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TRANSFCRMATICNAI STRUCTURE AND PERCEPTUAL ORCANIZATION

Stephen E. Palmer
University of Califernie, berkeley

The Froblems of structure and
organization in perception are among the rost
certral ir the history of the field.
reginning w®ith the gestalt movement early in
this certur¥, researchers and theorists alike
have  supposed that certair  types  of
ferceptnual Fhercmera provide insights irnto
the structVre and orgarization of the system
that produces them. There «<re two major
questions. first, wkat is the ccmmon element
in these phenorena that provides the most
transparent view of the irternal structure of
the system? Second, how 1is this structure
embcdied and vsed within the system so that
it produce¢ the otserved pnenomena?

In this peper 1 suggest arswers to toth
questiors. To provide an initial idea cf the
direction I will take, here is & trief
greview., The organizational pheromena I take
to te most critical for wunderstanding the
structurs cf perception are: ‘a) objiect
ronstancy despite changes in imagce size,
shape, mcsiticn, and orientation, (b) motien
perception of structured objects, i{c; figural
geodress or good gestelt , (@' perceptual
grovping of the visuel field, ard le}
refererce frame effects. First, I will argue

that these phernomena are related by the fact
that underlyirg ther all is a cormon
transformatioral structure. Second, I will

descrite a general design for @ computatioral

system within which trarsforrmaticnal
structure car bte analyzed easily. The
proposal is to <couple a transformaticnelly

tased syster of analyzers with an attenticreal

recharism that establishes a variable frare
of reference withia 1it. Tne job of the
dattentional freme is to move arourd within

the space cf &nalyzers so as to naximize the
invariarce @end stabtility of the atteried
cutput. It dces so by cempensatirg fcecr the
cktanges trcught atout ty the transformations.
Finally, I will make a few rerarks about whr
I thinx tne kind of corputational structure I
am propesing is ar interesting one frem a
purely treoretical standpoint.

Transfcrmational Structure

The basis of transforrmational structure
{8 the corcept of trarnsfcrriational
invariance. Transformational invariance
refers to the fact that wher an otiect
vndergoes a spatial trarsforration, sucn as &
rotation, a @greet many changes eccvr in the
pattern of stinulation on the retina, tut at
the same time there is a great deal of higher
order structure that 4does not change at all.
A11 sorts of relationsaips (nr relationships

ariong relationships, do not charge, even
thongh each first order property dnec, ard
trhese unchanging aspectis are the
trarsforrational invariants. Ir rany cases
they corresperd mere directly to tre
irtrinsic properties of the real world otjiect
undergoing theé trarsfermaticrn == its size,
shape, color, and so fortn == tpan to the
properties of its projected image, The

image, after all,
object clearly

changes in ways that the
does not. Eecause
transformational 4invariants reflect objiect
properties rather than {image properties,
computing them probably grlays an important
role in getting from an image besed
representation to an obtject or world besed
one.

Fcw can the transformatioral structure
of an event te computed frcem the
spatio-temporal images that arise from 1it.
The problem, of course, is that while it is
trivial to compute the image over time from
knowledge of the real world obiect and its
real world traansformatiorn, the reverse is not
at all triviel. 1In fact, there isn’t ever a
vrique solution, dbut only an infinite set of
odbject/transformation pairs. In other wcrds,

there are nany different world events --
chiects uvndergoing transformetions -- that
could give rise to the same specific event
images and no 1logical basis on which to
decide the correct ore from purely optical
information. Tt is clear that some
eadditional assumpticns are needed atout

either the nature of the otject, the nature
of the transformation, or %Yoth to reach a
determinate solution. To reach the correct
solution as well, the additiocnal assvmpticrs
will have to te chosen in a principled way.

#hat assumptions might help heze?
Clearly & good bet would be ary assumpticn
that is generally true <cf -events in the
world. Then, arriving at solutions thaet are

consistent with these assumptions will alrost
always resvlt in veridical percepticn.

Perhaps the most striking fact atout the
transformations that characterize events in
the world is thet both obiects and
transformations tend to te fairly statle over
time and space. This is certainly tme cver
short intervels cf time and small regiors of
space and is uswally true over long intervels
of time (on the order of at least whole
seccrAds) and larger regions of space as well.
To the extent that this is so, otjects can te

well approxirated as rigiad and the
transferrations they undergo es uniform
rctions in three dimensional Space.

Naturally, there are many cases c¢f non-rigia
objects undergoing verious complex rmotions.
But even these are probabdbly test understood

ir terms of how they can bte analrzed intec a
structure of rcughly riesid compenents
undergoing roughly wuniform motions. The
rotion of @& persen welking is a case c¢f

nnr=1igid motion thet has vielded to such an
analysis (Jehansson, 19735 Cutting, 1981).

Tre rigidity and uriformity assuvmptions
suggest that the perceptual system operates
in such a way as to maximize 1invariance in
toth objects and motiens. In anthropcomerphic

terms, tre system 'wen;s" to analvze toth
objects and mctions as changing as little as
possible . ¥anting to change as little as
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Fossidle” refers simultaneously to the facts
that that the perceived object/motion pair
must, ir some sense, account for the sensed

variations in the image and that this can be
done in more than one way. To pick a well
studied exarple, the kinetic depth effect, if
a line changes simul taneously in 1its
projected length and orientation, it might bde
either (a) a 1line that gets shorter and
longer by certain amounts as it rotates 1in
varous possidle ways or {b) a 1line of
constant length that is rotating 1in depth
(wallach & @“Connell, 195%). The latter is
almost invariatly perceived, although it
sometimes takes an observer several seconds
to achieve 1it. Cnce 1t is perceived,
however, it is stable and dces rot
spontaneously change to something else.
According to the present line of thought, the
rreferred interpretation arises because it is
"simpler” than the alternatives given the
heuristic assumption that objects in the
world tend to be rigid and undergo uniform

rotions in three dimensional space. Thus,
the perceptual system seems to prefer
interpretations of greatest possitle
invariance.
Motion and Constancy

The perceptual phenomena most directly

and obviously related to transformaticnal
invariance are those of motion perception a&and
object constancy. Motion occurs wher the
position ¢f some object or part of an obdject
changes over time. It is the paradigmatic
case of & transformation, of course, but it

is perhaps not so otvious what it has to do
with invariance. 1In fact, the whole concept
of a distinct object wundergoing motion

gresupposes invariance in that the object is
taken to te unchanging (except for its
pcsition, of course) as it moves. Logically,
one could just as well say that the world rad
changed its irtrinsic nature over time. This
wculd dYe a mcre reasorable notion if ore
perceived the visitle surfaces of the world
like a rudber sheet that simply changed its
shape plastically durirg events. The fact is
that people to rot perceive the world in this
way, but as consisting of articulated,
unchanging objlects that undergo various scrts
of motions. This highlights the fact that

rerceiving motions of obiects actuelly
rresupposes invariant aspects as well as
varying ones, ard that an event in the world

always has bdoth comporents,

It appears, then, that object ccnstancy
is Jjust the other side of the coin from
motion perception. ction is the yperceived
transforration; object constancy 1is the
perceived invariance. They are completely
coupled in that for the motior to be
different, the cbject must te different tco.
In the <case of a rotation 1in depth, for
example, either the object is rigid ané the
rotion is uriform f{(&s in actval depth
rotation) or the object is plastic and the
motion is nonuniferm in such a way that their
combined changes produc® the two dimensicnal
image (as in the plastically A“eforming
colored regions ir a motion picture cf a
depth rotation,.
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Given that real world events tend to
consist of rigid odbjects in uniform motions,
a perceptual system would be biased toward
veridicality if it somehow emtodied
preferences toward perceiving rigid obdjects
and uniform rotions. Indeed, there is good
evidence that this is true. When presented
with ambiguous 1{information, people tend to
Ferceive rigid odbjects rotating or
translating in three-dimensional space as
long as the cptical structure 1is consistent
with such an interpretation and the system is

iven sufficient time. For example,
ohansson (195¢) showed that people have a
strong tendency to see two moving points as
fixed at the ends of a rigid rod moving in
three dimensions rather than as moving
non-rigidly in two dimensions. Thus, an
ambiguous object in vnambiguous motion tends
to be perceived as rigid rather than
plastically deforming. The other side of
this story is that an unambiguously specified
oblect in ambiguous stroboscopic motion tends
to be seen in uniform motion (Shepard & Judd,

1976; Farrell & Shepard, 1981). Clearly,
there is something special about rigid
obtjects and motions for the human visual
system.
Figural Goodness

Another irportant problem in perceptual
theory that is intimately related to
trarsformational structure is | what
psychologists have come to call figural
goodness. Figural goodness refers primarily

to subjective feelings of order, regularity,
and simplicity in certain figures as opposed
to others. The relation of this subjective
feeling to transformational structure is not
intuitively obvious, tut it is nevertheless
simple to grasp.

Figures are "good” to the extent that
they are themselves invariant over certain
types of transformations. The most obvious
case is that of standard bYilateral or
reflectional symmetry. = To illustrate, the
letters A and ) are reflectionally
symmetric about their vertical axes Dbecause
each letter is the same as itself after being
reflected atout a vertical line through its

center. The other widely knowr type of
symmetry is rotational. The letters N and
"?2" are rotationally symmetric through an
angle of 1E€0-degrees tecause each letter is

the same as {tself after teing rotated by
1€0-degrees. Still other letters have
transformational invariance over a numter of
different transformations: X, C, H , and

I all have two reflectional symmetries
(about vertical and horizontal lines through
their centers) as well as 1lg@-degree
rotatioral symmetry. A perfect circle has
still greater transformaticnal invariance
tecause it 1is wunchanged ¢ty all central
rotations and reflections.

There are two other, 1less well known
types of symmetry: translational ard
dilational (¥eyl, 1952). They are defined ty
the same abstract scheme as for reflectioral
and rotational symmetries. doth of these
latter sorts of symmetries technically apply
only to idealized, infinite patterns, but one
can define local versions that apply to



finite patterns by only requiring
for part of the
trarsformation.

invariance
pattern over the
(See Palmer, in press, for a
rore complete discussion of symmetry, local
symmetry, and their relation to
transforrmational structure.)

It turns out that the goodness of
figures can be well predicted from its
symretries in tric exterded sense: the set of
transformations over which the figure |is
irvariart. Garner (1974) showed that ratirgs
of perceived goodness increased monotonically
with the nurber of transformations over which
the figure is 1irvariant. Garner actually
talks abevt rotation ari reflection (cr
% & R) sntsets of a figure, tut this concept
turrs out to be isomorphic to the nrnumber cf
rotational and reflectioral invariants
(Palmer, in press). Further, the amount of
transformational invariance a figure has also
strongly affects how gquickly people can matcn
two figures for physical identity, how well
they remenber a figure, and how easily they
car descridbe 1it. Such results demonstrate
the reality of figural goodness in perceptral
processing. (See Garner, 1674, for a
review,. There is additional evidence that
figvral goodness depends orn trarslational arnd
di]agioral invariances as well (Ileeuwenberg,
1271).

Ir summary, figural goodness seems tc be
cheracterized quite nicely by the concept of
transformaticral 4invariance. The relevart
transformations in this case are reflections,
rotations, translations, and 1iletions.
Except for the addition of reflections, these
ére the same set that characterizei rotion
and chjiecrt constarcy phenomena. It seers
urlikely that this is merely a coincidence.

Zrovging

The next pheromenon I wart to relate to
transformational structure is groupirg
(Wertheirer, 1922;. Figure 1 shows sore
stardard exanples of grouping pnenomere in
which rmest people repcrt perceivirg either a
vertical or horicontal orgarization. Filgure
1A demonstrates the influerce cof proximity on

grovping. The dots are orgsnized into
vertical cclumns fratrer thar therizentel cr
diegoral rows) tecaluse their vertical

rroxirity is greater than their horizortal
Froximity. Figure 13 ¢emernstrates the
irfluence of sirilarity of orientation. All
else beirg equal, similar elements tend to be

grouped togetner and dissimilar glements
8rouped apart. Yary dAifferent kinds «cf
similarity have teen saown to affect

grouping, bdut coler, size, and criernteticn
are  particularly strikiag. Contiruity,
symmetry, and closure are three other well
documented factors. kvt perraps the rost
rotent of all is what gestaltists called

cormon fate.  Flements group together by
common fete wher they meve in tge same
direction at the car.e rate. Tven a
completely homrcgenecus field cf rerdcm dct
texture spontareously organizes irto figure
ard ground wher a spatial subset of the dcts
tegins to move together or wner the rest of
the dots tegin to move erourd them.

0O 0O0OO O gooo
- A OO0
0O 00O0OO oogno
o o 0o

ogooo OOO0

B

Fig. 1: Grouping by proximity and similarity.
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The poirt I want to make about groupirg
phenomena is just this: Elemernts are grovped
together when they are in cleser
transformational relationships to each other
tharn they are = to other elemernts.
Transforratioral closeness refers to the
ragnitude of the transformation required to
echieve transformational invariance. For

exarple, the dots in Figure 1A must undergo a
larger translation to bring them irto
congruence with their vertical neighbors than
with their horizontal neighbors. In Fipure
1E, the figures must undergo < rotation as
well as a translation to coincide with treir
vertical refghbors, whereas just a
translaticen will suffice for the nhorozcrtal
neighbors.

Now consider some of the most potent
factors in grouping phencmena. Similarity cf
two elemrents in position, orientation, ard
size can be defined by the magnitudes of the
transforrmations -- translations, rotaticns,
and dilations, respectively ~-- trat are
required to make them equivalent. Continuity
is similarity over 1local translaticns, ard
tilateral symrmetry is similarity OVETr
reflections. Ard so, once agein, we find the
same types of transformations lurking ©behird
grovping phenorena as we found behind motiorn,
chiect constancy. and figvral gcodness.
Groupirg seems to be determined ty maximizing

transformational relatedness within a
rerceptual group.
Frames cf Reference

The final category cf perceptual
pherorena I went to discusss I will call

reference frame effects. It 1includes a
number cf different results in many different
domains. What they all have in common is to
suggest that rerception at any mcment occurs
within @ single, unitary frame of reference
that captures common properties of the whole
display. Cther properties «are perceived
relative to this frame, very likely in terms
of deviations from it.

Kks an example, consider now the
orientation c¢f a global reference frame can
affect shape perception. Figures 2A and 23
snow the same form in two orientaticrs thet
differ by a 4E-degree rotation. TFigure 24 is
rerceived d4s a square because its sides are
horizontal anrd vertical, and Figure ZE is
rerceived as a diamond because its sides are
diagoral. Fowever, an interesting thirg
happers wheén a number of such forms are
aligned diagonally. The perceived shepes
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reverse: horizontal and vertical sides
produce the appearance of diamonds while
diagonal sides produce the appearance of
squares (Attneave, 19€8; Palmer, in

preparation). It seems that the tilt of the
whole configuration is somehow factored cut’
of the display, and the orientation of the
sides is then perceived relative to the whcle
configuration._  The «conjecture is that this
factoring out is done by establishing a
tilted frame for the figure within which 4%
degrees is the referent orientation. This
would explain why the shapes are perceived as
they are, andi it fits well with many other
ocrientational phenomena in shape perception.
(See Rock, 1273, for a review!.

o
DODDOO

A B C D

Fig. 2: Reference frames in shape perception.

Sirilar effects are well known tc occur
in rotion perception. For instance, when twe
roints are ir <inusoidal rotion, one
vertically and the other horizontally as
shown in rigure 3A, people do not usuelly
rerceive them as such. Fether, the see a
cenfiguration that moves diagonally as a
vnit, withirn which the twc dcts mcve toward
and away from each other as depicted 1in
Figure 2F !/Jchapsscn, 19%¢;. Here again, it
seers thet the perceptual system estatlishes
A frame of rererence for the comrmor rction
sné facters ity out. “Induced motion
effects are <imilar irn that an unmoving
ctiect is seern tg Move because a larger, more
prorinent opticgl sStructure serves as tne
frame of refereprce, but is moving sc¢ slowly

that 1:< wmotiop 1is not detected (Tunker,
1e2¢).
TR
\ N
® N\
® \ \\
N\
N
~ )
Fig. 3: Reference frames in moticer perception

Tre relatigr of reference freres to
transforretiorel structure cen test te
explainec >y aw=glogy to their rcle in
aralytic georetry. Trere, a reference frame
is estzblished tq descrite a poirt’s lccation

numerically. It proviies a set of

assumpticrs withyp which spatial pcsitions
maps inte nurepjcal coorcdirétes. Iiffe;ent
reference ‘rames map the same point irto

tut theyr are relatec

different coordyrates,

ty erxactly the same transfcrmetions that
relate their correspording frames. In
ctandard Fucligean geometry, this set
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consists of translations, rotaticns,
dilations, and reflections. Thus, the
struvcture vunderlying all possible Euclidean
frames of reference is based on
transformatioral invariance: the set cf

transformations that make one reference frame
equivalent to all others.

Returning to perception, it seems that
the perceptual orientation of a 1line or
rerceived direction of motiorn is 1like the
positior of a point 1in analytic geometry:
their values depend on the reference frames
within which they are perceived. 1ike its
geometrical counterpart, this frame seerms to

include something akin to a position
(origin), orientation (axis), resolution
(unit size), &and reflection (serse). £Ard if

this frame is variable from ore moment to the
next, then an underlying structure of
transformations is implied that relate one

frame to another. These transformations are
exactly the same as we have encountered
repeatedly: translations (for positicen),

rotations (for orientation), dilations (for
unit size’, and reflections (for sense).

Transformational

Theory of Perceptual Structure

All of the perceptual phenomena Jjust
discussed suggest that the perceptual system
has a definite preference for processing
optical structure involving certain kinds of
transformaticenal invariances. The questiors
I now want to eddress are {a) what tnis might
tell us about perceptual orgarization ard (b)
how sucl. a system pnight te constructed
computatiorally.

I think the examples «cecnsidered atove
are telling vs that the visue&l syster is
tuilt on a transformational tase that cen te
used to extract trarsformeticns as a
heuristic for solvirg perceptual protlers.
In other words, the system is desigrned to be
transparent to transformations of the sorg
most coften encountered sc that it prefers
interpretations involving them. By

trensparent 1 mean that (a) these
transformations can ve computed rapidly and
casily 1in such a way that (b, the system can
compensate for them simply and efficliently.
This strongly suggests that the system rust
he desigred to solve the problems of
transformational invariance right from the
start, and that these design features form
the heart of the system.

There are three basic ccmporents ir the
sclution I will consider here: (a) a Spece of
analyzers that are transformatiorally related
to one another, (t) higher order analyzers
that compute output similarity of lower crder
ardlvzers over local transformational
relations, and (c) an attentionel mechanism
thdt estatlishes a perceptual reference frame
within the analyzer space that marimizes
invariances. The output «c¢f attentional
fixations {s stored in  memory @5 @
representatior of the perceived ohiect. 1
will discuss €ach part in turr mgore fully,
tut the reader should rememter that they are
interrelated proposals that onlv make Sense
within the corplete systemic structure.



First-oréer i-alyzer Space

Tre first componert consists of a set
{(rr sets' o¢f analyzers corputirg sSpatial
properties c¢¢ the visual field 1{i» parallel.
Serpric<ingly, alrost any sort of analyzers
will Ao, es 1leng as they have particular
structurel relatiorstips to each other., The
structural cc~strairt is that thes te
transformatinrallvy related to e€ach other.
Trecisely what this means is developed more
ftlly and forraliy elsewnere (Palrer, in
rress;, tut the bdasic nction is Jjust this:
Two analyzere sre transformationally related

if their “receptive fields” or spatial
functions’ are identical exceot for a
transformeticnr frem e specific set. I the
present case, tne set corsists, not
surprisingly, of the transformations
discussed earlier: tranrslations, rotations,
reflections, and dilations (the sc-called
similarity transformatiors of Fuclidean

geometry). 1 call such sets of
transforrationally related analyzers
functicnal systems because they compute, irn
this transformational sense, the same spatial
function ‘Palmer, in press).

An exarple would be a set of
“bar detectors with inhibitory surrounds
(ala Futel & Wiesel, 18€Z) whose e€lenments
differ only in the position, orientation, and
size of their receptive fields. Yach bar
detecter 1is related to each other one by a
tran<lation, rotation, dilation, or some
composite of two or more of these
transformations. A similarly constructed set
of edge detectors would constitute another
functional system, distinct from the first
tecause there 1is no transformation from the
specified set that makes a bar-like receptive
field into an edge-like receptive field ard
vice versa.

excitetory

The overall structure of a functional
system can te conceptualized as an analyzer
space in which each analyzer is a point. The

dimensions of the space correspond to the
transformaticnal relations amorg then -
l.e., the position, orientation, resolution

(or size), ancd reflection (or sense) of the
analyzers relative to each other. Since the
number of analyzers is certainly finite, the

space is only sparsely populated with
analyzer points. Therefore, it is more
appropriate to think of it as something like

a discrete lattice structure such as depicted
in Figure 4, The cyclic dimension is
orientation (which repeats after 1&@-degrees

of rotation) and the ©binary dimension is
reflection (which repeats after each
reflection), while toth positioral ard

resolutional dimensions are simple orderirgs.
The diagram is naturally a simplificatior of
the actual space, since one cannot depict a
structure of more than three dimensiors in
real space. To think of the whole structure
in concrete terms, one can conceive of the
vertical dimension ¢f the structure showr in
Figure 4 as resolution anc ther imagire a
whole two dirensional array of ther (to
represent the two positional dimensions) like
a case full of beer cans. Notice that the

relations ‘tetueen pairs of aralyzers in the
space reflect trhe transformational relaticns
tetweer ther as discussed atove. This
transforraticnal structure defines the
system.
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Fig. 4: The space of aralyzers.

Higher-order Lralyzers

The importance of transformational
relatedness among analyzers is that their
output is guaranteed to be the same given any
two patterns (or portions of patterns) that
are identical over the transformation that
relates them. For 4instance, <consider a
pattern with reflectional symmetry atout a

vertical axis such as the letter "A". As
discuvssed ‘tefore, this means that it is
invariant over a reflection about this

vertical line. Now consider any analyzer
that covers any porticn of this pattern. Its
output, whatever that might be, must bYe
identical to that of the other analyzer
related to it by reflection in the same
vertical 1line. Moreover, this is generally
true for all pairs of analyzers related to
each other ty this particular transformation
giver any pattern having that type of
symmetry. Thus, the interesting fact about
transformaticnal relatedness among first
order analyzers 1s that transformational
regularities in the stimulus event will be
reflected in easily computadle regularities
in their outputs.

In general, higher order analyzers are
elements that compute such relationships
among the outputs of lower order analyzers.
They respond tec symmetries or motions,
depending on whether they compare outputs
simultanecusly or over a time lag. We have
just discussed a case involving symmetry, but
it turns ovt that motion analysis has exactly
the same logical structure except for the
intrcduction c¢f & temporal difference. For
example, suppose that a pattern at some time
produces outputs in the first order aralyzers
and that the pattern ther moves, say, bYy a
translation. The output this produces after
a shert duratior will be exactly the same as
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the output it produced 1initially for each
Fair of analyzers related by that translation
over that time lag.

These second order analyzers can te
conceptualized as the 1links in the lattice
structure depicted in Figure 4, although
there ©probdably would bde far more of them.
They represent local transformational
relations amonrg first order analyzers. They
compute reguvlarities in space (symmetry) or
space-time (motion) ty determinirg
trarsformational invariances. One can e€even
think of ther as being embedded ia the same
space as the first order analyzers because
they have the same sort of transformational
structure. In the case of motion analyzers,
of course, there is the additonal dimension
cf rate of motion.

This transformational structure of the
secend order analyzers allows the possibility
of pigegy-tacking still higher order analyzers
on top. That is, the outputs of secord order
aralyzers couvld be compared for similarity in
Just the same€ way that they compare the
outputs of first order analyzers. This makes
mest sense for motion anelyzers. Those
analyzers that compare outputs simultaneously
would provide informaticn about symmetries
and regularities of nrotion. Those that
corpare over & further time lag wculd provide
informatior atout accelerations ard
fecelerations.

Visual Attertion and the Mirnd’s Fye

Given such a space cf eralyrzers, hcw can
it be wused, as irtended, to facter cut
transforrmsational structure? The real protlem

tere is to firé some internal trensfermation
that will <compensate for the external

transfcrmation

transformeticn. Ore
applying the

compensates for another (¥

seccrd <fter the first yields the idertity
trarsformation -- 1i.e., invarisnce or no
charge at all. Fer example, suprose an

ntject is coming directly toward an ObSETVET.
Cver tire, the image of this oblect expards
vniforrly 4ir the wvisual field. If the
observer were to move away from the otiect at
the seme rate as the cbiect moved toward the
ntserver, then the twe transformaticns will
exactly cancel, and the image of the object
will nct charge. Thus, the "movirg taceward
transforretirr Dby the observer exactly

v

crrpensates for the otject motion.

I wart tc suggest that scmethirg similar
happers inside the nead. Rather tran the eye
corpenseting fer transformaticns by meving
atout imn trke world, however, I suggest thet

visuval a*tention mcves <&tout Wwithirn the
analyzer <space, playirz the rcle of the
rind “s eve. 1Iire the eye with respect to the
world, visual ettenticn can change its

position ari orieastation with respect to the
analyzer space. Unlike the eve, it
accorplishes tnath of these transformations ty

simple rmcvemerts within the enalyzeg SPECE.
That 1is, rotetions of the rmird s eye
corre2spiné 4o translations of visual

orientational dimernsicn
Sirilerly, chenges of
1981) can te
along the

éttentiorn along the
of the anelyzer space.
scale ("zcoming ale fosslwr,
accompliched ty translatiorns
resolution dimensicr.
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Perceptual Reference Frames

At the heart of this proposal 1is the
hypothesis that visval attention is localized
within the analyzer space and is centered at
a particular position. This establishes a
rerceptual reference frame for further
perceptuval analysis. Fixing visual attertion
on one position of the analyzer space irduces
a reference frarne because it determines a
position (or origin), orientation f{or axis),
directior along that orientation (or sense),
and resolvtion (or unit of distance) relative
to which the contents of visual attention are

coded. Thus, positioring wvisual attention
determines the description giver to objects
under analysis. This is entirely analogous

to the role of reference frames in analytic
geometry. A circle has a different equation
when the origin of its refererce frare is at
its center than when the origin is
off-center. The correspcendirg phenomencn in
perception occurs when the same figure 1looks
like a square or a diamond, depending on the
orientation of the refereance frare within
which it is perceived (see Figure ;.

If visuval attention acts as & perceptual

reference frare for constructing desriptions
of shapes, then it is <clear that certain
rigid transformations can be comrpletely

compensated for by ccrresponding ettenticral

changes within the analyzer <pace. The
resvlt is analogous to a geometrical
reference frare displacing a< the circle did

or changirg its scale size as the circle grew
larger so that its equation did not cherge
despite the changes in the geometric fipure.
It is easy to see that the changes in
reference frare that wourld accorpany
displacements of such an attenticnal
mrechanism would te able to compensate for
rigid transforrations of cbviects, keepirg the
contents of the attentional frerme -- whatever

they might be =-- constart despite tre
trarsformation. It is not difficult  to
imagine that svch a system wculd prefer to
register uniform transformations of rigid
otjects rather than complex rmotiors of
deforming otjects. Comrpensating for motions
of rigid objects can be accomplished simply

bty an attenticnal transformation ar¢ it dces
not require any change in the descriptior of
the object. Any cther sort of transfcrmaticn

requires changes in the otject’s deccription
as well., If the attenticnal frame somehow
manages to follow the path within the
analyzers space that rarimizes ot ject

constancy and mctional unjiformity, thep its
operation will embtody such preferences.

Attentiorel Ccntrol

This leads directly teo the next preblem:
how this attentional reference frare 1is
contreclled. It shculd be merntioned at the
outset that there 1is a certain arount of
conscious control over the attentiocnal
reference frare. Feople wusually can, if
fresse¢, attend to specified positions,
sizes, and orientations. Fut ! suspect that
ccnscious control of attention is a high
level cognitive activity that does rot
usually extend down to the level at which we
are currently desling. Rataer, it seems that
e great édeal of the nitty-gritty deteils of



attentional control must be
determined ty stimulus structure.

strongly

How rizht this be dcre? The arswer I
want to explore 1is that the structure of
stirvli determines how visvel attertiorn is
pcsiticned = their symmetries ard

regularities. The ‘tesic idea is that

attertior is positiored to maximize
transformational irvariance. Tnis can te
dore by “firding the maximal cutput frem the

tigher order cralyzers for a given region of
the analvzer space, since these analyzers are
the caes sensitive to trarsformaticral
invariance.

realize here that
different refererce frames 1imply differert
symmetries and regularities. Therefore, any
"economy cf coding” scheme for representation

It is impcrtant tc

(e.g., Attneave, 1034} requies that the
reference frare be chcsen to maximize such
symmetries. To illustrdate tais fact,
consider again the case of a circle. ahen

thne origin of the reference frame is at 1its
center, the circle has all possitle
reflectional and rotaticnal svmmetries
centered abtout that point. when the origin
is off-center, its only symmetry about that
point is a single reflection about the line
jeining i1t tc the «circle’s center. Such
facts will ©be represented in the outputs of
the second order analyzers at the center ard
off-center positions withir the analyzer
space. The output will be much greater at
the position within the analyzer space that
corresponds to the center. Therefore, there
will be a strong tendency to establish the
attentional reference frare at the center of
the circle.

For a «circle, there will be no
particular orientation preference, precisely
becaus® it has complete certral symmetry.
For a square, nowever, or for any other
figure that has significant asymmetries,
there will be decided prefererces in
orientation. A square 1is symmetric atout
only the lines joining opposite midpoints of
1ts sides or opposite vertices of its angles.
Therefore, orly these four orientatiors are
serious candidates. If the midpoint line {is
used, the figure would have a different
rerceived snape than if the vertex lire were
used. In fact, these two _frame orientationg
result in the square and diamond
interpretations, respectively. Cbviously,
not all figures have exact symmetries like
circles and squares do. vt trke sare
principles would apply to approximate
symmetries.

The notion I have 1in mird for the
Flacement of attention is a hill climbing
process. Its goal is to maximize
transformational invariance in the stimvlus
information ty seeking the position of
highest output in the analyzer space, at
least 1locally. Sometimes there will be
several maxima, and in these ceses quite
different percepts will arise when different
raximal positions are chosen for the
perceptual reference frame. The
square/diamond and amdbiguous triangles are
two well known examples (4ittneave, 19€8;
Falmer, 16€¢; Palmer & Fucher, 16£1).

A sinple attertional fixation will
seldom te sufficient to code a whole c<cene or
ccmplex otiect. More complete cedirg wculd
te accomrplished by raking many attentional
fixations at other pcsitions within the
analyzer space that have nigh ouputs. There
is evidernce cf a blas tcward teginnirg at the
most global level (Navon, 1677y, A
rcasonable guess wculd be that after one or

two global firations of an oltject at 4 low
resnlution level of the aralyzer space, many
1ncal fixations world te rade at higher
resclutinn to code details. I am ascsumire
that tre contents of these attentional
fixations are somehow stored in memory tc
form a representation of the world. The

result will %te a hierarchical structural
description, much like those I have discussed
rreviously (Palmer, 1975, 1¢77,.

Civen thet attention can bYe positicred
to maximize transformational invarience, it
is not difficult fcor it to continue to do so
if the ozject ltegins to move. The&t is rnerely
a matter of tracking the same maximum through
the analyrzer space with the help of the
motion analyzers discussed earlier. Recall
thet these analyzers are sensitive to
transformational invariance over time, and,
therefore, that maintaining maximum
transformational invariance will entail
following the maximum output of these
analyzers. Deirg so has the effect of
raintaining obtject constancy over the
transformation. For example, when a square
tegins to rotete, it is perceived as svch,
nct as a square that changes in perceived
shape wuntil it ‘tecomes a diamona end then
crtanges tack irto a square again. The latter
is whet would be expected if the rctation
were not followed ¢ty the reference frame
initially wused to <code its shape, but were
fixed in the same unchanging orientation. I
suspect that the latter is what happens when
people are shown a tight spiral pattern
rotating, yet see it as circles contracting
into the center.

Crganizational Phenomena Revisited

We now begin to see how motion can be
analyvzed and constency can be maintained
within such a transformationally based
system. The transformations are initially
cnded by the higher order analyzers and then
nsed to achieve and maintain maximal
constancy. The motion finally perceived 1{is
not a simple function of the motion
enalyzers, since it too depends on a
reference frame that maximizes invariance.

This 1is accomplished by an attentional
rechanism that finds and follows maximal
output levels within the analyzers sensitive

to motion and their higher-order analyzers.

Trarnsformations of this reference frame
can compensate for stimulus transformations,
therety maintaining constancy. It seems
necessary that much of this must be done
cutside conscious attention, however, because

there hardly would be enough of it to go
arourd. More 1likely, once an object’s
representation has teen established 1in

remory, 1its representational schema can
follow the aprroriate reference frame without
conscious attention. This monitoring process
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would only require conscious attention if
something unexpected were to occur, such as
the otject disappearing or changing its
intrinsic properties.

Yany perceptual grouping phenomena are a

natural result of this attentional process
working within a transformationally
structured space. It seeks the maximal
amount of transformational invariance at
different levels of resolution and ccdes
elements together that are <closely related
within the analyzer space. Given that

attention can only cover a portion of the
analyzer srace and that it is attracted to
local maxima, it will tend to <code together
items that are transformationally similar.

Finally, reference frame effects result
from an attentional mechanism that s
centered cn a position within the analyzer
space and a coding schere, nmore fvlly
specifiei elsewhere (Palmer, in press), that
descrites shape relative to the reference
values of the frame. The fact that frame
effects eenerally snow that global structure
ffects lccal structure more strongly than
vice versa suggests that glotal information
terds to dominate in determining the position
(O the attenticral frame. Higher order
strcture of the whole configuration seems to
strongly affect the placement of the
reference frame and, therefore, to irfluence
the resuvlting perception.

In all of these phenomena it is «clear
that the system’s preference for invariance
cver transformations holds withinr the three
dimensional space of the world. It may hcld
in the two dimensional space of 1images as

well, but when the two conflict, the sirpler
three diirensional solution generally
cdomirates. We have been discussing the

analysis of two dimensional irages, and it is
not entriely clear how to extend the propcsal
into the third dimension. Cre possitbility
would te to add seccnd, three dimensional
level that emtodied the same design features,

tvt in & higher dirensionality. Arnother
world be tc trenslate the relevanrt simple
transformatiors in three <cdimensiors 1irnto

their complex ccunterparts in twe dimensicns.
I do not yet heve & well defired proposal to
meke or this “ifficult issue.

The Importance of Systemic Structure

fefore closing, I want to say a few
werds abecut arn initeresting property of the
theory quite apart from its atility (or leck
thereof) to account for perceptual phenormena.
I am intrigued by it systemic nature. The
reader rey nave noticed that in explaining
the theory I made almost nc reference tc the
specific natuvre of the analyzers that
ccmprise the pieces of the system. At one
roint 1 said that they mi-ht te sometking
like bar- or edge-detectors, but that was
rereiy for illustretion. In fact, it makes
very 1ittle difference what the analyrzers
look 1like &s 1long as they satisfy certain
symretry conditions: namely, they cannot te
symmetrical abcut any transfermaticn proposed
to exist within the analyzer space. The
reason shouvld be clear. If the analyzers are
invariant over a transformation, then that
trarsformation canrot exist as a dimersicn
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within the analyzer space. For example, 1f

all the analyzers vere rotationally
symmetric, as are circular center-surround
receptive fields, then the system covld not

support the orientation dimension or the
higher order rotational motion analyzers.

In any case, the fact that the
constraints on the system are so weak
suggests that it is primarily the structure
of the whole system that is doing the werk.
Indeed, this must be true if the tasic
tuilding blocks of the system are
transformational relations. Transformational
relations are an emergent property of systems
of analyzers; they are simply vundefined for
any individual analyzer without a systemic
context of other analyzers. This suggests
that the internal structure of individual
analyzers might best be considered in terms
of their functional role within the system.
Further, the nature of the elements of the
system might actvally bde determined by
optimization of their functional roles within
the system as a whole {(Palmer, in press). I

think these are interesting and irportant
notions for perceptval theory. They hark
tack to the gestalt claim that emergent

properties of whole systems play the critical
role in vnderstarding perceptual phenomena.
Perhaps they were right.
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