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ABSTRACT

Three demonstrations are rpresented and used to
support a number of apparenily uarelated claims
sbout the internal representations that peope have
when they perceive or imagine a spatial struc ture.
The firs%t demonstration illustrates properties of
the spatisl working memory that enables us to
integrate successive glimpses of parts 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
shape of an object. The third shows that the shaps
representation which we create when we attend to a
whole object does not imvolve creating the kinds of
shaps representations for the marts of the object
that we would form if we attended %o them and saw
them as wholes in their own right. The real
motivation for this medley of demomstrations and for
" the interpretations offered is that these phenomena
can all be seen as manifestations of a mrticular
kind of parallel mechanism which is described
briefly in the last section.

I PERCEPTION THROUGH A PEEPHOLE

Pig. t illusirates a phenomenon called anorthoscompic
percepiion that occurs when peopie rerceive an
object one piece at a time through a siit or
peephole {(Hochberg, 1968). Under suitable conditions
people report that they have a percepbual exrperience
of the whole object. They somehow integrate a number
of separately perceived pieces into a single
Gestalt. This means that they must be storing
interna! records of their perceptions of the
individusl m.eces. The simgest theory of
anorthoscopic perception is that the subject builds
up an internal, picture-like representation part by
part, and then uses this internal "picture” as a
substitute for a retinal image in identifying the
whole object. As we shall see, this theory has
problems.

Figure 1. A cartoon strip showing a peerphole
moving around the outline of a shape. The fact
that successive frames in the cartoon fall in
different positions makes the task considerably
harder -than when a real peephole is moved over
a static shape.

Retina~based versus scene-based frames

In the early stages of visual processing, the
atze, position and oriemtation of parts of the
visual input are rspresented relative to the frame
of reference defined by the retina. Anorthoscopic
perception, howsver, cannot depend on storage in
these early, "retina-based” representations because
peotle typically fizate on the peerphole, so all the
different pieces of the object project to the same
bit of the retina {Rock, 1981). Representations that
encode the positions of the pisces relative fo the
retina would not allow us to perceive the whole
object beczuse the relative position of a plece
within bhe whole is determined by where the peerphole
is, not by where the piece falls on the retina. It
is just conceivable that as we move our eyes, the
internal records of all the previously perceived
pieces are correspondingly al tered so that the
records always encode where the piece is relative %o
the current rTetinal positiorn, but this seems very
unlikely.

What is needed is a way of representing where the
pieces are that is not affected by eye-movements or
even by movements of the whole person through space
{Turvey, 1977). This can be achieved by using a
temporary scene-based frame of reference that is
defined by some larger contextual object or
configuration within the sxternal scene. If we keep
a continually updated representation of the
relationship between the retina and this scene-based
frame, we can uge it to convert from posiiions on
the retina into msitions relative to the scene
before storage. These positions relative to the
goene will be unaffected by subsequent eye or body
movements. Obviously the scene-based frame will
have to change from time to time, and it will have
to have a scale that is appropriate to the scale of
the parts we are attending to, but over a period of
a second or two, percepbusl integration of the
results of siceessive fixations could be achieved by -
using a sifgle scene-based frame of reference.

Post-categorical versus atomistic representations

In a plecture-like representation, the shapes of

_objects are not explicitly represented -- it

requires an interpretive process to extract them.
Consider, for exampie, how a straight line-is
represented in an array. The line i3 decomposed into
"atomic" fragments each of which is depicted by
filling in one cell in the array. The absociute
positiona of the individual atomic fragments
relative %o the whole arvray are encoded directly and
precisely, but there is no direct encoding of the
atraightness of the line, because this depends on
the relative positions of the various fragments.
Using this kind of atomic depiction i%t.is impossible
to represent the fact that a line is straight
without representing precisely where it is relative
to the whole array. It is impossible to be precise
about shape and vague abouf position in a picture-
like representation. '

The memory used in anorthescopic perception,




however, seema to allow just this combination of
precision and vagueness. If a peephole is moved
around a polygonal spiral (see Fig. 2) people often
"rerceive” a closed polygon. Their memory for the
precise locations of the individual sides is poor
and can be swayed by expectations about closed
polygons, but they know that the sgides are straight.
This informal evidence that spatial working memory
can be more precise sbout the shapes of pieces than
about their positions implies that it contains
expicit representations of shapes rather than being
a picture-like collection of atomistic local
features in which shapes are only imflicit. A recent
experiment supports this conclugion.

Figure 2. A

pesthole is moved
around a polygonal
apiral without
rovealing the free
ends or the adjacent
parallel sides.

Girgua, Gellman, and Hochberg (1981) have shown
that it is considerably easier to "gee" the shape of
a whole object if the psephole is moved around the
outline of the objest than if the peephole jumps
randomly from one part of the outline to another.
The two different conditions were balanced S0 that
the total exposure to any one part of the object was
identical, so the contents of a pic ture-like store
would be equally good in both cases. The aobvious
interpretation of this experiment is that when
neighbouring parts of an object are ex rosed in
succession, it is possible to form more compt ex
chunks (shapes) and hence to reduce the number of
chunks that must be stored ia spatial working
memory. When successive exrosures are of widely
separated pieces, either no chunks are formed, or
chunks are created which do not correspond to the
natural parsing of the whole object into parts. This
type of explanation imgies that the memory involved
contains sxricitly segmented and identified chunks.

II THE CUBE TASK

Hinton {1979) describes an apparsntly simpe
mental imagery task that peope cannot do:

“Imagine a wire-frame cube resting on a tabletop
with the front face directly in front of you and
perpendicular to your line of aight. Imagine the
long diagonal that goes from the bottom, front, lLeft-
hand ecorner to the top, back right-hand oune. Now
imagine the cube is reoriented 30 that thig diagonal
ts vertical and the cube is resting on one corner.

" Place one fingertip about a foot above a tabletop
and let this mark the position of the top corner on
the disgonal. The corner on which the cube is
resting is on the tabletop, vertically below your
fingertip. With your other hand point to the spatial
locations of the other cornars of the cube.”

It is 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. But 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.:
Qur knowledge of the spatial dispositions of the
parts of a cube is relative %o the "intrinsic” frame
of veference defined by the cube's own axes.
Knowledge in this form is ideal for recognising the
shape of a rigid object because whatever the
object's actual size, position and orientation, the
dispositions of its parts will always be the same
relative to an intrinsic frame of reference pased
on the object itself (Palmer, 1975; Harr and
¥ishihara, $1978). So if the appropriate object-based
frame can be imposed, the early retina-basged
representations which encode the positions of the
parts relative to the retina can be recoded into
object-based representations and this emcoding will
constitute a viewpoint-independsnt shape
deseription that allows the object to be recognised.

I have now appealed to thres different sorts of
reference frame. The initial mrocessing of the
visual inpat uses representations relative te the
retina; recognition of the shape of an object
involves recoding these early retina-based
representations inio ones that are relative to an
objec t-based frame; and anorthoscopic perception
relies on atoring the relationships of recogniaed
shapes to a temporary scene-based frame.

IIT FRUILITFACE

Fig. 3 shows a face conposed entirely of pleces
of fruit. Palmer (1975) reports 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
Qestalt for a face does not depend on forming
festalts for the parts. This is puszling bdcause o
see the face we must form some representations of
the parts and their relationships to the whole,
since it ig the relative dispositions of the parts
within the whole that make it a face. One
possibility which has not been much explored is that
sach part of the face can have two. quite different
internal representations. When the part is seen as a
constituent of the face it receives a representation
in which it is interpreted as filling the role of,
say, an eye because of its crude overall shape and
its relation to the whole face. Whem it is seen as a
whole in its own right, however, it receives a quite
different internal representation in which the rough
ghapes and dispositions of its parts causé it to
be seen as a piece of fruit. .

Figure 3. A face
composed entirely
of pieces of fruit.

{After Palmer, 1975)




The jdea that an object receives a quite
different internpal representation when it becomes
the object of focal attention does not fit the
popilar view of attention as a kind of internal
spotlight which can illuminate any one of a number
of otherwise unconscious shape representations.
However, the idea is very compatible with "early
gelection” theories (Triesman and Gelads, 1980} in
which focal attention is comsiructive and is
necessary for the generation of a shagpe N
representation.

The internal spotlight metaphor for visual
attention is a powerful omne, but I believe it is
based on a mistaken analogy betwsen exiernal
perception and introspection. Normally our attention
moves rapidly and smoothly from one level %o snother
and we do not realise that at any instant we are
attending at just one level. Only when ths
information at the different levels is made
inconsisfent, as in the fruitface, does it become
obvious that the Gestalt for the whole cannot
coezist with the Gestalts for its parts.

Introspec tion is of little use for deciding what is
in our minds at one brief instant because it does
not allow us to decide between two possibilities.

_ Bither there are shape rspresentations that lurk
outside focal attention, or shape representations
are generated or regenerated the moment we ask
ourselves whether they are there. Our fundamental
epiatemological assumption that the eziastence of
objects is independent of our awareness of them
cannot be applied to the contenis of our own minds.

An obvious objec tion to any theory which claims
that peofle only see one shape at a time is that the
shape of an object is determined by the ghapes of
its parts and their dispositions relative to the
whole. This kind of recursive definition of a shape
in terms of the shapes of its parts leads to a
regress that only terminates at hypothetical
"prinitive" features. The fruitface figure is
imriant because it suggesis an al ternative way out
of the regress. The representations of the parts
that are used in perceiving the shape of the whole
may be different in kind from the Te presentations
used to perceive the shaypes of the parts when we
attend to them. Naturaily, different shape
Tepresentations must be able to influence one
another. Having recognised an eye it should be
eagier to see ihe whole face, but this influence
could be mediated by spatial working memory.
Although only one Gestalt can be formed at a time,
records of many previous Gestalts can be kept in
working memory and used to influence the formation
of the next Gestalt.

IV WHAT THE DEMONSTRATIONS SHOW

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

1. We integrate the information obtained in
successive glances by storing records of the shapes
that we identify and their relationships to a :
temporary scene-based frame of referemce. We can use
these stored records Ho generate new shape
reyresentations. ’ '

2. The process of recognising a shape (forming =
Gestalt) involves imposing an object-based frame of
reference and representing the size, position, and

orientation of each part of the object relative to
this frame.

3. The representation that an object receives
when it is seen as a Sestalt and its shape 1s
recognised is completely different from its
representation when it is seen as a gonstituent of a
larger Gestalt. Only one Gestalt can be formed at a
time, but many separate records of previous
Gegtalts can be stored in spatial working memoTy.

¥V A MECHANISM FOR SPATIAL REPRESENTATIONS

There is not space here to discuss =zll the
various kinds of mechanism that have been suggested
for representing spatial structures. T shall simply
describe one posgibility which is designed to make
use of parsilel interactiona between very large sets
of features. This kind of computation seems to be 2
natursl way of harnessing the computational power
provided by s system like the hrain in which a large
number of richly intercomnected units all compate in
parallel (Anderson and Hinton, 1981). The mechanism
is based on four related assumptions:

1. A perceptual feature must always be
represented relative to some frame of reference
because properties like the length, position, and
orientation of a feature impl icitly 2ssume a
reference frame.

2. At any moment during perception we use three
different frames of reference -- retina-based,
object-based, and scene-based -- so our percepbual
apparatus has three different sets of units, each of
which represents features relative to one of thess
frames of reference.

3. The meaning of fsatures relative o0 one frame
of reference in terma of features relative to
snothsr depends on the relationship between the two
framss. So the way in which units in one set affect
units in another set must be conirolled by a
representation of the spatial relationship between
the frames of referencs used by the two sets. A
particular spatial relationship pairs each unit in
one set with one unit in the other set, and allows
activity in one of these units to cause activity in
the other.

A, Different Gestalts correspond to alternative
patterns of aciivity in the very same get of object-
based units. So only one Gestalt can be formed at a
time, though records of many previous Gestalts can
be stored as activity in the scene-based units.

Fig. 4 incorpratea these assumptions. Tnlike
many box disgrams in psychology, the separate boxes
really are intended as semmrate collections of
hardware units. Every unit continually recomputes
its activity leval as a function of the inmt it
receives from other units. In the short term (i.e im
about 100 msec), the whole system computes by
gettling into a state of activity that is
temporarily stable. Thia kind of settling proceas isg
described in more detzil in Hinton (1981b) where it

"is shown that the process of assigning an

appropriate objec t~-based frame of reference can be
imyl emented by the three-way interac tion between
retina-based units, object-based units and the units
for representing the spatial relationship between
the retina and the object. This kird of three way



interaction is what the triangular symbols in Fig.

4 depict. After each settling, control processes
{unspecified hers) can reset the patlern of activity
in any set of units, and thereby initiate a new
process of settling. Not g1l the units in a set need
be imvolved in the interactions with other sets. For
example, the objec t-based units that are directly
affected by retina-based units probably code fairly
simfle features, whereas the object-based units that
directly affect the scene-based ones probably code
compkex conjunctions of the simpler features.

Scene-based units.
Active units encode
recently identified
shapes and their rel-
_1ation5 to the scene.

Units whose activity
represents the relat-
ionship of the current
object-based frame to
the current scene-
bazed frame.

Objec t-based units.
Pajtern of activity
represents ghape of
the current Gestalt.

Units whose sctivity

reypresents the relat-
ionship of the current
objes t-based frame %o

the retina-based frame.

Retina-based units.
Activity pattern 1s
the result of early
visual processing.

Figure 4. A parallel mechanism. .

Phis kind of mechanism raises many interesting
igsues, some of which are discussed elsewhere
(Hinton, 1981a). The following section focusses on
what the scene-based features are like, and how they
influsnce the the formation of a new Gestalt, i. e.
how they affect the formation of temporarily stable
pattern of astivity in the object-based units.

Seene-pased features

Once the general approach of implementing spatial
working memory as activity in a set of scena-based
units is sccepted, quite 2 lot can be deduced about
the nature of the units from their function. Ome
important function of spatial working memory is to
altow previously identified Gestalts fo 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 precisely located, atomistie
features that would be needed for a picture-like
representation would not be of much value in spatial
working memory, because they would not expicitly
represent the idsntifies of objects, and so their
affscts could not be made %o depend on these
identities. It is more useful to make each active

scene-baged unit represent the existence of an
object of & particular type with a rarticular
relationship to the current scens, as the following
eyamples shovw.

Suppose that as a result of previous perceptual
analysis, activity in a scene-baged unit, S, ,
repregents the sxistence of an eye with the
relationship R;s to the scene. Suppose also that the
system is now attempting to settle on an
interpretation of a larger object (2 face) with the
relationship Rps to the sceme. Ry and Ryg determine
R;, , the relationship of the eye to the face, and
80 they determine which object-based unit, 0:
ghould be activated to rerpresent the eye as a
constituent relative to the frame of reference of
the whole face. This influence of the contents of
working memory on perception can be impl emented (gee
Fig. 4) by having an explicit representation of R
which governs the intersaction between sc ene-based
and object-based units and ensures that sc tivity in
Si, provides excitatory inmt to 0; .

Now consider what is rezquired 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 ghould
facilitate its interpretation as an eye when it
becomes the focus of attention. This effect can be
achieved if the Gestslt for the whole face activates
scene-based units that repressnt the major
constituents of the Gestalt as well as the whole. So
the mapping from objec t-based to scene-baged units
operatea aimul tansously on units that represent the
identity of the whole Gestalt 2nd on units
representing its major constituents.

VI CONCLUSION

Three demonstrations have been used to illustrate
aspecis of our internmal representations of spatial
atrustures. Particular attention has been given to
the spatial working memory that allows people Lo
integrate their perception over time. I% has been
argued that this memory contains compact records of
the rich perceptual Gestalts that are formed when a
person attends to am object. The interactions
between spatisl working memory and the apparatus in
which Gestalts are formed allowa previous Gestalts
ta 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 selec tion”
theories in which focal attention is required %o
synthesize = shape, and only one shape can seen at a.
time. It also supports the view that different
Gestalts correspond to alternmative patterns of
activity in a set of units that encode features
relative to a frame of reference imposed on the
object.

Finally, a few provisos. The demonsirations are
well known but the interpretations of what they
show are probably contentious, and the mechanism I
suggest is speculative and underspecified. There has
not been space to elaborate on many interesting
j@sues like how the mechanism might account for the
experimental data on mental rotation (Cooper and
Shepard, 1973) or spatial working memory (Broadbent
and Broadbent, 1981; Phillips and Christie, 19777 .
Nor has it been possible to discuss erucial
theoretical issues like the number of uniis that



would be required by the mechanism, or the problems
of encoding novel shapes in working memory.
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