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Abstract ‘

Scene analysis prograng offer the hope of providing a niore adequate
account of human competence in interpreting line drawings as polyhedra
than do the current psychological theories, This thesis has seversl
aspects, The aspect concentrated on here is that those prograns have
explored a variety of methods of incorporating z priori knowledge of
objectzs through the use of models. After outlining the range of models
used and sketching some psychological theories, the various proposals are
contrasted. This discussion leads tc two new proposals for exploiting

model information that involve elaborations of an existing program, POLY.

1. Introduction.

In one of its many roles, artificial fntelligence is cast ags the
vanguard of an army of psychologists who seek a new paradigm for cognitive

and perceptual prbcesses., Despite several clarion calls to this effect

(Mlinsky and Papert, 1972; Clowes, 1972; Sutherland, 1978)‘AI may well be

a vanguard without an arny. This paper attempts to show that a smnll part
of the scouted territory is ripe for capture.

The interpretation of line drawings as polyhedral scenes has been the
focus of nost attempts to build AI vision systems. As it ig a natural human
task, several psychologists have also studied it. In sketching and contrasting
various resultant theories, we will concéutrate on how they represent the
2 priori knowledge of the objects that exist in the world. Of necesaity,
other essential themes such as non-model knowledge of the world (for example,
support and the picture-formation process itself) or the use of picture cues .
to access the models are slighted.

Sections 2 and 3 of the paper sketch the use of nodels in several Al
and human vision proposals., Section 4 briefly contrasts them using a few

examples. Sole of the weaknesses expcsed lead to two proposals in section 5,

24 Models in lachine Vision,

Roberts (1965) used the three simple models of Figel. These can be

expanded along each of their coordinate axes. (Compound objects are created
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 Figure 1., Roberts' simple object models

by abutting simple ones. Falk's (1972) recent state-of-the-art scene
analysis system expected its visuval world'to be composed of instances of

the nine polyhedral prototypes of specified dimensions showm in Fig.z.
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Figure 2, Falk's object prototypes
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The size-specificity of the prototypes was exploited by the object
recognition phase of the program in its use of the actual heights of
the blocks and the lengths of their base edges.

At the other end of the size and shape specificity spectra for
models are the edge-labelling procedures. These originated 'in Guzman's
SEE (1968) which produces surface groupings corresponding to objects.
Huffman (1971) and Clowes (1971) developed a procedure that relies on four
prototype cormers: the trihedral corners in which th2 object occupies 1,
3, 5 or 7 'octants?; the corners have no further shape-specificity., The
corner models are accessed by the shape of the picture jumctions. For each
of four picture junction classes (L, FORK, ARROY, T), there is a list of
possible cormer/viewpoint configurations. These lists are used to label the
edges depicted as convex or concave. The convex category is subdivided into
three according to the viewpoint: either both surfaces depicted at the
edge belong to it or the surface on the right, which does, is partially
occluding the one on the left which doesn't or vice versa. '

It has been shown (Mackworth, 1974) that SEE inmplicitly uses a gingle [

prototype corner: the one in which the object occupies only one foctantt;

whereas, Waltz (1972) has expanded the range of corner prototypes far beyond
those.of Huffman-~Clowes.,

The model information embedded in POLY (gackworth, 1973) is minimal,
confined as it is to a requirement that surfaces be planar and edges be
occluding or connect (non-occluding); however, there is a marked preference
for connect edges. With this apparatus somewhat augmented, POLY interacts
with a representation called the gradient configuration (originally suggested by |
Huffman (1971))to produce a labelled interpretation. (The gradient of an edge ig a
vector in a 2D gradient-space whose direction is that of the corresponding
picture line., Its length is the tangent of the angle between the edge and the
picture plane. The gradient of a surface is'in the direction of steepest

descent in the surface away from the picture plane; the magnitude of the

gradient is the tangent of the dihedral angle between the surface and the
plcture plane.) The final gradient configuration needs only the origin and
scale of the gradient space defined before it represents the absoclute
orientations of the object surfaces, (EOLY assunes orthographic projection;

see (Mackworth, 1974) for the perspective case, )

3; Some Psychological Theories.

Attenpts to provide psychological theories of the interpretation of line

drawings have not usually provided an algorithm by which interpretation may
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proceed though, présumably, the usual monocular depth cues are thought
to be relevant. Rather, such theories seem to assume the existence of such
an algorithm and concentrate on the tension set up between the 3D ( scene)
and 2D (picture) organisations, Kopfermann (1930) held that the 1mpre331on
of tridimensionality varies with the degree to whieh the scene organlzation
is simpler than that of the Picture, 1In extending that theory Hochberg and
Brooks (1960) provided a quantified measure of simplicity as the sum of the
number of lines, the number of angles and the number of angles differing in
magnitude. Attneave and Frost (1969) presented a similar theory in which
the competition between the scene and the picture is resolved by figural
simplicity criteria,

Finally Hochberg (1968) almost anticipated the Huffman-ciowes
algorithm as he demonstrated, with an ingenious experiment, that junctions

act as 'local depth cues!'.

4, Sone Examnles,

The discussion of this section uses, as examples, the two pictures in

Fig. 3, which the readep should look at without reading further, The usual

\

(a) . : (b)

Figure 3. Two examples _
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impression given by Fig, 3(a) is that it renains obstinately flat on the page

( provided one can suppress the tendency to see an edge that is not
depicted and to ignore one that is thereby transforming the picture
into Fige. 3(b)), Fig. 3(b) has a solid, three-dimensional appearance.
This major difference which holds even though both are equally faithful
deplictions of polyhedra is a phenomenal fact requiring explanation.

The Huffman-Clowes algorithms do not offer that explanation, The
pictures are successfully labelled with equal ease. The corners are all
trihedral and both interpretations require three hidden surfaces to complete
the object.

Perhaps the scene interpretation of Fig. 3(b) derives from its
familiarity as Falk's prograﬁ suggests: the L-beam is one of its nine
prototype objects. Look then at Fig. 5(a) which is surely unfamiliar to
the reader (although it is derived from pictures used by Shepard and Metzler
(1971)); 1is that object any less solid than the one depicted in Fig, 3(b)?

Both Fig. 3(B) and Fig,ﬂi a) ‘are interpreted by Roberts' program asg
compound objects made from cuboids (two and four, respectively), However,
that program cannot, contrary to expectation, similarly interpret the two

objects in Fig. 4.

(a) - (b)

Figure 4, Two concave rectangular objects
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The traditional depth cue theory of picture interpretation has nothing
to say. In four of the pictures (Figs. 3(a), 3(b), 4(b),  5(a)) there are
no traditional depth cues at alll Yet, in Fig. 5(a) for example, corner 1
is clearly nearer the observer than corner 2,

The Hochberg-Brooks criterion doesn't contradict the phenomenon, (By
that criterion, the pictures have equal complexity while the scene in Fig. 3(b)
is just marginally simpler than that in Fig. 3(a)). And yet, that doesn't take
us very far. What mechanisms produced those scene interpretations in the first
place? Hochberg (1968) has provided an excellent rebuttal of his earlier
theory.

On the other hand, Hochberg's claim (1968) that the Junction configurationsg
act as 'local depth cues' is not very powerful. The only depth evidence given

by edge labelling is provided by the occluding edges; that is the traditional.

depth cue of partial occlusion. Even if the edges of Fig. 5(a) are appropriately

labelled convex, concave or occluding there is still no evidence that corner 1
is closer to the observer than corner 2; that is, an ordinary polyhedron with
that appearance and those edge labels can be constructed for which that is

not true,

Se Two Proposals,

Surely the solidity of Fig. 3(p) and Fig. 5(a) as contrasted with the
'flat® appearance of Fig. 3(a) can be explained as follows: in the former
cases, the polyhedron interpretation can be seen as made up of surfaces of
very familiar shape (in this case, rectangular) whereas in the latter that
is not possible. This explanation suggests extensions to POLY that use the
shapes of surfaces as modéls. Here two such extensions are presented.
Rectangularity is often a major feature of the worlds we build for ourselves,
The first proposal shows how a straightforward extension to POLY can exploit
that feature. The second proposal is more of a suhstantial upheaval than
an extension in that it suggests integrating the use of prototypes into the

interpretation process.,

5.1 Rectangularity.
Consider the rectangular object of Fjg. 5(a). For this object POLY

produces the gradient configuration that appears as a tgiangle in Fig. 5(b)

There are only three possible values for the gradient so several surfaces
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(b)

Figure 5. A rectangular object and its gradient space configuration

are superinposed at each position. This obscures the fact that the
configuration is intricately connected:. each pair of surfaces meeting in

a connect edge is joined by a line perpendicular to the picture line showing
that edge. Neither the _position of the origin nor the size of the triangle
is yet specified but note that E and A are ordered in the gradient
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configuration just as they are across their common edge in the plcture so
that edge 1is convex whereas the relative positionsg of B and C are reversed
in the picture and gradient 8paces so that.edge 1-2 ig concave; hOWevef,
as the actual values 6f the gradients are not determined, we gtill cannot
say that corner 1 is closer than 2, '

At any corner such as corner 1 in Fig, 5(a) there are three edges
(which pay not all be visible)y Each pPair of edges defines a surface at
that corner, Each edge is normal to the surface defined by the other two,
Since the direction of the gradient vector ig the direction'in the picture
in which the normal appears to point, the direction of the gradient of each
surfa¢e at the corner is given by the edge that does not belong to it, Thﬁs
gradient A must be in the direction of picture line 2-1, Since the vector
difference between gradients B and C is required to be perpendicular to
Picture 1line 2-1, the origin must be on a perpendicular dropped from gradient A
to the opposite side of the gradient triangle, Hence the origin must be at
0 shown in Fig. 5(b). The scéle is immediately determined by the requirement
that the product of the magnitudes of the gradient of A ang the gradient of
edge 1-2, 61-2’ must be unity. Now that the orientations of a1} the surfaces
and edges are defined it is an obvious consequence that cormer 2 ig fur ther
froﬁ the picture plane than corner 1; that is shown by the fact that (?.1_‘2
points up to the left (not down to the right),

5,2 Using‘prototype surfaces.

The idea of using specific brototypés is attractive but as suggested in
Section 4 complete Polyhedral prototypes are, in a sense, too momolithiec. In
this section we show how the use of prototype surfaces can be integrated
directly into the POLY interpretationlprocess.

Consider Falk's 1ist of nine prototype objects, They have in all

fifty~four separate faces; yet those faces have only fourteen distinct polygonal

shapes. The size-specificity of these shapes will be dropped for the sake of
this argument although it could be rgtained. Dropping size-specificity (so
that a 1 x 2 rectangle represents itself and the 2 x 4 rectangle etc,) leaves
a total of twelve distinct surface shapes,

First, a geometrical fact must be stated (Mackworth, 1974), Suppose one
is given the true shape of a surface in the form of a polygon (where the
dimensions may be uniformly scaled up or down by a factor, k), the projected
shape of that surface and three or more pairs of non-collinear points on the

trwe and projected shapes that correspond. Friom this information it is easy to
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compute whether the true shape could produce the projected shape and, if
it does, the value of k and the gradient of the surface. . _

For each picture region, by considering the topologically identical
surfaces, a set of possible surfaces each with a corresponding k and gradient
could be computed, If that set is empty then the region depicts a partially
occluded surface, '

This is now a labelling situation comparable to the corner labelling
algorithms of Huffman, Clowes and Waltz. In those algorithms each junction
has associated with it a set of possible corners; the aim of the
interpretation is to discover a unique corner corresponding to each Junction,
Here, besides labelling each edge, the aim is to assign a unique surface to
each region. Agreenent between the interpretations of adjacent regions is
necessary if the edge is taken to be comnect. The agreement takes two
distinct forms, First, the POLY coherence rules must be satisfied and
second, model-based coherence rules must be used. Such model=based rules
would, at the lowest level, be of the form: Are there two such surfaces
meeting at an edge in the set of prototypesb If so, do those surfaces meet
at this dihedral angle? Do they agree on the scale factor? Higher levels

would also be required: Are there three such surfaces meeting at a corner?

‘Procedurally, this approach need not be implenented in a depth or breadth-

first fashion, It is amenable to the two-stage Waltz search procedure which
would first weed out the lists of possible surfaces (just as Waltz weeded

the lists of possible corners) based on consideration of the mutual inter—
prefation of each pair of adjacent regions and only then try to build complete

coherent interpretations.

6. Conclusion,

Vforld knowledge of the type incorporated as models in scene analysis
programs is an essential feature of any psychological theory that attenpts to
explain human competence in interpreting line drawings as polyhedra, Further-
more, in those programs that knowledge is used in a procedural fashion; they
demongtrate, at the very least, how a scene interpretation can be achieved,

The discussion of Section 4 has pointed out some of the ways in which the

available range of models is deficient for purposes of paychological explanation.

The two proposals of Section 5 are desigmed to provide mechanisms that reflect

particular human competence in this task domain.
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