpoint-inderendent sharye

descrirtion that allows the object to be recognised.

I heve now arrealed to three different sorts of
reference frame. The initial yrocessing of the
visual inyut uses rerresentations relative to the
retina; recognition of the share of an object
involves recoding these early retina-based
rerresentations into ones that are relative to an
object-based frame; and anorthoscoric fercertion
relies on storing the relationshirs of recognised
shares to a temrorary scene-tased frame.

ITI FRUITFACE

Fig. 3 shows a face composed entirely of pieces
of fruit. Palmer (1975) reyorts that when subjects
are shown this figure very briefly, they see it as a
face without seeing the parts as fruit. The
fruitface figure demonstrates that forming the
Gestalt for a face does not derend on forming
Gestalts for the rarts. This is fuzzling because to
see the face we must form some rejresentations of
the rarts and their relationshiys to the whole,
since it is the relative disyositions of the rarts
within the whole that make it a face. Cne
rossibility which has not been much exylored is that
each rart of the face can have two cquite different
internal rerresentations. When the rart is seen as a2
constituent of the face it receives a reyresentation
in which it is interyreted as filling the role of,
say, an eye because of its crude overall shaye and
its relation to the whole face. When it is seen acs a
whole in its own right, however, it receives a ouite
different internal rerresentation in which the rough
shayres and disjositions of its jarts cause it to
be seen as a riece of fruit.

Figure 3. A face
comyosed entirely

of rieces of fruit.
(After Falmer, 1975)
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The idea that an object receives a quite
different internal reypresentation when it becomes
the object of focal attention does not fit the
toyular view of attention as & kind of internal
syotlight which can illuminate any one of a number
of otherwise unconscious shaye rerresentations.
However, the idea is very comratible with "early
selection” theories (Triesman and Gelade, 1980) in
which focal attention is constructive and is
necessary for the generation of a shajye
rerresentation.

The internal srotlight metarhor for visual
attention is a powerful one, but I believe it is
based on a mistaken analogy between external
rercertion and introsyec tion. Normally our attention
moves raridly and smoothly from one level to another
and we do not realise that at any instant we are
attending at just one level. (nly when the
information at the different levels is made
inconsistent, as in the fruitface, does it become
obvious that the Gestalt for the whole cannot
coexist with the Gestalts for its rarts.
Introsrection is of little use for deciding what is
in our minds at one brief instant because it does
not allow us to decide between iwo frossibilities.
Either there are shaye rerresentations that lurk
outside focal attention, or shajye reyresentations
are generated or regenerated the moment we ask
ourselves whether they are there. Cur fundamental
eristemological assumyption that the existence of
objects is indeyrendent of our awareness of them
cannot te arrlied to the contents of our own minds.

An obvious otjection to any theory which claims
that reojyle only see one shaye at a time is that the
share of an object is determined by the shares of
its rart and their disyositions relative to the
whole. This kind of recursive definition of a shafye
in terms of the shajyes of ites farts leads to a
regress that only terminates at hyrothetical
"frimitive" features. The fruitface figure is
imyortant because it suggests an alternative way out
of the regress. The reyresentations of the jarts
that are used in jerceiving the shaye of the whole
mey be different in kind from the rerresentations
used to rerceive the shajes of the rarts when we
attend to them. Naturally, different shage
rerresentations must be able to influence one
another. Kaving recognised an eye it should be
eacsier to see the whole face, but this influence
could be mediated by sratial working memory.
Although only one Gestalt can te formed at a time,
records of meny rrevious Gestalts can be kert in
working memory and used to influence the formation
of the next Gestalt.

Iv  WEAT TEE DEMONSTRATIONS SHOW

The demonstrations have been used as evidence for
the following cleims:

1. We integrate the information obtained in
successive glances by storing records of the shagyes
that we identify and their relationshirs to a
temyorary scene-tased frame ot reference. We can use
these stored records tc generate new shage
rerresentations.

2. The jrocess of recognicing a sraye (forming s
Cestalt) involves imjosing an otject-tssed frame of
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reference and rerresenting the size, position, and
orientation of each part of the object relative to
this frame.

3. The rerreseniation that an object receives
when it is seen as a Gestalt and its shafe is
recognised is comypletely different from its
rerresentation when it is seen as a constituent of a
larger Gestali. Cnly one Gestalt can be formed at a
time, but many serarate records of frevious
Gestalts can be stored in espatial working memory.

VA MECHANISM FOR SPATIAL REPRESENTATION £

There is not srace here to discuss all the
various kinde of mechanism that have been suggested
for rerresenting sratial structures. I shall simjly
describe one jossibility which is designed to make
use of rarallel interactione between very large sets
of features. This kind of comjutation seems to be a
natural way of harnessing the comjutational fower
rrovided by a system like the brain in which a large
number of richly interconnected units all comyute in
rarallel (Anderson and Hinton, 1961). The mechanism
is based on four related assumytions:

1. A percertuval feature must always be
rerrecsented relative to some frame of reference
because yrorerties like the length, position, and
orientation of a feature imylicitly assume a
reference frame.

2. At any moment during ferceytion we use three
different frames of reference -- retina-based,
object-tased, and scene-based -- so our rercertual
ayraratus has three different sets of units, each of
which reyresents features relative to one of these
frames of reference.

3. The meaning of features relative to one frame
of reference in terms of features relative to
another derends on the relationshiy between the two
frames. £o the way in which units in one set affect
units in another set must be controlled by a
rerresentation of the sratial relationshiy between
the frames of reference used by the two sets. A
rarticular sratial relationshiy rairs each unit in
one set with one unit in the other set, and allows
activity in one of these unites to cause activity in
the other.

4. DLifferent Gestalis corresrond to slternative
ratterns of activity in the very same set of object-
based units. £ only one Gestalt can be formed at a
time, though records of many rrevious Gestalts can
be stored as activity in the scene-tased units.

Fig. 4 incoryorates these assumytions. Unlike
many box diagrams in ysychology, the serarate boxes
really are intended as seyarate collections of
hardware units. Every unit continually recomrutes
its activity level as a function of the inyut it
receives from other units. In the shori term (i.e in
about 1CO msec), the whole system comyutes by
settling into a state of activity that is
temjorarily stable. This kind of settling jyrocess is
described in more detail in Einton (19€1b) where it
is shown that the yrocess of assigning an
arrrorriate object-tased frame of reference cen be
imylemented by the three-way interaction between
retina-based units, objeci-based unite and the units
for rerresenting the syatial relationshiy between



the retine and the object. This kind of three way
interaction is what the triangular symbols in Fig.

4 deyict. After each settling, control yrocesses
(unsyecified here) can reset the rattern of activity
in any set of unite, and thereby initiate a new
rrocess of settling. Not all the units in a set need
te involved in the interactiones with other sets. For
examyle, the object-tased units that are directly
affected ty retina-based units rrobably code fairly
simple features, whereas the objecti-based units that
directly affect the scene-tased ones yrobsbly code
comrlex conjunctions of the simyler features.

Scene-tased units.
Active units encode
recently identified
shares and their rel-
lations to the scene.

Units whose activity
rerresents the relat-
|ionshir of the current
object-tased frame to
the current scene-
tased frame.

Object-tased units.
Fattern of activity
rerresents shaye of
the current Gestalt.

Units whoee activity
rerresents the relat-
ionshiy of the current
object-based frame to

ihe retina-based frame.

Fetina-based units.
Activity pattern is
the result of early
visual yrocessing.

Figure 4. A parallel mechanism.

This kind of mechanism raises many interesting
issues, some 0f which are discussed elsewhere
(Hinton, 1981a). The following section focusses on
what the scene-tased features are like, and how they
influence the the formation of a new Gestalt, i. e.
how they affect the formation of temjorarily stable
rattern of activity in the object-based units.

Scene-based features

Once the general ayrroach of imyrlementing sratial
working memory as activity in a set of scene-tased
units is accejted, quite a 1ot cen be deduced about
the nature of the units from their function. One
imyortant funciion of spatial working memory is to
allow yrreviously identified Gestalts to aid in the
formation of related Gestalts. having recognised an
eye, the whole face should be easier to see, and
vice versa. The kind of yrrecisely located, atomistic
features that would te needed for a ricture-like
rerresentation would not be of much value in spatial
working memory, because they would not exrlicitly
rerresent the identities of objects, and so their
effects could not be made to derend on these

identities. It ie more useful 1o make each active
scene-tased unit reyresent the existence of an
object of a jarticular tyre with a particular
relationshiy to the current scene, as the following
examyles show.

furrose that as a reeult of frevious yerceytual
analysis, activity in a scene-based unit, &; ,
rerresents the existence of an eye with the
relationship F;¢ to the scene. furfose also that the
system is now attemyting to settle on an
interyretation of a larger obtject (a face) with the
relationship Fys to the scene. k¢ and Bf; determine
F;;, , the relationshiy of the eye to the face, and
so they determine which object-tssed unit, C; ,
should bte aciivaeted 1o reyresent the eye as a
constituent relative to 1he frame of reference of
the whole face. This influence of the contents of
working memory on jercejtion can be imjlemented (see
Fig. 4) ty having en exylicit rerresentation of ng
which governs the interaction between scene-based
and object-based units and ensures that activity in
£; rrovides excitatory inyut to (;

Now consider what is regquired of spatial working
memory if the face is seen first and attention is
then focussed on one eye. The fact that this part
had the role of an eye within the whole face should
facilitate its interyretation as an eye when it
becomes the focus ¢f attention. Thic effect can be
achieved if the Cestalt for the whole face activates
scene-based units that reyrresent the major
constituents of the Gestalt as well as the whole. So
the marring from objeci-tased to scene-based units
orerates simul taneously on units that reyresent the
identity of the whole CGestalt and on units
rerresenting its major constituentis.

VI CONCIUSION

Three demonstrations have been used to illustrate
aspects of our internal rerresentations of spatiel
structures. Particular attention Las been given to
the spatial working memory that allows people to
integrate their perception over time. It has been
argued that this memory contains compact records of
the rich perceptual Gestalis that are formed when a
person ettends to an object. The interactions
between spatial working memory and the apparatus in
which Gestalts are formed allows previous Gestalts
to influence (or entirely determine) the formation
of the current Gestalt even though only one Gestalt
can be present at a time. This view of the role of
spatial working memory supports "early selection”
theories in which focal attention is required to
synthesize a share, and only one shape can seen at a
time. It also supports the view that different
Gestalts correspond to alternative patterns of
activity in a set of units that encode features
relative to a frame of reference imposed on the
object.

Finally, & few provisos. The demonstrations are
well known but the interrretations of what they
show are probasbly contentious, and the mechanism I
suggest is speculstive and underspecified. There has
not been space to elesborate on many interesting
issues like how the mechanism might account for the
exrerimental dasta on mental rotation (Cooper and
Shepard, 1973) or spatial working memory (Eroadbent
and Froadbent, 1981; Phillips and Christie, 1977).
Nor has it been possible to discuss crucial
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theoretical issues like the number of units that
would be required by the mechanism, or the problems
of encoding novel shares in working memory.
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