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The Philosophy
and the Approach
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1.1 Background -

=1, A random-dot stereogram of the type used extensively by Bela Julesz.
oft and right images are identical except for a central square region that is
liced slightly in one image. When fused binocularly, the images yield the
ssion of the central square floating in front of the background,

ts early and genuine insights were unfortunately lost to the mainstream

'E'é_j&perimental psychology.

© gince then, students of the psychology of perception have made no
erious attempts at an overall understanding of what perception is, con-
entrating instead on the analysis of properties and performance. The tri-
hrimatism of color vision was firmly established (see Brindley, 1970), and
e preoccupation with motion continued, with the most interesting devel-
pments perhaps being the experiments of Miles (1931) and of Wallach
nd O’Connell (1953), which established that under suitable conditions an
nfamiliar three-dimensional shape can be correctly perceived from only
jS changing monocular projection.*

The development of the digital electronic computer made possible

‘a similar discovery for binocular vision, In 1960 Bela Julesz devised
‘computer-generated random-dot stereograms, which are image pairs con-

structed of dot patterns that appear random when viewed monocularly but

-fuse when viewed one through each eye to give a percept of shapes and
surfaces with a clear three-dimensional structure. An example is shown in

Figure 1-1. Here the image for the left eye is a matrix of black and white

“squares generated at random by a computer program. The image for the

*The two dimensional image seen by a single eye.
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pure 1-2.  Some drawings similar to those used in Shepard and Metzler’s exper-
on mental rotation. The ones shown in (a) are identical, as a clockwise
rning of this page by 80° will readily prove. Those in (b) are also identical, and
the relative angle between the two is 80°, Here, however, a rotation in depth
iake the first coincide with the second. Finally, those in (¢) are not at all
jdentical, for no rotation will bring them into congruence. The time taken to decide
ther a pair is the same was found to vary linearly with the angle through which
gure must be rotated to be brought into correspondence with the other. This
goested to the investigators that a stepwise mental rotation was in fact being
irfarmed by the subjects of their experiments,

e the problem of representation from the beginning, it was not
g before the thinking of psychologists became more sophisticated (see
Shepard, 1979).

But what of explanation? For a long time, the best hope seemed to lie
ong another line of investigation, that of electrophysiology. The devel-
opment of amplifiers allowed Adrian (1928) and his colleagues to record
the minute voltage changes that accompanied the transmission of nerve
signals. Their investigations showed that the character of the sensation so
produced depended on which fiber carried the message, not how the fiber
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The cumulative effect of all the changes T have tried to outline above has been
hake us realise that each single newron can perform a much more complex
i subtle task than bad previously been thought (emphasis added}. Neurons
“not loosely and unreliably remap the luminous intensities of the visual
rhage onto our sensorium, but instead they detect pattern elements, discrim-
fate the depth of objects, ignore irrelevant causes of variation and are
arranged in an intriguing hierarchy. Furthermore, there is evidence that they
give prominence to what is informationally important, can respond with great
eliability, and can have their pattern selectivity permanently modified by early -
isual experience. This amounts to a revolution in our outlook. It is now quite
nappropriate to regard unit activity as a noisy indication of more basic and
reliable processes involved in mental operations: instead, we must regard
“single neurons as the prime movers of these mechanisms. Thinking is brought
bout by neurons and we should not use phrases like “unit activity reflects,
“feveals, or monitors thought processes,” because the activities of neurons,
“quite simply, are thought processes.

‘This revolution stermuned from physiological work and makes us realize
* that the activity of each single neuron may play a significant role in perception,

(p. 380)

“+ This aspect of his thinking led Barlow to formulate the first and most

mportant of his five dogmas: ‘A description of that activity of a single nerve

ell which is transmitted to and influences other nerve cells and of a nerve

ell's response to such influences from other cells, is a complete enough

description for functional understanding of the nervous system, There is

nothing else “looking at” or controlling this activity, which must therefore

provide a basis for understanding how the brain controls behaviour’ (Bar-

{ow, 1972, p. 380).

%1 shall return later on to more carcfully examine the validity of this
point of view, but for now let us just enjoy it. The vigor and excitement of
these ideas need no emphasis. At the time the eventual success of a reduc-
tionist approach seemed likely. Hubel and Wiesel's (1962, 1968} pioneer-
ing studies had shown the way; single-unit studies on stereopsis (Barlow,
Blakemore, and Pettigrew, 1967) and on color (DeéValois, Abramov, and
© Mead, 1967; Gouras, 1968) seemed to confirm the close links between
¢ perception and single-cell recordings, and the intriguing results of Gross,
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ctors are identifiable, In my own case, the cerebellar study had

what a given clement is dojp, ’ ' kely to be 41 oftects. On the one hand, it suggested that one could eventually hope
seemed to be built alon mg Butthe brain thanks ¢ Barje a’ fe to discery stand cortical structure in functional terms, and this was exciting.
to determine the funcei g More accommodati OWS first dogmy. the same time the study has disappointed me, because even if the

as correct, it did not much enlighten one about the motor sys-
- did not, for example, tell one how to go about programming a
anical arm. It suggested that if one wishes to program a mechanical

o that it operates in a versatile way, then at some point a very large

ral, and th

sl am o 3 e a thorough ather simple type of memory will prove indispensable. But it did not

e e i Con)ftem My enttry. hy, nor what that memory should contain.

2 theory of e corchl x (Marr‘, 1960) The discoveries of the visual neurophysiologists left one in a similar
€8 cal structure g inter.

tation. Suppose, for example, that one actually found the apocryphal
ndmother cell.* Would that really tell us anything much at all? It would
‘Us that it existed—Gross’s hand-detectors tell us almost that—but not
i'or even bow such a thing may be constructed from the outputs of
viously discovered cells. Do the single-unit recordings—the simple and
mplex cells—tell us much about how to detect edges or why one would
ant to, except in a rather general way through arguments based on econ-
" y and redundancy? If we really knew the answers, for example, we
hould be able to program them on a computer. But finding a hand-
etector certainly did not allow us to program one.

i

tgﬁ Fink-Heimer technique &;nlng, an’d the As one reflected on these sorts of issues in the early 1970s, it gradually
_S_ deployment by Szentﬂgoﬂljl‘ Nauta’s lab. ecame clear that something important was missing that was not present
could provide the necessy tand others iri-either of the disciplines of neurophysiology or psychophysics. The key

observation is that neurophysiology and psychophysics have as their busi-
ess to describe the behavior of cells or of subjects but not to explain such
ehavior. What are the visual areas of the cerebral cortex actually doing?

n
970s. No neurophwltigg;;?s“ﬁgdb equally ‘What are the problems in doing it that need explaining, and at what Jevel
A btion. The Jeader ~ocorded f description should such explanations be sought?
€y had been doing—Huyhe) 8 Of the 19605 The best way of finding out the difficulties of doing something is to
urmedio psychophysics andagd Wiesel con try to do it, so at this point I moved to the Artificial Intelligence Laboratory
on developme the mainstrean, “at MIT, where Marvin Minsky had collected a group of people and a power-

ful computer for the express purpose of addressing these questions.

*A cell that fires only when one’s grandmother comes into view,
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econd approach was to try for depth of analysis by restricting the
a4 world of single, illuminated, matte white toy blocks set against
ackground. The blocks could occur in any shapes provided only
| faces were planar and all edges were straight This restriction
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dges, and both it and its sequel (described in Shirai, 1973) made use
¢ special circumstances of the environment, such as the fact that all
ges there were straight.

Jese techniques did work reasonably well, however, and they allowed
eliminary analysis of later problems to emerge—roughly, what does
‘do once a complete line drawing has been extracted from a scene?
ie5 of this had begun sometime before with Roberts (1965) and Guz-

an (1968), and they culminated in the works of Waltz (1975} and Mack-

d

on int -
11 ?{lage The commop, aniizﬁﬁzasl:gg Onfly, in patches alo’nlé lftsai likely as ng, h (1973), which essentially solved the interpretation problem for line
ke BK.P. Hotn and TO. Binf, CSpairing feeling of the e | cogth in i drawings derived from images of prismatic solids. Waltz’s work had a par-
i an image and fuy ermor: i}cj was that Practically anythxzr Y vestigators cﬁlarly dramatic impact, because it was the first to show explicitly that an
Three types of approach At practically everything dlc? could happen exhaustive analysis of all possible local physical arrangements of surfaces,
bhenomena, The Were taken ro Iry to come ¢ edges, and shadows could lead to an effective and efficient algorithm for

terpreting an actual image. Figure 1-3 and its legend convey the main
ideas behind Waltz's theory.
 The hope that lay behind this work was, of course, that once the toy
#1d of white blocks had been understood, the solutions found there
uld be generalized, providing the basis for attacking the more complex
problems posed by a richer visual environment. Unfortunately, this turned
out not to be so. For the roots of the approach that was eventually suc-
cesstul, we have to look at the third kind of development that was taking

place then.

retinex theory of color vision, as developed by them and subsequently by
" Horn (1974). The starting point is the traditional one of regarding color as
a perceptual approximation to reflectance. This atllows the formulation of
a clear computational question, namely, How can the effects of reflectance
changes be separated from the vagaries of the prevailing illumination? Land
and McCann suggested using the fact that changes in illumination are usu-
ally gradual, whereas changes in reflectance of a surface or of an object
boundary are ofien quite sharp. Hence by filtering out slow changes, those
changes due to the reflectance alone could be isolated. Horn devised a

did try), ang ‘ ors (alth . , ) )

’ an approach ik ough Fram and . Two pieces of work were important here. Neither is probably of very
ztor Was optimal was pep eves :2(/ g to prove mathemancaﬂyiwu}rls-(:h 1975 great significance to human perception for what it actually accomplished—
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1.2 Understanding Compmmégﬁyﬂ;m

other: piece of work was Horn's (1975) analysis of shape from
hich was the first in what was to become a distinguished series
_on'the formation of images. By carefully analyzing the way in
the: illumination, surface geometry, surface reflectance, and view-
: pired to create the measured intensity values in an image, Horn
ted a differential equation that related the image intensity values
thace geometry. If the surface reflectance and illumination are
e can solve for the surface geometry (see also Horn, 1977). Thus
ading one can detive shape,

tnessage was plain. There must exist an additional level of under-
i which the character of the information-processing tasks carried
ng perception are analyzed and understood in a way that is inde-
nt of the particular mechanisms and structures that implement them
‘heads. This was what was missing—the analysis of the problem as

0 our

anding at the other levels—of neurons or of computer programs—but
fiecessary complement to them, since without it there can be no real
standing of the function of all those neurons.

This realization was arrived at independently and formulated together
maso Poggio in Tibingen and myself (Marr and Poggio, 1977; Marr,
’b). It was not even quite new—Leon D. Harmon was saying something
milar at about the same time, and others had paid lip service to a similar
distinction. But the important point is that if the notion of different types
sf understanding is taken very seriously, it allows the study of the infor-
ion-processing basis of perception to be made rigorous. It becomes
issible, by separating explanations into different levels, to make explicit
fements about what is being computed and why and to construct theo-
55 stating that what is being computed is optimal in some-sense or is
guaranteed to function correctly. The ad hoc element is removed; and
uristic computer programs are replaced by solid foundations on which
a real subject can be built. This realization—the formulation of what was
missing, together with a clear idea of how to supply it—formed the basic
oundation for a new integrated approach, which it is the purpose of this
book to describe.

1.2 UNDERSTANDING COMPLEX
INFORMATION-PROCESSING SYSTEMS

Almost never can a complex system of any kind be understood as a simple
extrapolation from the properties of its elementary components. Consider,
for example, some gas in a bottle, A description of thermodynamic effects—

Srmation-processing task. Such analysis does not usurp an under- .




1.2 Understanding Complex Information-Processing Systems .

involved. Such e i ‘and so forth. The phrase “formal scheme” is critical to the defi-

' : : ¢ the reader should not be frightened by it. The reason is simply
re dealing with information-processing machines, and the way
Jines work is by using symbols to stand for things—to represent
our terminology. To say that something is a formal scheme means
mat"i't is a set of symbols with rules for putting them together—no

the microscop
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even if hnking the , at least i3}

must:
tlev. afations all the time. However, the notion that one can capture

IeVGIS‘ in in Principle intog C s 5€]

: s ; ol sent ) o o

case of a system thar solves CO@PIete detail js impréctical F hefl“’e whole spect of reality by making a description of it using a symbol and
in addition the tw; an informagion ; - 7Or the specific do so can be useful seems to me a fascinating and powerful idea.

n the simple examples we have discussed introduce some rather
‘and important issues that arise whenever one chooses to use one
sticular representation. For example, if one chooses the Arabic numeral
séntation, it is easy to discover whether a number is a power of 10
flicult to discover whether it is a power of 2. If one chooses the binary
presentation, the situation is reversed, Thus, there is a trade-off: any
icular representation makes certain information explicit at the expense
Aformation that is pushed into the background and may be quite hard
{0 recover.
This issue is important, because how information is represented can
catly affect how easy it is to do different things with it. This is evident
en from our numbers example: It is easy to add, to subtract, and evenr to
ultiply if the Arabic or binary representations are used, but it is not at all
sy to do these things—especially multiplication—with Roman numerals.
This is a key reason why the Roman culture failed to develop mathematics
the way the earlier Arabic cultures had.
- An analogous problem faces computer engineers today. Electronic
technology is much more suited to a binary number system than to the
nventional base 10 system, yet humans supply their data and require the
results in base 10. The design decision facing the engineer, therefore, is,
_ ‘Should one pay the cost of conversion into base 2, carry out the arithmetic
in a binary representation, and then convert back into decimal numbers
< 'on output; or should one sacrifice efficiency of circuitry to carry out oper-
. ations directly in a decimal representation? On the whole, business com-
puters and pocket calculators take the second approach, and general pur-
pose computers take the first. But even though one is not restricted to
+using just one representation system for a given type of information, the
I choice of which to use is important and cannot be taken lightly It deter-
‘mines what information is made explicit and hence what is pushed further
into the background, and it has a far-reaching effect on the ease and




1.2 Understanding Complex Information-Processing Systems

¢ order in which goods are presented to the cashier should not

total. (Commutativity.)

h’rranging the goods into two piles and paying for each pile sepa-
ould not affect the total amount you pay. (Associativity; the basic |
on for combining prices.)

I you buy an item and then return it for a refund, your total expen-

should be zero. (Inverses.)

thathematical theorem that these conditions define the operation of
dition, which is therefore the appropriate computation to use.

. This whole argument is what I call the computational theory of the
 register. Its important features are (1) that it contains separate argu-
its about what is computed and why and (2) that the resulting operation
defined uniquely by the constraints it has to satisfy. In the theory of visual
pfééééses, the underlying task is to reliably derive properties of the world
om images of it; the business of isolating constraints that are both pow-
ful enough to allow a process to be defined and generally true of the
511d is a central theme of our inquiry,

In order that a process shall actually run, however, one has to realize
in some way and therefore choose a representation for the entities that
the process manipulates. The second level of the analysis of a process,
therefore, involves choosing two things: (1) a represertarion for the input
and for the output of the process and (2) an algorithm by which the
transformation may actually be accomplished, For addition, of course, the
{nput and output representations can both be the same, because they both
consist of numbers, However this is not true in general. In the case of.a
Fourier transform, for example, the input representation may be the time
domain, and the ouput, the frequency domain. If the first of our levels
specifies what and why, this second level specifies how. For addition, we
might choose Arabic numerals for the representations, and for the algo-
rithm we could follow the usual rules about adding the least significant
digits first and “carrying” if the sum exceeds 9. Cash registers, whether
mechanical or electronic, usually use this type of representation and algo-
¢ rithm.
' There are three important points here. First, there is usually a wide
choice of representation. Second, the choice of algorithm often depends
rather_critically on the particular representation that is employed. And
third, even for a given fixed representation, there are often several possible
algorithms for carrying out the same process, Which one is chosen will
usually depend on any particularly desirable or undesirable characteristics
that the algorithms may have; for example, one algorithm may be much

gives zero: [4 4 (=4 -0 » Which when added to the number |
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1.2 Understanding Complex Information-Processing Systems

_ Representation and Hardware
utational theory  algorithm implementation

At is the goal of the  How can this computa-  How can the represen-
. yputation, why is it tional theory be imple-  tation and algorithm be
propriate, and what  mented? In particular, realized physically?

he logic of the strat- what is the represenia-

by which it canbe  tion for the input and

ied out? output, and what is the

algorithm for the trans-

formation?

gure:- 7—4. The three levels at which any machine carrying out an information-
cessing task must be understood.

go:rithm to be used to transform one into the other. And at the other
aviteme are the details of how the algorithm and representation are real-
ized physically—the detailed computer architecture, so to speak. These
three levels are coupled, but only loosely The choice of an algorithm is
influenced for example, by what it has to do and by the hardware in which
“fnust run, But there is a wide choice available at each level, and the
explication of each level involves issues that are rather independent of the
her two.
Each of the three levels of description will have its place in the eventual
anderstanding of perceptual information processing, and of course they
re logically and causally related. But an important point to note is that
since the three levels are only rather loosely related, some phenomena
may be explained at only one or two of them. This means, for example,
The Three Levels that a correct explanation of some psychophysical observation must be
formulated at the appropriate level, In attempts to relate psychophysical
problems to physiology, too often there is confusion about the level at
which problems should be addressed. For instance, some are related
“mainly to the physical mechanisms of vision—such as afterimages (for
. example, the one you see after staring at a light bulb) or such as the fact
?.‘,that any color can be matched by a suitable mixture of the three primaries
: {(a consequence principally of the fact that we humans have three types of
i cones), On the other hand, the ambiguity of the Necker cube (Figure 1-5)
. seems {0 demand a different kind of explanation. To be sure, part of the
- explanation of its perceptual reversal must have to do with a histable neural
network (that is, one with two distinct stable states) somewhere inside the

We ¢ i
F. a0 summarize oyr discussion ;
igure 1--4, whic

_ ns ing lj
h illustrates the omething like the manner shown in
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can be said o have
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Shysics can also help 1o determine the nature of a represen-
work of Roger Shepard (1975), Eleanor Rosch (1978), or Eliz-
ngton (1975) provides some interesting hings in this direction.
fically, Stevens (1979) argued from psychophysical experi-
iirface orientation is represented by the coordinates of slant
ther than (for example) the more traditional (p, ¢) of gradient
hapter 3). He also deduced from the uniformity of the size of
ade by subjects judging surface orientation over a wide range of
that the representational quantities used for slant and tlt are
s and not, for example, their cosines, sines, or tangents,
Mor generally if the idea that different phenomena need to be
d at different levels is kept clearly in mind, it often helps in the
<ment of the validity of the different kinds of objections that are raised
ime to time. For example, one favorite is that the brain is quite
it frora a computer because one is parallel and the other serial. The
to this, of coutse, is thar the distinction between serial and parallel
stinction at the level of algorithm; it is not fundamental at all—
nig programmed in parallel can be rewritten serially (though not
arily vice versa). The distinction, therefore, provides no grounds for
g that the brain operates so differently from a computer that a com-
ter could not be programmed to petform the same tasks.

Importance of Computational Theory

ugh algorithms and mechanisms are empirically more accessible, it
e top level, the level of computational theory, which is critically impor-
from an information-processing point of view. The reason for this is
‘the nature of the computations that underlie perception depends more
pon the computational problems that have to be solved than upon the
cular hardware in which their solutions are implemented. To phrase
matter another way, an algorithm is likely to be understood more
eadily by understanding the nature of the problem being solved than by
amining the mechanism (and the hardware) in which it is embodied.

. In a similar vein, trying to understand perception by studying only
urons is like trying to understand bird flight by studying only feathers:
t-just cannot be done. In order to understand bird flight, we have to
imderstand aerodynamics; only then do the structure of feathers and the
different shapes of birds’ wings make sense. More to the point, as we shall
ee, we cannot understand why retinal ganglion cells and lateral geniculate
eurons have the receptive Aelds they do just by studying their anatomy
-and physiology. We can understand how these cells and neurons behave
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(nd. It even appears that the emerging “trace” theory of gram-
isky and Lasnik, 1977) may provide a way of synthesizing the
-proaches—showing that, for example, some of the rather ad hoc
as that form part of the computational theory may be conse-
of weaknesses in the computational power that is available for

lementing syntactical decoding,

The Approach of J. J. Gibson

ercéption, perhaps the nearest anyone came to the level of computa-
4l theory was Gibson (1966). However, although some aspects of his
nking were on the right lines, he did not understand properly what
rmation processing was, which led him to seriously underestimate the
_'plexity of the information-processing problems involved in vision and
~onsequent subtlety that is necessary in approaching them.
“Gibson’s important contribution was to take the debate away from the
ilosophical considerations of sense-data and the affective qualities of
ation and to note instead that the important thing about the senses is
they are channels for perception of the real world outside or, in the
1se of vision, of the visible surfaces. He therefore asked the critically
portant question, How does one obtain constant perceptions in everyday
life on the basis of continually changing sensations? This is exactly the right
estion, showing that Gibson correctly regarded the problem of percep-
tion as that of recovering from sensory information “valid” properties of
the external world, His problem was that he had a much oversimplified
view of how this should be done. His approach led him to consider higher-
order variables—stimulus energy, ratios, proportions, and so on—as
“invariants” of the movement of an observer and of changes in stimulation
intensity.
. “These invariants,” he wrote, “correspond to permanent properties of
the environment. They constitute, therefore, information about the per-
manent environment.” This led him to a view in which the function of the
“brain was to “detect invariants” despite changes in “sensations” of light,
- pressure, or loudness of sound. Thus, he says that the “function of the
brain, when looped with its perceptual organs, is not to decode signals,
nor to interpret messages, nor to aceept images, nor 1o orgarize the sen-
sory input or to process the data, in modern terminology. It is to seek and
extract information about the environment from the flowing array of
ambient energy,’ and he thought of the nervous system as in some way
“resonating” to these invariants. He then embarked on a broad study of
animals in their environments, looking for invariants to which they might
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1.3 A Representational Framework for Vision

Wbdd, and one thing he considers is “real shape,” (p. 66), a
ich had cropped up earlier in his discussion of a coin that
1;5tical” from some points of view. Even so,

o4 real shape which remained unchanged. But coins in fact are rather

“eases. For one thing their outlines are well defined and very highly
e‘,-:and for another they have a known and a nameable shape. But there

enty of things of which this is not true. What is the real shape of a
Licl2. .. or of a cat? Does its real shape change whenever it moves? If not,
iat posture 4 its real shape on display? Furthermore, is its real shape such
be fairly smooth outlines, or must it be finely enough serrated 1o take:
ount of each hair? It is pretty obvious that there is no answer to these
Lestions—no rules aceording 1o which, no procedure by which, answers are

s determined. (emphasis added), (p. 67)

ut there are answers to these questions. There are ways of describing
ape of a cat to an arbitrary level of precision (see Chapter 5), and
are rules and procedures for arriving at such descriptions. That is

exactly what vision is about, and precisely what makes it complicated.

1.3 A REPRESENTATIONAL FRAMEWORK
FOR VISION

sioh is a process that produces from images of the external world a
cription that is useful to the viewer and not cluttered with irrelevant
formation (Marr, 1976; Marr and Nishihara, 1978). We have already seen
that a process may be thought of as a mapping from one representation to
nother, and in the case of human vision, the initial representation is in no
doubt—it consists of.arrays of image intensity values as detected by the
toreceptors in the retina.

» It is quite proper to think of an image as a representation; the items
that are made explicit are the image intensity values at each point in the
'array, which we can conveniently denote by I (x3) at coordinate (). In
order to simplify our discussion, we shall neglect for the moment the fact
that there are several different types of receptor, and imagine instead that
there is just one, so that the image is black-and-white. Each value of T ()
thus specifies a particular level of gray, we shall refer to each detector as

a picture element or pixel and to the whole array I as an image.
But what of the output of the process of vision? We have already agreed

= that it must consist of a useful description of the world, but that require-
- ment is rather nebulous. Can we not do better? Well, it is perfectly true
that, unlike the input, the result of vision is much harder to discern, let
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lodes” fast enough (because a surface looms nearby), the fly
-aﬂ_céu'y “lands” toward its center. If this center is above the fly; the fly
- lly invetts to land upside down. When the feet touch, power to
< i cut off. Conversely, to take off, the fly jumps; when the feet no
such the ground, power is restored to the wings, and the insect
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he fly tracks an object that is present at angle s in the visual field and
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gular dimension in the visual ficld, and the motor strategy is such that
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Figure 1—6. The horizontal component of the visual input X to the
fly’s Aight system is described by the formula R = D) — #() ¥,
where ¥ is the direction of the stimulus and { is its angular velocity
in the fly’s visual field. D(¥r) is an odd function, as shown in (a), which
has the effect of keeping the target centered in the fly’s visual field;

r(i9) is essentially constant as shown in (b).
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atage point. The final step therefore consists of transforming the
atered surface description into a representation of the three-
-shape and spatial arrangement of an object that does not
n the direction from which the object is being viewed. This
eription is object centered rather than viewer centered.

overall framework described here therefore divides the derivation
information from images into three representational stages: (Table
 the representation of properties of the two-dimensional image,

7. Representational framework for deriving shape information from
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