THE ROLE OF SPATIAL WORKING MEFORY
IN SHAPE PERCEPTION

Geoffrey E. Hinton

MRC Aprlied Fsychology Unit
Cambridge, England

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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