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Depiction

Depiction = Vision + Communication

“A dog to my left 
is barking at a cat 
in the distance.”

Not pictures

successful  
communication

PERSPECTIVE PROJECTION

signal
reflected 

light

<CUBE> <CUBE>

sender receiver

PICTURE CONTENT

2D surface 
filled with colored  

lines and marks

3D space 
filled with objects, properties, and events; 

implied social and cultural messages

“We look at the object with an intent regard, then at the palette, and thirdly at 
the canvas. The canvas receives a message dispatched usually a few seconds 
before from the natural object. But it has come through a post office en route. 
It has been transmitted in code. It has been turned from light into paint. It 
reaches the canvas a cryptogram. Not until it has been placed in its correct 
relation to everything else that is on the canvas can it be deciphered, is its 
meaning apparent, is it translated once again from mere pigment into light. 
And the light this time is not of Nature but of Art.” 
	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 — Winston Churchill

visual transcription: 
drawing, photography,  

digital rendering

visual interpretation: 
visual perception,  

knowledge of convention

• A representation is a physical sign that is used to carry or convey informational 
content. 

• The relationship between sign and content is called representation or expression. 

• Pictorial representation or depiction is the special relationship between pictures 
and their contents.

• Picture (working definition) 
A picture is a representation that: 
• has a two-dimensional surface; 
• expresses three-dimensional content 
• that is centered on a viewpoint.

Pictures

depiction

Language Vision

conventional codes, 
based on arbitrary lexicons, 
and grammatical rules of combination

biological, innate, and automatic 
mental process for extracting  

information from light

Depiction
pictures are signs used for communication 
cultures communicate with different pictorial styles

pictures express their content in a visual manner 
pictures seem to be universally comphrensible

Is depiction more like language or more like perception?
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Figure 2.4.2 An image of a simple scene . People effortlessly 
perceive a ceramic cup resting on a table top, but all that is pres-
ent to the visual system is an array of light whose intensity varies 
continuously over space. 

of an extremely simple scene consisting of a ceramic cup 
resting on a flat, white surface in front of a dark wall. 
The optical image that strikes the retina is completely 
continuous, but its registration by the mosaic of retinal 
receptors is discrete. The complete set of firing rates in 
all receptors of both eyes therefore constitutes the first 
representation of optical information within the visual 
system. This retinal representation is complicated by the 
distribution of receptors. Receptors are more densely 
packed in the fovea than in the periphery (see Figure 
1.3.9), and the four different kinds of receptors (the 
three cone types plus the rods) have different spatial dis-
tributions over the retina (see Section 1.3). 

In formal and computational theories of vision, the 
retinal representation is almost always simplified and 
regularized by approximating it as a homogeneous, two-
dimensional array of receptors. The spatial locations of 
these idealized receptors can be identified uniquely by 
their coordinates, denoted (x ,y) , in an integer plane 

8 In older theories of vision, the information that specified the location of a 
receptor was called its local sign. 
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whose center is in the middle of the fovea and whose 
x and y axes are aligned with retinally defined hori-
zontal and vertical, respectively.8 These square image 
elements-called pixels, a shortened form of "picture 
elements"- are taken as the primitive, indivisible, ex-
plicitly represented visual unit of information in the 
input image. The value of a given pixel in a gray-scale 
image is usually denoted I(x,y) for the image " intensity" 
(or luminance) at the given location. These aspects of 
the image representation are illustrated in Figure 2.4.3 
for a small portion of the scene in Figure 2.4.2. Figure 
2.4.3A displays an enlargement of the small region in-
side the white box in Figure 2.4.2 to show the gray-scale 
levels of individual pixels. Figure 2.4.3B displays the 
numerical intensity values (from a potential range of 
0 to 25) of the individual pixels shown in Figure 2.4.3A. 

Regardless of whether such simplifYing assumptions 
are made, the coordinate system of the retinal image is 
presumed to be explicitly tied to the intrinsic structure 
of the retina. The center of the retinal coordinate sys-
tem is identified with the center of the fovea, and its axes 
are identified with retinally defined horizontal and verti-
cal. Receptor positions are specified relative to this reti-
nal frame of reference. 

To appreciate just how difficult the problem of inter-
preting the raw output of such an array of sensors or re-
ceptors is, consider again the display in Figure 2.4.3B. It 
indicates the light intensity falling on each receptor as a 
two-digit number. All of the spatial information of the 
gray-scale image in Figure 2.4.3A is present but in a 
numerical form that your visual system cannot interpret 
in terms of edges, regions, surfaces, objects, and so forth: 
It appears completely meaningless and uninterpretable. 
This is not so when you look at Figure 2.4.2, however, 
which shows the whole image in gray-scale shadings 
from which these numbers were derived. Immediately, 
you perceive edges, regions, surfaces, and objects, the 
important aspects of the visual scene that were missing 
when you examined the numerical array. 

The reason the numerical version is so difficult to com-
prehend is that your visual system is finely tuned to pro-

A 

Figure 2.4.3 A portion of the cup scene and its corresponding 
numerical intensity array. (A) The enlargement of the boxed por-
tion of Figure 2.4.2 shows the individual pixels that correspond to 
the output of light sensors in a video camera around the edge of 

cess information contained in intensity images and not 
at all well equipped to process numerical ones. There-
fore, all of your edge detection, region-finding, surface 
location, and object interpretation processes were 
useless- except in reading the numbers themselves-
and you were forced to search laboriously for every 
scrap of information you could find to get some notion 
of what might be depicted. When you consider the 
problem of trying to specify what information processes 
might be required for visual perception to occur, you 
should remember how difficult it was to interpret this 
numerical image, for this is the challenge that all per-
ceptual theories ultimately face: perceiving objects 
arrayed in the three-dimensional environment just on 
the basis of a two-dimensional array of numbers. It is a 
daunting task indeed. 
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the cup. (B) The numerical array shows the intensity of the light 
falling on each square pixel element in the video image shown in 
part A. 

2.4.2 The Image-Based Stage 

Most theorists currently agree that the initial registra-
tion of images in the. two eyes is not the only representa-
tion based on a two-dimensional retinal organization. 
We call these additional representations and processes 
the image-based stage. It includes image-processing 
operations such as detecting local edges and lines, link-
ing local edges and lines together more globally, match-
ing up corresponding images in the left and right eyes, 
defining two-dimensional regions in the image, and 
detecting other image-based features, such as line 
terminations and "blobs." These two-dimensional 
features of images characterize their structure and 
organization before being interpreted as properties of 
three-dimensional scenes. For example, Figure 2.4.4A 
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Figure 2.4.4 Edges in the cup image. Local intensity edges can 
be detected using computerized edge-finding algorithms, as illus-
trated in part A. The set of edges thus identified are not the same 
as those in a clean line drawing of the image (part B), however. 

indicates the locations of local edges that would consti-
tute part of the image-based representation for the cup 
image shown in Figure 2.4.2. 

Notice that the luminance edges that have been 
detected in Figure 2. 4 . 4A are not exactly the same as the 
edges most people readily identify in the same image, as 
shown in Figure 2.4.4B. Many of the edges represented 
in part A are ones that people typically do not notice, 
either because they are faint or because they are due to 
differences in illumination (shadows and shading) rather 
than surface edges. Equally interesting is the fact that 
some of the most obvious edges that everyone perceives 
in the image are actually missing in the edge map . of 
Figure 2. 4 . 4A. The light side of the cup shades smoothly 
into the light table top on the left, and its dark side 
shades into the dark background and shadow on the 
right, with no discernible edge in the image to indicate 
their presence. Pieces of the top edges of the cup are 
similarly missing in the luminance edges. These simple 
demonstrations are dramatic proof that the set of lumi-
nance edges detected in an image (Figure 2. 4. 4A) are 
not the same as a clean line drawing of the objects 
people typically perceive (Figure 2.4.4B). Would that it 
were so simple! 

Marr ( 1982) called the representations that resulted 
from such image-based processes primal sketches 
and suggested that there are two of them. The first he 
called the raw primal sketch, which includes just the 
results of elementary detection processes that locate 
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edges, bars, blobs, and line terminations. The second he 
termed the full primal sketch, which also includes 
global grouping and organization among the local im-
age features present in the raw primal sketch. 

Marr's particular proposals about image-based 
processing may be incorrect-indeed, we will suggest a 
rather different conception at the end of Chapter 4-
but the general idea of constructing an image-based 
representation of some sort is a useful one. Whatever it 
might be in detail, the common underlying structure of 
such an image-based representation is defined by the 
following properties: 

1. Image-based primitives. The primitive elements repre-
sent information about the 2-D structure of the lumi-
nance Image (such as edges and lines defined by 
differences in light intensity) rather than information 
about the physical objects in the external world that 
produced the image (such as surface edges or shadow 
edges). The two kinds of information are correlated, of 
course, but this correlation can only be used after the 
image features have been made explicit in the image-
based representation. 
2. Two-dimensional geometry. The geometry of spatial in-
formation in image-based representations is inherently 
two-dimensional and can be represented in the analog 
format of two-dimensional arrays. 

3. Retinal riference .frame. The coordinate system within 
which the 2-D features are located is specified relative 
to the retina in the sense that the principle axes are 
aligned with the eye (rather than the body, gravity, or 
the environment). 

We will have a great deal more to say about how such 
image-based representations might be constructed m 
Chapter 4 when we discuss this topic in detail. 

2.4.3 The Surface-Based Stage 

The second stage of visual processing, which we will 9all 
the surface-based stage, is concerned with recover-
ing the intrinsic properties of visible surfaces in the ex-
ternal world that might have produced the features that 
were discovered in the image-based stage. The funda-
mental difference is that the surface-based stage repre-
sents information about the external world in terms of 
the spatial layout of visible surfaces in three dimensions, 
whereas the image-based stage refers to image features 

........ 

in the two-dimensional pattern of light falling on the 
reti!1a. 

The notion that the visual system is fundamentally 
concerned with perce1vmg the surface layout-
the spatial distribution of visible surfaces within the 
three-dimensional environment- was first proposed 
and strongly advocated by Gibson ( 1950). While almost 
every other theorist was talking about perceiving 3-D 
objects, Gibson realized that perceiving visible surfaces 
was a more basic task. His idea did not gain '0de accep-
tance, however, until computer vision theorists began 
to advocate it fairly recently (e.g. , Marr, 1978; Marr & 
Nishihara, 1978). Part of the difficulty was that Gibson 
never suggested a specific representation for this surface 
layout or a set of processes that could construct it from 
retinal images. This is not terribly surprising because he 
was not an information processing theorist and therefore 
did not believe in either representations or processing. 
Still, he recognized more clearly than anyone else that 
surface perception was basic and crucial. 

The concept of an explicit surface-based representa-
tion as an intermediate stage in vision became popular 
when it was formulated quantitatively by computer 
vision theorists and implemented in working computer 
simulations. Marr (1978) and Barrow and Tennenbaum 
(1978) proposed surface-based representations at about 
the same time and sketched algorithms that might be 
able to construct them from actual gray-scale images. 
Marr (1978) named his surface-based representation the 
2.5-D sketch to emphasize the fact that it lies some-
where between the true 2-D structure of image-based 
representations and the true 3-D structure of object-
based representations (see below) . Barrow and Tennen-
baum (1978) called their surface-based representations 
intrinsic images to emphasize the fact that they rep-
resent intrinsic properties of surfaces in the external 
world rather than properties of the input image. 

Constructing a surface-based representation is the 
first step in recovering the third spatial dimension from 
two-dimensional images. It does not contain informa-
tion about all the surfaces that are present in the envi-
ronment, only about those that are visible from the 
current viewpoint. As we will see in Chapter 5, visible 
surfaces provide a great deal of sensory information 
about their distance from the viewer and their slant. 
They cannot be computed from the retinal images 
without additional assumptions because doing so is an 
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underconstrained inverse problem. But the additional 
assumptions that are required to infer the properties of 
visible surfaces are relatively few and almost always true, 
especially compared with those needed to infer the same 
properties of surfaces that are hidden from view. 

Because the surface-based representation includes 
only the visible portions of surfaces, it can be conceived 
as a single, extremely flexible rubber sheet that has been 
"shrink wrapped" to just those surfaces in the environ-
ment that reflect light into the perceiver's eyes. Most 
current visual theories treat surfaces in this representa-
tion as being composed of many small, locally flat 
pieces. This is possible because even a strongly curved 
surface is nearly flat over a sufficiently small region, just 
as the spherical earth seems flat on the scale at which 
people experience it. This simplification allows the 
surface-based representation to be specified completely 
by just information about the color, slant, and distance 
from the viewer of each locally flat patch of surface in 
each direction radially outward from the viewer's posi-
tion. Figure 2.4.5 illustrates what such a surface-based 
representation would look like for the ceramic cup in 
Figure 2. 4. 2 by showing circles lying on the local surface 
patches and vectors sticking perpendicularly out of them 
at a sampling of locations, as though needles were stick-
ing perpendicularly out of the small patches of surface. 

Again, Marr's particular conception of the 2.5-D 
sketch may be flawed, but some kind of surface-based 
representation seems necessary. Among the crucial 
properties of such a representation are the following: 

1. Suiface primitives. The primitive elements of the 
surface-based representation are local patches of 2-D 
surface at some particular slant located at some distance 
from the viewer within 3-D space. Each such patch of 
surface can be further specified by its color and texture. 

2. Three-dimensional geometry. Although the surfaces them-
selves are locally only 2-D, their spatial distribution is 
represented within a 3-D space . _ 
3. Viewer-centered reference frarn.e . The coordi-
nate system within which the 3-D layout of surfaces is 
represented is specified in terms of the direction and 
distance from the observer's stationpoint to the surface 
rather than in terms of the retina. 

The flow diagram in Figure 2.4.6 indicates that the 
representation of surfaces is constructed from several 
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Figure 2.4.5 A surface-based representation of the cup scene. 
The surfaces visible in Figure 2.4.2 are represented as a set of 
local estimates of surface orientation (slant and tilt) and depth 
with respect to the viewer. Surface orientation is depicted by a set 
of imaginary circles on the surface and "needles" pointing per-
pendicularly out of them at a sampling of image locations. 

different sources: stereopsis (the small difference be-
tween the lateral position of objects in the images of 
the left and right eyes), motion parallax (differences in 
velocity of points at various distances due to motion 
of the observer or object), shading and shadows, and 
various other pictorial properties such as texture, size, 
shape, and occlusion. We will have a great deal more to 
say about these factors in Chapter 5, which is concerned 
primarily with how the surface-based representation 
might be constructed. 

Stereo ....... 
Image-based Motion Surface-based 

Texture 
Representation Shading ( Representation . _, . . 

Figure 2.4.6 A flowchart showing how the surface-based rep-
resentation might be derived from the image-based represen-
tation. These sources of information about depth and surface 
orientation are discussed in detail in Chapter 5. 
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Figure 2.4. 7 An example of an object-based representation. 
The cup of Figure 2.4.2 is shown with its occluded edges repre-
sented by dashed lines, indicating how people typically perceive 
this scene as being composed of 3-D volumes. 

2.4.4 The Object-Based Stage 

Visual perception clearly does not end with a represen-
tation of just the surfaces that are visible. If it did, we 
should not be surprised were a change in viewpoint to 
reveal that the lower back side of the cup in Figure 2.4.2 
simply did not exist or that it had some quite different 
.shape from the smooth cylindrical one everyone per-
ceives so effortlessly. But, as I argued in Chapter l , 
either of these revelations would surprise us greatly. The 
fact that we have such expectations about partly and 
completely hidden surfaces suggests that there is some 
form of true three-dimensional representation in-
cludes at least some occluded surfaces in the visual 
world. It is in this object-based stage that the visual 
representation includes truly three-dimensional infor-
mation. For the visual system to manage this, further 
hidden assumptions about the nature of the visual world 
are required, because now the inferences include infor-
mation about unseen surfaces or parts of surfaces. We 
call this stage of processing object-based because the in-
clusion of these unseen surfaces implies that they involve 
explicit representations of whole objects in the environ-
ment. Figure 2.4. 7 shows as dashed lines the hidden 
edges that everyone perceives in Figure 2.4.2. The table 
edge is occluded by the cup, and the back, inner sides, 
and bottom of the cup are occluded by the parts of the 
cup that we can actually see. Recovering the 3-D struc-
ture of these environmental objects is the goal of object-
based processing. 

There are at least two ways in which such an object-
based representation · might be constructed. One is 
simply to extend the surface-based representation to 
include unseen surfaces within a fully three-dimensional 
space . This might be called a boundary approach to 
object-based representation. The other is to conceive of 
objects as intrl.nsically three-dimensional entities, repre-
sented as arrangements of some set of primitive 3-D 
shapes. This might be called the volumetric approach, 
since it represents objects explicitly as volumes of a par-
ticular shape in three-dimensional space. 

Figure 2.4.8 illustrates how a human body might be 
approximated by a hierarchy of parts, each of which is 
represented in terms of shape primitives based on cylin-
drical volumes. Influential work on 3-D shape primitives 
in computer vision by Agin and Binford (1976) and Marr 
and Nishihara (1978) caused the volumetric approach to 
dominate theories of object-based processing for many 
years. It is possible, of course, that some filling-in of oc-
cluded surfaces can take place in an intermediate stage 
before construction of a full volumetric representation. 
We will discuss in Chapters 6, 7, and 8 how object-based 
representations might be derived. 

Once again, it is important to separate the details of 
Marr's particular version of an object-based representa-
tion in terms of generalized cylinders from the more ab-
stract theoretical concept of a volumetric description. In 
this case, however, even the general nature of the repre-
sentation is far from clear. In addition to the issue of 
whether the primitive elements are surfaces or volumes, 
there is much debate over the precise nature of the rele-
vant reference frame and geometry. The current best 
guess is as follows: 

l. Volumetric primitives. The primitive elements 
of the obj ect-based representation may be descriptions 
of truly three-dimensional volumes, thereby including 
information about unseen surfaces of the object. 
2. Three-dimensional geometry. The space within which 
the volumetric primitives are located is also fully 
three-dimensional. 
3. Object-based riference frames. T he coordinate system 
within which the spatial relations among the volumetric 
primitives are represented may be defined in terms of 
the intrinsic structure of volumes themselves. (The 
concept of intrinsic, object-based reference frames 1s 
complex and will be discussed in detail in Chapter 8.) 
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2.4.5 The Category-Based Stage 

I argued in Chapter 1 that the ultimate goal of percep-
tion is to provide the perceiving organism with accurate 
information about the environment to aid in its survival 
and reproduction. This strongly implies that the final 
stage of perception must be concerned with recovering 
the functional properties of objects: what they afford the 
organism, given its current beliefs, desires, goals, and 
motives. We call this processing the category-based 
stage because it is widely believed that functional prop-
erties are accessed through a process of categorization. 
The perception of Figure 2.4.2 as showing a cup is thus 
the result of category-based processing of some type. 
But what type? 

The categorization (or pattern recognition) approach 
to perceiving evolutionarily relevant function proposes 
that two operations are involved. First, the visual system 
classifies an object as being a member of one of a large 
number of known categories according to its visible 
properties, such as its shape, size, color, and location. 
Second, this identification allows access to a large body 
of stored information about this type of object, includ-
ing its function and various forms of expectations about 
its future behavior. The object in Figure 2.4.2 is then 
known to be useful for containing liquids and for drink-
ing out of them. This two-step scherr:e has the advan-
tage that any functional property can-be associated with 
any object, because the relation between the form of an 
object and the information stored about its function, 
history, and use can be purely arbitrary, owing to its 
mediation by the process of categorization. 

T here is also a very different way in which the visual 
system might be able to perceive an object's function, 
and that is by registering functional properties of objects 
more or less directly from their visible characteristics 
without first categorizing them. Gestalt theorists first 
suggested this approach, calling them physiognomic 
characters. Koffka put it this way: "To primitive man, 
each thing says what it is and what he ought to do with 
it: a fruit says, 'Eat me'; water says, 'Drink me'; thunder 
says, 'Fear me'; and woman says, 'Love me'" (Koffka, 
1935, p. 7). Gibson (1979) later advocated a similar 
approach, expanding his claim of direct perception to 
include function. He referred to the visible functions of 
an object as its affordances for the perceiver. Exam-
ples of affordances would be whether an object affords 
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sender receiver

The classical sender-receiver model of communication: a send encodes a message, or 
content, in a sentence, via a language; the receiver decodes a message from the 
sentence, via the same language.  Communication is successful when the sender 
message = the receiver message. 

The sender-receiver model applied to pictorial communication.

From objects to light.  Vision begins 
with light reflected in straight lines 
from objects in the environment into 
the eye.

From light to representation.  Visual 
processing takes place in the visual 
cortex at the back of the brain.   
Processing takes places over a series 
of modular stages.

Vision, by nature, is constructive: it 
fills in and adds information to the 
retinal image in an attempt to 
reconstruct a description of the 
external world. 

Vision as inverse optics.  In a esense, 
vision functions to invert optics: 
optics projects a 3D world to a 2D 
image; vision attempts to reverse this 
process at the representational level. 

Ultimately, vision is always a form of 
inference to the best explanation: it 
makes a best guess about the causal 
source of the retinal image. 

Visual perception is successful when 
the internal perceptual representation 
accurately describes the scene that 
cause the retinal image.

Visual processing as computation. 
The function of the visual cortex is 
take an incoming 2D retinal image 
and extract a useful internal 
representation of the 3D external 
environment.


