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COMPUTER RECOGNITION OF THREE-DIMENSIONAL OB.JECTS

IN A VISUAL SCENE

by

Adolfo Guzm 5 n-Arenas

Submitted to the Department of Electrical Engineering
on December 30, 1968 in partial fulfillment of the
requirements for the Degree of Doctor of Philosophy

ABSTRACT

Methods are presented (1) to partition or decompose a visual
scene into the bodies forming it; (2) to position these bodies in
three-dimensional space, by combining two scenes that make a
stereoscopic pair; (3) to find the regions or =zones of a visual
scene that belong to its background; (4) to carry out the isolation
of objects in (1) when the input has inaccuracies. Running computer
programs implement the methods, and many examples illustrate their
behavior. The input is a two-dimensional line-drawing of the scene,
assumed to contain three-dimensional bodies possessing flat faces
(polyhedra); some of them may be partially occluded. Suggestions
are made for extending the work to curved objects. Some comparisons
are made with human visual perception.

The main conclusion i1s that it is possible to separate a picture
or scene into the constituent objects exclusively i1in basis of
monocular geometric properties (in basis of pure form); in fact,

successful methods are shown.

Thesis Supervisor: Marvin L. Minsky.
Title: Professor of Electrical Engineering.
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Purpose

Il
I

This thesis explains how a computer can find, identify and
recognize objects in a visual scene. For instance, when

analyzing the following scene,




]
1l

if the machine is asked to separate the bodies, it must say

(BODIES ARE AS FOLLOWS

(L& 9) (2 7) (3 5 6) (LO 15)
(4 13 14) )

If asked to report the triangular prisms, it should answer

(L@ LS 1S A TRIANGULAR PRISM)

This thesis discusses the problems involved in this task.

What should be done when the information is noisy, some lines

are missing, etc?

How can the computer separate the background from th= objects

forming the scene?

How should shadows be handled?

How can stereoscopic vision be used?

What about ambiguities and optical illusions?

This thesis touches some aspects of Psychology in regard to

human wvisual percaption

Key words and phruses related to this study are as follows:

artificial intelligence
body
background

background discrimination

classification of images

CONVERT

cybernetics

feature recognition

geometric objects

geometric processing

graphic processing

graphical communication

graphical data

heuristic procedures

heuristic programming

identification

image

intelligence

line drawing

LISP

list processing

machine aided cognition

machine perception

mechanization of wisual
perception

object identification

optical

optical illusion

pattern

pattern matching
pattern recognition
photography
photo-interpretation
plcture

picture abstraction
pilcture processing
picture transformations
pictorial structures
polyhedra

recognition

robot

scene

scene analysis

solids

stereoscopic

symbol manipulation
three-dimensional
three-dimensional scenes
three-dimensional solids
two~dimensional patterns
vision

visual

visual Information processing
visual object recognition
visual perception
visual scenes



Computer Review (A. C. M.) index numbers: C.R. 3.61, 3.63,
422, 5.20,

Why this work was chosen as a thesis topic ¥
The present work was

carried out in the facilities of the Artificial Intelligence Group

of Project MAC, at M. I. T, Currently, the main goal of the
Artificial Intelligence Group (AL group) is <« to extend the way
computers can interact with the real world: specifically to develop
better sersory and motor equipment, and programs to control them.>»
{Minsky, Status Report IT}. From such efforts, a robot or mechanical

manipulator has emerged, consisting of a PDP-6 computer, an image

dissector camera, mechanical arm and hand (see pictures).
AUG . 68

IMAGE DISSECTOR CAMERA

& These "eyes and hands' are eventually to be able to do reasonably
intelligent things but first, of course, 1t is difficult enough to

get them to do things that are easy for people to do.» {Ibid.}

An image dissector
watches silently

a triangular prism
in the vision labo
ratory of the A.I.
Group.




The work was naturally divided into yisual informacion processing

(computer vision) and manipulation and control of the arm-hand.

Thus, when I came as a graduate student from the Politécnico de México
to M. I. T. (Sept. 65) and became associated with the AI Group, I
found a great interest there in graphical communication with computers.
More over, it was felt that symbol manipulation techniques would be
r elevant to this area. I was fortunate enough to have had some con-
tact with the LISP lauguage through some of its implementations:
MB - LISP {McIntosh 19563} * and Hawkinson-Yates- LISP {Hawkinson 64}
at the Centro Nacional de Cidlculo of the Politécnico; in fact, I
became interested in the area because I felt that it would be possible
to handle two-dimensional structures much in the same fashion as one
handles lists (that is, one-dimensional structures or strings of
symbols) in a pattern-driven language, such as CONVERT {1965}, recently
finished at that time.

The area also offered a good opportunity to understand and
evaluate several techniques, computers, equipment, etc. Consequently

I decided to work in it

%
) The parentheses { } always indicate a reference to the
bibliography at the end of this thesis, where the complete title,

date, etc., of the paper can be found.
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SIMPLIFIED VIEW OF SCENE ANALYSIS

TO THE BUSY READER ——

-

This section presents a general view of the problems
in the thesis and their solutions; if you are short of time,
(1) Read the abstract and this section.

(2) Choose some scenes from section 'Analysis of manv scenes’,
and observe how the computer perceives them.

(3) Through the table of contents, select additional topics.

Stede dnglrais Scene analysis is the result of interaction between

stored in the programs. In all that follows, the optical data entering
through the Eye is reduced to a line drawing; this pass is called

pre-processing, and it will be only briefly sketched here.

HHRREEPSE PROCEAR g RE I The stylized presentation that

line drawing is analyzed in order follows 1s only an example; in
particular, scene analysis does

i d n
ko discoger andl recoghize glve not need to follow the sequence

objects in it. The process 1is pre-processing = recognition.
{1ad Pecopaition See 'Division of work in
Casee IecusnLtan. Computer Vision' in page ¢o.

This thesis is concerned
with recognition.

We now give a simplified exposition of both processes. Recognition
will be discussed abundantly in the remainder of this thesis, since
it is the main topic; readers who wish for more information on pre-
processing or other approaches should consult the references, for

instance {my MS Thesis} and {A C Shaw FJCC 68}. See also page 6O .

14,



The picture shows a scene containing two light objects on a
dark table.

This scene could be entered into memory as a bi-dimensional
array of numbers (logarithms of light intensity, to make the programs
insensitive to changes in general light level); since our camera is
a random-access device [each point (x, y) on the visual field can be
accessed in roughly the same time], we prefer to read the point each
time we want to know the light level at it, instead of reading it
once at the beginning and keeping the numbers in memory. In one way
or another, we effectively have a large bi-dimensional array of numbers

representing our scene.

A coarse grid of about twenty squares per side is laid on top
of the array (but see small box in previous page), and the program

ignores the '"homogeneous'" squares =-those squares whose corners have
g g

nearly the same values.

15
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Each inhomogeneous square is divided in four @ » Lgioring

again the homogeneous sub-squares.

The process is repeated a few times more.

16.



The squares are now reduced to lines and vertices.

17,



The resulting analysis gives us the first chance to start
working abstractly now, instead of continuing in "picture-point

space.'"  Preprocessing has finished.

This and the next page
describe proposed, but still
Recognition unfinished, parts of the
system.

The theme of this work is "Computer Recognition of Three-
Dimensional Objects in a Visual Scene;" what follows is, therefore,
merely a brief summary. (some of the described parts are proposed
but unfinished). A more systematic presentation and classification
of processes in recognition is found in 'Division of work in Computer
Vision', page 60 1in the section 'SEE, a program that finds bodies
in a scene'.

A program checks in the original scene, in both sides of each
line, for continuation across the line, of textures, local cracks,

etc. On these and other grounds, shadows are picked up and erased:

18,



A line-proposer program studies the abstract or '"symbolic' scene and,

using some heuristics and general principles, proposes places where

it is quite probable that a line is missing:

These places are searched by a line-verifying program, which is an

specially sensitive test that uses fine measurements from the ori-
ginal scene, and often it will pick up a boundary that was missed

in the less-intelligent homogeneity phase. Here it can be practical
to apply a very strict and sensitive test, because the program

knows very accurately where the lime should be, if it really exists
at all. For example, even if the two faces have almost equal illu-
mination the Eye can pick up a thin, faint highlight from the edge
of the cube. It would have been hopelessly expensive to look for

such detailed phenomena over the wole picture at the start.

19.



: (page 53)
At this stage our program SEE (see Section 4) comes

into action. This program treats different kinds of local
configurations as providing different degrees of evidence
for 'linking' the faces. This evidence 1is obtained mainly

at wvertices, and at boundaries between regions.

A vertex 1s 1In general a point of intersection of
two or more boundaries of regions. These regions might or
might not be faces of a single body. SEE examines the
configuration of lines meeting at the vertex to obtain
evidence relevant to whether the regions involved belong

to some object.

For instance, in the vertex configurations "ARROW" and
"“vORK (a2 complete classification of vertices can be found

below in table 'VERTICES'),
b

"FORK" "ARROW"
20.



the'rork" suggests linking face a to face b, b to ¢, ¢ to a.
The "ARROW'" links a with b. A "leg" (which depends on nearly

parallel lines) would add a weak link, in addition to the ordinary

'LEG' Matching T's.
(Weak link shown dotted) (two strong links)

(or strong) link placed by its 'arrow'; a "T" looks for a matching
"' and if found, two strong links are placed as shown. Also, a

Pt counts against (inhibiting, that is) linking a with ¢, or

b with c. Ac
b

These links, for our example, are

and may be represented as

[weak links are dotted]

21.



indicating two groups of linked faces, that is, two bodies:

(BODY 1. IS 1 2 4)
(BODY 2. IS 35 6)

If in addition we give at this point to
the computer the definition or concept
of a 'criangular prism', through an ab-
stract model of it {my MS Thesis}, we

can get

(124 IS A TRIANGULAR-PRISM)
(356 IS A CUBE)

Analysis of several examples

A larger variety of kinds of evidence 1s used in more complicated

scenes, making the program more intelligent in its answers:

(1) The links themselves are inhibited by conditions or configurations
at the neighbor vertices and faces; for instance, in the case

of a "FORK", the (strong) links indicated below are inhibited:

(2) The links to the background are ignored [complete descriptions
of conditions for producing and cancelling links are to be

found in section 'SEE, a program that finds bodies in a scene'].

(3) A hierarchical scheme is used that first finds subsets of faces

that are very tightly linked (e. g., by two or more links).

22.



These '"muclei" then compete for more loosely linked faces

(faces linked through one weak link and one strong link Cf;;:%j .

or one face completely unlinked, except by one strong link——).
By not considering a single link, weak or strong, as enough

evidence for assigning two faces as part of the sam¢ object, this

algorithm requires two ''mistakes'" (that is, two careless place-

ments of links between regions that should not be coasidered as

forming the same body) to make an identification error.

The bodies of the following scenes are found by SEE without

difficulty,

Note that of the strong links available to the "FORK" marked with
an arrow, two were prohibited or inhibited and only one is produced

by SEE.

23,
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In the following figure, the "FORK" of the big object is missing.

Statement of Rules

We will re-state the rules under (3) »>f page 22.
Region (definition). Surface bounded by simply closed curves.

We will consider the outer background (:16 in fig 'L10', page 53 )

to be also a region.

Nucleus (definition). A nucleus (of a body) is a set of regions.

Linked nuclei (definition). Two nuclel A and B are linked if

regions a and b are linked where a e A and b € B.

First rule: If two nuclei are linked by two or more strong links,
they are merged into a larger nucleus.

For instance, regions :8 and :11 are put together, because there
9.0 - (X ®
exist two strong links among them, to form the nucleus :8-11.

Maximal nuclei: Starting from nuclei containing individual regioms,

we let the nuclei grow and merge under the First rule, until no new
nuclei can be formed. When this is the case, the scene has been
partitioned into several "maximal' nuclei; between any two of these
there is at most one strong link.

For instance, regions :8 and :11 are put together by the First
rule; now we see that region :4 has two links with nucleus :8-11,
and therefore the new nucleus :8-11-14 is formed. This last is a

maximal nucleus.

RP—@® =

5.



The First rule is applied again and again, until all nuclei are

maximal nuclei; then the following rule is applied:

Second Rule: If nuclei A and B are joined by a strong and a weak

link they are merged into a nmew nucleus. J::)
) ° .’
3/ ..

_____

The Third rule is applied after the Second rule.
Third Rule: If nuclieus A consists of a single region, has one link

with nucleus B and no links with any other nucleus, A and B are merged.

O-H° — O

(10 11) does not join the bigger nucleus because (10 11) does not

consist of a single region. Below, 9 does not join (7 8) or (4 5)

because 9 has two links: G e

The Third rule tends to avoid proposing bodies consisting of a

single region.

The next example shows how three ''false" links failed to lead

SEE into error:

Here three links were erroneously placed but SEE did not get

confused by them.

In complicated scenes, coincidences cause two objects to line up.
As a result, vertices of different objects are merged, two objectively
different lines appear as ome and so on. The next example i1llustrates

these phenomena and shows how SEE copes with the problem.

26.
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As we see, the nuclei are going to be correctly formed, and SEE will
also analyze this scene correctly.

The bodies do not need to be rectangular, prismatic, convex. They
only need to be rectilinear. As we will see later, even curve objects

may be identified, under certain restrictions (cf. Table 'ASSUMPTIONS').

AUG . 68

Figure 'BRIDGE'

28



All the bodies in "BRIDGE" are adequately found. A new heuristic is
used here: R s

three parallel lines comprising regions that are not background, and
having the background as a neighbor, and a 'T' in the center line,

originate a strong link, as shown above.

The following lccally ambiguous scene is correctly parsed by

our program:

Tf we add another block to the right, the program makes a mistake and

fails to see one of the innmer cubes:

Figure 'MOMO' also gets decomposed accurately:
2 p i

Figure 'MOMO'

29..



The local links allow correct identification of the following body:

$- P -1

If the lateral faces do not have parallel edges, a mistake occurs

(conservative behavior, page 212):

B~ & -

Another mistake occurs in the following scene:

ls At left, the above mistaﬁg"fg not produced

because vertex A links :2 and :8, by
— the new heuristic introduced in 'BRIDGE'.

Conclusion

The performance of this program shows that it is possible to
gseparate a scene into the objects forming it, without needing to know
the objects in detail; SEE does not need to know the
'definitions' or descriptions of a pyramid, or a pentagonal prism,
in order to isolate these objects in a scene containing them, even in
the case where they are partially occluded.

The program will be fully analyzed in the following pages.

-
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Problems in analyzing a visual scene

The problem of taking a two-dimensional image (or several such
images), and constructing from it a three-dimensional interpretation,
involves many operations that have never been studied, to say nothing
of being realized on a computer. We will list some of these here;

a more complete list is found in my M.S. Thesis {MAC TR 47}; some
have been side-stepped or ignored by the present recognition system;

the problems which we did solve are discussed through the text.
Among the facilities that must be available are:

a) Spatial frame-of-reference: setting up a model of the relation

between the eye(s) and the general framework of the physical task,
i. e., where are the background, the '"table" or working surface,

and the mechanical hand(s)?

b) Finding visual objects, and localizing them in space with respect

to the eye-table-background-hand model.

c) Recognizing or describing the objects seen, regardless of their

position, accounting for partly~hidden objects, recognizing objects
already "known'' by descriptions in memory and representing the

three-dimensional form of new objects.

d) Building an internal "structural model'" of what has been seen,

for the purpose of task-goal analysis.

Among the important factors are the effects of:

1. Both the camera's focus and its depth-of-focus.

2. I1lumination of the objects. Light affects the appearance of

objects in obvious and subtle ways -- in scenes with multiple
objects and lights we get complicated shadows, which have to
be detected or rejected. The boundary between two faces may
disappear if they get equal illumination from a diffuse light source.

3. Perspective and distance effects. Even for geometric objects with

flat surfaces, the two-dimensional projection of their surface

* Adapted from Status Report II {Minsky 67}. See also Project MAC
Progress Report {1967, 1968},

30



features can take many forms, and the system has to be able to deal

with all of them.

It works both ways, of course:

once identified,

the appearance can give valuable information about the object's

orientation, size, and even (under some conditions) its absolute

spatial locations {Roberts 1963}.

Accidental vs. essential visual features. Two objects of the same

shape and location can have very different visualpresentations

because of their surface textures and markings.

We need to

distinguish these two-dimensional '"decorations' from real three-

dimensional spatial features.

Other projects

Here are the main robot groups at a panel discussion.

tuesday morning -

december 10 el
8:45 a.m. / nourse

B Chairman

8, DR. BERTRAM RAPHAEL

w, Stanford Research Institute
4 Menlo Park, California
problems in the
implementation of
intelligent robots

This session, the second of three sessions on robotry, will
consist of a panel discussion among technical people in-
volved in the design and construction of mechanical de-
vices that are capable of significant independent “‘intelli-
gent" behavior, usually by means of computer control. The
projects represented on this panel have drawn upon state-
of-the-art capabilities in many technologies including
mechanical engineering, pattern recognition, heuristic pro-
gramming, neural networks and computer systems. Thus,
the discussion which will be conducted at a fairly technical
level should be of interest to engineers and scientists con-
cerned with the problems of interfacing a variety of disci-
plines, as well as to those interested in learning about the
nature of current embryonic '‘robot’ systems.
NOTE: Tickets priced at $5.00 each (including lunch) for
the ali-day tour of "live robot" installations on Wednesday,
Dec. 11th, will be available at this session.

32

Panel Members
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Artificial Intelligence Group *
Stanford Research Institute
ROBOT STUDIES AT STANFORD RESEARCH
INSTITUTE

PROF. J. A. FELDMAN
Computer Science Department
Stanford University

THE ROBOT PROJECT
AT STANFORD UNIVERSITY

DR.T. SHERIDAN

Dept. of Mechanical Engineering

MIT

HUMAN CONTROL OF REMOTE COMPUTER
MANIPULATORS

MR. R. J. LEE
Air Force Avionics Lab
Wright-Patterson AFB

GENERAL PURPOSE MAN-LIKE ROBOTS
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Artificial Intelligence Project
MIT. Project MAC
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RELATED RESEARCH

Previous work by the .author

CONVERT

A programming language is described which is applicable to
problems conveniently described by transformation rules. By
this is meant that potterns may be preseribed, each being
associated with a skelaton, so that a series of such pairs may
be searched until a pcttern is found which matches an expres-
sion to be transformed. The conditions for a match are governed
by a code which also allows subexpressions to be identified and
eventually substituted into the corresponding skeleton. The
primitive patterns and primitive skeletons are described, as
well as the principles which allow their elaboration into more
complicated patterns and skeletons. The advantages of the
language are that it cllows one to apply transformation rules
to lists and arrays as easily as strings, that both patterns and
skeletons may be defined recursively, and that as a conseguence
programs may be stated quite concisely.

Abstract of Convert paper in Comm. A.C.M.

Because it is easy to write and modify a program in Convert,
the language has been extensely used to quickly test 'good'
and "great' ideas, new algorithms, etc. It is embedded in

the LISP of the PDP-6 computer (A.I. Group), in the IBM-7094
(Pr. MAC, MIT); in the CDC-3600 (Uppsala University, Sweden),
in the SDS-940 (Univ. of California, Berkeley). A paper in the

A. C. M. and {MAC M 305} describe the language; examples of
simple programs written in Convert are in {MAC M 340}; a book
article {Patterns and Skeletons in Convert} is oriented
toward the Lisp consumers. For our Spanish readers, two
Bachelor's Theses {Guzman 1965} {Segovia 1967} describe the

language and processors, and give examples.

SCENE ANALYSIS

(1) Polybrick {MAC M 308} {Hawaii 69} is a Convert program that
works on a scene or picture, expressed as a line drawing, and finds

parallelepipeds in it.
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(2) We would like to be able to specify in some suitable notation
models of the classes of objects we are interested in (such as 'cube',
'triangular prism', 'chair'), and make a program look for all instan-
ces of any given model in a given scene or figure. Two arguments
would have to be supplied to our program: the model of the object

we are interested in, and the scene that we want to analyze.
Programs to do this are described in {AFCRL-67-0133} and [MAC M 342}.
In these early programs, partially occluded objects get incorrectly
identified. These proirams are also written in Convert, and work

by transforming or compiling the model, written in a picture descrip-
tion language, into a Convert pattern, which searches the scene for
instances of the model.

(3) A Master's Thesis {MAC TR 37} discusses many ways to identify
objects of known forms. Different kinds of models and their proper-
ties are analyzed.

(4) It is important to be able to find the bodies that form a scene,
without knowing their exact description or model. SEE is a program
that works on a scene presumably composed of three-dimensional
rectilinear objects, and analyzes the scene into a composition of
three-dimensional objects. Partially occluded objects are usually
properly handled. This program was discussed in {MAC M 357},

{Guzman FJCC 68} and {Pisa 68}, and this thesis discusses a later
version.

(5) The present thesis goes beyond these topics to discuss also
handling of stereo information (two views, left and right, of the
same scene), improvements to deal with noisy (imperfect) input,

figure-background discrimination, and a few other subjects.

Canaday

Rudd H. Canaday in 1962 analyzed scenes com-
posed of two-dimensional overlapping objects, “straight-
sided pieces of cardboard.” His program breakstheimage
into its component parts (the pieces of cardboard), de-
scribes each one, gives the depth of each part in the
image (or scene), and states which parts cover which,
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Roberts
I 71 d

The problem of machine recognition of pictorial data has long been a
challenging goal, but has seldom been attempted with anything more com-
plex than alphabetic characters. Many people have felt that research on
character recognition would be a first step, leading the way to a more gen-
eral pattern recognition system. However, the multitudinous attempts at
character recognition, including my own, have not led very far. The reason,
I feel, is that the study of abstract, two-dimensional forms leads us away
from, not toward, the techniques necessary for the recognition of three-
dimensional objects. The perception of solid objects is a process which can
be based on the properties of three-dimensional transformations and the
laws of nature. By carefully utilizing these properties, a procedure has been
developed which not only identifies objects, but also determines their orien-
tation and position in space.

Three main processes have been developed and programed in this report.
The input process produces a line drawing from a photograph. Then the
three-dimensional construction program produces a three-dimensional ob-
ject list from the line drawing. When this is completed, the three-dimen-
sional display program can produce a two-dimensional projection of the
objects from any point of view. Of these processes, the input program is the
most restrictive, whereas the two-dimensional to three-dimensional and
three-dimensional to two-dimensional programs are capable of handling
almost any array of planar-surfaced objects. {-F rom Roberts }

Roberts in 1963 described programs that (1) con-
vert a picture (a scene) into a line drawing and (2) pro-
duce a three-dimensional description of the objects
shown in the drawing in terms of models and their
transformations. The main restriction on the lines is
that they should be a perspective projection of the sur-
face boundaries of a set of three-dimensional objects
with planar surfaces. He relies on perspective and
numerical computations, while SEE uses a heuristic and
gymbolic (i.e., non-numerical ) approach. Also, SEE
does not need models to isolate bodies. Roberts’ work is
probably the most important and closest to ours.

Mechanical Manipulator Groups (see also page 32 ).

Actually, several research groups (at Massachusetts
Institute of Technology, 1 at Stanford University, !
at Stanford Research Institute ) work actively to-
wards the realization of a mechanical manipulator, i.e.,
an intelligent automata who could visually perceive and
successfully interact with its enviornment, under the
control of & computer. Naturally, the mechanization of
visual perception forms part of their research, and im-
portant work begins to emerge from them in this area.
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THE CONCEPT OF A BODY

In this section definitions of a body or object will be proposed.

The criterion is that they agree in general with the common use of
the word 'body', while at the same time they should lead themselves

to implementation irto a computer program.

Introduction

Our ultimate interest 1s to examine a two-dimensional scene (a
picture, line drawing, or painting), presumably a representation
(projection, photograph) of a three-dimensional scene (a subset of
the '"universe'" or '"real world") and to find in it objects or bodies
contained in the real scene. More specifically, the aim is to find
the two-dimensional representations (projections, photogruphs) of
the different three-dimensional bodies present in the scene.

The phrase '"two-dimensional representation of a three-
dimensional body'" will be shortened to ""two-dimensional
body" or even to "body'", when no confusion arises.
That is, we have to analyze a two-dimensional scene into collections
of two-dimensional entities (surfaces, regions, lines), each of which
makes '"three-dimensional sense" as a two-dimensional projection

of a three-dimensional body. .

The problem is inherently ambiguous :

A scene can be considered as a set of surfaces (faces or regions),
a body belonging to that scene is then an "appropiate' subset of this
collection. Therefore, the problem of finding bodies in a scene 1is
equivalent to the problem of partitioning the set into appropiate
subsets, each one of them representing or forming a body (scene '"CHURCH").
The problem is inherently ambiguous, since different collections
of three-dimensional bodies can produce the same 2-dim scene, therefore
a given scene can be partitioned in many ways into bodies (without
such a requirement, the problem has a trivial solution, in which each

region is a projection of a separate, perhaps prismatic, body [cf. also
36.



Metatheorem of page »91).
It is desired to make a
"nmatural" partition or decompo-

sition of the scene, natural in

the sense that will sgree with

human opinion.

To define a three-

Figure 'CHURCH'

dimensional body is no problem
Set of eight eleme A equate
[a philosopher may dissgree, subsets (Eodies)mazls[ZAz]? e
perhaps in singular cases]: [13567 8]. Ina more com-
plicated example, people may
differ in their parsing of scenes.
Three-dimensional body (definition):
A connected volume limited by a

continuous, two-sided surface composed of
portions of planes.
Restriction: The above definition covers only polyhedral bodies,
that is, those having flat faces.
Restriction: No holes.
No-restriction: Bodies do not need to be convex.
Roughly speaking, a three-dimensional body is something that does not
fall apart into pieces when 1lifted [this may be used as an operational
definition of a body, given a mechanical manipulator to make the neces-

sary tests].

Given a three-dimensional body, we generate a two-dimensional body

by taking a picture of it, as follows.

Two-dimensional body (definition). Figure formed by the projection of

a three-dimensional body. Generally, the projec-
tions is isometric or perspective.
Thus, this is a view in two dimensions of a solid body, from some
particular point of view.
Unfortunately, a two-dimensional body could come in this way from
any of several different 3-~dim bodies or, what is worse, two 3-dim bodies

together can give rise to a single 2-dim body. For instance, in fig. "BENT"
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Figure 'BEN T'
Two blocks, or a bent brick.

this two-dimensional body could be generated by a '"bent brick'' or by
two blocks adjacent to each other. We are dealing with one three-

dimensional body in the first case, with two in the second. But the
2=-dim entity (namely, the drawing of figure 'BENT') is the same, and

we are confronted with an inherent ambiguity.

Sibelius' Monument

A more striking example is given in Fig. 'SIBELIUS',
which could be the representation of 365 cylindrical bodies, or the

picture of a sculpture (one body) in Helsinki.

Figure 'SIBELIUS'

33.



Such colorful contradictions point towards the need to lay down
a more careful definition of our task. TFor instance, no one would think

that figure 'CUBE'

Fig. 'C U B E'
No one would think. ..

contains three bodies. Nevertheless (see fig. 'PARALLELEPIPED' in
next page), that coulc be the case.

These two extremes are to be avolded by an appropiate definition
of a body and the corresponding computer program.

EEEEL-EEEEE That 2-dim scene in which each line is boundary of some

region. D

Legal scene. Illegal. Illegal.
See also comments to scene R3, and 'Illegal Scenes' (page2(7), in
section 'On noisy input'.
gggg;gggégg Any legal scene can always be the projection of cone or
more three-dimensional objects.
To prove it, suffices to note that each legal scene is composed

by regions , and each of them could be interpreted as the

basis of a pyramid, all the faces meeting at the cuspid ocecluded by

the basis. %/

Therefore, each legal scene can be obtained by projecting or

photographing an adequate arrangement of such pyramids.

We can always construct a
legal scene by photographing
(or projecting) suitable
3-dim polyhedra.
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Figure 'PARALLELEPTITPED

An improbable decomposition of a scene.

40.



Trivial partition rhe :
2 By use of the metatheorem, we can always find a

decomposition of a visual scene into three-dimensional bodies; we
call this answer "trivial'. Humans do not split scenes this way.
Our program should not, either.

But the metathecrem points out that "impossible scenes'" are ne-
ver found among the l:gal scenes (see section 'On Optical Illusions');

these always have at least onme interpretation. [md of “toviel pert o

We are trying to give criteria for proposing bodies that will
suit our ends, which are to define a ''reasonable" or ''standard" body.
This will permit us to judge the performance of a program designed
to find objects in a scene.

Several criteria are possible:

1. Roberts {1963} suggests: given several models of three-dimensional
bodies, use some numerical techniques, such as least squares
fitting, to find which model fits best through a suitable
transformation, and accept this match if the error is tolera-
bly small. Complicated compositions of elementaries bodies
are considered.

2. Ledley {1962} would propose: 1in terms of suitable primitive components
(arcs, legs, etc.), make a syntactical analysis of the scene,
with the help of a grammar, in such a way that the models of
the object you want to identify are formed recursively from
these primitive components and (perhaps) other bodies.
Narasimhan {1962} and Kirsch {1964} would agree on this
linguistical approach. A. C. Shaw {Ph. D. Thesis} assents.

3. Guzman {1967} suggests: prepare models which specify a fixed
topology but where other relations (length of sides, paralle-
lism of two lines, equality of angles) are specified through
the use of open variables (UAR variables, in CONVERT).

Evans {1968} would agree with that.

These approaches require the existence of a model which describes the
object to be identified; the model specifies a particular 3-dim object

(or a class of them). These approaches are answering more than what
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was asked; they tell not only ''yes, it is a body", but also
"it is a pyramid". The current question 1is more general.
It is desired to know if something 1is a Dbody, any body,

even one which has not been seen before.

If it were possible to implement a program to answer that question,
then that would be a working definition of a body. SEE is a program

which comes close to this goal, so that it could be pragnatically stated:

2-dim body "a la SEE" (definition). A body is each set of regions

recognized by the program SEE as such.
This definition allowé the following
Criticism: A perfect way to hunt lions is to
capture any entity E, and to call
that a lion, by definition.
That is, although this definition is precise, SEE mav make
decigions '"'contrary to common sense'; also, for purposes of judging
the behavior of the program, this definition is useless, since SEE

will be perfect 100 per cent of the time, irrespective of its answers.

We are, finally, tempted to conclude that 'common sense¢', or

better, '""human common sense' plays a role in the definition of a body,

since what we are trying to characterize is a wusual body, normal body,

common body, etc. But even people may differ in their parsings of
scenes. We could, of course, give a scene (such as 'MOMO') to 100
subjects, ask them to identify the different bodies in it, and come up

with some sort of 'average' or 'general consensus':

2-dim body (statistical and human-behavioral definition). Each one of
the subsets into which a scene is partitioned by many subjects.
It is understood that, in this spirit, the human objects should be

motivated to satisfy a

Simplicity eriterion: Of the several "reasonable' interpretations

(decompositions) of a scene, the one which
contains the smaller number of bodies is

preferable.
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That is, an exp'anation or decomposition is simpler (and preferable)
if it can be done wirh fewer parts.
Simplicity is nct to be achieved at any cost, since the parsing
of the scene has to produce 'plausible' bodies, since "simplicity"
could be always achieved if each scene is reported as a single,
gigantic body, obtained perhaps from more familiar ones through liberal

use of adhesives (cf. also Sibelius' Monument).

The chief choices are surely:
== To choose a parsing, or

== To list many (perhaps rank-ordered) in case of ambiguity.

If we select the first alternative, further choices are

I
Il

to have a natural parsing (human).

il
Il

to have a canonical parsing, in the sense of minimizing
some variable (the minimization of the number of bodies
leads us to Sibelius' Monument, its maximization to the

Trivial Solution of the metatheorem [page 4 [ 1).

Other kinds of 2-dim data

We have been discussing identification of
3-dim bodies (through their 2-dim projections) in a 2-dim scene,
purely on the basis of geometric regions, Many other kinds of infor-

mation could be used, such as texture, color, and shadows.

Nevertheless, it is interesting

to see how far the identification

of bodies can go if only geometric

properties are used.
ESEEEE&EEL Finding bodies in a 2-dim scene is a task not very precisely
defined, because of the ambiguities inherent in any projection process:
on these grounds, the concept of 'body' is best described through
familiarity, human opinion and consensus. We are forced to this because
any scene could be partitioned in several ways (cf. fig. 'PARALLELEPIPED')
only some of which may be considered plausible or 'sensible' (natural,

common, standard) partitions in regard to the bodies forming it.
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TOTAL ANALYSIS OF VERTICES
52225255 Here a scene is considered as formed by several regions;
bodies are adequate ccllections of regions. The problem »>f identifying
bodies is re-stated as the problem of finding whether two regions
belong or do mot belong to the same body. This question is answered
by examining the vertices of the scene.

It is shown that a single vertex never conveys conclusive

evidence, so that at least a pair of vertices is required to isolate a
body; familiar and unfamiliar configurations of objects help to under-

stand how the vertices are to be used in this task.

Vertices are the important feature

All faces on polyhedra are bounded
by edges.

All edges terminate in vertices.

I
]

This thesis deals with the analysis of visual scenes composed

mainly by three-dimensional planar objects M

These are limited by flat surfaces

I
1

All these bodies share as a common feature the edge: place where

two planes [faces] meet (but see page 57 ). &

==  Wherever several edges or faces meet, a vertex appears. This is
also a common feature for all the bodies.
e

| EEEE/

A body is formed by vertices with edges connecting some of these.
When a 3-dim body is projected into a 2-dim body, its 3-dim vertices
(which we will call genuine 3-~dim vertices) are transformed into
genuine 2-dim vertices, known as images of the 3-dim vertices, as
figure 'GENUINE' (in next page) indicates.

That is, a genuine 2-dim vertex has come from a genuine 3-dim

vertex. Some 2-dim '"false'" vertices appear too; they do not come
' Ly,



Tw>y 3~dim
bodies, one
of them
shcwing

its genuine
3-dim
vertices.

A 2-dim
scene
contai-
ning two
2-dim bodies,
one of them
showing 1its
genuine 2-dim
vertices.

Three false
vertices also
appear.

Figure 'GENUI N E'

A genuine vertex (such as Gl') is one whose counterimage
(€ in this case) belongs ty, some body; a false vertex
such as F,', is a virtual intersection, and generally
has no counterimage in the 3-dim world. See fig. 'NODES'.
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from genuine 3-dim vertices, but rather from the partial occlusion
of parts of opaque bodies [transparent objects give rise to different
kind of false vertices; Guzman {MS Thesis} deals with them by using
transparent models, and a mode of operation of TD, the recognizer,
that re-interprets or ignores certain types of vertices. {AFCRL-67-0133}].
False vertices do not belong to any object.

Genuine and false vertices " . , .
The classification of vertices into

categories genuine and false will allow isolation of objects in a

1 1 -P L ;
1’ F2 , and ¥y

divides the genuine nodes of the network (see fig. 'NODES') into two

plcture; in fig. 'GENUINE', elimination of vertices F

non-connected components, /\ and (] , correctly separating the two bodies.

Figure 'NO DE S'
False vertices arise from the intersection of two
projected edges, one of which is typically occluded
in part by a face bordered by the other. Elimination
of the false nodes Fl', Fp' and F3' disconnects
the network in two separate components, which are
the bodies sought for.

This suggests the following
2-dim body (first approx. to definition). Set of regions possessing
only genuine vertices, and separated from other bodies
by false vertices.
In this way, the problem of identifying bodies is equivalent to the

problem of identifying genuine vertices, segregating the false ones.
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Problems to be solved

The computation of this equivalence 1s challenged
by several problems:
==  The distribution and position of bodies may be such that false

vertices look like genuine vertices (fig. 'CAUTION').

Fig. 'CAUTTION'
That vertex looks genuine, but is false.

Global informatior (analysis of more than one vertex) is needed
in general to distinguish them. In other words, although false
vertices are those which separate two bodies, and 2-dim genuine
vertices originate from 3-dim genuine vertices, to segregate

them requires more than the simple analysis of their shape.

==  Some genuine vertices look like false vertices.

> AT
\ \‘ \\\\

== Genulne vertices of a body may not be present in the scene, or

may be supplanted by false vertices.

]
I

==  Continuation is not clear: some doubts arise if the object in

the foreground covers one or two bodies (fig. 'CONTINUATION');
the simplicity criterion prefers the single body interpretation.

47.



Fig. 'CONTINUATION'
Continuation is not clear.

In brief, difficulti:s are of two kinds:

==  Genuine and false vertices can not be distinguished

locally (see Theorem below).

li
1]

Even when they are completely classified, problem of
fig., 'CONTINUATION' remains.

The solution of these problems will have to make use of more global

information.

g}assification of Vertices

The table 'VERTICES' in next page classi-
fies vertices according to their form, number of lines and angles
among the lines. It contains the most common types; vertices having
more edges could have been included.

Let us consider one of these types, ARROW. Three regions called
1, 2, and 3, form it. The standard, most common
ARROW configuration is a body with faces 1 and 2 2
gseen against some other object 3. We indicate 1

this by [ (1 2) (3) ]. However all other configurations are possible:

(1) (2) (3) ]

[ (1) (2 3)]

7
W

)

(L 2 3)]



'L'.~ Vertex where two
lines meet.
'FORK' .~ Three lines forming
angles smaller than 180 <

'"ARROW' .- Three lines meeting at a
point, with one of the

'T'.- Three concurrent lines, two of
angles bigger than 180 . them colinear.

Tyt i
'K'.= Two of the [<ne¢S are colinear, s Z:Tiz:a:he fenesa are
th t and the other and the :)ther two fall on
two fall i1n the same side of such 2 auposite sides of such
lines. lines. ’

"MULTI'.- Vertices formed by

fo mo 11
'"PEAK',- Formed by four or more an:rng::. fa;—iingniz’
lines, when there is ©n any of the preceding
angle bigqer than 130° s

45

TABLE 'VERTTICES'

Classification of rectilinear vertices.

49.



Thus, for an ARROW, all the groupings of its faces are possible; any
procedure that, by looking at an Arrow tries to decide how its faces
are grouped Iinto bodies, will always make mistakes.

The generalization of the above analysis to all other types of

vertices proves the following

"Theorem''. There does not exist a set of local decision procedures
[pi], each one looking or getting information from one vertex
and estgblishing b-equivalences among some of their faces
(two faces a and b are b-equivalent, indicated a=b, if
the My decides that they belong to the same body; this is
an equlvalence relation), using information only from that
vertex (it does not look at the other vertices or at the values
of the p's at the other vertices), which will partition all

scenes correctly.

That is, the following machine will not work for all scenes:

Figure 'M ACH I N E'
The decision procedures u, , represented as 'eyes' > here,
decide by processing inforpstion at exactly one vertex;
the box in the left accepts all these decisions and passes them as
results, No matter what set of By we choose, there exists a scene
that induces an incorrect partition by our machine.
50,



A stronger assertion is that, in view of inherent arbiguity,
there 18 not even any global procedure! oy

All the differen: groupings of regions of a vertex into bodies
are possible; this i3 illustrated by the following complete set of
gcenes, each one of tlem showing a different partitioning of a type
of vertex. These exarples are useful also in giving an idea of
unusual, as well as familiar scenes; we will have later occasion to

use them, when searching for heuristics to form bodies.

Generation of partitions

There are only two partitions of azz

conpo ( (1 2) ) set of two elements.,

I (L33 02))
Z (6123 )
2

Partitions of a set of L+

elements Ny

' compo & (1 2 3 4
Partitions of a set of3 2 ggi)2§233§”'()5+§;)
[elements = (L153) €2) (4))
4 (C1 4) (2) (3))
5 CEIMN L2 3) (%))
compo (1 2 3) ) ¢ (€1 2 3) (4))
| (€1) €2) €3)) 7 (6L Bz 3))
2 (L1 2) (3)) L CC1) €2 W)y ¢3))
3 COL5) T(2)) 9 (€1 2 L) (5))
4 (L) €2 3 10 (€1 3) (2 4))
5 (Gl 2 3)) ' (C1) (2) (3 u4))
5 (01 2 €3 u))
13 (C1L 3 '4)"(2))
g1y L2 3 1))
5 (1 2 3 4))
15

Figures in the next few pages are
numbered according to the numbers
in the leftmost column in these
tables.
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PEAK MULTI

not
represen

ted
here
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Digression 1. An altarnate approach

As an alternate approach, one could try to use the faces as a
basis for identification. For instance, use two scenes {left image,
right image) or pictures, localize a sharp feature in on: of them
(vertex, crack in the face, peculiar texture, etc.) and 'y correlation
or some other method, find it also in the other picture. Having
found a few points in both images in this manner, determine the plane
of the face, in 3-dim space. When several faces are thus identified,
we can compute, if desired, their intersection and obtain the edges
(lines). It will generally suffice to ignore the edges and rely on
the faces. Since it is reasonable to expect considerable difficulty
in finding lines and in differentiating lines caused by edges from
those caused by shadows, an apprach which avoids the lines altogether
looks promising. But :n this case, in addition to requiriig two
images, several correlations are needed (if we choose this method),

a generally time-consuming and error-prone task.

57,



S E E, A PROGRAM THAT FINDS BODIES IN A SCENE

Synopsis

[_Ft is explained how SEE work{i]

Algorithms and heuristics are presented, implemented in a
program, that analyze a scene into a composition of threc-dimensional
objects. Only the two-dimensional representation of the three-
dimensional scene is avallable as input,and is described by a

collection of surfaces, lines and vertices.

SEE looks for three-dimensional objects in two-dimensional scenes.
The program does not require a pre-conceived idea of the form of the
objects which could appear in the scenes. It is only assumed that
they will be solid objects formed by plane surfaces. Thus, SEE can

"pentagonal prisms" or "houses" in a scene, since it does

not find
not know what a '"pentagonal prism'" is; but it will usually isolate
the pentagonal prisms (or any other regular or irregular solid) in a
scene, even if some of them are partially occluded, without having

a description of such objects. It does this by paying attention

to configuration of surfaces and lines which would make plausible

three-dimensional solids, and in this way 'bodies' are identified.

The analysis that SEE makes of the different scemes generally
agrees with human opinion, although in some ambiguous cases they
tend to be conservative. The most interesting thing about the
program is how well it deals with occlusions. Many examples in
the next section 'Analysis of many scenes' illustrate the features
and peculiarities of the program, and also illustrate the effects

of inaccuracies introduced in the data.

58.
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FIGURE 'L 1 0'

A scene analyzed by SEE.
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INTRODUCT ION

Here is a program that locates objects in an optical image of a
scene most likely composed by three-dimensional solids, perhaps
occluding one to another, so that some of them may not be totally
visible. We use a line drawing as our representation of ithe scene.

The analysis of scene L10 (see figure 'L10' in next page) by

our program, named SEE, produces

(B0DY 1, IS 35 81 324 312)
(BODY 2, 1S 36 315 37 81 314)
(B0DY 3., 1S 38 39 340 33)
(BpDY a, 18 32 313)

Division of work in computer vision
RS

In trying to construct a program for seeing, several approaches
are possible; most of them require some of the following set of

modular programs or subroutines.

Pre-processing. Converts the image from a 2-dim array of intensities

to a symbolic representation or 'internal format' (page 66 ), in
terms of vertices and lines connecting them.

Homogeneity predicates. They decide if areas of the picture are

inhomogeneous, and hence require further analysis (page Ib ).

Color predicates. Boundaries of different color suggest lines.

Line finder. Locates lines of points having certain property
(such as being inhomogeneous, or having a large light intensity
gradient).

Vertex finder. Concurrent lines are merged, or a vertex is created

at their meeting point.

Consolidator. Eliminates the false lines and finds more lines,

incrementing in this way as much as possible the reliability of the

system.
60,



Illumination program. Discovers where the main light sources are.

Shadows program. Detects shadows so as to eliminate them.

Missing lines program. General shape considerations suggest places

where faint lines can remain undetected.

Body recognition. Partitions the scene into appropiate sunsets, each

one being a body or object. Thus, SEE is a body-recognition program.

Object identification. These objects are compared against abstract

descriptions (models) of cubes, pyramids, etc., so that a classification
is done, and a name 1is attached to each one. In the process, certain

parameters may acquire values: the height of the pyramid is observed.

Pogitioning. Having analyzed the scene, the relevant objects are
positioned in three-dimensional space, and additional relations among
them are discovered (support, obstruction, etc.). Enough informtion
is obtained to allow th2 mechanical arm to manipulate the c¢bjects and
achieve its goals.

Stereo. More than one view are analyzed (page223) and from them,

3-dim spatial positions are found.

Focugsing. The computer, by adjusting the focus of its lens,

acquires knowledge of how far the objects are.

Feedback among these parts is more necessary as the complexity of the

scene and of the desired goals increases.

Recognizer. The task of body recognition and body identification was
formerly accomplished by a single program (for instance, DT or TD {my
MS Thesis}) that compares the symbolic description of the scene against
the symbolic or abstract description of the model of the desired object,
in a kind of two-dimensional matching, to isolate instances of that

object in the scene.

Technical descriptions of SEE

1. Annotated listings. Above all, the primary source of information

is the listing of the programs, that appears complete in this thesis.
They are written in Lisp. If, despite my efforts, some of my explanations

are not clear, consult it: it is annotated. The programs themselves,
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examples, test data, results, instructions, etc., are in the DEC-
magnetic tape '"GUZMAN F' at Project MAC (AI group). Instructions

are here in page 1%.

2. This section of the thesis contains a description and discussion

of the different algorithms and procedures used.

3. Published papers that cover part of the material at somewhat

less depth, and therefore are more readable, are also avsilable
{Fjcc 68} {Pisa 68}. Except that they contain some examples not
included here, they contain no other information not cov:red here.

4., An internal report {MAC M 357} described an earlier version of SER.

FIGURE, 'R 3

A scene.




INPUT FORMAT

Eventually, several preprocessors will be able to receive data
through an input camera and reduce it to the "internal format" of a
scene, in the form required by SEE. For testing purposes, the scenes
are entered by hand in a simplified format, called 'input format',

to be described now. All the scenes analyzed by SEE have been written

in input format.

Example. R3 . The input format of scene R3 is
(DEFPROP R3 (x:7) BACKGROQUND)
(NOT (SETQ@ RJI (QUOTE (

%A 4,3 4,5 (K37 %G %34 XC %31 %B)
%8B 4,0 =iy (X227 ZA X3:1 xD)

4C 4.8 8.5 (Z24 %XF X322 %D %31 %ZA)
U 4,5 9.15 (%27 %ZB %31 %C %32 4E)
UE 5,65 9.25 (%37 %D %32 2F)

AF B5.85 8.6 (437 XE %32 %AC 434 %G)
%6 6.6 5.2 (a27 %F %%4 %A) R3 IN INPUT TFORMAT
M 6,9 15.4 (%37 XL %433 XK %35 %I)
21l 8.5 16,0 (%27 %H %35 %J)

AJ 11.8 12.6 (437 %]l %35 %K %86 %N)
A8 100 11e9 (%86 xJ %5 %W %23 %xM)
AL 7l 13.2 (X357 %M %33 ¥%W)

XM 10.0 Yo7 (X357 %N %36 %K %23 zL)
AN 11.65 10.3 (%87 xJ %36 xM)

1))
The first line declares :7 to be the background. We have to

tell SEE which regions belong to the background. If this informatio:
is missing, a program is called that will compute the regions that
belong to the background (see section 'Background discrimination by
computer') prior to other caiculations.

After that, the lines associate with each vertex its 2-dim coordi-
nates and a list (which will later be called 'KIND'), in counterclock-
wise order, of regions and vertices radiating from that vertex.

The function PREPARA (see listing) converts the scene as just given
to the "internal format" form which SEE expects. It does this by putting
many properties in the property lists of the atoms representing vertices

and regions (property lists in Lisp get explained in page 65 ).
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: ‘ kS
Propercyidletaiin Tisp Fach atomic expression in Lisp has a

property list, which is a place where facts can be stored.
If it is desired to represent the fact that John it a 69 years
old male, has a wife called Jacqueline, and a height of value 1.77 m,

we could proceed in l.isp as follows:
(1) We will agree that the atom 'JOHN' will represent our man.

(2) 1In the property list of 'JOHN' we will store severa! properties
or indicators and their values, using the function FUTPROP, that
stores information in the property list; thus
(Putprop (quote Johmn) (quote Jacqueline) (quote Wife))
will add, under the indicator or property 'Wife', the value

' r.
Jacqueline': JOHN

I

WIFE ———— JACQUELINE

(3) Hence, the representation of our facts in Lisp is

JOHN
SEX - MALE
|
%GE - 69.0
WIFE - JACQUELINE
HEIGHT - (1.77 m)

(4) 1In fact, the property list of 'JOHN', which is the CDR of 'JOHN'
in Lisp 1.6 {MAC M 313}, is

(SEX MALE AGE 69.0 WIFE JACQUELINE HEIGHT (1.7/ m) ...)

(5) If later we want to know the age of John, we will ask

(Get (quote John) (quote Age))
and the value will be 69.0

*
This paragraph, which can be skipped if it is known what a
property list is, will make the next section clearer.
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FORMAT OF BCENE RJ
R3

(%16 X85 X33 %32 X1l 2zd Xi7)

REGIONS
VER1ICES (XN XM XL XK XJ X1 %W X6 %F XE XD XC XB
XA
BACKRGROUND (%87)
21
NElehBORS (X85 R8I XET XE7)
KVERTICES (RK XM XN XJ)
FOOP (IRES KK RI3 XM RE7 AN Rt7 RJ))
x5
NEIGHBORS (%83 X306 K17 Ki7)
KVYERTICES (2K %J X1 XH)
FooP ((X33 Ak X306 XJ X87 X1 Ka7 XH))
PN
NE leHBORS Ix87 X7 Xt6 x115)
KVERTICES (AL XM XK XM)
FooP ((XS7 XL %87 AM XBO XK 315 AH))
82
NE leHMBORS (K94 R87 X587 X81)
KYERTICES (%F XE XD XC)
FoOP ((X84 XF Xt7 XE Xs7 XD %8l XC))
X8l
NEImBORS (%84 %52 %87 X87)
KYERYICES (XC XD XB XA)
FuoP ((K84 XC %32 XD %47 X8 %57 XA}
xid
NE I eMBORS (82 X8} X387 x17)
KYERTICES {XC %A XG XF)
FOOP ((XE2 XC %81 %A X&7 XG X7 %F))
%87
NEIGHBORS (X586 %56 X3 X583 X85 K15 K02 X082 %14 X44
13} X34}
KYERTICES (%N ZM XL XM 3] xJ XE zF X6 XA X6 XD)
FouP (X960 XN X916 XM %83 XL X84 XH X85 X1 X85
xJ 2E %F X6 %A x@ xD) (x92 XE x®2 xF x84 x& x34 xA x*l xB x?
1 %01
N
XCOR 11.649999
YCOR 10,299999
NYERTICES (XJ XM)
NREGIONS (X857 X88)
KINU (%37 XJ X816 XM)
TYPE (L (X316 X27))
1}
XCOR 10.0
YCOowr 9.7000000
NVERTICES (IN XK L)
NREG|ONS (X87 %86 X13)
KIND (%87 XN K36 XK X33 EL)
TYPE (ARROW (KK RM XN XL %56 233 287))
18
XCOR 7.1000000
YCOR 13.200000
NYERTICES (M XH)
NREw | ONS (237 %33)
KIND (%87 ZM %83 XH)
TYPE (L (X33 x87))
18
XCOR 10.0
YCOR 11,099999
NYERTICES (XJ XM IM)
NREGIONS (X836 %89 R1J)
KIND (%80 XJ X325 XKW X33 XM)
TYPE {FORK %K)

TABLE

R 3
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xJ

e

xF

XE

xC

X8

XA

XCOR

YCOR
NVERTICES
NREGIONS
KIND

TYPE

XCOR
YCOR
NYERTICES
NREG IUNS
KIND
TYPE

XCur
YCOR
NYERTICES
NREW ] ONS
KIND
TYPL

XCOR

YCOW
NYERTICES
NREGIUNS
KIND

TYPE

XCOR

YCOR
NVERTICES
NREWIONS
KIND

TYPE

XCOR
YCOR
NVERTICES
NREGIONS
KIND
8 fifl ol 2

XCOR

YCOR
NYERTICES
NREGIONS
KIND

TYPE

XCOR

YCOR
NVERTICES
NREGIONS
KIND

TYPE

XCOR

YCOR
NYERTICES
NREGIONB
KIND

TYPE

xcor

YCOR
NVERTICES
NREGIONS
KIND

TYPE

IN INTERNAL FORMAT

11.79999%

12.600000

(%1 AK BN

(X287 X85 i8e)

(Xs7 XI X% XK Xg6 XN)

(ARRON (Xr XJ X] XN X683 XBg X37))

8.5

16,0

(XH XJ)

ix87 x293)

(%37 %H %85 %J)
L (X85 %87))

6.899999%

15,39999%

(XL XK X1}

(287 X8B3 X183

(%e7 XL X33 XK 235 Xx1)

[ARROW (XK XH Xi X1 X8 x8% x17))

©.,6000000
5,199999V

(XF XA)

(%37 x14)

(X217 XF %34 XA)
(L (X34 %87))

5.8500000
4.6000000

IXE AC XG)

(X857 %82 X4

(X377 XE X32 XC X14 XG)

(T (XC XF Xu XE X312 X34 x17))

5.6499999

9.2%

(%D XF)

(%87 %X12)

(X7 %D x32 XF)
L (x22 x37)1)

a.5

9.149999¢%

(x8 xC XE)

(%37 X81 %12)

(%37 %P X351 XC Rs2 Xt}

{ARROW (XC %D X XE X31 X¥2 X17))

4.8000000

8.5

(%F XD X4)

(%94 X852 X14)

(X328 XF X32 XD Xg) %A)
{FORg 2C)

4.0

5.0999999

(XA XD)

(%17 x21})

(%17 %A %31 xD)
(L (x1y x17))

4,3000000

4.5

{%6 1C x8)

(%87 %84 X181

(X37 %6 X114 XC ngt x8)

{ARRQW (2C XA Xb X8 x14 Xbi X817 ))



INTERNAL FORMAT

The program assunes the scene in a special symbolic format,
which basically, is ar arrangement of relations between v:rtices and
regions, which are represented by atoms having adequate p.operties
in their property-lists. (See 'property lists in Lisp', page 64 ).

A scene has a name which identifies it; this name is an atom
whose property lists contains the properties 'REGIONS', 'VERTICES',
and 'BACKGROUND'. For example, the scene R3 (see figure R3) has the
name 'R3'. In the property list of R3 we find (see also table R3 IV

INTERNAL FORMAT )

REGIONS (%36 X35 %23 %22 %81 %34 %3:7)

Unordered list of regions

composing the scene RB.OﬁkfﬁiM“ﬂhmp

VERTICES (XN %M XL XK %J %I %MW %6 XF XE XD %C %B 4A)

Unordered list of vertices
composing the scene R3.

BACKGROUND {X%X37)
Unordered list of regions
composing the background of
scene R3.
EEEiEE. A region corresponds to a surface limited by simple closed curves.

Regions are represented by atoms that start with a colon (:). For instance,
in R3, the surface delimited by the vertices K J NM is a region,
called :6, but DE F G A C is not.

Each region has as name an atom which possess additional proper-
ties describing different attibutes of the region in question. These
are 'NEIGHBORS', 'KVERTICES', and 'FOOP'. For example, the region in
scene R3 formed by the lines DE, EF, FC, CD has ':2' as its name.

In the property 1list of :2 we find:

NEIGHBORS (%34 %37 %27 %31)
Counterclockwise ordered list of
all regions which are neighbors Lo
:2. For each region, this list is
unique up to cyclic permutation.



KVERTICES (%F XE %D %C)
Counterclockwise ordeved list of
all vertices which be.ong to
region :2. This list is unique
up to cyclic permutat:ion.

FOOP ((%8a XF %37 4LE %27 %D %zl %C))
Each sublist is a counterclockwise
ordered list of alternating
neighbors and kvertices of :2.
Each sublist is unique up to cyclic
permutation, and indicates a
simple boundary.

Each sublist of the FOOP property of a region is formed by a
man who walks on its boundary always having this region to his left,
and takes note of the regions to his right and of the vertices which

he finds in his way.

As other example, in the property list of :7 we find:

NEIGHBQORS (%36 %436 X33 %33 %435 %435 %82 %32 %34 %34
%3y Xz1)

KVERTICES (AN %M ZL %H X1 %ZJ %E %F %G 4AA xB %D)

FOOP (X436 AN %26 %M 2383 AL %33 %M %35 %1 %25

%Jd XE %F %G %A %B xD) (%32 %E x%2 xF %34 %G 334 A %31 %8B ¥
1 4D))

Vertex : g
emme——=s A vertex is the point where two or more lines of the scene

meet; for instance, A, G, and K are vertices of the scene E3. Each
vertex has as name an atom which possess additional properties des-
cribing different attributes of the vertex in question. These are
"XCOR', 'YCOR', 'NVERTICES', 'NREGIONS', 'KIND', 'TYPE', and 'NEXTE'.
For example, vertex J (see scene R3) has in its property list:

XCOR 11.799999
X—-coordinate

YCOR 12.600000

y-coordinate
NVERTICES (%1 XK %N)

Counterclockwise ordered list of
vertices to which J is connected.
Unique up to cyclic permutation.
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NREGIONS (37 %55 Xi6)
Counterclockwise ordered list of
regions to which J is connected.
Unique up to cyclic permutation.

KIND (%87 %I %3S %K X36 XN)
Counterclockwise orderwcd list of
alternating nregions and nvertices
of J. This list is unique up to
cyclic permutaticn.

TYPE (ARRQW (4K %J %1 %N %35 %36 %37))

List of two elements; the first is
an atom indicating the type-name
of J; the second is the datum of J.
To be explained in next section.

(NEXTE) Vertex J does not have the indica-
tor NEXTE in its property list.

The KIND property of a vertex is formed by a man who rtands at
the vertéx and, while rotating counterclockwise, takes note of the
regions and vertices which he sees. NREGIONS and NVERTICES are then
easily derived from KIND, by taking its odd positioned elements, and
its even positioned elements, respectively.

NEXTE is a property that appears in certain vertices (none in
scene R3); it will be explained in next section.

The property TYPE is also put by the function PREPARA; it classi-

fies each vertex into one of several types, as described below.
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'L'.- Vertex whers two
lines meet.
'FORK' .- Three lines forming
angles smaller than 180 °,

'ARROW' .- Three lines mesting at a /
point, with one of I:he°

Tt
angles bigger than 180 . T'.- Three concurrent lines, two of

them colinear.

Y

! - v A :
'g!.= Two of the Fines are colinear, X'.= Two of the {imes  are

and the other coéi:gar, h -
two £all 9% the same 'wide of such an e ot‘er two 1all on
\ines. opposite sides of such
lines.
* 'MULTI'.- Vertices fcrmed by
'"PEAK',~ Formed by four or more four o moce Lines;
lines, when there {5 an LR TR !
a.r\3h bigger than \80°. any of the preceding
i types.

TABLE 'VERTTICE S'

Clagsification of rectilinear vertices.
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TP SEES OF CVRESRCL T COE S

The disposition, slope and number of lines which form a vertex
are used to classified it, task performed by the function
(TYPEGENERATOR L) by storing in its property list its corcesponding
type.

The TYPE of a vertex is .glways a list of two elements; the
first is the type-name: one of 'L', 'FORK', "ARROW', 'T', "K', 'X',
'"PEAK', 'MULTI'; the second element is the datum, which generally
is a list, whose form varies with the type-name and contains infor-
mation in a determined order about the vertex in question (see table
"VERTICES').

Veptices where two lines meet.

L.- A vertex formed by only two lines is always classified as of type 'L'.
Two angles exist at it, one bigger and other smaller than 180°. The datum is
a list of the form

(El Ez), where E, is the region vhich contains
the angle smaller than 180°.

E2 is the region which contains 1
the angle greater than 180°, E,

For instance, in scene <R3 (see fig. ' R3 '),
¢ has in its property list:

TYPE (L (%¥4 X¥7))

The vertices of type L present in R3
are 3, E, G, I, L, N.

Vertices where three lines meet.

FORK.- Three lines meeting at a point and forming angles smaller than 180°
form a FORK,
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Its datum is the vertex itself
at which the fork occurs. For instance,
vertex yhas in its property list

TY.PE (FORK %K)

The vertices of type FORK present

in r3 @are ¢, K.

ARROW.- Three lines meeting at a point, with one of the angles bggmfianlsﬁA
The datum of an ARROW is a list like . =

(E, E, By B, E; Eg ET) where 1 :
E; is the vertex at the 'tail'.
Ep is the vertex at the center
E3 is the vertex at the left of €&,
E, is the vertex at the right.

ES is the reglon at the left.

E6 ig the region at the right

ET ie the region which contains the angle bigger than 1800.

For instance, vertex H has in its property list
TYPE (ARROW (%K %H %L %I %33 %35 %37))  —=fig.Rr: --
The vertices of type ARROW present in R3 are A, D, H, J, M.

T.- Three concurrent lines, of which two are colinesar.
The datum for e T is a list of the form (E.l E, Eé E, ES E¢ E,T), where
E1 is the vertex st the 'tail' of the T.
E., 18 the central vertex.

e
E, is @& vertex such that El E, E, is

3 23
an angle between 90 and 180 degrees.
E, is a vertex such that El E2 Eh is
an angle smaller than 90 degrees.
That is, E3 Eh E2 are colinear.

E. is the region which contains the

angle between 90 and 180 degrees.
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. E6 is the reg:on which contains the angle smaller than 90 degrees.
E7 is the "certral' region (where the 180° angle 1s).
For instance, vertex F (fig. R3 ) has in its property list
TYPE (T (%C %F %G %E %32 %34 %i7))
"T‘he vertices of type T present_ in R3 are F only.

See also "Matching T's or Nextes' below.

Vertices where four lines meet.

K.~ When two of the [imes are colinear, and the other two
fall in the same side of such 1lines. The datum is a list of the form
(E, E, Ey B, Eg Tg E, Ea) where Eg

El is the central region,

E, is the region having the 180° angle.

E3 is the colinear vertex which falls E2

to the left of El E2'
Eh"the region to the left of E;—E,
E.fthe vertex to the left of E,=>E,

Eg is the colinear vertex which falls to the right

E.r is the region o, the right. ,r p1> E,: 3
Eg is the other vertex to the right (of El).

R3 contains no vertices of type K. PA of figure BRIDGE is of type 'K'.

X.- When two of the /ines are celinear, and +£he other o
fall in opposite sides of such 1lines. The datum 1s a list of the form

(E, B, E; B, Eg E¢), vhere
El is one of the colinear vertices.
E2 is the region to the left of El s
where C is the vertex at the center.
E3 is the region to the right of El Cs

Eh is the other colinear vertex.
E5 is the region to the left of Eh C.
Eg is the region to the right of E, C.
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For instance, we find in the property list of F
(figure BRIDGE):

L'YPE (X (QA :26 :22 G :21 :30))
The vertices of type X present impprrpce 8¥® §, only.
The datum for an X may also be in the form (Els E5 B¢ B, E, E3).
Vertices of four lines which are not of type K or X are either of
type PEAK or MULTI.

Other types of vertices.

o)
PEAK.- Formed by four or more lines, when there is anangle b‘f}‘]e' than 180

E
2

PEAK €

1 MULTI
Eq

MULTI.- Vertices formed by four or more lines, and not falling in any of the

preceding types, belong to the type MULTI, R3  oontains no PEAKSor MUTIS-

The datum for vertices of type PEAK is of the form (El E2 E3), where
E2 is the region that contains the angle bigger than 180 degrees;

El is the vertex before E2, and E3 is after (in the tj sense).

The datum for vertices of type MULTI is of the form El '
where El is the vertex itself.

NEXTEs or Matching T's

Two T's which are colinear and facing each

other (see figure) are called "matching T's," and each one is the

"nexte" of the other. The indicator "NEXTE" is placed in such

vertices.

If the region E7 of a T (see figure) is the background, that
T can not be a -matching T.

735



€,

E¢

In the figure, E2 and F2 are matching T's because El—E“ is

colinear with F_-F It is not required of E3—-E4 to be parallel to

2 °1°

F3—F4. 1f several pairs of T's are possible, the closest is chosen:

P R

P - Q are matching T's,
and not P - R.

The matching T's will get involved in the determination of places

where a body is occluded by another object and later emerges visible

again,
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For two T's to be NEXTEs or matching T's, it is required that
neither E7 nor F7 be background.Thsrequirement should be :xtended to
all regions between E_ and F , since a line can not go ":nder'" the

7

- >

background region:

= :

g

A and B can not be NEXTEs, since :11 is the background.

Two straight lines always intersect (possibly at

SUGGESTION

infinity); a way to detect these background regions
is to write functions (subroutines) that find out if two segments of

line intersect, or if one segment intersects with a line.

)< ™

=

\

LINES AND SEGMENTS
In the plane, two straight lines always meet.
Two segments, or a line and a segment, may or
may not meet. (& seqment &s a finite portion of 4 [ine)

ViR
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THE PROGRAM

We now describe SEE, and how it achieves its goals, »y discussing
the procedures, heuriutics, etc., employed and the way taey work.

We begin with several examples.

Example A. Scene 'TCWER'. This scene (see figure 'TOWER') is
analyzed by SEE, with the following results:

RESULTS

(BUDY 1. 15 82 23 :1)

(Ul 2y LS &§15 85 34)

(BULY 3. 1S 323 317)

(BOLY 4. (% 36 27 24) Results for scene TOWER
(s80UY 5. 1S 310 811 :9)

(oY "8 IShELE £14 212)

(BULY 7. 18 318 522}

(BplY 8. 16 320 319 321)

Example B. Scene 'MOMO'. Details of the program's operation are

given. (skip to next page, if you wish).

A7z SL SEE 1‘-3 Go to DDT and load file SEE 1 (in tape
GUZMAN F), a binary dump of the program
SEE.
$G Start.
(UREAD MOMO S1 3) 1Q Read the file MOMO S1 (in tape GUZMAN C)

from tape drive 3.

(PREPARA MOMO) Convert MOMO from its Input Format form
to Internal Format, the proper form that
SEE expects.

(SEE (QUOTE MOMO)) Call SEE to work on MOMO.
Results appear in next page.

Notes: 1TZ (control Z) is keyed by striking the Z key while holding
down simultaneously the CONTROL key. (MEmos 16/,5%19)

< denotes carriage return.

$ denotes the character "alt. mode'". (See also insfruchons imlisting)
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SEE 58 ANALYZES MuMQ

EViUENCE

LIJCALEVIUENCE

TRIANG
GLUSAL

((NIL) ((238) LOUGE LUDAd LOU4L LONAD) ((310) LUL4EH LUDAN L etd
CUEAL

(LULAL ASSUMES (817) (39) bAME RULY)

(LULAL ASSUMES (8y s1/7) (31%) SAME oUJY)

LOCAL

CenvIn) (WLIe) ((86)) (wWlL) oNIL) (NIL) (338 &3/ 338Y) LUL4Y ew-
LuCaAL

(((53 22 31) LOUBL GUOZ2Y9 GLUOIN GUOZL) ((3de 838 327 52b) wlel
LUCAL

SMp

RESULTS

(BOoDY 1., 1S 338 32 21)

(s0OY 2, 1o 832 133 327 3206)

(BOLY d. LS 228 331)

(BQUY 4o 1S 320 3354 319 3230 =29) LTS O
(dULUY 5, |S 236 3$35)

(Buly 6. 1S 224 ¢H 321 14)

(BULY Z7e 18 22D 323 5229

(sLLY B, 1b 14 2138 219)

(3ULY 9. 1o 810 316 311 s1&)

(spuUY 1U. 1S 818 29 217)

(S0UY 11. 13 37 $b5)

(BUUY 12, 15> 338 237 :39)

NI

Most of the scenes contain several ''masty' coincidences: a vertex of

an object lies precisely on the edge of another object; two nearly

parallel lines are merged into a single one, etc, This has been

done on purpose, since a non-sophisticated pre-processor will tend to

make this kind of error

Example C. R3. Analysis by SEE gives

(8ODY 1.
(B0DY 2.

IS %32 %81 %24)

IS %36 X35 %:3) RESULTS FOR 'R3'
The % sign indicates the dextral scenes (cf, pagel33). The signs

may be ignored.
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The Parts of SEE
S TR S

Th: program is straightforward; it does not call

jtself recursively; it does not do '"pattern matching'; it does not do

tree search. It is formed by several main parts, sequentially execu

ted.

They are

LINKS FORMATION. An analysis is made of vertices, regions and asso-

ciated informatisn, in search of clues that indicate that two
regions form par: of the same body. If evidence exists that
two regions in fect belong to the same body, they are linked
or marked with a "gensym'" (both receive the same new label).
There are two kinds of links, called strong (global) or weak
(local).

Some features of the scene will weakly suggest that a group
of regions should be considered together, as part of the same
body. This part of the program is that which produces the

'local' links or evidences.

NUCLEI CONSOLIDATION. The 'strong' links gathered so far are ana-

BODY

lyzed; regions are grouped into '"nuclei" of bodies, which grow
until some conditions fail to be satisfied (a detailed explana-
tion follows later).

Weak evidence is taken into account for deciding which of
the unsatisfactory global links should be considered satisfac-
tory, and the corresponding nuclei of bodies are then joined to

form a single and bigger nucleus.

RETOUCHING. If a single region does not belong to a larger
nucleus, but is linked by one strong evidence to another region,
it is incorporated into the nucleus of that other region. If
necessary, more nuclei consolidation could be done after this
step.

A last attempt is done to associate the remaining single

regions to other bodies.

The regions belonging to the background are screened out, and the

results are printed.
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Auxiliary Routines

Three functions iire used constantly, and will be des:ribed now.

THROUGHTES ,

——————= '""Through a chain of T's." Allows properties o: configu-

rations to extend along straight lines; for instance, the property
A
< 'A' has as neighbor an L >> ——————'7 can be extended so as

to say & throughtes, "'A' has as neighbor an L.

“_\ [ /]
/ / / /
schematically represented as i—-\k——77

Strict definition. .—-‘.s—— is defined as one of

(1) . (meaning the two vertices in both sides of 4} are in

fact the same).
(2) .—4\ /———}2——-

matching T's

@ — 1 -
(4) S T r
- - %1
Example A X B g 1 tations listi
Yi ee also annota ons on S ng.
of ={}=" "'—\,r 7 *

EEEEE If a vertex V is considered a ''good T", (GOODT V) is TRUE;

false otherwise.

(GOQDT V) = E 4£ Vs is not a TY

F 1 vl 7 % /

T otherwise.
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As we se¢, this function tries to distinguish between T's originatcd by occlu-

sion, such as 0O, and T's originated by accident (A).

A
(o)
(o)
(o)
+ A
A
§2§é§9 "Not same body." Acts as a link inhibitor.

If consulted, (NOSABO .. V ..) will inhibit, in the following condi-

tions, the link that vertex V may have created:

w HA——/

1inhibited link (prohibited, ignored, forbidden, not

created)
(2) !—3..._“_4, //
{ GOODT

@3y i (e
T \
() i %__ PEAK

I L

Nosabo tries to find conditions indicating that two regions should
not be considered as part of the same body; hence, if consulted,
Nosabo may forbid a link among them. Some heuristics place links
without asking Nosabo's aproval and Nosabo can not "erase' a link
placed without its authorization.

If none of conditions (1) to (5) is met, Nosabo will be False,
indicating no inhibition was found, and it is up to the program that

asked Nosabo's opinion to lay or fail to lay the link in question.
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We proceed now to ex>lain in considerable detail each of the parts
to . -
of SEE. This will he .p the reader ,understand the behavicr of the

program, its strengtl and def iciencies.

LINK FORMATION

Several subroutines are devoted tocmﬁmeeak and strong links.
See also listing.

CLE :
LLEAD  Removes several unwanted properties.

EEEEIEEEE Each vertex is considered under the following rules:

Lia= No evidence is ereated directly by this type ol vertex.
‘ Nevertheless, the "L" is used in many combinations
with other vertices to account for evidence. As we

saw, Nosabo uses L’s. "Legs'" will use them, too.

FORK.-

No link iscreated if any of the three regions is

Il
1

background (but see below).
Example (unless otherwise indicated, all examples
are from figure 'BRIDGE'): Vertex J doves not

generate links.

Il
|

Otherwise, three links are creaed as shown, except
that each one may be inhibited by Neosabo.

Example. Vertex JB only produces link :5-:8.

Link :5-:9 is inhibited because S is a 'T'; Nosabo
also forbids link :8-:9 because KB is an 'arrow'.

This is the most powerful of the heuristics.

Two links arecrealed as shown, without asking Nosabo,

if the fork is connected to the central line of

an arrow. (No link is put here
Example: In fig. R19, PA generates links :29-:17
and W 3b=317.

This Last heuristic is of help where there are concave objects (Fig. R19).
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ARROW .- == _Link if an L is connected to its cen-ral line,
aad the region shaded contains only that arrow

i}

as a 'proper-arrow,' and no Forks.

Region :1 contains arrow A I “q
B
" " - L2
as a ''proper-arrow'; also

region :2, but not region :3. Cupisce?

Example. BB links:10 with :4.
Allows "lateral faces" of legs to be properly

identified and agglutinated.

]

Otherwise, link except if inhibited by Nosabo.

Example. D lays a link between :26 and :23.

Powerful and general heuristic.

Il
]

No link if the X comes from the intersection

of two lines.

Otherwise, link as shown except if Nosabo disagrees.
Example. G originates links :26-:22 and :21-:30;
this last one will later be erased or disregarded,

since :30 is the background.

No link.

R A 4

PEAK.-

except those to the region containing the angle
bigger than 180 ©. These links are sub ject to
Nosabo inhibition.

Example. In fig. 'CORN', JJ generates links
:8-:9 and :9-:10.

Of certain use, specially with pyramids and

!
n

Links are established between contiguous regions,

"pointy' objects.

MULTI.- No link.

The reason is:

™

(1) if the vertex is ''genuine' (cf. roae ¥y ),
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fumﬂJ

T

although itgmmm&suo links, the object
having it will probably possess many
other vertices, through which links
will get established, and

(2) if the vertex if '"false" because is the
result of the casual coincidence of two
or more genuine vertices, mistakes are
avoided by abstaining oftﬁﬂfubng links.

This is generally the case.

An improvement is possi- SUGGESTION
ble, by allowing MULTT

vertices to place links.
If matching T's, link as shown, without consulting
Nosabo, Avoid linking to the background.
Each pair of matching T's produces these links
only once; that is, we do not produce two links
while analyzing A and another two at B.
Do not link if the middle region of a 'T' is the
background.
What we are trying to do here is to find places

where a body appears as two disconnected parts.

Link (without Nosabo's consent) as shown if the
central segment of the 'T' separates two non-
background regions, and these have the background
as neighbor, and part of the separations between
background and no-background are parallel to the
central segment of the 'T'.

Avoid double links in the following case (link

just once):

85.



Vi A No backaround A
/ ¢ Ao background \

Backguound.

Example, TA links :21 with :27 (F-G,
RA-TA and JA-IA are parallel),

(s

Favors occluded bodies with parallel faces.

Also, see "STUDY" in listing, still an

]
]

experimental feature.

Two links are placed as shown (without asking

>

Nosabo) if the central line of the T is

}%i connected to the central line of an arrow.

It is of help where there are concave objects.

Table 'Global Evidence' shows compactly the main rules just discussed.

SR Weak or local links are laid here; they are used to

indicate, in a feebler way, that two faces or regions may be part of
the same object.

Nosabo can not inhibit local links.

== A weak link is placed as shown "dotted) if,
Throughtes,an L is connected to an Arrow,

and the two indicated edges are parallel.

We call this configuration 'Leg'.
Example (all examples from figure 'BRIDGE',
except if counterindicated). Vertex FA 1is
a Leg (FA - QB is parallel to EA - DA)
that links weakly :18 with :19.

== In a Leg, if there are two matching T's as
shown, a weak link is placed correspondingly.

Example. In fig. 'TRIAL' (page 88 ), a weak

link or evidence is placed between :7 and :4,

because EE is a Leg, and L and E are matching T's.
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The heuristics described will sometimes produce a "wrony linkeage,"
linking two regions that do not belong to the same body. These mistakes
are not likely to coafuse SEE, since the handling of these links (and
all of SEE, in general) is done under the assumption or knowledge that
the information is noisy and somewhat unreliable.

Strong links are shown dotted; weak links are not shown.

(A)

(E) (F)

(G) (H) (1)

TABLE 'GLOB%} EVIDENCE'
8.



TRIANGLE, ~ == A Triangle 18 a 3-vertex regior, of which
two are interconnected T's, the type of the
other vertex being irrelevant.

Two triangles are weakly linked if they are
(1) "facing each other, and

(2) "properly contained", meaning that D has

to fall on the same side of AB as C does,

and similarly for the other vertices, and
(3) AB 1is parallel to EF, and AC to DE.
The heuristic helps with faces of a prism
that is badly obscured. It does not help
much, since it gives only a weak link. On
the other hand, this weakness prevents mis-

takes when the two griangles are not from

the same body. SUGGESTION

A possible improvement
consists of choosing the closest of two
triangles, 1f several wndidates are possible.
Example. In figure 'WRIST' (page 126 ), weak
links are placed between
triangles 5 and 6, and
between 1 and 2.

Example. Figure 'TRIAL' receives the

following strong links (full lines) and ]4

weak links (dotted lincs)

10 (12

FIGURE TRIAL 3
The program analyzes this scene and finds 3 bodies: .
(BODY 118 36 :2 :1) Ny,
(BODY 218 :11 :12 :10) ] NG
(BODY 31IS:4 :9 :5:7 :3:8:13) i
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The links could be reypresented as

"TRIAL - LINKS'

Figure

Strong (solid) and weak (broken lines)

links of figure 'TRIAL'.

SEE prints these links in the following way:

o

CONTIL) ((s1l) GOO14 GOQ1J GOdll GLNDL1OY
(812) 0015 GOO14 GUULS GODI2) ((313) G4
211 1(29) GOUuR2 GULZL GOO20 GOOlY S50OQL7
GUULS)Y (1210) G001 GOOD12 GOWIY G2010)
(1583) GUO34 50023 GOZ24) ((24) GulldS w00
32 w0026 LUY25 s0u23) (tL26) OO3L1 0030
SOUPS 60027) (125) GGOR6E GuUNZY RLe22 GuUY
16 UUl7) (187) BLU3S LOU32 LOVULS LOULY
GUGiLd) 1L128) LIOJ3IG LUJEY4 GOOZ22) (L2 2) GuU
DO3 vuLdl bLled GO0eB) ((214)) [{s]1) LUWJ
35 0030 GLUegd =le7 ) )

Weak links of scene 'TRIAL' are
(liz2 A1) (6 32) (&6 s1) (84 BH) (79 =D)
(sl gy 23 3ad) (&9 BN WRg T e s/
jpooats L2 e 10 At Si2))

Zlmhere is a weak link between :12 and :10

90.

U8 . . :
:11 has four links emanating from itself.

Strong Links of 'TRIAL

Weak links of 'TRIAL.
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The next step is to gather all this evidence and to form tentative
hypotheses of objects as assemblages of faces with many links among

them.

NUCLELI CONSOLIDATION

All the 1links to the background are deleted, since :t can not

be part of any body.

Strong and weak links exist among the different regims of a
scene. They are consclidated in that order by two subroutines,
Global and Local.

GLOBAL
= Groups of faces with an abundance of strong links among them

are first found; these 'muclei' will later compete for other faces

more loosely linked.

Definition: a nucleus (of a body) is either a region or a set of

regions that has been formed by the following rule.

Rule: If two nuclei are connected by two or more strong links,
they are merged into a larger nucleus.

More detailed rules appear in page 25 , in section 'Simplified
view of Scene Analysis'.

For instance, in the figure below, regions :1 and :2 are put

0' 0— e ( 0

Fig. 'CONSOLIDATION’
Two links between two nuclei merge them.

together, because there exist two links among them, to form nucleus
:1-2. Now we see that region :3 has two links with this nucleus :1-2,
and therefore the new nucleus :1-2-3 is formed.

We let the nuclei grow and merge under the former rule, until

no new nuclei can be formed.
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When this is the case, the scene has been partitioned into
several '"maximal' nuclei; between any two of these there is at most
one link. For example, figure 'TRIAL-LINKS' will be trsnsformed into
figure 'TRIAL-NUCLETI'.

Figure 'TRIAL - NUCLEI'
Maximal nuclei of scene TRIAL.

EQE&E If some strong link joining two "maximal' nuclei is also
reinforced by a weak link, these nuclei are merged.

The weak links of figure TRIAL are shown as dotted lines in
figure 'TRIAL-LINKS' (page 30); they transform figure 'TRIAL-NUCLEL'
into figure 'TRIAL-FINAL'.

Figure 'TRIAL - FINAL'
Nuclei of scene TRIAL after merging
suggested by local 1links.

BODY RETOUCHING

Additional heuristics assign unsatisfactory faces to existing

nuclei, or isolate them. SING%%BODY and SMB are used for this task.



SIN 0D
.__lﬂéﬂi.:i A strong link joining a nucleus and another nucleus compused

by a single region is considered enough evidence to merge the nuclei in
question if there is 10 other link emanating from the sirgle region. A

message is printed indicating these merges.

Such rules produce no change in fig. 'TRIAL-FINAL', and there-
fore its nuclei will bz reported as bodies.
A more complex example shows the retouching operation. Figure

'BRIDGE' undergoes these transformations:

w
2]

©

=
=
—
o
(9]
=1

ne Fig. BRIDGE

DENCE.

A
=]
28V

nks

2 LOCALEVI-

formation
=

fede

Weak and strong g regions Fig. 'LINKS-BRIDGE'

SEE

Strong link
agglutina-
& tion
»
GLOBAL.

imal nuclei
(2 or more strong links) Fig. 'NUCLEI-BRIDGE'

PROGRAM

LOCAL.

agglutina

Weak link
tion.

Vv

Maximal nuclei enlarged
by weak link action Fig. 'NEW-NUCLEI-BRIDGE'

T H E

w

OF
Single
egion
single
strong
link
SINGLEBO-

DY

B
Id. enlarged
by single undisputed regions Fig. 'FINAL-BRIDGE'

CH ALRLE

:

Single
neighbors
with good

features

FLOW

Id. enlarged
by good neighbors, ''goodpal'. Fig. 'FINAL-BRIDGE'
Final res uld¢t. (no change in this
case).

933



E L G U RYE 'BRIDGE'
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FIGURE 'LINKS-BRIDGE'

:URE —'LINKS." 'This figure represents scene
IRIDGE,” with the strong links between its regions (represented
e by cirelis) shown. The dotted links represent the evidence
erated by the vertex PB (see Figure 5 ‘BRIDGI"). The short

- showsthe links put by vertex JB; note that a link between
9 is not put. because S (see Figure 5 ‘BRIDGE’) is a pass-
n int. Zig-zag links are produced by the mechanism de-
scribed in part (b) of T. Link between :8 and 39 is also inhibited. Curled
links are produced by vertex GB; even if this vertex were oc-
cluded, and the links were missing, there is still enough evidence
to identify regions :4 :5 and :6 as belonging to the same body.
Weak links are not shown.

<5,




FIGURE 'NUCLEI - BRIDGE'

FIGURE 11—'NUCLEL’ After joining all nuclei having two

or more links in common, the representation for the scene

‘BRIDGE’ changes from that shown in figure 10 ‘LINKS’ to the
one shown here,




FIGURE 'NEW-NUCLEI-BRIDGE'

FIGURE 12—'NEW NUCLEI."” The figure shows the scene
‘BRIDGE,” after LOCAL tr: nsforms it from the representation
in Figure 11 ‘NUCLEI"' to the one shown here.




FIGURE 'FINAL - BRIDGE'

FIGURE 13—FINAL." SINGLEBODY joints the lonely re-
gion :16 with the nucleus :18-19.




We see that in figure 'NEW-NUCLEI-BRIDGE', nucleus :16 1s merged

by SINGLEBODY with nucleus :18-19 (see figure 'FINAL-BRINGE'). Nucleus

:28-29 is not joined with :26-22-23 or with :24-25-27-12-21-9. Even if

nucleus :28-29 were composed by a single region, still will not be

merged, since two links emerge from it: two nuclei claim its possession.
This rule joins single regions having only one possible "owner'

nucleus.

sl Two systems of 1li1ks are used by SEE. One consists of weak and

strong links, produced by examining each vertex, and culminates forming
nuclei under GLOBAL, LOCAL, etc.

The second system constitutes a different network of links; SMB
works in the second system. It is motivated by the desire to collect
evidence not directly available through the vertices. It gathers

evidence from the lines or boundaries separating two regiors, in an

effort to answer the question: Are two given neighboring regions part
of the same object, or are not they? That is, are two contiguous regions
"good neighbors' (''good’'pals')? If they are, a special link, s-link,
is placed, eventually forming a network independent of weak and strong
links, that will collapse in a somewhat peculiar way. Thus, a great
amount of unnecessary duplication could be possible in the information
carried by both systems of links. To reduce it, the s-links are designed
to complement and extend, rather than to re-do, the agglutination
produced by weak+strong links. They (the s-links) will, therefore, mainly
study single faces not satisfactorially accounted for.

SMB uses the predicate (GOODPAL R S), which acquires the value T
(true) if R and S are two contiguous ''good neighbors'" regions.
To satisfy this, their common boundary must not be empty, and must
lack L's, FORKs, ARROWs, K's, X's, PEAKs, MULTIs. In addition:

7 R \\ == Not good: (GOODPAL R S) =F
S

RN o ! == Not good: (GOODPAL R S) =F
° /™

"L" or (in general) vertex that makes
(NOSABO R S) to be true.
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== (. K. otherwise: (GOOJ'PAL R S) = T,
In particular,
| R\

f S \

is 0. K. if (NOSABO R 5) = F.

SMB analyzes the nuclei formed under weak+strong links that, after
SINGLEBODY actuation, still remain formed by a single face or
region. The steps are:
1. A network of s"links is formed by putting a s-link between regions
forming a nucleus all by themselves, and their goodpal neighbors.
2. If to one of those regions exactly one nucleus is s-linked (that
is to say, if such single-region single-nucleus has precisely
one good-pal), the region gets absorbed by the nucleu:; otherwise

it is reported as 1 body consisting of a single regior.

S Ak

O —> (3)

O c does not change because :3 has two slinks.

a. The slinks are not used to form nuclei as the weak+strong links

Note that

were; they only help certain isolated faces to join bigger
structures.

b. Two slinks between two regions have the effect of one.

Example. 1In figure 'HARD', regions :6 and :7 get joined by SMB.
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SEE 58 ANALYZES HARD

EVIDENCE

LOCALEVIDENCE

TRIANG

GLOBAL

((NIL) ((234)) ((26)) ((236)) ((%24) 60026 GOO25 60023 LO«lc
0044 0043 GOD4Z) ((217) G047 GO046 GOO4D GO044) ((37))ete
0041 GOO39) ((321) GOOSO GOO0AEO GOO39 LULO2Y GUO28 wOU27) ( -
0038 60036 GOO1%) ((326) GUO5S4 GOUS3 GOUI7 GOO36) ((327) -
GOO0S55 60023 60020 GUO1S) ((332) GNOS57 GO0SE LOU34 LOOII)

8 GO048) ((34) 50058 GO04d) ((310) GOO59 GUO3I? GOO3IL1) ((2
£19) 60064 GNO63I 60062 GNOGYL) ((820) 0064 GLLOEZ2 (O060 GO
$30) 0056 GOO35 GO0O033 G0016) ((815) GOO66) ((316) w0O066)
(INEL) ((334)) ((36)) ((336)) (NIL) (NIL) (NIL) (NIL) ((3
019 GOOS3 LNO3I6 GONS4 GOO3Is 6G0OI7 GOOL19) (NIL) ((324 222
0040 60039 60029 G028 0027 60024 60022 Gund55 L0023 062

)y (NIL) ((35 34) GOD48 GOUS8 50N48) (NIL) ((313 317 314)
3118 319 320) GOO60 30064 GUO63 GOOAL GUOGA GOOO2 6OOUGO GO
$£32 331 230) GOO33 G0N57 60034 GOOS6 0035 GOCI3 LOUIG) (

LOCAL

(LOCAL ASSUMES (2l1) (212) SAME B0ODY)

(LOCAL ASSUMES (215) (216) SAME BODY)

(INIL) ((334)) ((26)) ((836)) (NIL) (NIL) ((87)) (NIL) (N

019) ((324 322 33 323 321 328 329) GOo20 GOpe26 L0025 GOO4!

0055 60023 G0020 50015) ((3y 22 333) 0052 GO051 GOO17 GO

43 L0047 GOD46 50044 50047 GON4S GO043 50042) INIL) ((2318
$10 $8) 60032 0032 50065 G0O59 0031 S0030) ((332 231 3.
) (NIL) ((835)) ((212 311) GOOD67) (NIL))

LOCAL

(((%812 311) GOO67) ((316 315) GNO66) ((332 331 330) GOO33

Go065 GOOS59 GOO31 Go03I0) ((318 319 220) GGUARD U064 GOOGI

6 60044 GOO47 GOO4S GO04JI GNOA2) ((25 34) LOO4E 6O058 GOO.

3 3221 228 329) 50020 60026 GO0D25 GND49 GLU4Y GOO21 GQOSQ |
15) ({225 326 3227) GO0O019 6UNS3 GOO36 GOOS4 GULUOIS GOC3I7 GO!
LOCAL

SMB

(SMB ASSUMES 37 36 SAME BODY)

RESULTS

(80DY 1. IS 312 311)

(80DY 2, I35 116 515)

(BODY 3. IS 332 231 830)

(8p0DY 4, IS 29 210 :8)

(80DY 5, 1S 3818 33119 3:220) RESULTS FOR HARD

(BODY 6, 1S 2813 317 314)

(80DY 7. IS 35 34)

(BpDY 8. Js 31 12 333)

(BODY 9, I8 224 2322 33 323 3121 128 129)

(80DY 10, 1S 325 326 327)

(BODY 11. IS 387 26)

NIL
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RESULTS. After having screened out the regions that belong to the

background, the nuclei are printed as '"bodies'.

In this process, the links which may be joining some of the
nuclei are ignored: RESULTS considers the links of figure
'"FINAL-BRIDGE', for instance, as non-existent. These links
are the result of imperfections in the heuristics, mistakes in the
placement of links, and may point out different parsings. An

improvement to SEE will be to try to "explain'" these residual links.

EEfEEEZ SEE uses a variety of kinds of evidence to link together

regions of a scene. The links in SEE are supposed to be general
enough to make SEE an object-analysis system. Each link is a piece
of evidence that suggests that two or more regions come from the
same object, and regions that get tied together by enough evidence

are considered as '"nuclei'" of possible objects.

Examples and discussion are in next sectiom.
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ANALY3IS OF MANY SCENES

Until we have an adequate analytic theory, the behavior of a
heuristic program is best understood with examples. There are
several ways to go about this:

Simple In order to learn what a program does, simple examples, each

one illustrating a single feature or group of features, are very
appropiate.

EEEEEEELE A shiny Iimpression of a set of routines is obtained by
presenting 'favorable' cases, designed to enhance the characteristics
of the program in front of the unsophisticated observer.

Of course, of all possible inputs, there is a subset that will
produce outputs very pleasant in terms of speed, easiness of pro-
gramming, generality, accuracy, or whathever other feature that sys-
tem advertises. This subset tends to get the highlights in the
descriptions.

casty Examples in which the program does particularly poorly are

useful, if well chosen, to illustrate the weak points and pitfalls

of the techniques used, the restrictions and constraints in the input,
etc. They may point out improvements or extensions.

EEEEZ Examples having very weak connection with the purpose or
intention of the routines or algorithms discussed serve no useful

end, except perhaps to point out that the maker of such examples did
not understand the issues. For instance, one could take a box full

of pins, drop them on the table, take their picture and ask SEE to

work on it.

A collection of simple, favorable, and nasty examples follows.

They are not in that order.

A discussion is found at the end of this section.
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Stereo Scenes

Analysiis of stereographic pictures will bte found in

the section 'Stereo ’erception'.

t d
Findingﬁ he backgroul Examples where the background is not known

in advance and has to be deduced are given in the cection 'Background

Discrimination by Computer'.
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LIST OF SCENES ANALYZED BY SEE IN THIS SEtTION

P A G E
Name. Comments. Scene (figure). Comp:ter Results.
R17 107 108 109
L3 110 111 112
R3 113 114 115
SPREAD 116 T17 118
STACK 119 120 122
STACK* 119 1.2 122
L1l0 123 124 125
R10 126 127 128
TOWER 129 130 131
REWOT 132 133 134
WRIST* 135 136 137
.2 138 141 142
R2 138 139 140
L19 143 144 145
R19 146 147 148
CORN 149 150 151
L9 152 153 154, 155
R9 156 158 1.57
RIT 156 159 160
TRIAL 161 162 163
ARCH 164 165 166
HARD 167 168 169
L4 170 171 172
R4 173 174 175
MOMO 176 177 178
BRIDGE 179 180 181
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S R17
S . The three prisms are found. In scenes like this, the

position of one or two vertices may alter the analysis made by SEEL,
by changing radically the slope-direction of a small segm:nt (such
as KL and GH, figure 'R17'), killing several T-joints and scparating
regions :1-2 from :5-6.

Small errors in the coordinates of vertices K, L, G, H, and few
others will drasticallv change the slope of segments of short length.
This will transform G and K to be Arrows or Forks, so that G and K
will no longer be matching T's (cf. also 'Conservatism  and Tolerance'
page 173). As a consequence, body :2-1 will be disconnected from body
:5-6. This annoying problem is not difficult to correct, at preproces
sor level, since there is good information about the slope of the

(long) line BN : the slope of KL has to agree with the slope of

ivi its
BN, giving a good estimate of true shape. The SUGUESTTON

rule seems to be that these short segments should be
"re-oriented" if necessary, to agree with the longer ones, which are

more reliable. Deeper analysis is found in section 'On No:sy Input'.

The preprocessor should consider the hypothesis

SUGGESTION

that BKLN are colinear -- or SEE should propose it
for confirmation (see 'Division of Work in Computer Vision'. p. 60 ).
EEE:%_E&%E& In the printouts of some scenes, such as R17 (see 'RESULTS
FOR R17' in page 109), a % sign appears as part of the namc of every
region and vertex; that is, %:3 instead of :3. This will be the case
in all scenes having names starting with the letter R, differentiating
the "right regions'" from the "left regions". This will become clear
in the section 'Stereo Perception', page 233 ; until then, disregard

the %'s.
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RI7

FIGURE 'R 1 7'

The three prisms were correctly found.
There are several "nasty'" coincidences
in this scene, simulating the data

that a not-too-satisfactory preprocessor
will tend to provide.
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SEE 58 ANALYZES R17

EVIDENCE

LOCALEVIDENCE

TRIANG

GLOBAL

(ONIL) ((x39) GOO012 GOO11 GOOO9) (ix28) Gp012 €N0I0 GOOO9) ((x?7) COOL) GUOLQ) ((xt6) COOLS &0014 COO0L1J) ((x31) GOCIS &0

013) ((%%2) GOO0L6) ((x383) GOOL7) ((x¥5) GoO16 GOO14) ((xt4) GOOL7) (ixsl0)))

((NIL) (NIL) (NIL) ((X09 %38 X!7) GO0012 CoOQ9 0011 GOO010) (NjL) ((X86 X81) GOO014 GOOLS GO00L13) ((X¥2) GOO16) ((X2J) GOOY

7) ((x35) GOOD16 GOOl4) ((x34) GOCL7) ((x¥{0)))

LOCAL

(LOCAL ASSUMES (x36 %11) (xt%) SAME B80DY)

(INTL) (NJL) (tX%89 %38 X37) Gnoi2 GoOO® GpOi1l Gpolo) ((X35 X386 %81) G016 Co0i1d4 Gooi% Gogid) ((X12) Gpo1b) (1%33) Ggpi7)
(NIL) ((X34) GOQL7) (1%910))) .

LoCal

(SINGLEBODY ASSUMES (xt13) (x14) SAME a00Y)

(SINGLEBODY ASSUMES (%85 %16 %8{) (%32) SaME BODY)

(INIL) (%83 %t4) GOOL7) (NIL) ((x35 x%6 x3i %32} GOO16 GOOil4 GGCO)S GOO1J3) ((%t9 X38 A¥7) GOOl2 GOOO0% GOOIl GOOLO))

LOCAL

SMB

RESJULTS

(BODY 1, 15 X33 Xt14)

(800Y 2. 15 %1% x16 x11 x12)

(BOLY 3, IS %19 X318 %37) RESULTS FOCR R17

NIL



Beene o Without dif:iculty, two bodies are found. Each region

contains four strong links relating it with other regions (sce
'RESULTS FOR L3'). LOCAL is not needed to form nuclei; .ieither
SINGLEBODY or SMB.

Explanation of the printout produced by the program Tn page 112 5 &

printout of the results appears. The format is the same for every
scene. It starts by saying

SEE 58 ANALYZES L3
which identifies the name of the program (SEE), its number (version
number 58), and the scene to be analyzed (L3).

EVIDENCE
LOCALEVIDENCE
TRIANG

GLOBAL

The different sections of the program print their name, when they
are entered.
We then come to a list containing regions (such as :6) and 'gensyms'

(such as G0009):

((NIL) ((36) 60009 GOOU7 GDOOS GOOO4) ((35) LOO1O GLOUS
60007 GU0D4) ((54) 60010 GOOO9 GOOO8 GOOOS) ((21) GOOiS
60013 G0012 G0011) ((22) 60016 GOOl4 GOD13 GOO1l)

((33) GU016 GOULS GDOl4 G0012) ((37)))

This list contains the nuclei and the links (strong links); the first
nucleus that we see is ((%6) GO0O09 GQOO7 GDOO5S GOOQOD4), meaning
that from nucleus (or region) :6 emanate four links, namely GO00Q9,

G0007, GO0O5 and G0004. We can represent this graphically:

ot ‘lal. s

We then see “LOCAL” (when this function is entered, it prints its
name) , then the list of nuclei again, this time shrunk somewhat by

LOCAL (@nd—GLOBAL); finally, we see "RESULTS, and then 2 bodies, follo-

wed by NIL, meaning the end of f?g program. (See page |/2).



L3

FIGURE 'L 3'

Two bodies are found in this scene
by our programs.

In the input data it is
indicated the fact that region :7
is the background.

Tl
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SEE 58 ANALYZES L3J

EVIDENCE

LOCALEVIDENCE

TRIANG

GLOBAL

((NIL) ((%6) GDOO9 GOOO7 GDOOS GOOOD4) ((3%5) GOOiI0D GOOOB GOOO7 GOOO4) ((%4) CO0O010 GQUOP GOOO8 GO0005) ((31) GOOLS GOOLI GO
0i2 GOO11) ((312) ENOJ6 G0O14 GOOLJI GOOLL) ((33) GOC16 GOCIS GO0O0LI4 LQQIZ2) ((87)))

(ONIL) (NIL) (NIL) ((26 15 24) GOOOS 0008 G0007 GOGO4 GOOY0 GOCO9 GOGOS LOOOS) (NIL) (NIL) ((3)] 22 13) 0012 60014 GOOL
3 G001} GOO16 GOO15 GOO14 GOO12) ((37)))

LOCaAL

((NIL) (NIL) ((36 315 8d4) GOOO5 GOGO8 GO007 GOOO4 CO010 GOODO9 GOOUO® GOOOS) (NIL) ((z) ®2 33} GOO}2 GOO14 GOC{3 G0011 GOO1
6 0015 GOOl4 GOO012) ((27)))

LOCaL

((t8) 32 $3) 60012 60014 GOO1J GOOil 6001s GOOIS COU14 GOOL2) ((26 35 34) L0005 600G8 GOOGC7 GOOO4 GOO10 GOON9 GOCOB GOOQ
51

LOCAL

SxB

RESULTS

(0DY 1., IS 31 32 13)

(800Y 2, 16 36 315 14) RESULTS  FUR L 3

NiL



Scen R3
————— Two bodies are found in this scene. Vertex ¥ 1is

classified as of type 'T', hence only one link there exists between
:2 and 4.

All scenes have regions, vertices and lines (edges) joining
vertices and separating regions. We generally omit the names of the
vertices from the drawing (figure 'R3'); we are also omiting the
coordinate axes.

Since each region has an inside and an outside, the frollowing

are invalid or illegal configurations in a scene:

A line ending nowhere: illegal.

Our scenes should be such that,
to disconnect a separate component
of the graph into two components,
we have to remove (delete) at least
two edges. The graph above is
"illegal' as input to our program,
since the criterion is not met:
removing edge E will disconnect
the graph (cf. page 39 ).
Incidentally, some optical
illusions are '"recognized'" or rejec
ted because they come from illegal
scenes of the type just described
(cf. section 'Optical Illusions').

See 'Illegal scenes', page2!7, in section 'On noisy input.'
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FIGURE 'R 3!

A scene analyzed by the program.
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SEE %8 ANALYZIES RJ

EVIDENCE

LOCALEVIDENCE

TRIANG
=GLOBAL :
TS U(NIL) ((%36) GONO® 0008 GODO6 GOOGS) ((x#S) G0010 60009 G0007 GOOO6) ((x¥3) GO010 0008 GOOG7 GOODOS) ((x%2) GOO13 60O}
« 2 GOO11) ((x%1) GOO1S 0014 GOO1JI GOOL1}r ((x®d4) GOOIS GGOL14 GOO12) ((%XE27)))

(INJL) (NIL) (NIL) ((X36 %35 X33) GOOO0S CGpOQ® ©0006 GOO10 GOO008 &0007 &00CG5) (NIL) (NIL) ((X¥2 X%X31 X14) GOG15 G0OO1J3 GOO1
© 1 60015 60014 GOG12) ((%27)))

LOCAL

((NIL) (NIL) ((x%6 x35 x3J) GOODS GOOO9 G006 GOOL10 0008 GQOO7 ©0005) (NIL) ((x?2 %¥i x*4) GOO{S GOG1I GOOil &0015 G0OY
4 GOO0IZ) ((xt7)))

LOCAL

(((x%2 x%] xt4) GOD15 GOO13 G001l GOOLS5 GnO(4 GO012) ((x36 x35 x3J) 0005 GO009 D006 GOOLO 60008 GO0OO7 GOOOS)H)
LOCAL

SMB

RESULTS

(800DY 1, 15 %32 X831 X314)

(BODY 2. 15 %36 %15 X313) RESULTS FOR R 3

NIL



SEcuENE I Body :41-42 was found; also :8-18-19. 1I1 the first

case, there was one strong link between :41 and :42, beciuse of the
heuristic (g) of tablz 'GLOBAL EVIDENCE' (page87), and { INGLEBODY
completed the object. In the second case, heuristic (g) could not

be applied, and SMB had to join :19 with :18.

Bodies :29-30-31-32 and :25-26-27-28 are adequately found.
Also the badly occluded long body :10-9-11-12-3 13 found.

Body :21-6-25-20 1is found as one body. An older version of
SEE {Guzman FJCC 68} used to report two: :6-21 and :5-20. The
change 1s as follows: one link is placed between :6 and :5 because of
the matching T's, the other link is a weak one placed because :5 and :20

form a LEG; a weak link is also placed between :6 and :5.

124 gets reported isolated, instead of together with :22-23,
because no Leg is seen; but see comment (page 3©) in section 'Sim-

plified View of Scene Analysis'.

SEE tries to find a "minimal" answer; minimal in the sense
that it will try to explain the scene with the minimum possible num-
ber of bodies (cf. section 'The Concept of a Body'). That is the
reason which joined :41 and :42 in one body, instead of two, which
is other possible correct answer. That 1s also true of :19-18-8,
interpreted as one parallelepiped with a vertical face (:1Y) and an

horizontal face (:18-8).

The background of SPREAD is also computed (see page 226 of section
'Background Discrimination by Computer').
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FIGURE 'S PREAD'
Bodies :10-9-11-12-3 and :6-21-5-20 are properly found. Also is

correctly identified the body :19-18-8, which is a parallelepiped
with a vertical face (:19) and an horizontal face (:8-18).
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ot 24 5

(UUOTE (SINTO = 0,05, COLTO = 0,01}

S5CE 58 ANALYZES SPREAD
EVILENCE

LOCALEVIDENCE

TRIANG

GLOYAL

((NIL)Y ((215) 0028 GOO25) ((?14) GO028 GOU25) ((135)) (t2l9)) ((r1&) GOOS1l LOO29) ((r31) GOOJI7 GOOIS GOOJI4) ((:32) GOOA
8 U037 LOO3I6 GO03IS5) ((4134)) ((128) GUOE? wQU4LSG GOO4s GOOAI) ((326) LOL4A? LUOD4S GUG4a LODE2) ((345) GOOSI GOOS2 GLUOSO) |
(142) GOU4%) 1(943) LOOS54 GOUSI w0On51 OO5U) (1¥1d44) GOUS4 GUOS2 WOOSL) (1818) GUODII) C(82)) ((¥8) GNOIL GLO29) ((3121) LO
061 GUD40) ((16) GUOS]1 GLOU4A] LONAU) ((83) L0027 LUO26) ((3813) LOUUG2 LOOS8 GOUS6 GOOSS5) (.212) GOOSS GOOed) ((311) Guoed
GO0ULD GDO0Z7 LOOD26) ((17) w(062 GULSY LOOSE GUOS7) ((8)) GUOSY GUO57 D056 GLOS55) ((39) GUD64 GLOGD LOOJIU) ((210) GOUAS b
0063 GODI0) ((313) GOC4] GQOJIZ)Y ((8+17) OOJS) ((320) GOO3I2) ((B30) LOWIY) ((¥27) GUOGLS LODAS GOC4AS GOO43) ((329) GOO3I9 GO
038 GOO3I6 GOOSA4) ((224)) ((325) LOrBSE) ((BS3)) ((837) LOOG7) ((347)) (133b) GQOO4E) ((va) GOOOG7 GNODAE) ((34B)) ((340) GCO
23 L0022 LUO21) ((241) GOC49) ((223) LUOGYL GOOAZ2) (1839) LODZ24 LOU2J) ((T38) LOUR4 GDO22 GOO21) ((322) GOCER) ((346)))
(ONIL) INIL) ((315 114) GOOQ25 GPO28 GOO25) ((335)) ((819)) (NIL) (NIL) (NLL) €0834)) (NIL) (NIL) (NIL) ((142) GOO49) (NI
L) (845 143 t44) GOOS4 60053 GOOSA GUDS4 LO(52 GOOSL) ((316) LLO3I) ((52)) ((818 318) GOO29 GODI1 60029) (NIL) ({221 86}
w0040 L0061 L0041 GOO40) (INILDY (INTL) (NIL) (NIL) ENIL) ((213 27 3]1) GUOSG LOOG2 GOOSS GOUSY GIDS7? GOOSe GOOSS) ((33 11}
19) (O0UbG4 L0227 60026 GOOG4 HONGD LOUIO! (812 $10) L0063 LOULGS w006J @0030) ((215) GOC4)] GOUI2) ((317) GOCII) frros 57
032) (1330) GUOJ9) (228 125 £27) 0043 GUUA7 wUU44 GOD42 GUOQLS LUO4G LOOD4S GOO43) ((33) 132 129" wO0DJI4 GCLO3I7 GOCIS GOOJ
9 LD0JIB GUL3IS G00J4) (12454 14325y GULBE) (LE33)) (1137) LOOUBZ) (1B47)) ((336) LODAB) ({14} GODG7 GNOAB) ((34A)) (NIL)

(1341) LODAR) ((323) GO06A GON42) (NIL) ({839 140 138) LOU2I »0U23 LUUZ24 WOD22 w0O021) 11822} GOOBB) ((B45)))
LOCAL

(LOCAL ASSUMES (336) (ta) SAME ROLY)

(LOCAL ASSUMES (83p) (331 3132 $29) SAME B0uUY)

(LOCAL ASSUMES (316) (217) SaMe ponY)

{LUCAL ASSUMES (82) t6) (315%) SA4k apbY)

(LOCAL ASSUMES (35 321 16) (120) SaME BUDY)

({LOCAL ASSUMES (83 311 19) (112 31g) SAME wsOUY)

LOCaL

C(NLL)Y ((#15 314) GQO25 60023 GOU2ZS) ((¥35)) ((319)) (NIL) ((%3a)) (NIL) ((%42) LOQOA9) ((¥45 243 1ad) GOOS54 GDOSI GOOSO

GODS4 GQ0S2 Su0S5t) ((117 316) LOU3X) ((32)) ((318 &) GOOZY GULOJL1 GUO29) ((¥20 ®S5 121 t16) GUO32 GOOol GOOA)l LOOACD) (NIL)
(NIL) (313 37 311) GOOS6 GO0 L0n58 LOOSY LOOS7 GUOS6 GUOSS) (1112 310 33 B1) 39) GOOGS GOOUGLI GGOG4 GOO27 L0726 GOOLd

GO060 G0O0JIOI (NIL) (NIL) (MILY (NIL) (¢8331 332 32% 330) GOUO37 GUOJSS LDOI8 GUO3IG COOI4 GODJIG) (1128 126 127) GLOOAI GGO4T7

G0044 GOD42 GQOA6 GLO46 GOD4S LOO&T) (MIL) (t824)) {((325) GOOGE) ((833)) ({(837) GOOG7) ((te7)) ((t4 136) GOOG7 GCO4B) (N

IL) ((348)) ((34]1) GO049) ((12]) bplbo wOU42) (/:J9 240 138) GOUZI w002) w0024 6GO022 LOO21) ((322) GOC6B) ((Fd46)))
LOCAL

{SINGLEBOLY ASSJMES (123) (122) SAME 300DY)

(SINGLEBODY ASSJMES (142) (14]1) SAME oUOY)

(SINGLESODY ASSUMES (14 336) (11837) SamE 8Jurv)

(SINGLEBQLY ASSUMES (128 126 127) (825) SAME bUdY)

CONIL) (4039 t40 134) GOO023 ©N02J GOO24 GUU2Z wJ021) (1929 322) L0O06H w0042) (NIL) (1314 36 137)
Y L(k24)) (1428 326 127 125) LON4) GOU47 LUQ4d LUDAZ LOOBL wOU4L LOUL4AS LOULAS) (331 832 129 130) GCOJ7 GCLIS GON3B LACSE
G0U3d LOOJI9) (212 310 33 1] 19) LOULS wUNGY LOUSA 0027 LOD26 wOOB4 LOULD GOOJ3O) ((P13 7 1) GCOSE GOLCE2 GOOS8 LOCS9
w0057 LOOS6 LOOSS) (1320 1S 12] 18) wU0J2 GUCHL AL4] GICAD) ((318 38) GuI29 GOCI1 GOO29) ((B17 3161 GOOIIY (1E4F 343 3
44) G0US4 w0053 GDOSC GOOS4 GOO0%Z GOOS1) (C(242 41) GOO4F) ((bQl¥r) 1e215 114) GOO2S 0028 GCO2%))

LOCAL

SmMb

[SMB ASSUMES 113 118 SAME bODY)
RESULTS

(THE F1®ST ), 3JIDIES ARE (1124)))
(800Y 2. 1S 139 tapg 138)

{gOLY 3, 18 123 1220

(80DY 4, 1S 14 2336 137)

foGuY 5. IS 328 126 227 123)
(HODY 6. 1S 331 152 129 130}
(4G0Y 7, 18 212 110 13 1)1 19) RESULTS FOR SPREAD
(30LY 8. 1S 113 17 11,

(alUbY 9, 15 1209 15 212} 186)

(gGLY 10. [S 117 318)

(30LY 11 i5 145 143 144)

(d0uY 12. IS5 142 14])

(30LY 13, 18 119 t18 t8)

(d0UY 14, 1S5 113 114}

NIL

S00S57 GOC43) (NJL) (NIL



d STACK*
Seeqed otk < = In both cases all the bodies were accurately

identified by our program, which is written in LISP. In both cases
the body :4-15-16 is isolated.

These scenes show that in many instances one could drastically
alter the position of a vertex, without modifying the output of SEE

(compare figure 'STACK' with 'STACK*').

Other examples would show that the vertices of type 'L' can be
arbitrarily displaced, so long as their type remains 'L' and other
vertices do not change type, without detrimental effect. This dis-
placement may possibly affect some heuristics that use concepts of
parallelism or colinearity, but not the rules that use the shape or
type of a vertex (cf. table 'VERTICES', page 69) for placing and

inhibiting links. Read 'Misplaced vertices' in page 2\l , in section

'0On noisy input.'
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FIGURE 'S T A C K'

Every body is correctly identified. Compare with scene STACK*.
This pair of drawings illustrate the fact that it is often
possible to disturb the coordinates (the position) of a vertex,
without introducing errors in the recognition.
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STACK +

FIGURE 'S T A C K *'

Every body is correctly found. Compare with scene STACK.
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WA

SEE 58 ANALYZES |1 (STACK sTACK*® )

EvIUENCE

LOCALEVILENCE

TRIANG

GLOBAL

((NIL) ((32G) G047 GOC46) ((819) GOG47 GUUAG) ((35) 6OO3JIL) ((2]14) LUUDL wILAED LYIIL) ((t9) GLCOSS GUOS4 GOCSI GNOSI) (3
7) L0057 LUCS2) ((%8) G005t LOOS5S GOG94 GuUUIB) ((¥11) GOOGU LULODY LULDZ GUOSCY ((36) GNNER GOCES CLl5/) (4310) GOGSS GOO
53 w0039 LCO0JIE) ((312) GOOOO LONDL LGOUDD) ((34) LUOLL LLDAY LLUAE2 LOJ4L1) ((314) LOOSY GI04D) (321}, ((3¢) GUOG2 GOU&d)
((818) GOUGH GOUGI GUOAS LLDed) ((216) s0ud) GUUAS LOU4L LOOJ7) ((Bg) LOUOGLH LUCLA GUOGI GOJOB2) ((83 GJCHAL GOOD4A) ((115)
b0U49Y LOOeJ L0042 GULAJI7) ((817). LOOES w0064 LUD4S LCO45))

CONIL) (NJL) ((B20 819) GUO46 LOU4? LUUE6) ((35) GOGIG) (NIL) (NLL) ((37) 50097 60DIS2)Y (NIL) (NIL) (NIL) (r29 238 11U0) GO
053 GODS6 LOO0S4 GOUSD G005 LOUIY GLOGJIK) (86 311 312) LOUSB uULD7 LUASY LUULS2 LUCHU LCOSB LCOSO) (NIL) ((213 314) GOCAD
w0036 w0051 GOOM0) ((321)) ({811 GOJ02 wLO&4) (NIL) (NJL) (NJL) (NIL) ((34 316 315) LCO42 GLGO] G034l GND49 GNOE3 LIG42
wQU37) ((33 82 318 817) wOD4B GUOARE wlLUBZ LOCOHI LOUMA (OUBD S00U64 LOJYED w049 )) )

(INIL) ({320 B819) GOU4E GULAT GRCLR) ((85) LUC3G) (NMIL) INIL) INIL) t(3y 33 310) wIOuBI GONSE LUNS4 GACSS GO0633 G0O3y GOG
J6) ((37 36 811 312) LOOS2 GONS7 LMAOSY wGUS2 GUOGU LOUSHE LOUSK) ((81d 314) LUOAU GUD3L GULSY GCOAOD) 4(8211) (NIL) (NILD
(NIL) ((%a4 316 215) (GO042 LANG] LUNAL wU04Y L0GAI GLO42 GUDS7) (18] B3 32 318 317) LUULEE LNOLE GNOEL2 GOOBI GO044 (DOBS G

0064 GOO4d GQOAS)) :

LOCAL

(LOCAL ASSUMES (85) (313 t14a) SAME BOuUY)

LUCAL :

(AINIL) ((32C 319) w0046 GUU47 GNiLar) ((31S 314 35) LOUJIG LOUUSL LU04U LOL3L) (NIL) ((89 5K 310} GNOHI LAOSE GUCS4 GROSS &
0053 GUUIY w(038) ((37 36 1] 31eg) GOUDZ LUCDH? LULDY LOUSe LOUBL LUUSDE wOUIL) (NIL) (12210 (MILY ({ta 33k 315) GCOE2 GO

061 GOU4Y w3049 GO04J L0042 LNOI7) (131 33 12 118 217) LOudd LOUBL LLIGZ LAULI GLJad (IS 6LO0LA G004E GALAS))
LUCaL

(((8) 53 32 216 117 w0044 5006A Lr0be o000 GOU4a LOJLS LOObGE LOUNAEE U4D) ((34 316 315) I042 B0GHL w0Nél 0749 GONed
GOUA? wODAZ) (37 86 211 212) oNLS? LUUDT7 woLsY LuNb2 GUNDD LUDSE LUUST) (13 35 2IG) LGOS LLLS6 LODS4 GLH5S G30353 30048
9 LUODJIB) (1813 214 15) LO00JI6 GOND) GOUAD LUNIG) ((¥Z20 319) LULADL GOLAT7 LDudb )

LOCAL

5Ma

RESULTS

ioluY 1., IS5 31 23 12 118 117)

(olLY 2, I5 %54 516 31.5)

(gULY Jd. IS5 37 316 311 t12)

(LY 4. 15 29 28 110) RESULTS FOR STACK AND STACK*
(BODY 5, IS 2313 14 13)

(BUbLY 6, 15 223 319}

ML



Scene L10O

problem, since there are

The concave object

:11-15-14-7-6 presents

plenty

(figure 'L10'), and SEE makes

SINGLEBODY is necessary

The bodies of a scene

to

do

prismatiec in shape, mnor convex.

have errors 1in their two-dimensional

'ASSUMPTIONS' specifies the

obeys.

suppositions

123.

of wvisible wvertices

vertices

position.



L 10

FIGURE 'L 1 0

Singlebody had to join :2 with :13.
All four bodies were happily identified.
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*GCl

SEE 58 ANALYZES L10

EVIDENCE

LGCALEVIDENCE

TRIANG

GLODAL

((NIL) ((35) 60040 60039 60037 GOO3I5 0034 GOO03II) ((31) G004l GOU3IY (D033 GGOI7) ((38) GQ045 GOO44 GO042 GOO32) (i3¥6) GO
049 GOO48 60047 GOO46) ((319) LOOSL GCOS0 GOO4S 60043 G0032) ((¥i0) LOOSY LOUSL GCOSO) ((37) ©00S7 GooS6 GOCS5 GOLS4) ((3
2) ©0058) ((33) GO0O0S9 GOO44 GOO4JI GO042) ((413) ©O058) ((¥11) 50060 GOGSS G0054 G0053) ((315) 60060 GOOS2 G049 LO048) (
(314) GOOS57 G00S6 GUOSI GOGS2 GOGA7 GUO46) ((34) 60061 GO03I6 GOU3IS LODJI) ((#12) GOO6L GOCAL GCO40 GCOJB 5006 G0034) (¢
116)0) -

CINIL) (NIL) (NELD (NIL) ANIL) (NIL) (NEL) (NIL) ((32) »0O0S8) ((38 3w 310 33) GOO42 GOO45 GO0JI2 GOG5) 0050 G0C59 Gog4d
G0043 G0042) ((313) 6G0058) (NILJ (NIL) ((86 315 37 811 114) GUUA7 GOU6O 6004v GOC48 GOUBO GOUSS GLOS4 GOOS57 0556 GUuos3
GOU52 60047 GOO46) (NIL) ((35 81 34 312) GUO3IS w0041 003y GOOI7 GOOUIS 0035 6OU33 LOUG1 GOU4L GOO40 0036 50036 GOO34)
((316)))

LoCaL

CINIL) NIL) (NIL) (NIL) ((%2) GDOSH) ((t& 39 810 ¥3) GOO042 GOO04S G00OJI2 GUOSL GOOSQ GOOSY GUU44 GOO4I GUD42) ((313) GOOS
8) (NIL) ((36 115 37 311 314) GDU47 GQOGO GDU49 GOUD48 G0O060 GUOSS5 GO034 60057 GUOS6 60053 GOO0S2 GOOA7 GO004b) ((35 ¥f 34
112) GOO3S 60041 GOU3Y GOU3I7 60036 GOOUIS GUO3IJI G061 w0041 GOU4L 60038 GDUIG HOG3I4) ((316)))

LOCAL

(SINGLEBODY ASSUMES (32) (31)) SAME BUDY)

(((35 2y 38 312} Gpg35 GUO41 G039 60037 Guod6 o35 Ggo3I3 60061 60041 GOO40 Gp038 GOOJI6 G0DJ4) ((16 1S 37 314 314) GOO
47 20060 GDO49 GOO48 GOO6O GOUS5 (0054 GO005S7 G0056 GOO53 0052 0047 GOQ46) (NIL) ((28 39 310 23) 60042 GO045 GOOI2 GOOS
1 «0050 GOUSY GOGA4 GO04ad LOU42) ((82 31J3) GOO58))

LECAL

SMB

RESULTS

(800Y 1, 1S5 35 51 34 312)

(BOUY 2. 15 36 $§5 37 33) 314) RESULTS FOR L10

(300Y 3. 1S 38 319 3110 83)
(8pbLY 4, 15 32 313)
NIL

Lio



EEEEE-.E&Q Four bodies are found by our program in RI1O0.

The scene is a good example of a '"moisy'" scene, in which edges that
should be straight lcok crooked. This is because the coordinates
of each vertex are "imprecise''; the vertices have some error in
their coordinates. O:ther scenes also show this tendency; they
accurately represent the data analyzed by SEE (the scenes in their
final form were drawn by program, then inked manually), and should

not be considered as ''sloppy drawing jobs'.
SEE has several ways to cope with these imperfections:
(1) tolerant definitions of parallelism and colinearity,

(2) insensitivity of heuristics to displacements of the vertex.
For instance, vertex V will inhibit the link that Z proposes,

either when V 1is of type 'Arrow' or when it is of type 'T'

(but not when 'Fork'): 2 Z /R
2 % e
v

(3) Large variations in the coordinates of a vertex are possible
before that vertex changes type. Vertex of type 'T' are an

exception, changing into a Fork or an Arrow by a small displa-

Nevertheless, it is possible to "straighten' these vertices,

cement.

by following the suggestion In the comments to scene R17.

The section 'On Noisy Input' deals with these matters.

1265



FIGURE 'R 1 O'

The scene contains 'moisy" vertices; hence, some
edges look bent. SEE has resources to cope with these
problems.

Figures L10 and R10 form a stereo pair. Im figure
'L10 - R10' in page 247, {information from both scencs
is combined to find the position of these objects 1in
three-dimensional space. See section 'Stereo Perception'.

L2V



SEE S& ANALYZES RIO
EVIDENCE
LOCALEVIDENCE
TR]ANG
GLOBAL
((NIL) ((X38) GOO18 GOO17 GOO16) ((x?1) Go023 L0022 0021 G0020) ((x%4) GQO26 GQOO24) ((x35) GQOJO GOO29 GoU27 GOO1S) ((x
$313) GOOJI1 GOO14 GOO!J G0O012) ((xt8) GDOJ2 GOO2Y L0028 C00Z7) ((X87) GCOO26 LOC25 GCO24) ((%312) GI2ZT iaeer wluvod GOOL
9 GOO0I& GDO16) ((Xsg0) GOOJII ONLY GOOL17) ((x%ll) GOOJI6 GOOJI5 GOOJII GOO223 GOGO22 LT01J) ((X39) GOOJI6 GOG34 GNO21 GoO20) |
(%315) 60035 GOOJ4 GOO14 GOOL12) ((X3J) S0CJI8 GOUI7) ((X814) GOOJIe WOUI7 GOOI2 0030 GO028 GOULIS) ((%816)))
(ENTL) ONILY (NIL) (NIL) (NILD) (NIL) (NIL) (X34 X37) GOD24 COO026 GOO2S GOQR24; ((%312) GOO025) (NIL) ((%%8 X32 X110) GOOJ
3 C0018 GUDI6 GOO3II GOOC19 LOOE7) (NIL) (NIL) (X913 %01 X111 xt9 %:15) GOO12 GOOJS GOOJI! GOO23 GOO22 GOOIJ GOOJIs &002) ©
0020 60035 GOOJI4 GOOLl4 GOO12) (NIL) ((x83 %35 x16 x¥14) GOOJI7 GQOJI2 L0029 GOOR7 GUOJIB GOOJI7 GOOJI2 GOOJI0 GOO28 GNOIS) (%
5i6)1))
LOCaL
= CINIL) (NIL) (NTLY) (NIL) ((x84 %37) GO024 0026 G0025 GOO24) ((x312) GOU25) ({(x®8 x12 x110) L0033 G00i& GCO16 SO0D3IJ GLOL
§;9 w0017) (NIL) ((x31J x%1 x311 %39 %815) GUO12 GO0JI5 0031 G0D23 D022 GOOLY 60036 LOO21 @O020 GOOJIS GOOJI4 GOOL14 GOGLI2)
e ((%33 x3%5 X386 x314) 0037 60032 D029 GO0D27 GUO0JI8 GOOJI7 GULUODI2 GOOUI0 ©0028 @0015) ((xri6)))

LOCAL
(SINGLEBODY ASSUMES (x14 x37) (x$812) SAME BQODY)
(((%33 X35 216 X314) G037 GoOI2 GGO2Y «(0027 GO0JI& 0037 60032 COOJI0 60028 GOOI1S) ((X¥13 %3] Xeg) %¢9Q X¥15) 60012 Gupnld

003! G002 GOD22 GOO1J GO0JIS GN021 GO020 GOOJI® GOOJ4 GOOL4 GOO12) ((X38 X$2 %3110) w0OJJI GOOL8 GOOI6® GOOII GO00L9 GOOLIT7}
(NIL) ((X34 X37 X3]12) GO0024 GOO26 GOO25 GQ024))

LOCAL

SMB

RESULTS

(800Y 1, 15 X33 X115 X186 X114)

(oQDY 2. IS X313 Xz1 Xzil X319 X118)

(80DY J. 1S X38 X312 X310}

(80DY 4, |5 X34 X317 X112) RESULTS FOR RI0

NiL



;
:EEEE—EQEEE There is no need to make use of LOCAL or SINGLEBODY

in this scene, since there are plenty of global (stroung) links
among the  different regions. :16-22 and :17-23 get liuks thanks
to the heuristic that analyzes vertex of type "X'".
There are several '"false" vertices, formed by coindi:ences of
edges and '"genuine'" vertices: the vertex common to :9, 11, 12 and 13:
the one common to :2, «, 5, 6. They do not cause problem, because
(1) in the case of the vertex common teo :9, 11, 12 and 13, it is of
type "MULTI', and no link is laid.

(2) In the case of the vertex shared by regions :2, 4, 5, and 6,
it is an "X" that will establish oune link between :4 and :5 (which
is correct), and another between :2 and :6 (whici will do no
harm, since we need two "wrong' or misplaced links to cause a
recognition mistake).

Compare with scene 'REWOT'.
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TOWER

<7

19 |21
\/

18 |22

WO

2
15 L 10
45-‘6“4-9 1

| 8 3
24

FIGURE 'TOWER'

A "wrong" link is placed between :2 and 167
without serious consequences. Results for
this scene are in "RESULTS FOR TOWER'.
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S TET

SEE 58 ANALYZES TONWER

EYILUENCE

LOCALEYIDENCE

TRIANG

GLOBAL

((NIL) ((%20) GOO19 GO0018 C0017 CQOODI6) ((219) D022 GOO20 GOOL9 GOOL6) ((321) G0D22 GOO20 GOU18 GOGi7) ((318) &n02Y =222
1) ((322) GQO023 CDO21) ((323) GDO26 GOD24) ((¥110) GOD4l GDO29 GQU28 LOD25) ((311) GOO4Y TIlige wiU27) ((313) GOO42 Guo3l2
GOO0JID) ((¥14) GOD43 GOD042 GOOI2 WOOIL) ((36) G004L LOD44 LOO0I6 LOOJIS GOO3II) ((32) GO047 0046 GOD40 GODOJIB GOUI7) ((312)
G0043 GO0J3! GO0O03D) ((37) w0036 GUOI& GOOIJI) 1(19) GOO29 GUO27 GOO25) ((28) WOO44 GQOO3IS GOOJI4) ((35) GOO4S5 G014 GOO1Iy
(316)) ((%17) GJ026 GOO024) ((¥15) GOO48 GQUYS GOQ14) ((34) GOUL4B GOU4S GOOLS GOO1J) ((23) GOO4S GOO47 GGDIFP GOO3I&) (124
)) ((31) 0049 50040 GOOJI9 GOO3IT))

CCNIL) (NIL) (NIL) ((320 319 321) GOOL7 Q0020 CO0O0J9 CQO016 GCO022 0020 0018 S0017) (NIL) ((3i(8 322) GOO21 69023 GDO21) |
NIL) (NIL) ¢NIL) (NIL) (NIL) (NTL) (NIL) ({313 314 512) GOOJIQ 0042 L0032 GCO43 GCG31 ©O0G30) (ML) ((210 311 39) GOC25 &
0C41 0028 GOO029 GO0Q27 GOC25) ((t6 37 t8) QO46 GOOJIS GOOI6 GOOII GOUsd GOOIS GOOI4) (NMIL) ((316)) (323 317) GOO24 GrLO2
6 CC024) (NIL) ((315 5 t4) GOOIS GOOLé& GOO4b GUO4S GOOLIS GOO01J) (NIL) ((%224)) ((32 13 3}) 0046 GOU37 GLC47 QD38 GOrL49
GOC40 £0039 GOO37))

LOCAL -

((NIL) (NIL) (¢%20 %19 $21) GOO17 GO0N20 GOO19 GOOY6 GOO22 GON20 0018 GUOL7) ((318 3122) GuUO2Y GOO23 GOO21) (NIL) (nIL) ¢

NIL) ({313 314 312) GOOJO GO042 GQOJI2 GOO4d GOO31 GOOJIO) ((r10 811 #9) GOO025 GOU4: ©OU28 GO02Y 0027 GO025) ((38 17 3a)

G0046 GOOJIS CO0036 GOOJII GOO44 GOOUIS GOOJI4) ((316)) (223 :17) GOD24 LO026 GOO024) ((315 35 14) GQOIS GOCl4 GOO48 GLO4S 6O
015 GOOL13) ((124)) ((82 3] 1)) GOCA6 0OI7 GUD47 GOULIB GOD49 LOO4Q GQO3I9 LOCI7T))

LaCay

(((32 83 1) 0046 GD0JI7 LOO47 GCOJIB8 -0049 GOO40 CO0JI9 GNOIZ) ((¥L1S 5 14) GOO15 GOCi4 GOCOAS GCO4S GOGLS GOOLII) (223 1}
7) 20024 ©0026 w0024) (136 37 18) CGLCU46 60035 GOGI® GOUI3I GOO44 GOUO3S CTOJS4) (810 111 39) GULGC25 GU04l GOo238 &052% 6Q027
«0025) (1313 114 312) GO00J30 GOD42 GOOJI2 wO0D4d @OO3IY GOOJIV) ((818 322) w0021 ©0023 GO0021) (%20 ti9 321) GOOL17 G0020 GOO
17 0016 60022 GOO20 GOOIA GOOLI7))

LoCaL

S48

RESULTS

(8C0Y 1, IS 32 33 1})

(3C0Y 2, IS 115 315 14)

{830Y 3. 15 823 t17)

IBGDY 4, IS 16 37 18)

{a00Y S, IS 140 311 19) RESULTS FOR TOWER
(6Q00Y 6, 1S5 31D 814 112)

(8CDY 7. 1S 518 122)

(30DY &, I8 3129 119 121)

NiL



REWOT
gomne This scene (see figure 'REWOT') is the sam: as the

scene TOWER (see figure 'TOWER'), but upside down. The program
obtains identical resilts for both scenes (see 'Results for Tower'
and 'Results for Rewot '), because SEE does not use informition about
a body supporting or leaning on another body. For instance, it
was not assumed that body :1-2-3 is partially supporting (in figure
'"TOWER')  body :4-5-15; clearly this assumption fails in case of
figure 'REWOT'. But since the assumption is not followed, the pro-
gram succeeds in both cases. (gives same results).

See table 'ASSUMPTIONS' for suppositions that the program makes
or presumptions thatuhoes not need.

The regions :16 and :24 had to be marked as part: of the

background, following standard practice (cf. 'Input Format').
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FIGURE 'REWO T'

This scene 1s the same as the scene TOWER,
but with Y replaced by 100. - ¥, and

X replaced by 100. - X : it is upside
down. SEE s8till finds eight bodies.
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SEE 58 ANALYZES REWOT

EVIDENCE

LOCALEVIDENCE

TRIANG

GLOBAL

(INIL) ((320) GO134 GO133 60132 GO131) ((319) GO137 GO135 GO134 G
0131) ((321) GOL137 GOL135 GO133 GO132) ((3186) GOL38 LO13I6)Y) ((222)
GO138 GOIJI6) ((223) GO141 GOI139) ((210) GOULBSG GD144 G143 GO140)
((811) GO156 GO143 GO142) ((:13) GOL57 LGOL47 GO145) ((3%14) 60158
GO157 G0147 GO146) ((36) GU16L GO1%9 GO151 GUISO O148) ((22) GOI
62 30161 GO155 GO153 GO152) ((312) GO158 U146 0:id45) ((37) GO151
50149 60148) ((39) 50144 0142 GO140) ((38) GU1Sy w0150 60149) ¢
(35) GOLO6Q 50129 GO0128) ((216)) ((317) G014} GOIJIS) ((215) 6OLGJ

G0130 GO129) ((24) cU163 60160 GO130 GO128) ((33) S0164 GO162 GOI
54 GO0153) ((324)) ((%1) GO164 GO155 GO154 G0152))

((NIL)Y (NIL) (NIL) ((%320 3319 321) GO132 GU135 G0134 GO131 GO137 &
0135 GO133 6G0132) (NIL) ((318 322) GOL36 LUiId8 GO13I6) (NIL) (NIL)
(NIL) (NIL) (NIL) (NIL) (NIL) ((843 314 312) GUL45 GO157 GO147 G
01586 GO146 GO143) (NIL) ((2310 311 29) 60140 GUIS6 GU14J GUI44d GOI

42 30140) ((26 27 38) GO161 GO180 GO151 GOl4a®& GO159 GOISO GO149)
(NIL) ((316)) ((323 317) GO139 GU141 GOL1JI9) (NIL) ((315 35 234) GO
130 G129 LO163 GO160 GO13U GO128) (NIL) ((824)) ((32 33 31) GO16
1 60152 60162 GO0153 0164 GO155 60154 GO152))

LOCAL

(INILY (NIL) ((320 319 321) 60132 GO135 G0134 GO13Y GO137 GO135 G
0133 GO132) ((318 322) GO136 GO138 GO136) (NIL) (NIL) (NIL) ((3313
114 212) GO145 GO1S7 60147 GO158 G0146 GU145) ((310 311 39) GOl4

0 GO156 G014 GO144 G142 60140) ((86 37 38) 60161 60150 GO151 GO
148 GO159 GO150 GO149) ((316)) ((323 317) o139 GU1ey GO139) ((31

5 35 34) 0130 50129 G0163 GO160 GOLI3I0 G0O128) ((3224)) ((22 33 31)
60161 60152 0162 GO153 60164 GO155 GU1I54 GU152))

LOCAL

(((22 83 31) GOLOL GO152 60162 GO153 GO164 G0155 0154 GO152) ((¢8
15 35 24) GO13I0 60129 GOL163 GO160 GOL30 GOL28) ((323 317) GO13I9 6
D141 GO139) ((38 37 38) GO161 GOLSO 60151 GO148 GO159 GO1S0 GO149
) ((310 211 39) GO140 GO156 GOL43 GOl44 GO1ld2 GO140) ((213 314 31

2) 60145 GO157 GO147 GO158 GU146 G0145) ((318 322) LO136 GO138 GO
136) ((320 319 321) GO132 6GO135 LD134 GO0131 GOL1I7 GULI3S G0133 GO

32))

LOCAL

sSMs

RESULTS

(BODY 1. 18 32 33 21)

(BODY 2. 185 245 5 34)

(B0DY J. 18 323 317,

(BODY 4, 1S 36 37 38) RESULTS FOR REWOT

(BODY 5. 18 310 311 29)

(BoDY 6. I8 343 814 312)

(B0DY 7. 18 318 322)

(80DY 8, I8 22p 219 321)

NIL
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Scene WRIST*

The concave objects are properly identified. W places
a link between :23 and :4, and another between :30 and :4. CC does
not inhibit the link between :17 and :19 ordered by the Arrow NA,
because NOSABO was never called, since the first rule of 'ARROW'
(page 84 ) was applied.

The only mistake was that objects :9-7-6 and :10-5 should be
fused and reported as only one. There is a link between ‘9 and :10
put by heuristic (g) of table 'GLOBAL EVIDENCE'. It is nct enough.
There is also a weak link between 'Triangles' :5 and :6. OB 1is not
a 'Leg', so there is no weak link between :10 and :5. The situation
ig as follows (see chains of links in 'RESULTS FOR WRIST*; how to
read these chains is explained in page 110 , 'Explanation of the print-

out produced by the program'):

:10 and :5 will get joined later by SINGLEBODY.

Almost the same thing occurs with :1-2-22-21, but in this case
vertex A produces ore strong link between 22 and 21, and vertex R, by

heuristic (g) of table 'Global Evidence', also links 22 with 21. This

is enough.

b4
LocAL

(see
printout )
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26

WRIST -

27

33

Instead of one,

Insufficiency of links was the offending reason.

n

20

FIGURE - 'W R I S T *'

two bodies were found in

objects were correctly found.

136
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LG

SEc S8 ANALYZES ar|S1e

EvIDENCE

lu Lr STuuM?

LUCALEVIDENCE

TALANG

GLudaL

C(NIL) ((33) L0067 GUJ6D wLOB4 GLLAIY ((E27) LOUGD LOUGS) ((12¥) U071 GOUZ0 GOD&A) ((¥i) GOO72) ((328) GOO73 GDO71 GCOG
S GUOSB) ((121) LOU74 GUOB2 WOOAL) ((32) LUNGLI ((326) WOLZY sUU70 WOOBY) ((322) GpU7a GUOZ2 GOO62) ((¥23) GOD77 LOO7S5 G
0ues 0063) ((¥IN) GLJTY wLD/8 GLLT7 LULJITH) ((820) L0081 GLOUBU LO7Y GOO78) ((31b) LOCB2) ((814) GOURLG GOOB4) ((113) GOO
87 L0086 GUIBS 5N0H4) t(lo) «COZL) (1101 «nUSS wlLIY2) (189) LOOYJS) ((811) LOOYO) ((E25) LOCYE GOOYS GLOSE GUO9F4) ((224)
¢0101 wGU9Y LOOY7 LUJIFE LDOSD) [((11A) a01U? LOLIOU LOO99) ((813) bORO2 60101 0100 WGU9R LDOY7 GOQF4) ((B31)) ((29) GOUS
7 LUDHBY) (L34) GOG91 GUDAL 3u78° (NG76 GOU/S (0067 LAUbe) ((317) cOU8I) ((319) ,00A7 008S GOOBI GCUB2) ((86) GOLEA) ((23
71 w008y LUOBB) ((312) LOUYD) (1823}

CONILY (NIL) ((%27) LI0BB dE55) (NIL) ((31) GLO72) (~IL) (NEL) ((32) LUOBL) ((429 328 $26) LOCYI LOO71 GOCES 50073 GOG7
N wUJB9) (($21 122) LOOSB2 LOOS! GLOZE wUD/2 LLOBZ) (NMIL) (NIL) (ML) ((810) wD0B2) (NIL) INIL) (t38) GOUG1) ((210) LOOS3
eULS2) ((35) GOUS3) ((811) WU020) (NIL) (NIL) (NIL) ((316 325 324 315) GUICU BJD9S GOCYY GOGYL GILSS 60102 GQ1n1 Go1oaO
GIUS8 GUD97 LUDG4) ((131)) ((19) LNO92 «0uB9) ((38N 320 13 123 34) LUI7T7 LICEL bUUL7Y GOA78 BUOLS 0077 SZLE- wIdUBS LIG9Y
SuUR! w00BO LII7& LDJZD wlOBZ LLLEB) ((HL/) LUCBS) ((hlae 313 319) wi.B/ «O0LBO LLORA4 GUDB7 LLO&ES w(0OBI GOULA2) ((¥6) GOUB

8) ((87) LUOBRY GOOBB) ((t12) LUNYOD) (L833));

LICAL

(LOCAL ASS5UMES (111) (812) SA™c wB0DY)

(LUCAL ASSUMES (19) (27) SAHE BluY)

(LOZAL ASSUMES (36) (87 1y) SaME gOuY)

(LGCAL ASSUMES (317) (314 313 3119) HAME HGJY)

(LUCAL ASSUMES (218) (114 312 1% 817 SA~c wCDY)

(LUCAL ASSOUMES (31) (22) 322) SAME S0uY)

[LOCAL ASSUMES (32] 322 111 (12) SaMmE wdDY)

LOCAL

((NLL) (18270 GOUGE LUOES) ((12 Tz} 122 31) wlubd! GLO74 LUOB2 LLUZR2) (WIL) ¢NIL) (329 $26 120) GOL73 LOO71 w0268 GCO73J
G077 GUOSS) (NiL) (NIL) ((T]1d4 213 iy 117 s1k) LLUOLS GODEE GULOB7 GULES GuObd GOUB2) (NIL) ((38) GOO9L) ((810) &0UII 6OD
G2) ((19) LOOYI) (1312 111) OUPL) (Nlu) (1318 125 2124 3115) wUIOU wLOID LUI¥YY GOUYE wOUL9S GOLO2 GOIO! GO100 GOCow GOAS?
GUC¥a) ((8410) (NILj ({130 $20 13 123 14) wny?7 GGOBL GLOZY GLOZB bLUSS GUIZ?T GLOUS4 GOOGI GOLYL GOLBY BLOMC LOA70 GLOZS
G0067 «w0O066) (NIL) (NIL) ((87 33 145) OU92 GUOBY GILBBY (NIL) (INIL) ((333)))

LONIL) INTL) ((82 221 122 $1) LAUL] GUOZ4 wnLe2 Gu072) (NIL) ((829Y 828 $26) GJO73 Gu0d71 G008 wDD73 G0O70 50069) (NIL) |
(114 313 119 17 t14) LCOBO LOOA4 GGOW7 LUUAS WUO0BI Guo#2) ((18) 6OO¥YL) ((210) LUU9d LONS2) ((85) GCO9I) (312 211) 5039
g1 (G116 325 124 315) 5C10C LNOSD GGOYY SCU9e wlLO9S GUI02 GULDL &J10U LOOYS GUOY/ 50094) ((FS1)) (1827 33C 120 313 123 14
| L0I6S LUUBL 57079 LJO7A LI0AS LOOZ7 GJ064 WCUGI GLOYL GLUBL wLUBO LOU7A GLUZ?S GUOGT LOULG) (NIL) (137 B9 tb) 50092 LOU
83 L0088) (NIL) ((233)1))

LICAL

rSINGLEGCUY ASSJUMES (B10) (33) SARE BULY)

(SINGLESOLY ASSUMES (327 tip 124 83 123 $a) (88) SAME BOUY)

LLEE7 319 10) L0292 LUJBY LLOBA) (8127 140 32C 3 B2] 34 b)) GOIOS GOULSAL GuOZY GOO7A GODLS GOO77 G0064 GOOLI LOOIL GLORI
%0080 GOUZ6 WUO7S LGUS? LUGSA) ((31A 125 824 ¥15) GLIUD GLEYS GUOYY GOUYL GUO095S L0102 IO 010N CO0FE GUCG7 GIUY4) (13
12 311) GULUSO0) (NIL) (810 B5) GUE9I «0092) (MIL) trtia 218 119 ¥17 118) w0L86 LO0AM e0087 G005 wGCBJY LCCB2) (129 128
126) WOU74 50071 wOn6d wOU?3 LOS7D GUUGI) (32 ¥21 322 1) wuubl w0074 wODbZ GOU72))

LoCal

S4d

BE5uLTS

(322Y 1, IS 37 19 18,

tawwY 2, 1S 827 33g 320 13 123 t4 18)

fgubY 3. 1S 115 125 124 115)

taLuY 4, 15 112 111

taldY 5. IS 118 15) X
LR S S A RESULTS FOR WRIST

t3C0Y 7. 15 129 128 126)

t3ZLY 8. 15 32 121 122 11)

LY £



Scenes L2 and R2

Two objects are found, as expected.

This scene and L2 form an stereographic pair: two pictures taken from
the same scene from slightly different locations, mantaining parallel
the optical axes of tihe cameras, and the same magnification. A pro-
gram, not yet completed, is designed with the followiug ideas:

Left and right pictures are independently processed by SEE; L2 and

RZ in this example. The answers are
ANALYSIS OF L2 ANALYSIS OF RZ
(BODY' 1. IS 2 :4) (BODY 1. XS el %:2 %id)
CBODY 2. IS =1 5 :3) (BODY 2+ IS %:3 %:6 7:5)

The question is now: Is body :2-:4 the same body as %:l1-%:2-7%:4,
or is it %:3-%:6-%:5 7 It is required, after decomposition of the
scene into bodies, to match the left bodies with the right bodies.

If this is accomplished, one could then locate the figure in three
dimensional space, from the two-dimensional coordinates of the
left and rignt scenes.

In this way it will pe known where these objects are located in
the "real world",

This "matching'" mentioned above is complicated as follows:

It is possible that the number of objects observed in one view
be different from the number in the other.

== On a given object, it is possible that SEE will make a mistake
in the left view, but not in the right view; as a consequence,

two bodies on the left have to be matched with one on the right.

If the two axes of the camera are on an horizontal plane, a vertex
in the left scene and its corresponding vertex in the right scene
(if visible) will have the same y-coordinate, such as H in L2 and

#I in R2. Other known relations exist, derived from the relative
position of the axes of the camera, magnification, etc. See section

'Stereo Perception'.

138.



R 2
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FIGURE '"R 2"

Two bricks are found.
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SEE 58 ANALYZES R2

EVIDENCE

LOCALEVIDENCE

TRIANG

GLOBAL

CINIL) ((%33) GOO09® GOOO8 GOOOS €0n04) ((x?'s) 0010 GOOO9 GOOO7 GOOOS) ((x#5) G0O010 GOCO8 GOCQ7 C0004) ((x%31) GOOl4 GOO1
3 G0012 GO0011) ((%x82) GOO16 GOOLS GOO014 Gp01l) ((x84) GOOL6 GOOLS C001) GOO12) ((x37)))

((NIL) (NJL) (NIL) ((X33 %36 X35) GOOOD4 GnOQ9 GOO00S5 GOO10 GO0008 GOOO07 “Q00O04) (NIL) (NIL) ((X%] X812 %34) GCO12 GOOULS GOOL
4 GOO1! GOO16 GOO1S GQO013 GO012) ((X37)))

LOCAL

CINIL) ENIL) ((x33 x36 x15) GOOO4 G0009 GoO005 G0010 GOOO& GOOO7 GOO004) (NIL) ((x%i %32 x?4) 60012 60015 GOO14 GOO11 SOOI
6 GGOIS GO013 GN0T2) ((x87))) :

LOCAL '

((ix?] x%2 x%4) GOO12 GOO15 60014 GOOL1 0016 GOOLS GO01I €001L2) ((x¥J %36 xt5) GQOO04 GOOO9 0005 ©0010 GCOO8 GNOQY GOOO
4))

LOCAL

SMB

RESULTS

(BODY 1, 16 X3l X812 X14)

(BODY 2. 15 %13 %16 X15) T

NiL



L 2

FIGURE 'L 2'

Even if (possibly) a face of object :4-2 is missing,
in this case SEE makes the correct identification.
Section 'On Noilsy Input' deals with imperfect
information.
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A

sEE 58 ANALYZES L2

EV]DENCE

LOCALEVIDENCE

TR]ANG

GLOBAL

(C(NIL) (181) GOOO9 GOOQ8 GGOO7 GOOO4) ((85) 60010 GOOO® GOO08 GOOO&) ((33) 6OO10 GOOQ7 GOOOG GO0Q004) ((14) GO001t) ((32) G

0011) ((16)))

LINIL) (NIL) (NIL) ((31 3% 33) GOOO7 w0Oip 60009 60008 GOOL10 ©0007 G0006 «0004) ((%4) GOOLY) ((32) GOOLY) ((¥&I))
LOCAL

(LOCAL ASSUMES (84) (82) SAME BODY)

((NIL) (NIL) ((31 85 23) Gooo” GUOIO ©0009 G0008 G000 L0DOQ7 50006 @pODO4) ((¥2 34) GQOL1) (NIL) ((86)))

LOCAL

(1(32 14) GO011) ((2l 15 83) GOOBO7 0010 GOOOY 0008 GODiU GOOO7 GOQ06 S0004))

LOCAL

SHB

RESULTS

(BODY 1, IS5 32 14)

(BODY 2. 15 33 35 33) RESULTS FOR L2

NIL



w The small triangle :15 just could not get join:d with

thhe remainder of the tody :16-20-19, and two objects wer: found.
There is a weak link between :15 and :19Y, but it did not |elp sincce
there is no link between :15 and :16. What happens is th:t regions
:1, :15, :13 and :22 all meet forming a vertex of type MULTL:. this
vertex should (in some future version of SEE) be split into two, sin
ce both :1 and :37 are the background- The rule for this splitting

seems to be

111 was joined with :4, but isolated from :12-27-5. There are

no T-joints between these two nuclei that could give 'hints' (1.
links) for their unification.

e.,

The two large concave objects were properly isolated.

Compare with R19 and WRIST*,

See '"Merged vertices', page 22/ in section 'On noisy input.'
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L 19

33

37

20 34

FIGURE 'L 1 9'
It was easy to find :6-7-8-9, the hexagonal prism.

:15 was reported as a single object: a mistake. The two big
concave objects were appropiately identified.
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SEE 58 ANALYIES L19

EVIDENCE

LOCALEVIDENCE .

TRIANG

GLOBAL

((NIL) ((332) GOO20 GOO18 GOO17 Gopl6é) ((#33) GO020) ((¥34) GOOL6) ((¥9) ©00J1 GO00J0 C0D28 GOOD27 GOU25 GpoO24) ((16) GOOJ

2 G003l 0030 G0029) ((%7) GOOII GOO26 GO0p2% GO0024) ((t8) GOOJII GGOI2 @OD29 GOO28 GOO27 GO026) ((226) GOO34 GOO23 Goo22

GO021) ((825) GOOJI9 GOOJIB GOOI& GOOIS) ((1d6) GOQ04I CO042 CDO040 GOOJIP ©00I7 GOOIS) ((¥35) GOO44 COO4I GOO41 GOQ4O) ((024
) GOO44 GOO42 GOO41 GOOJIB GO0I7 GOOJIG) ((w23) 0047 GOO4Y GOOI4 GOO2%) ((220) GOOSY GOO49 GOO48) ((319) COOSL) ((2L8) GO

055 GO0S4 GODS52 GOOSO0) (f¥16) GOO4S GOOG4S) ((¥15)) (1222) GO0O56 GNO4® GOOD4S) ¢(83B)) ((131) GOOSY GOO19) ((330) GOOS% GO

019 GDD18 GOO17) (135) GOO6L GOOS7) ((¥29) GOOGO) ((327) LOOG2 LOOSB GOOS7) ((328) G0O06Q) ((%3) GOOG3) ((213) GoOes GDOG

& GOOS6) ((%1)) ((%2) GOOGY GOOBY GOOLS GaO64) ((R17) GODGE S0055 GOOSJI GOOSH) ((24) GUATOY {(814) GOO68 GOOS4 GOOSI GOO

52) (t811) G0070) ((310) GOQ&9) ((#21) GONGEY GOO66 GOOGS GLQUGI GO047 GOO46 GO023 GOO22) ((112) GOO062 GOOGL GUASA) ((t37)
¥}

(ANIL) INTL) (1833) GOO020) C(*34) GOOLG) (NIL) ENIL) (NIL) ({39 36 37 §8) GOO27 62G3I2 COOJ) GOO0I0 GOJIII GOO25 GOO24 5003

3 60032 GOC29 60028 0027 GO026) (NIL) (NILY (NIL) (NEL) ((225 236 335 124) GO00JI6 GOOJIY GOOJIS GON4Y GOO4D GOO44 GOO42 GO

041 GOOJIB E0DOJI7 GOCIS) (NIL) INIL) ((¥1%) GpOS51) (NIL) (1320 310b) GODS1 GUO48 GOO49 GON4B) ((BIS)) (NIL) ((B3381) (NIL) !
(331 132 130) GOOL1® GOOR20 GOO16 G0059 2719 GoO18 GOOL7) ((85) LOOG) GOOST) ((¥29) GOOBO) (NIL) ((#28) GONA~Y 1"} GuLle

J) (NIL) €100 (NILY (NIL) ((%4) GOO7D) (318 317 I14) GDOS2 GOOSS €20C0 GCOGS GODS4 GOO53 CL052) ((011) GOO70) ((310)
CO06%) ((32 13 122 2126 323 121) LOOGY L00H% GO064 LOUSSE LO04S GUUI4 COD21 GO0067 GCDOGS GODSS GDOBY COD47 GJ048 GOO23 GO0
22) (327 312) <0058 GOO57 GO062 GOOGL GONSA8) ((237)))

((NIL) ((233) GOG20) ((234) GOOL16) (NIL) ((39 26 87 28) GUO27 GOOJ2 GOOJY GOOJID GOOJIJ LOO2S C0024 GOOII 56032 GOL29 GoO2
8 60027 GOO026€) (NIL) (NIL) [(12% 136 135 ¢24) GOO3I6 GQ039 G003 CO043 GO04D CO044 GO042 GOD4) GOO38 GOOI7 GOO036) (NIL) |
(819) GODS1) ((320 116) GODS1 GNC48 GOO49 &0O0d48) ((F15)) ((tIB)) ((83] 332 830) GOO19 GOO20 G0016 GOO59 GGL19 GODLIB GOOY
7) (NIL) ((329) GOOG0) ((828) GODGN) ((¥3) GOOSI) ((#1)) (NIL) ((84) GOO70) ((318 337 t14) GOO52 GOOSS GOOSO CO0068 GOOS4
60033 G00%2) ((%11) GOO70) ((¥110) GOOG9) ((942 313 322 126 123 121} GIQ6EY GOOGS GODG4 GOOS56 GO0C4S GOOI4 60021 GOOET GOOB
6 GO065 LOOGI GQOd47 GOD46 GOO2I GOOL2) ((s5 327 912) GOOS7 GOOS? G0062 GQU6L S0058) ((837)))

LOCAL

(LOCAL ASSUMES (110) (32 313 122 326 323 321) SAME BODY)

(LOCAL ASSUMES (320 116) (81319) SAME BUDY)

(LOCAL ASSUMES (131 232 130) (3133) S5aME BpDv)

(LOCAL ASSUMES (333 131 132 330) (134) SAME BCDY)

(INIL) INIL) INIL) ((29 36 37 18) GOO27 GnO0J2 GOOJ] GOOJO GOOJIJI GOO25 50024 GOOIJI GOOI2 GON29 GOOD2B GOO27 GOO2&) (NIL)Y |
{825 136 3135 324) GDOJ6 GOOJI9 GOOIS GOO4I GpO40 GOO44 GDDO42 GOO4Y GO0JIB GOOJI7 GOO0IS&) (NILY ((21% 220 216) GOOSL GOO45 GO
048) ((¥15)) ((338)) ((334 833 13} $32 1Jp) GOO19 GON20 GOO1& GOOSY GOOLY GOO1® GOQ17) ((329) GOOGO) ((228) @ODSD) ((13)
GOO83) ((31)) ((94) LOD70) ((91B ¥i7 %14) GOO52 GOO55 GOOS0 GOU&S COOS4 GOOSI GOO0S%2) (i(¥11) GOO7O) ((¥2 313 322 3126 123
121 810) GOO06% GOO64 GOOSS GOO4D GOO0J4 GpO21 GQOO67 GOOGE GOO6S GOO6I GOO47 GQO4A GO023 GO022 GOD69) (NIL) ((35 3127 112)
G00S57 GO0057 0082 GOOG! GOOS8) ((r37)))

LOCAL

(SINGLEBODY ASSUMES (1d) (111) SAME BODY)

(BINGLEBOUY ASSUMES (12 113 822 126 123 12) 310) (03) SAME @0DY)

(SINGLEBODY ASSUMES (129) (128) SaME BODY) D

((18S 827 9§2) GOOS7 GOOSY GOo0&2 COO061 GOo58) ((92 #1J 122 126 823 121 110 #3) GpOO6S GpOG4 CDOS6 CO045 GODI4 GO021 COOS7
G0065 LOC6S5 GOOSI CUO47 GOO46 GOD2I G0022 GODGY) (NIL) ((P}8 817 314) CGO052 GOO055 GO0SO GOOSSE GOOS4 COOSI GO00%2) ((24 B
11) G0070) (NIL) (NI} ((929 128) GOOGO) (034 333 831 832 830 GOOL¥® 60020 GOOL6 GOOS9 GOOL9 GOOL8 GOOL17) (1315)) ((3i9
120 #16) CO0S)1 GOO49 GOO4B) ((125 838 35 124) GOOIG CGOOIP GODIS G004J3 GO040 GOQ0&4 GOO42 GOO04) CDOIB GOO3I”? G02I8) ((89

6 17 ®8) L0027 EO0032 GOOJI) G0DOID G00II Gp023 @O024 GOOII CO0JI2 60029 GO028 CQO27 GO0D2G))
LoCcaAL

SHB

RESULTS

{THE FIRBT 1, BODIES ARE ((2]15)))

1BOUY 2, 18 15 827 112)

(BODY J, 156 32 313 122 126 123 121 310 1Y,
(GODY 4. 18 318 817 114)

(8ODY 5. 15 14 1]1) RESULTS FOR L19
(BODY &, |5 229 128)

(BODY 7, 18 334 3133 133 3132 30)

(BODY 8, 18 1% 120 116)

(8gDY 9, I8 123 336 135 124)

(80DY 10, I8 19 16 17 18)

NiL



EEEEE—Eig- As in L19, here the triangle :27 is detached from

:5-32-33, two bodies being reported. There is no strong link between
:27 and :33. There is a weak link between :27 and :5, because both
are 'triangles' facing each other, but that is not enougi. A weak
link is never enough.

All other bodies are properly found, including :10-Ll6-2-3.

Vertex RA, of course, contributes with no links. Tle situation
d change if we discover that is a false vertex,
could c Z scove 1at RA is a false vertex, [%GEEESTION&

that is, one composed by the merge of two genuine ones.
There is enough enformation, I thinks> Since :34 and :37 are bakgwound,
and this will suggest a way to ''divide" vertex RA into two simpler
ones. This idea of dividing vertices of type MULTI into simpler
ones should be applied with caution, since there will be genuine
vertex of type MULTI (which should not be split). The main use of
this technique will be for helping single regions to join some other
body, a task performed now, not too satisfactorially, by SMB.

Compare with L19 and WRIST*.
See "merged vertices', page .

146.



10
12
3 n
25
16
28
34
20
V7 18
27 19
30 RA 29 7
QA
L PA
37
a3
32 36

FIGURE 'R 1 9'

127 was separated from :33-32-5 All other
objects were correctly found.
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A

SEE 38 ANALYZES R19

EVIDENCE

LOCALEVIDENCE

TRIANG

GLOBAL

((NIL) ((x?22) GDO20 GOOL¥9 GOO18 GOO16) ((x124) 60023 GOO22) ((x3123) GOO24) ((x¥1) 60027 Goo2e GOO25) ((x¥ld) Go0J1 GOO3
0) ((x21%) G0032 G029 GOO24 60023 60022) ((x#13) GOO3Z 60031 Goodo Go029) ((X12) GOOJ4 GOO3II) ((xs12) G0OIS GOO28 &OO27
) ((x811) GOOIS Go028 GoO2¢ GD025) ((X#19) GOO40 GOUI9P GOOI7 &OUL9 GOO017 GO016) ((x021) GOO41 GO0JI9 GOO3B GOO20 GOO1® GO
017) ((x218) GOO41 GQO40 GQO3I8 GOOI7) ((X327)) ((%329) GOO44 GOO43 GOO4Z) ((X3135) GOOAE GOO4s GOO45 GOO43) ((X336) GQO4s
0047 GO046 GQO021) {(%36) GOOSL GOO50 G049 GOOL1S) ((X39) GOUSE G003S 60053 GOUS2 GOOS0 GOOA9) ((%:7) GOOSY GNOS4 GOOSI
60052 GODOS1 GOOLS5) ((X18) 60057 L0056 GOpSS GQ054) (r%t3J) GOO5® G0058) ((X132) GOOBL GODSY GOOS58) ((X815) GGUGL) ((X%s31
) 0064 GOOBI GOO62 GO0O60) ((%830) 60066 GON6S G0064 GOOGC) ((X1J) GOO&7) [(X334)) ((%226) GOO70 GO0U6S GOO42) ((X320)) |
(x916) GOO71 GOA67 GOOJ6 GOOJIJ) (ixsd) G0g72) ((%%10) GOO71 GOOJ& GOGI4) ((X¥17) GOU72 GDOGY GOOGA GDD47 GOO4S GOO44 GOO
21) (i%825) GON70 GODGB) ((X828) c0066 GOp6S GO06I LOOG2) ((X337)))

CONIL) INIL) INIL) ((X323) GOO24) (HIL) (NIL) CNIL) t(X124 X315 X314 X313) GOO32 GOO24 GN023 60022 60032 GOOJ1 GOOJO GOO
29) ((x92) G0034 GOOII) (NIL} (rx132 x31 x¥11) GOD2¥ GOOR27 50036 60028 40026 GOO25) (NIL) (NIL) (X322 xt)9 X121 x114) G
0040 GOO19 GOO16 GOOJIP L0020 GONiA G0017 GOO41 LOOA4C 20038 GOOI7) ((x827)1 ((x%329) G0044 GOO4I GOO42) (NILY INILY (NIL)
(NIL) (NIL) ((xt6 %39 X7 x18) GOCS® GOOS52 GU0S0 60049 GOOS4 0053 60752 0051 0015 0057 CO0%e GOOSS Go054Y (ML (ix*
33 xt32) G00%8 GOO61 G00SP GOnSA) t(x¥5) GUO6L) (NELY INTL) ((x®3) GO067Y '!x1Jd4)) ((4826) GOQ70 5006y GuOo42) (%1200 |
NIL' ({x®d4) GOO72) ((x%16 x¥10) GOOGY 60033 GOD71 GOODJ6 S0034) ((xs3I5 y136 x117) G0045 GOD43 GCQ48 L0046 COO72 GOO69 GOO
68 GOOA7 SLDAS GOO44 37021) t(x?25) GOOU70 GNO6B) ((X131 X330 x928) GOO0&2 GOOSS GONG4 GLO6O GOOG6 GDOGS GOD6I GoOG2) ((X¥
37rh)

CONILD INIL) ((X323) GOD24) (NIL) ((x324 x315 x?14 %313) 60032 C0024 60023 60022 G00JI2 GOOIL GONIO GOO29) (NIL) ((%312 %
8] X¥11) w0028 0027 G00J5 GOO2A GODO26 GCo2S) (NIL) ((%322 X919 %321 X818) GOO40 GOO19 GOOi6 GONI9 GOOD20 GOOld 60017 GO
4] GOD40 G003 GOOJIZ) ((xX1271) (NIL) (NIL) (NIL) ((x%6 %19 x17 x88) GODS56 50052 GOOS0 GOO49 GCOS4 GOO5J 60052 Go0S1 Godt
8 GOOS7 0056 GOOSS GOOS4) ((xt3J x232) GpO0ss GOO&Y GO0S9 GOO058) ((x3%) €0061) (NIL) ((%%3) GOOBT) ((x134)) (NIL) (%120
)) (Ix14) LOO72) ((x¥2 X¥16 %810) GOOIJI GpU67 G0D3I3 G007y GOD3I6 G0034) (NIL) ((X826 X129 X938 2136 X317 %125) G0042 GOO4

2 G004 GOO48 GOO048 GO0O72 COOBY GOO47 60045 GOD44 GODZ2] GOO70 GO068) ((X3J31 %330 x128) GOOB2 GOOGS GO0064 GONGO GDOGES GOO

6% 0063 GO062) ((X137)))

LOCAL

(LOCAL ASSUMES (%333 x132) (xt5) SAME BODY)

(LOCAL ASSUMES (X323) (X224 X115 2314 X213) SAME B0DY)

(ONIL) (iXP24 X315 X814 %313 %123) GOC24 60n23 60022 GOCLJ2 GOOJI1 GILJIO GO029 GOO24) (NIL) ((%812 x3i X311) GOO2A GOO27 G

0035 G0028 S0026 GOO02%) ((%e22 X1)9 X121 x¥18) 50040 GOO1® 60016 GOOJI9 60020 0018 GOO17 GOO41 GDO4D GOO3IS 600371 (tx%x27

1) (NIL) ((X16 X8O X37 %38) GOO056 G0052 Co0%0 G0049 G00%4 GO053 G00%2 60051 GOOLS G0057 GO0%6 0055 GOOS54) ((X¥15 X333 Xt

32) GODS8 GOCA1 GOOSY GOOSB) (NIL) ((x83) ©0067) ((%134)) (txt20)1 ((x84) GOO72) ((x®2 xt16 2t10) COOII 60087 GODII GOO7

{ 0036 GOO34) ((x126 %129 x435 %136 3117 2125) G0042 G0042 GGO4J GQO48 GOO46 CUO72 GOOS9 GOOA7 GOO04S GODAM4 Ego21 e0070

GO00&8) ((X13] X130 %128) GOO62 GOQAS 0064 GOOGO GOU6E GOOSS 60063 G0062) ((X337)))

LOCAL

[SINGLEBODY ASSUMES (x826 x129 %835 x136 yi1{7 x12%5) (xt4a) SAME wODY)

(SINGLEBODY ASSUMES (%12 X116 X11p) (X1} SAME H0DY)

(L(X13] X330 %128) GONG2 LUDGS ROOGA GOJBD GUOGE GQUGS GOO63 S0062) (1%E26 X129 X135 XiJ6 X3)7 X125 Xid) 0042 GOOD42 GOO

43 GOD4B GQ046 30072 S0089 GOO47 GOO4S GOndd 60021 L0070 GOOBB) ((X82 X116 X1i0 X31J) GOOJIJI GOOL7 G0O3I3 GOO071 GOOJ6 GOCI4
) (NIL) (NIL) ((X1% X333 %132) GOCSE G008y GODS9 GOLS8) ((Xs6 X19 X17 X18) 60056 S0052 GOOSO0 G004 G0054 £0053 GOUS2 GOC

%1 GON;iS C00S57 GOOSe GOOSS C0054) ((xt27)) ((x122 x¥ip xi12l x118! L0040 GOOLP GOQ18 G003I9 S0C20 GOC18 GOOLI7 Goo4l GOO40

GO034 GOD37) ((XE12 %t %111) GNU28 GOD27 w00JIS GOO28 GUO26 G002%) ((X024 Xt15 X014 %013 X123) GO024 GOO02I GCO22 0032 )

0031 G00J0 GOO29 GOO24))

LOCAL

5MB

RESULTS

(THE FIRST 1, BODIES ARE ((X127)))

(80DY 2. 15 Xa31 X330 X128

{BODY J. [§ X926 X129 X¥I5 X136 X317 X92T Xu4)

(B0Dy 4, 156 %92 X318 X110 X83)

(BODY S, I8 X1% X833 X132) RESULTS FOR RI19
(BODY &, 13 X186 X9 X7 X318}

(BpDY 7. 15 X122 %119 X12} X118)

(BODY 8. 18 Xry12 X831 x111)

(RODY 9, 18 X124 X33 Xtj14 X133 X223}

NIL



JORN : o : : 2 s
EEEEE—&Q—— The pyranid :8-9-10 was easily identified because a vertex

of type PEAK produces many links. In the bottom, bodies :1-2-3-4 aud
:12-13-11 were separated, because the fork between :4 and :12 has Lhe
background as a region, and did not contribute with any links. Cer-
tainly, this is a pmssible interpretation. Another interpretation is
to regard the object :1-2-3-4-11-12-13 as a prism with the shape

ofba HCt,

SINGLEBODY was needed to join :4 with :2-3-1, the only link
being placed by heuristic (g) of table 'GLOBAL EVIDENCE.'

The mogram knows that :22 is the background.

If we could see the hidden vertex KK (if it indeed exists),

two links would be put and we will have had one body:
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CORN
1)

22

FIGURE 'C O R N'

The pyramid at the top was identified
properly. Two bodies were found at
the bottom, which is a plausible
interpretation: :1=2=3=4 and :11=12=13.
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"1IST

SEE 58 ANALYZES CORN

EVIDENCE

LOCALEVIDENCE

TRIANG

GLOBAL

((NIL) ((22) 60019 GOQL8 GOO17 GOGL3) ((328) 60026 GOOD24) ((39) LOO27 GO020 60025 GOO24) ((310) GOO27 G0025) ((3¥7) GOO2&

0023 GO022 G0020) ((%}5) GOOJI1 L0030 LOOLJ) ((8i6) 60032 60030 0029 GOO13) ((221) GOGG3IS GOOJI4) ((320) GOO3I6 GOU3S 5C03

4) ((319) 60039 GOO3IB GOD3I7 GOOII) ((#18) WpO4a} GOO4Q 60038 GDO0I7) ((217) GDO4] GOO40 GO0I9 GOOII) ((114) GOOJI6 GDOJI2 GO

031 60029) ((313) GOO44 G0043 60042 GOO0L4) ((B11) GU046 GOO45 GOD44 GO0D42) ((312) GCO46 GOOG4S GD043 GOC14) ((36) GZC4T G

0028 G0022 ©0021) ((34) &0048) ((35) 0047 D023 60021 GOC20) ((322)) ((33) GD049 GUDA4B LOGIS GGOIL GOCIS) ((21) GCU4D 6

0019 60017 GOO16))

CONTLY (NIL) (NIL) (NIL) ((38 39 2§{0) GO027 60026 GOO24 GUOZ27 GO025) (NiL) (NIL) (NIL) (NIL) (221 320) GGCOJ4 GOO3& GOOJI

5 GGO34) (NIL) (NIL) ((319 818 117) GOO37 wpOD4l 0038 GOOJI7 GOG4i GUO4D GO039 GOO3II) ((215 3116 vid) GOOII 50030 &0O13 GO

036 GOOJI2 G0O031 G0029) (NIL) (NIL) ((833 513 812} CUO14 GDO4S GOO44 GOO42 GND4E GOO4S GQO04Y LOGI4) (NIL) ((34) GOT48) (|

37 16 315) GOD20 G0028 GO0022 GOJ47 GUO23 GOO231 GO0020) ((822)) (NIL) ((32 BJ 1}1) GGO17 U048 GOCI&E GOOLS w0049 50019 GOCI7
e0016))

LOCAL

((NIL) (NIL) ((%8 39 310) &0027 GOO26 G0OO24 CO0C27 GOO25) (NIL) (NIL) ((321 320) L0034 GOOJI6 GOC3IS GOOJ4) (MIL) ((319 218
117) GOODJI7 GQO41 GOOIB GOO3I7 GOD4l GOV40 GQUI® GCOOSIE ((315 #i6 3114) OOCLII CUOJO GOOLIJ GOO03IL GOOJIZ GCOJIY Sc028) (NIL) |

(313 811 812) GOOL4 GOO45 GO04d4 GO042 C0046 GOO45 GOO43 GUOL4) ((34) GOO4d), ((37 36 35) GO020 GOO28 60022 GOL47 GOD2JI GO

021 GO020) ((822)) ((%2 33 31) GOOY7 GOO48 GOOLI8 GOOJS5S 0049 20019 GUOLI7 &Q016))

LOCAL

(SINGLEBODY ASSUMES (82 83 31) (314) SAME BODY)

(((22 83 51 34) Gpo17 Goo48 Gnoyd Gpoi1S Good? Coot9 Gooi? Gool6) ((87 36 35) Gpo2g C0028 Goo22 GOGée7 L0023 Gan2y Gopo2c!

(NJL) (0313 311 2112) G0Ol4 GOO4S COO44 GO042 GOO46 GOO4S GOO4I GOOL4) ((915 116 s14) GCOLJ GOOIN GOOII S0CIB GOOIZ GOOIL

Q0029) ((119 818 3117) GOOJ7 GOD4] GOOJIB 0037 GOO4L GOO40U GOOJP GOOJIJI) ((221 220) GOO0J4 GGOJe GOCIS GOOJI4) ((33 1G5 110)
@0027 L0026 GN024 GOO27 €0025))

LoCaAL

S4B

RESJULTS

(aZ0Y 1, IS 12 3] 1] 14)

(aG0Y 2, 1S 87 16 15)

(a30Y 3, 15 313 811 112) avir—= T

(390 4. 15 115 116 114) RFSULTIS> FUR CORN
{S0CY 5., 1S 3119 318 117)

(800DY 6, 15 121 120)

(80DY 7, IS5 18 39 110}

NIL



EEEEE—-EE Here the torlerances SINTO and COLTO that zllow for

""sloppy parallelism'" have made T's out of NA and PA. Therefore,

these vertices do not contribute any links for :1. More over, the

"' PA inhibits the link suggested by QA between :1 and :8.

That being all, :1 gets reported as a single body (see next page).
By decreasing the tolerances, correct ldentification is possible

(see the correct identification in page 155 ).

See 'Tolerances in collinearity and parallelism', page 2|5
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FIGURE 'L 9"’
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Four bodies are identified. Body :1-8-9-7-5-6 gives some problems,

GA
FA

DA

JA

B 1



SEE S8 ANALYZES L9

EViGENCE : See also next page.

LOCALEVIDENCE

TRIANG

CLOBAL

((NIL) ((31)) ((18) GOO12) ((%3) D026 GOpi3) ((319) GOO1Y% GOOLS5 GOO14) (($2) GOO21 GOOD20 GOO19 GOODIE GOOL7) ((120) GOO2
3 60022 G0020 GOC17) ((318) 60030 GO028 Gou2d 60022 GOO21 G0O18 &00I® ©0G15; ((315) GOU31 GOO2¢ GOOi6 GCO14) ((314) GOO2
7 60013) ((34) GGO3§ GOO30 60u29 ©0028) ((¥11) GOO3IS 60033 QU2 GOCR27 ©0U25) ((F10) «0036 GOOI5 50034 GOCIJ) ((#12) 500

36 L0034 GQOJI2 0026 GCO25) ((16) GGO24) ((36) 60039 GODJIB) ((¥5) GOO44 GO43 (OG0 GOO39 GO0JIB GOOI7) ((29) GOO44 GCU4
2 GUO37 ©GO012) ((87) GGOAI GO042 GGOAO) ((817) LCUAD GOGAL) ((333) GOO4S LOO4] GCQ24) ((321)))

CINIL) ((31)) ((1B) GOOG12) ((33) GOD26 GOg1Y) ((T19) 0019 GOO15 GOCL4) (NIL) (NIL) (NIL) (NIL) ((314) GNG27 GOG13IY (t3]
S $2 320 8)8 34) GOO29 GOU14 GCO19 GOO20 GUOL7 GOO23 w0022 LOV21 GOO18 GOGiI6 GOOLS GOOJIY GOO3Q GON2P GOuzct INIL) (NILD

((111 10 £12) GOO32 GO027 GOO36 GOU35S G0pJI3 GO036 0034 GOOI2 ELC26 GCC2D) ((316) LOU24) (NIL) (NIL) (NIL) (36 35 16 2
7) 0043 60039 GOO03I8 GOO44 GOO3I7 6OO12 w0043 GOD42 GOO4D) (NIL) ((317 $13) G004l GGUES GOO4l 6OGZ4) ((321)))
(UNILY ((33)) ((38) GOQ12) ((83) GOCR26 Cpl3) (NIL) (NIL) (NIL) ((P14) 0027 GOULIY (t319 315 32 120 %18 34) GODIS Ga029
G0014 £0019 60020 G0I17 50023 GOC22 €002y GOG18 0016 GOO1S 60031 G030 w0029 GGO28) (NJL) ((311 ¥10 :12) GOOJI2 63027 G
0036 Q035 60033 G036 GOO34 GONI2 GOO26 0N25) ((316) GOO24) (NIL) ((86 25 19 37) GOC43 GOO39 50038 GOO44 30037 GOOl12 6
0043 GO042 G0040) ((317 113) GONAL GOO4S GUO4L GOO024) ((2121)))

HLOCAL

n

D~(.OCAL ASSUMES (tJ) (tid4) SAME BODY)
(LOCAL ASSUMES (28) (36 35 19 17) SAME 80pY)
CINIL) $C23)) ((36 35 29 27 1B) GONJIG GOOJIB LOJ44 GOOJI7 GOJ4J GUQ42 GOO4D G0012) ((314 33) GO027 GOOZ2& GOOLJ) (NIL) (ML
) (319 215 32 320 213 td4) GGOI1S 60029 GOple GOOL9 L0020 LOOL7 L0023 GOOZ22 @OG2)1 GOC18 GOCL6 GO00153 w0031 GOGI0 GOOz9 &GO
28) ((311 310 312) GO0J2 GOOZZ GOOJIS GOOJIs GOOJII GNOI6 GO0JI4 GAL3IZ GONZ26 L0G25) ((316) GOG24) (NIL) (317 313) GCG4i &GO
45 L004] GOOZ24) ((821)))

((NEL) ((31)) ((t6 15 29 17 18) 60039 GOO38 LOD44 GOOI7 GUO4I GUD42 GLOGAOD GOOUIZ) (NIL) (NIL) ((8319 315 32 320 :18 t4) GO
015 60029 GOO14 GOO1% GOO20 0017 60023 G022 G002y 60018 GOOLS6 GO0O1S GOOJd1 GOGJI0 GUC2% GOJ28) ((814 33 il )0 312} GOO
Z6 0013 60027 50035 50033 GOOJI6 GOOI4 G0pI2 U026 OO025) ((216) OC24) ((3)7 13} GOO41 GOO4S5S GNO41 GOO24) (i321)1))
LOCaL

(SINGLEBODY ASSUMES (317 t13) (316) SAME gpUDY)

({817 313 316) Gppodél Gog4S Gopdl Gpp24) (NIL) ((11e 13 331 21p 312) 6pg26 €001Jd Gou27 Goog35 GoO3J GAo3d6 GOsd4 55032 GCU
26 20025) (($19 215 32 120 118 14) GOUIS 0029 GOO14 OO1Y GOV20 GGOL7 GO02J GOO22 GGO21 GOGIB GOOio GOO15 GUO31 G0030 G
0029 2002B) ((36 15 19 17 18) GNOJI9 GOOJIB GOO44 GOOI7 GOD4I GOOD42 GCO4G S3012) ((11)))

LOCAL

SM3

RESJLTS

{ThRE FIRST 1, BIDIES ARE ((31)}))

(B3CY 2. 15 317 113 116)

(B3OY 3, IS vi4 33 1y] 310 312} RESULTS FOR 19

(3C0Y 4. |5 3119 215 12 120 118 14)

(5GDY S. [§ 86 35 19 17 318)

NiL



“6CT

Smaller values for SINTO and
COLTO, the parsmeters for
parallelism and colinearity,
produce correct answers for L9.
SEE 58 ANALYZES LS Compare with previous page.
EVIDENCE
LOCALEVIDENCE
TRIANG
GLOBAL 5
((NIL) ((%1) 60012 GOO10) ((38) GOO14) ((23) GOO17 GOOIS) ((219) GO023 60019 GOO18) ((82) GO0O25 GOO024 GOO2I GOO22 GOO21)
((320) 60027 60026 GOO24 GO021) ((%18) GOO32 G0030 0027 G0026 60025 60022 60020 G0019) ((31%) GOO03IJI 0031 60020 GoO018)
((314) GOO16 GOO15) ((t4) GOOIT GOOJI2 G00J) G0030) ((311) &OO03I7 GO00JIS GO034 GOO29 GOO16) ((910) GOO3I8 GO0I7 60036 GOOIS
) ((812) 60038 GO0JI6 GOO03I4 GOO29 GOO17) ((316) GOO28) ((36) GOO41 GOO40) ((2S) GOO46 GOO4S GO042 GO04] G040 w0O03Y) ((39
) 60046 GOOD44 GOOJI9 GOO14 GOO13) ((37) G0C04% GDO44 LUO42 DO0LJ L0012 «0OLO) ((817) GOO47 GOO43) ((313) GOO47 GOQ43 GOO28
) (8210 ))
C(NIL) (NIL) ((38) GOO14) ((33) GOOL7 ©0015) ((319) G0O2F GOOL9 6O0O01s) (NIL) (NIL) (NIL) (NIL) ((B14) GOD1I6 GOO1S) ((315
$2 320 %18 34) GOO0JI) GOO1& G002 GOO24 GUOU21 @U027 GOO026 0025 G0022 60020 C0019 GOO33 0032 60031 GOO030) (NIL) (NIL) |
(811 310 312) GOOJ4 GO016 GOO0JI7 60035 GOOI& 0OJI6 GOO3I4 GOO29 GOO17) ((316) GOO28) (NIL) (NIL) (NIL) ((36 35 39 31 37) 6
0045 60041 GO040 GO0D46 GOOJI9 GOO14 GOO0J0 O04S L0044 O042 GOOLJ L0012 00100 (NIL) ((217 213) GOO43 GOO47 60043 GoO28)
((328)))
((NIL) ((38) G0014) ((23) L0017 LQOL5) (NIL) (NIL) (NIL) ((214) GOO16 ©O0O01S5) ((%19 315 32 320 318 34) GOO19 GOO3J1 GOO18
60023 GO024 60021 60027 GQO026 0025 60022 0020 60019 GOO3JI GOO3I2 GOOI1 GOOJIO) (NIL) ((®i1 2310 312) GOO34 GOO16 GOOI7? GO
035 G0038 C0036 GO034 GQ029 GOOL7) ((316) LOU28) (NIL) ((86 35 39 3] 87) LOUAS GOO4a)l GOO40 U046 GODI9 GOOL4 GOO10 GOO4S
0044 GO042 GO013 GOO12 GOOL0) ((847 813) GOO4JI 0047 LUU43 0O028) ((321))9
LOCAL
(LOCAL ASSUMES (33) (:14) SAME BODY)
(LOCAL ASSUMES (38) (36 35 29 3] 37) SAME BobLY)
CINIL) ((36 35 39 81 87 38) GOOA4l GOU40D GO0U46 GOOJY GOO010 GOO4S GUO44 GOO042 GOO1J GO012 GOOLO GOO14) ((314 33) GOO16 GOO
17 60015) (NIL) (NIL) ((%19 315 32 220 318 14) w0019 GOOJ1 GOOl& 60023 60024 GOO21 ©0027 GO0O26 GO025 60022 G0020 GOOi19 G
0033 60032 60034 60030) (311 ®10 212) OOJS4 GOO16 LOOQI7 LOO3S LOOJIs GOOJIE GLOOJ4 GDO29 GQOL7) ((%16) GOO28) (NIL) ((217
$113) 60043 Q047 GOQ43 ©0028) ((321)))
((NLIL) (36 35 39 2] 37 38) G004l GUO40 w0046 GO0I9 GOOLO GOO4S GOO44 GOD42 GOO13 GOOL12 GOOLO LOOL14) (NIL) (NIL) ((319 3
15 82 320 $18 t4) GQO19 GOOJI) GCJU18 GOU2I wOU24 GOO21 GOO27 GOO26 60025 GO0O22 GOO020 GOO19 GOOJI3 GOC32 GOOJ1 GOOJIO) ((214
$£3 311 $10 t12) GOO17 6OUIS GOOL6 GUOI7 LUO3S wU0JIB LOOJIE LOD3e 0029 LOOL7) ((316) GODO28) ({317 113) GO043 GOO047 G004
e0028) ((325)))
LOCAL
(SINGLEBOULY ASSUMES (317 313) (116) SAME wODY)
(((237 813 816) GQp4d GQO47 GoQ43 GOO2o) (NIL) ((314 33 311 310 812) GOO17 0015 6001% GOOI7 GLU3IS GoOI8 LODI® GOO34 GOO
29 60017) ((219 315 12 320 318 14) (O0lv¥y 50031 w001b w0023 GOD24 GO0D21 GO0027 G0026 ©0025 GO0022 60020 GO0O19 GOO3II GOOJI2 &
0031 GOOQ3D) ((86 25 339 31 37 3B) GOO4l GO004g GQO46 0039 60010 LOO4S GOO44 L0042 GDOL1J GOO12 GOOI10 GOO14))
LOCAL

SMB

RESULTS

(BODY 1, 1S 317 313 t118) - - ‘ "

(BODY 2, IS 334 33 1311 310 812) BEETTER RESULTS FOR L9

(BODY 3, 15 819 215 32 3120 t18 ta)
(8g0Y 4, 1§ 36 35 39 3] t7 18)
Nl



cemeniiofand b0 Four bodies are found in RY, five in RYT.

1

The difference is that Y and JA are not '"matching I''s" in RYT.

The strong links among :12, :3, :10, and :16 are:

LINKS FOR R 9 LINKS FOR R 9 T

In R9, the two strong links (GO030 and GO02l) between :12 and :10
were put by the matching T's Z-EA and Y-JA; of the two strong links
between :10 and :16, one was because DA is an arrow; the other,
because EA is a "T" for which heuristic (g) of table 'GLOBAL EVIDENCE'
applies.

But in scene RYT, not being matching T's Y and JA, a link
between :10 and :12 dissappears; and also nuclei :16 and :10 can
not be linked by heuristic (g) of table 'GLOBAL KEVIDENCE'. SEE deci-
des to report two bodies there: :3-12 and :16-10 instead of one

as in scene R9.

Are Y and JA matching
T's or not? Different
answers produce different
analysis of the scene.

These scenes show that the analysis can be quite sensitive to

the "right" definition of para%%%lism and colincarity.



*LST

SEE 58 ANALYZES R9

EVIDENCE

LOCALEVYILDENCE

TRIANG

GLOSAL : 2

((NIL)} ((%%20) 60018 GOO17 GOO16 0014 20043 GOOL2) ((x¥19) 6G0OO20 GOO!9 GOO18 GOO16 GOOLS) ((x313) GOO23 GOM22 0022t |

x115) GoG26 600225 60023 60022) ((%x310) «0031 GODJI0 OO28 w0021) (fxri&) GQLOJY COC29 GOC2E, ((x3:8) w0027 GOOL9 GCOIS GoO

4 GOO012) ((X317) GOOJI2 GOO27 GON26 50025 GOQ24) ((%37) GOCJI2 0024 GOO17 LQOIJ) ((X39) GOOJI6 GOOI4 GOOJII) ((X314) GOOIS

GO0O035 0033) ((X16) GOOJIB GOLO37) ((x318) GOQE3I7) ((X8S) GO0IS ~0034) ((X311) L0044 GO042 GOO4Y! GOO3w) ((X31) GOO4I GOO42

GUO38) ((X312) GOO45 GOO3U 0021) ((X3J) GUDAS LOO02V¥) ((X32) BOU46 L0044 LOCAI LUO4O LOOJIY) ((X2d) G0046 GOO41 GOO4Q) ((

X12111))

CONIL) ONIL)Y) (NIL) (NIL) ONIL) (NIL) ONIL) (NEIL) (NIL) ((X320 X819 %238 X813 X?{5 X817 X17) GOO!3 GOO1s GO0I6 GOOL9 GOOLS
w0014 60012 G0020 GOO23 G022 GGU27 0026 GO02S 0032 GOU24 GOUL7 GUO13) (NILY (NIL) ((%3b) GCOJI8 GCOI7) ((X¥18) GOA3I7)
((a89 %814 %X35) 600J6 GOU3IY GOGIS GOU34) (NIL) INIL) INIL) ((X310 X81lo %812 x3J3) GOOJ) 60028 6003U 0021 GUO4sS GOO029) (

NIL) (23] %%1] X32 xt4) GOOJ8 GOO42 w0046 GOO44 LOUEY wOULIV COU46 LOO4) WO0D40) ((x221)))

LGCAL

(LOCAL ASSUMES (x36) (xz31 %81l %3z x34) BAME BOUY)

CONTL)Y (NJLD) ONJL) (NIL) (nIL) ((%320 Xt19 %38 X313 X215 X317 X2:7) Q913 LOULSG EO16 Copt9 CCO15 60014d 0C12 Q020 GQ023

L0022 w0027 L0026 L0025 0032 GOOR4 GOUL7 GUOAI) (NIL) ((X®] X311 X2 X34 UB86) GOOU42 COQ44 GQU4LT GOOIY GCO46 GOO41 GOO4
0 0038 ©0037) ((xr1g) @OU3I7) ((X39 Xi]l4 X15) w00J6 CGOQI3 GUOSS w0O0J4) (NILI) ((X310 X316 X212 X1J) G0031 60028 G0C30 GOO
21 (0045 0029) (NJL) tIX321)1))

LOCAL
{SINGLEJDDY ASSUMES (X831 X311 Xt2 xtd4 Xi6) (X318) SAME BOLY)
(tixs1p0 X316 %342 X83) 6Q0J) Gpoo2s Good3o Gup2l GOO4S GQp2Y) ((%X39 X314 X85) GQOoJe GUO3J GOoOIS LoOI4) (NIL) (vxty X2{y X3

2 L34 %36 X318) GO042 GDO44 GOOAJ GOOJIY wOUAb GOO4) GOO40 GUOUA GOOJI7) ((X820 %119 %8 X113 X315 X217 X37) 50013 GOO1& G
0Cl16 GOO19Y 0015 GO0O0l4 GOOL2 GOOZ0 GOUR23 GOOZz U027 GO026 GOOZS5 w0032 60024 GOO17 GOOI)

LCCAL

SHp

RESuLTS

(BUDY 1, IS %110 %816 %312 X13)

{(2QUY 2. 1S %319 X314 X35)

(BGODY J. IS X8l X211l X312 X14 X236 X118) RESULTS FOR R9

(200Y 4. 15 X320 X819 %88 X113 %315 %3]17 x37)

NI



FIGURE 'R 9'

The four bodies were found.
SINGLEBODIES was needed to join :18
with :6-11-1-4-2.

158.
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FIGURE 'R 9 T'

SINGLEBODIES joins :18 with the
other portion of that body; LOCAL
is needed to join :6 to that
portion, and :t6 with :10.
Nevertheless, since :12 and :10 were
not found to be the same face, body
:16-10 is found, and body :12-3.

159.

10

16



*091

SEE 58 ANALYIES R9Y

EVIDENCE

LOCALEVIDENCE

TRIANG

GLOUSAL

((NIL) ((x%20) GOO19 GOO18 GOO17 GOO1S5 0014 GOO13J) ((Xx¥19) GOO21 GOOR0 GOO19 GOO17 GOO16&) ((x®13) GOO2JI GOO22 GaO21! (!
x3115) GOO2¢ 60025 Gp023 GOO22) ((x310) w0pJIp GOO29) ((x¥16) GOOJIO0 GOO28) ((x¥8) GOO27 60020 LOOL6 GOOLIS GCOL1II) ((x¥17) G
GOJI) 0027 GO0028 GOD2S GOOD24) ((X387) GLOOJ) GOD24 00LB LOCi4) ((X%39) GUOI5 GOOII 6OOI2) ((X3ié) GOOIS LOO3I4 GOOJI2) ((X3b
) 0037 GO0I6) ((%818) GOOI6) ((X3S) 6O0J4 GUOI3) ((X¥11) GOO4JI 50OU4] LOO4D 6GQ038) ((X81) GOO4?2 GZl4] w00I7) ((X812) GOO
44 L0D29) 1(X1I) L0044 GOC28) ((%52) GUOD4S GOO43 GOLA2 GOUIY L00JIE) 1 kb4 LUO4ES LOOU4C GOOJIVI ((X221)))

CENIL) INIL) INIL) (NIL) (NIL) ((X310) GOODJO CO0U29) ((X3io) GOOJO wGO28) (NIL) (NIL) ((%320 %:19 X328 X313 X315 X817 X17)
“0Ul4 GOUL9 LOOL7 GOO20U GOOI® GLOLS LOD1J GOO21 LOU2) LOD22 L0027 LCO026 w0025 LOOJ! GUOD24 GDOIS GOO14) (NIL) (NIL) ((x3

6) L0037 “00I6) {((x318) GOOIS) ((x19 xtid4 x35) LOUIS LO0J2 GOOJI4 LOOCII) (NIL) (NIL) ((x3]2) GOCA44 GOD29) ((x33) LOO44 GO
0281 (NIL) (ix%1 %831 282 x%4) GUUI7 Q041 GOUAS COU4d GOU42 GO0JIb L0U4AS w0CA0 LOQJIV) ((x321)))

LuCal .

(LOCAL ASSUMES (x%6) (x31 xtjl x#2 x34) SAME BOUDY)

(LUCAL ASSUMES (Xx31g) (X3136) SAME BULY)

CONJL) (NIL) (NIL) ((%316 %310) w0028 GOGJIV GOO29) (NIL) (NIL) ((X320 X319 X318 %:13 X215 X317 %87) GOO14 GOOL9 GO017 GOO
20 w0016 w0OI5 ¢0013 GO021 60023 0022 60027 0026 w0025 LOO3) GOO24 GUOLS w0014 (NIL) ((X31 X211 %32 X214 X36) GOO4&1 GO
063 GOD42 w00JIB G045 GUO4U w0DO3Y LOOJI7 GUU3IE) (IX¥1B8) LOOSG) ((X19 X84 x!%5) GOO0JIS5 ©0032 G00JI4 GOOII) (NIL) ((X112) GOO
é¢ 20029) ((x383) GOO44 GOODZ&8) (NIL) ((x321)))

LOCAL

(SINGLEBOUY ASSJUMES (x%) x311 xte x34 436) (3318) SAME BODY)

((i233) Gpp44 Gpo2b!) ((XB12) bEO4a LEUR9Y) ((4B9 X3f4 X85) LGOI CQOY w0034 GOOII) (NIL) ((X¥) X3gi X322 X34 X6 X31{8) GO
04] SUO4JI LO0D42 GOOJB GUO4S GOO040 GOOJI9 CUO37 GOOJS) ((2I20 X1y XP& X813 X315 X117 X87) GOOl4 GOOi9 GOO17 0020 GOO16 &
0015 0013 GU0D21 GuU02) LOU22 LOO27 GO026 GUOZS 0031 0024 GUOD1IS GOOL4) ((X316 %310) G0O028 GOO30 60029))

LOCaL

sMB

(SMB ASSUMES X3J 2112 SAME BODY)

RESULTS

(20LY 1, 15 X33 X312)

ioUlY 2. IS X319 X3la X35)

(80LY Jo 1S X011 X3)] X312 X34 X186 X118} RESULIS FOR ROT

(BU0Y 4o 1S X320 %319 X8 X8)J X815 X847 x87)

(BUDY S« 1S5 X516 %8510)

NiL



EEEEE-EELéE This scene has been analyzed in great detail in the

section that describes the program SEE. Its links are found in

graphic form in figure 'TRIAL - LINKS', or in written form (lists)
in "RESULTS FOR TRIAL".

LOCAL had to join :13 with the remainder of that body,

Ak 1968

Lol



TRIAL

(BODY 1 IS :1 :6 :2)

(BODY, 2 IS @ll 212 :10)

(BODZ 3 IS =24 19 15 27
s3 28 :13)

14

FIGURE 'TRI A L'

162,




“E91

SEEL 58 ANALYZES TRIAL

EVILENCE

LUCALEVIDENCE

TR]ANG

GLUDAL

((NIL) ((311) Go014 60013 LOOI! LLOL10) ((¥12) LOOLS LOO14 GUULI wOUlE) ((313) 6GO021) ((3y) LLOD22 GOO021 GOC20 GO3JL9 &3C17
S0U16) (1210) 40015 vOUW12 G201l GNOIU) (133) w00J4 GU025 LUCZ24) ((36) BOLII LOUVI2 LOULZS GO02% 60023) ((ib) GGO31 Geodo

60029 LUD27) ((35) GOO26 LOG2I G022 LGOLB GUDLZ) ((37) GUOII sLUS2 LOULY sULLS LOULIB) (138) GCO3a LOC24 GUO2C) ((32) GO

035 U031 L0029 LUD2B) ((314)) ((21) 6UO3S GOGOJIO LOU2B LCuR7)) .

CAINILD (NIL) (NIL) ((213) L0021) (~IL) ((3lf 312 Tlu) GOCL1 GLOLS GOUL4 5UOL3 GOGLS GUOR2 GOOL11 GOGOEDI. IMIL) INILY (NIL)
(NIL) (NIL) (L34 39 25 37 13 3AR) GOGZ5 5Uu2l U016 LUO2S LUOZI LODZ2 LODI7 LOUSS GUGS2 GOO19 LOC1H GGO16 GoC25 L0034 wu

026 GO020) (NIL] ((314)) ((%o 22 21) LLO27 GuO3Il 50UL29 LOGID L0uU30 ©0LO028 00271

LOCAL

(LUCAL ASSUMES (%13) (14 39 35 37 13 148) SAmME cO0UY)

LOCaL

(INIL) (NIL) ((%84 39 35 27 t3 313 1131 wJG21 LOU26 GLU23I GU022 wiuDl7 LOUJI3 w0632 LOOLIY LOOIA LOU1S G025 LCOJ4 GNL24 SC02
G GGo21) ((2131 12 210) Gduwll GOULS GOULL4 o013 GUOLS 60012 LUILT GOGLG) tvaL) (NILDY (NIL)Y (t314)) ((36 32 31) 50027 GGO

31 w0029 60035 GO030 50028 G0027))

LICHL

(1136 22 21) LOD27 GCU31 LOD29 GOUERDS w030 GUC2B wiUL2/7) ((31] 112 110) s0uUll LOO1Y wlUld 3013 GNRULS LNO12 GCNL1L &OCIC0)
{124 39 35 37 13 2B 113) 60921 GLO26 w0028 GUGLZ2 WOUL7 G003JI s0LI2 LOOLY »OClb LGO1E L0N25 GOG34 U024 0020 632210
LOTRL

S¥e

RzSJULTS

(sCuY 1. 15 16 12 11)

(BOLY 2. IS 11 %12 2ig)

(8OLY 3. 1S 24 19 15 37 33 18 113 RESULTS FOR TRIAL
NI



EEEEE—&EE— SEE analszes scene ARCH (see figure 'ARCH') with results
displayed in 'RESULTS FOR ARCH'. This is an scene compos:d by many
degenerate views of cbjects. It is an ambiguous scene (s.e section
on Optical Illusions), in that several good interpretations are po-
ssible.

The program reports :7 and :17 as one body, which could be plau
sible. :1lb, :9 and :10 get reported as independent objects. In
the scene from where this picture or line drawing was takea, :7, :17
and :16 were the vertical face of an object. :10 was the vertical
face of another, :9 being its norizontal (top) face. In cases like
this, in order to choose the "right' one of several possible inter-
pretations, more information has to be supplied to the program, such
as lighting, textures, color, etc.

No link was put by A between :3 and :29, or by UB between :5 and
:19, because D and W are GOODTs. In one case, G provides with more
links and causes :3-8-29-31 to be reported as one body, which is
correct; in the other case, Q can not supply any links, and that
body is split in two: :5-4 and :19-18. This is a mistake of GOODT,
who accepts W as a genuine T. If this were not the case, the arrow UB
would establisir a link between :5 and :19, avoiuing the mistake. GOODT
could stand some improvement.

The body :22-23 was identified correctly.

164,



ARCH

22

27

uB

-t

FIGURE "A R C H"

Ambiguous scene that could be correctly interpreted in
several different manners. :7-17 was reported as a single
body (see table 'RESULTS FOR ARCH'), and also :9.

The body :5-4-19-18 was split in two: :5-4 and :19-18,
but not :3-8-29-31, which was countea as one body.

165,




SHOT

SEE 58 ANALYZES ARCH

EviULENCE

LuCALEVILENCE

THIANG

GLUs AL

CONILD (038) 602221 ((38) L0OG2Y LLNZI LO022) ((381) GuO29 WOOZS 0024 GO0RI) ((34) LOOI2) ((226) (03B “0CLI7 GOUNIDS L3DJ4

) ((324) LOL3Y sUUSE 60033 LOUIL) ((2g5) LUDSY LUUIE LOUI7 GOUIL) ((¥23) wOC40; ((¥L7) GUOII) ((Fid) LOGES 50044 LOUdZ &

DUGL) ((312) GIdde oLIdd w0243 GLLAZ) ((¥11)) ((336)) ((314) wOULE LUOLD »I04T LOO4AL) ((#9)) ((316)) ((33D)) (L310D) ((3

33) 60050 L0049 wlUa7 HUO3L) ((204) LUGSU LEUdAl 500471 (1832) LULEY D048 SLUSO) ((35) GOOJI2) ((219) GUG31) {¢37) GLOZH)
(1260 1(820)) ((222) w0uUad) (32101 ({2£/71) ({3281} ((3Z) GUOD2 w0C31 U027 GUO26) L(¥1) L0053 GOOS2 LOL2B GOG2Z7) (133

01 60053 LUUS! SUL28 500261 ((329) 50U29 LUNZ24) ((235)) ((218) LOLIL)Y)

(i) (133) 603220 (MhL) (NIL) ((241 wO0U032) (NIL) (NIL) 14326 324 325) GUIJI7 GUGI9 GULIS GOOJI4 GGLIY LLOUA LUn37 6G0J30)
((323) LU0ED) ((217) %0033) (NIch (NIL) ((311)) 4(336)) (213 212 114) oudd42 GUU4R GOG44 GUL4E2 GOL4Ad UGS GNNAY GGl
(6590 U161 ((3159)) (L8100 (ANTL) (NIL) (1333 134 332) LOOIL LOLD0 GUL4A7 LOU4Y 60G04B GLO3G) ((:5) LJIC32) (1319) G003

1) (037) LUUIID ((3A/)) ((220)) [(222) LONAUY ((321)) ((327)) ((328)) (NIL) (NIL) (32 31 t30Y (G320 52a0e¢ vibe] LLOLY GO

631 6002t 0026) ((t8 331 129) GULZ2 LUUZD LLEZY LOL2Y LGOUL24) ((33D)) ((318) LOLILY)

LUCAL

[LUCAL ASSUMES (2319) (318) SanE BUNY)
(LUCAL ASSUMES (13) (g 381 329) SAME bdUY)
LoCaL

(INIL) ((s8 331 229 2J8) GUu29 6NL23 GOU29 wou?4 GuUOZ2) (NIL) (134) GCLOS2) (NIL) ((326 124 3235) 60QG3I7 GOUIY G035 6nodée G
Cu3Y w0038 LGOI7 LUUSA) ((82F) GuLAD) ((217) LOUIS) (~IL) ((811)) ((330)) ((313 312 214) 6OOLZ GOO4L 6OUE4 GLO42 LODLE L
Juéd LODAI LOGALY (($3)) ((216)) ((319)) (4tlC0)) (NIL) ((335 :J4 132) Lu0J0 0050 GUO47 GOO49 bLI0D4&E GOOJID) ((35) w0G32)
(338 319) LEO3L) ((37) GUOJII) ((8A)) (132U))-(1322) LOLAL) (LBZL1) (C327)) (CB328) (NIL) 1132 31 330) w0UL26 GGGE2 w2G27
G053 wulSL L0028 GLOZ2E) (HIL)Y ((3459)) (NILD)

LulaL

(5INGLEOULY ASSUMES (323) (3122) SAME 9ldY)

{SINGLEIULY ASSJMES (2(7) (27) SAME 8ULY)

(SINGLESCOLY ASSJMES (38) (35) SaME 5OUY)

(L0322 21 230) 32026 LJIUS2 w0027 LUN5S LADSL LOL2E GGOZ26) ((32b)) (43270 (4221)) (NIL) ((220)) (nlL) ((3186 219} LODJL)
NiL) (0333 3348 :342) LJIOSO OUDU w(h&7 6004y LCJ4B GLOSC) ((2IL)) ((B15)3) ((3lo)) ((89)) ((213 212 231d4) LOL&A2 LOJ4H L)(44
sLL42 LOUGES LIIED LLJIEI LUNAL) (3111 ((817 37) GLO3S3) ((323 222) LUOAG) ((320 24 223) GOud7 LGOLJY »udd5 LJ054 GUDJY

GuLdd GOCIA7 LUIID) (1448 35) LOHUTZ) (3B 8J] ¥2F 3J3) LOULZD LOULI GQOULY LOO0Z4 LODLZ))

faRv e 3

]

Scbun TS

(Trz FIWMSY &, 2Julbs AFE ((328)) ((%327)) (te21)) L(820)) ((210C)) ((215)) ((2io)} (t39)) ((211)))
tduuY lue 1S 32 31 120,

(20uY 11, 15 815 3191

{ouuY 1. 13 238 234 3320

(FouY Tda s 313 212 3la)

(a0LY 14, 15 3817 37)

{ebuY 45, 0% £33 222) RESULTS FOR ARCH
{aduY 16s 1S 325 224 129)

oy 172, 15 ta 1)

i3gLY 18, 1S 18 13] 12y 13)

N



EEEEE—J?EEL This scene consists of objects of the same shape, namely

triangular prisms. All are correctly identified, including the long
and twice occluded :3-21-22-23-24-28-29. :1-22-33 was also found.
LOCAL had to be used to join :15 with :16, and also :11 with :12,

In an older version of the program, :7 was identified as a sin-
gle body, and :6 as anmother, because they have no visible "useful"
vertices to place links {Guzman PISA 68}. Now SEE joins :6 and :7,
because both are '"GOODPALs". See '"Operation of the Program; SMB''(page
9.

These scenes are sometimes obtained from a picture, so that
they are the result of a perspective transformation. Some other
scenes are drawn more or less in an orthogonal or isometric projection.
SEE does not depend heavily in the type of projection; there are only

a few heuristics that use notions of parallelism.
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HARD

FIGURE 'H A R D'

All the bodies were correctly found."
The most difficult was :6-7, since SMB
had to join both regions, which do
not have "useful" visible vertices.

16%.
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SEE 58 ANALYZES HARD

EVIDENCE

LOCALEVIDENCE

TRIANG

GLOBAL

CONIL) ([334)) ((36)) ((336)) ((824) 0026 GO0D2% GO0023 GO002% @0020) ((323) 60028 GQO027 GOO24 GD022 COG21) ((313) GOC4E G
004& GNO4I GOO42) ((317) GOD47 GOOAE GOO4S GOO44) ((37)) ((322) GDU49 GOO41 GOO40 GOO29 GOO26 €0025) ((33) GOOSO GGO4d G
D041 GOOJI9) ((821) GOOSO GOO40 GOOJIP GQ029 GLO28 60027) ((81) GOOS52 L0051) ((32) GOOS2 GOOS5t 0018 GQOL7) ((325) GOOSI G
0038 0036 G0Q19) ((126) LDO0S4 GOOSI 0037 G003I6) (i127) GOOS54 GOOJI® GOO0JI7 0019) ((3128) GOOSS GOU24 GOO22 GOJ1IS) ((229)
GO05S 0023 GO0L20 GOO15) ((832) &OQS7 G005¢ GO0034 GOO3JI) ((23J) GO0L8 GO017) ((331) GOOS7 GQO3IS GOUOI4 GOOI6G) ((25) GOOS
8 GOOd8) ((314) GO0S8 GO0043) ((310) GO059 G00J2 C0DJ1) ((214) D047 GOCAS GOO43 GQO42) ((8id) LOOGI GQO&) GCOGO GOC14) ((
$19) GODG4 G006 GO00D62 GOUGY) ((220) LOOG4 GOOB2 w0080 GOO14) ((89) 006% G0032 GO0JI0) ((38) GOOSS GOOS59 GOOJIL GCOIOY ((
130) GOO56 60035 GOOJII GOOI6) ((815) GLOAGO) ((216) GO06E) ((835)) ((831) GOCO7) ((812) GOOOB7 ) 7
(CINIL) ((33£)) ((36)) (83601 (NIL) (NIL) (NILY (NIL) (0873) (NIL) (NIL) (NIL) (NIL) (NIL) (NIL) (MIL) (1325 326 $27) GO
019 60053 GOO36 GODS4 G003& GOOI7 GOGLY) (NJL) ((224 822 33 823 821 328 329) GO0020 GOO2A GOOZ5 GNO49 GOO4Y GCCZ) GO0%C w
0040 60039 0029 GOO28 GOOD27 G0N24 GOO22 GO0S5 GOC2J3 0020 GOC1S) (NIL) (13§ 32 33F) L0052 LO0U5: LOOI7 GOGIS GOOL7) (NIL
) O(NIL) (135 84) GOO48 GOOSE GON48) (NIu) ((3§3 817 314) ©Q04J GOLA? GOO4E w0044 GOO47 GOG4S GOO4] G0042) (NIL) (NIL) ((
118 119 320) GOO6O0 GOO064 GOOGI GOCEL GO064 GUO62 GOO6O0 GOO14) (NIL) ((39 10 38) GL0JI2 GO0DI2 GLOGS GOO59 60231 GOOJ0) ((
132 131 330) 60033 GOOS7 w0034 GOOSSE QOIS GOOII LOO16) ((8315) C0066) ((316) GOUGA) ((835)) ((811) GOO67) ((312) GOCA7))

LOCAL

{LOCAL ASSUMES (%11) (%12) S4ME BQDY)

(LOCAL ASSUMES (115) (f16) SAME BODY)

((NIL) ((334)) ((86)) ({336)) (NIL) (NIL) (¢37)) (NIL) (NIL) (NIL) (€825 326 127) GOOQ19 GO0OS3 GON36 GOOS4 GOU38 GOO37 GO

019) ((324 322 3 123 21 128 $29) GCO020 UP26 GOO25 GOO49 G004l L0021 L0OSU GO0D4Q GOOJIQ 6GOO29 GOO28 60027 GOO024 L0022 G

0055 0023 60020 GO015) ((31 32 $33) G00S52 60051 CO017 GOCI8 &OCL17) (NIL) ((!5 34) GQQ48 GOOS8 GOC4s) ((3313 17 :214) 5OO

43 GOO047 GOO46 o0044a GOO47 GQO4S GOG4I 50042) (NIL) ((818 3119 320) GUOBD J064 GJ06J GUOGY GOOE4 GOO6E2 GOOED GOO14) ((39
$10 318) GOO0JI2 60032 GOO65 GOOS59 GOOJIL GOOJIN) ((832 #31 330) GOGJII @0DQ57 w0UJ4 LLOS6 GOO03IS GOOJII GCOL6) ((2§6 215) GQUGS
) (NIL) ((835)) ((812 811) GOO&7) (NIL))

LOCAL

(((312 831) GOO67) ((116 ¥15) GOO6G) ((332 3131 330 Gp033 GOOS57 GCOoJa GOOS6 G035 GUO3IT GOOL6G) ((t9 310 38) 50032 GQOJ2

50065 60059 G0031 GOOJIOD) ((31A 219 320) GQUSO ODO64 GQO6I GOObG] WOOO64 LOO6G2 GOOGO GOOL4) ((3113 317 :i{4) GDO4Jd GOC47 GOO4

6 GCO44 GOO47 GOO4S GO0O4d 6GD042) (i85 14) 0048 G058 GOO48) ((3) 12 33J) LOOS2 005! GOUL7 60018 GOUOL7) ((324 322 33 :2

3 121 328 129) 50020 GO0026 GO002% GO049 S0U4] 60621 GOGS50 0040 G003I9 G002y 0028 GO027 GOO24 GOO22 GOOS55 L0023 GOO20 GOC
15) ((32%5 126 127) GOO19 GOOS3 GOOJI® GOOS4 GO0JIB GOOI7 0019) ((87)) ((36)))

LOCAL

SHB

(SMB ASSUMES 37 16 SAME BODY)

RESULTS

(BODOY 1. 18 312 311

(30DY 2, 15 116 315)

(BODY 3, 15 132 131 13Q0)

(BGODY 4, 15 59 310 18) RESULTS FOR HARD
t800Y 5, 1S 118 119 320)

{B8CCY 6, IS 313 517 114)

(800Y 7, 1§ 15 ta)

(8o0Y 8, I5 11 12 :33)

(800Y 9., 15 3824 3122 33 123 121 128 129)

(BOCY 10. 1S 823 3126 127)

(BODY 11, |5 87 16)

NIL



ESEEE-EE The body :10-Y was reported isolated from :13-2-3,

due to insufficiency of links. See comments to figure Rl7, also.
The algorithm that localizes matching T's could stand improvement.
It sometimes produces ''bad links" such as between :4 aund :13, and
between :6 and :3, because it found two T's that looked like they
were matching (this mistake did not happen, actually, because vertex
R is not a T, but a fork!), EA and R in this case. The suggestion

in page 13 will lessen, but not suppress, these 'mistakes'.
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L 4

FIGURE 'L 4'

Body :2-3-13 was reported separated
from body :10-9. Not enough T-joints.

s/l



*TLL

SEE 58 ANALYZES L4

EVIDENCE

LOCALEVIDENCE

TRIANG

GLOBAL

((NIL) ((%2) GOO13J) ((%11) GOO18 GOO17 GOpls EOD14 LOD12 &O

2 60019 GOO17 GOO12) ((319) GOO2I) ((17) GpO2b LOO24 GOOIS €

0015) ((%1) GOO27 GOG26 -G0D2%) ((s]10) LOO23) ((?4) GOUJSL &0

0030 GOO028 60010) ((¥14)))

(C(NIL) ((32) GOO13) (NIL) (MIL) ((#13 33) GpC2C 60013 ©0021 500201 (NIL) €{39) LGC23) (NIL) (NFL)Y) (2371 ¢

022 GOO17 0012 GOOL5 S0014 -0011 0026 GgU24 L0022 0019 GUC18 ©0016 D015 G007 LCO2& SD0Z5) ()01 &50°
((34 35 26) GO028 GOOJI2 GO00JI! GOU2Y 0032 GUL3I0 50028 GCOITL ((sidi))

LOCAL

(LOCAL ASSUMES (19) (110) SAME BODY)

(INIL) ((232) Goold) (NIL) (113 $3) 50020 »pGid &0021 &Q0

2 GOO1S GOD14 GOO11 CQ026 GOO24 GO0N22 GOO49 LCOLB aouxe G

il1) ((Fid) GO021 GOG20 &0013) (¢33) &L
014 GOCL1) ((38) GOO27 w0C26 &CO24 GOC
2% 0028 G0010) ((39) GULOJI2 &LO31 COOJ

—————

g20: 1t812i7 G002
]
)

o b O

ii36) GOO32 &

17 18 1Yy 5S¢
{

NILY (NiL)

)2C ) 1(%10 $9) wQ02d) (wiL) (i83y) t312 t7 1
0015 @0C27 GGC26 ©CGU25) (NIL) (NILY (34

L :‘2 e
31 20029 0032 G0030 GNO28 GOOD10D; ((814)))
LOCAL
(SINGLEBODY ASSUMES ($13 ®3) (12) SAME 380pY)
(((1d 35 16) Gpp28 Good2 GpoI1l Gog29 60032 GooIo Gop2® Goolol (f2py 312 17 38 1) Gop22 Goni7 Gr 55014 Ggott GO
026 G0024 G0022 GOO019 G0O18 GOO16 GOOLS GoO27 60026 GGO25) (($10 %) G0023) ((¥1J ¥J B2} GCOZO GOO 35023 INILDD
LOCAL
SM3
RESULTS
(800Y 1. 1S 14 35 16)
(8CDY 2, 15 811 312 37 18 1y) RESULTS FOR 14

(800Y 3. IS 8510 19)
(BgDY 4. 1S 313 33 212)
NiL



§EEEE—J¥L The table 'RESULTS FOR R4' shows what happens when the
tolerances are too large. Five bodies are found. Vertex B is
considered to be a "T'", and inhibits the links suggested by the Arrows
R and A. As a result, :l gets cut off :7-9-5-10.

The way :2 gets isolated is as follows: T and AA claim to be
matching T's, the link suggested by U 1is inhibited by Z (a Corner),

and :2 gets disconnected from :3-4.

The correct solution is obtained after reducing the values of
COLTO and SINTO to 0.05 and 0.005 (see listings; COLTO decides if two
lines are colinear, SINTO 1if they are parallel), respectively. The
results appear also in '"RESULTS FOR R4', and we can see now that only

three bodies (the correct ones) are identified.

Suggestion Lines like the one below should be SUGGESTION

"straightened" either by SEE or (better) by the preprocessor; for
example, BK LN and DG H O in figure R17. See section 'On Noisy

Input',

Conservatism and Tolerance
More strict tolerances do not make the

program more conservative in all cases: the link in (a) fails to be
placed if the program has too loose (large) tolerances, because A
will be transformed into a "T" (it will be considered to be a "T"),
losing the link; the link in (b) fails to be laid if the tolerances

are too strict, because the T-joints will not be colinear.

a b

In (a), links disappear if tolerances are
too big; 1in (b), if they are too small.
In both cases, conservative behavior (cf.
page 212) appears.

173,



FIGURE 'R &'

Either three or five bodies are found, according to the values of
certain parameters. These scenes are '"moisy" in the sense that
the coprdinates of the vertices depart from their "ideal" position
by as much as one millimeter, or about 1 % of the total size of
the image, which is about one decimeter. This error is not lLarge
enough to affect long lines, but it may substantially change the
direction of short segments.

174,
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SEE 58 ANALYZES R4

EVIUENCE

LOCALEVIDENCE

TRiANG

GLOBAL

(INIL) ((x89) GOOL? 60015 0013 600.2 GO0O1) GO00LO0) ((x87) COO1I8& GO0ié 60015 GO00L0) ((xté) GOD22 GO020 G0019) ((x:8) GOO2
2 G0021 60019) ((x310) G0O14 60012 G0GIL) ((x82)) ((x3J) ©002I L0021 GUOO9) ((xPi1)) ((x2S) GOO18 GOO17 0016 GOO14 GUOL
3) (tx81)) ((%%4) €G023 60020 GOOQ9})

CINELY INILY ONEL) (NIL) tiX86 X38) GO020 60022 0021 GOO019) (NIL) (1X82)) (MIL) €((X213)) ((X3%® Xi7 Xi1Q XU5) GOO1J GOO1
& G001% 60010 60012 GO0O0LL GOO18 60017 0016 GOO14 G0013) ((xsi)) ((x83 xt4) 60021 GOO2I 60020 €0009))

LOCaL

(INIL) (NIL) ((x%6 x38) 60020 60022 ©0021 ©0019) ((x%2)) ((x31L1)) ((x0¥ x87 x¥10 x1%) GOOII COO1& GOOLS €0010 0012 G001
1 0018 0017 GOO16 60014 65U013) (ixPL)) ((xsd xutd) G0021 GUO23 0020 ©0009))

LOCAL

(((#3 x%4) 60021 60023 60020 &0009) ((xF1)) ((x#9 x87 x910 x8%) GO0II 60018 G0OIS 0010 G0012 GOO11 GOGIA S0017 GOOLIE &
0014 GOOLJ) ((X®2)) ((neé X%2@) GOO20 w0022 GOO21 GOOIVM)

_LOCAL

sma

RESULTS

(THE FIRST 2, SODIES ARE ((Xtl}) (I%22)))

(BODY 3. 18 X233 X14) 3

(BODY 4, |8 X839 X837 X810 X35) RESULTS FOR Rl"
(BODY 5. I8 216 X18)

NiL

ICHANGES TO SINTO AND COLTOQ) <:J
0+5E=1
0.5E=2

LLENA

FOOP
TYPEGENERATOR
MATES

NEXTE

10%

SEE 58 ANALYZES R«

EYIDENCE

LGCALEVIDENCE

TRIANG

GLOBAL

((NIL) ((x19) 60020 GOO18 GDO1® 001% 60014 60013) ((x87) ©0021 GOOLIP 60018 GOO13I) ((x%6) GOO22) ((x?8) GOO22) ((x310) &
0023 GOO17 GO001S GOOl4 GOO11 GOOOD®) ((x?2) GOO2S GOOD24) ((xtI) 0026 50025 60024 GOO12) ((x¥1i)) ((x%35) GOO27 GoO21 GoO2
€ GCO19 GOOL7 C0016 GOOLIO0 GOO0O9) ((%831) 60027 G002I COOL1 S001Q) ((X34) GOO26 GOOL12))

CINIL) (NIL) (NIL) ((X18) G0022) ((%38) GOUZ2) (NIL) (NIL) (NIL) C(X811)) (NIL) ((X%9 X37 %810 %15 X31) GOO21 GOO18 GOOI
3 G001% 60014 GO0D27 60021 0020 ©0019 50017 60018 G00QY 60027 €0023 0011 G0040) ((x?2 x¥3 xtd) Goo26 GO025 C0024 Goo2s
Go012))

LUCAL

(LOCAL ASSUMES (x86) (x%8) SAME 80DY)

((NIL) (NIL) ((X38 X86) Gpg22) (NIL) (NIL) ((X¥§))) ((X89 X7 X8jg X33 X)) GpQ23 0018 0013 ©p015 Goola &p027 Cop21 G0
020 60019 GOO17 0016 GOOCY w0027 GOO2) GOUil GOOLO0) ((%92 X8I ni4) GOD26 GOO02% GO024 60026 0012))

LoCaL

(((x12 %03 x14) D026 GOO2S5 GOG24 GOO26 GOO{2) ((X%9 X37 2410 %35 x%1) GO021 C0018 GOO1J GOOLS GOO14 60027 60021 GOO20 €
0619 GOD1? G001& G0OOP 60027 GOO02) 60011 GOOL0) ((NE8 XNES) 60022))

LocaL

M

RESUL™S

(WODY 1, I8 X852 X33 214)

A H O RESULTS EOR R
Wik



Scene VMO the long body 129-30-34-20-19 gets fdentificd as follows:

129 and :30 get two links, and :30 with :19 also, sc we have the
nucleus :29=30-19. Two links (because of matching T's) join :34 with
120, to form nucleus :34-20. Regions :30 and :34 receive a strong
link, by heuristic (g) of table 'GLOBAL EVIDENCE', and :1' with :20

by the same reason. That completes the body.

The fork that is common to :12, 13 and 14 puts a link between
:12 and :13, but it 1is not enough to cause mis-recognition. A link
is put by that same Fork between :13 and :14, as it should be, but
the link between :12 and :14 is inhibited by NOSABO.

There is a program that finds regions of a scene belonging to
the background, when not indicated as such in the input. For MOMO,

the results of this program appear in page 1%/ .
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IEA

&

P
mad

Y

FIGURE 'M 0 M 0O'

All bodies are correctly identified.
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‘8L1

SEE S8 ANALYZES MQOMp

EVILENCE

LOCALEVILUENCE

TRIANG

GLOBAL

(ENIL) ((2138) GOU4d GOOD4d GNO4Ll LUN4EO) ((319) GOD46 GUOAS GODZO) ((:6)) ((320) GLOSL GOD4a® GCODZ1) ((:25) GOOS3 GOOS2 GOO
32 w0031) ((223) GOOSI LOD3I4 LOD3II GOUI2) ((¥24) GOL7S GOUSE «OLI7 LUOJIG LOUIS) ((134) GOOLU GOD2?21 LOOL9) ((337) GOOS7 G
0042 GOOA1l LOO40) ((¥J39) LUOS7 GUUA4 LUOAI wUGE2) ((37) GUOSA WUU49) ((38) LOUSS GOU4Y) ((®17) GOCES GOOS9) ((210) <0063
wUD&1 LOOLD GOOD47) ((19) w0059 LUO4B) [(I131&) LODOY GUOGS GOCOLL WOOLS L00L2 w0000) ({f11) GOOLY GOOA7 50064 GOOG2 GOOE]
GOC47; ((314) GIO7JI GOO72 w0071 6L(A70) ((213) w0074 GuO72 GOO71) ((812) GUOBB GUOS? GOULL GLDG4) ((B118) GLODES GOO4s) ((3
15} GOO074 LDO73 GOU70) ((35) LONSL1 LOUJIY LUNJE LUD3L GOOJIS) ((221) wCO7S LACUSY) ((122) GODS2 GOOJI4 LOOIJ GNOJIL) ((24) GO
054 GOOJ9 Y0038 L0O37) ((83/) LOO7A GUODG) (133D) GLOJG GUOSG) ((1J0) w0079y L0077 GOO4S ON20 LOO19) ((129) GOO79 GoO77)
((228) GUO78 GOO2JI) ((131) GODO74 GOD2I) ((832) GUOLD GUOZG GUULS GuUR22) ((1J) LOOML wDO2%) ((#33) GOJ&O GDO27 GGO26 GOO
24) (132) LODOB1 GOOJU D02V GOO2E) ((840)) ((227) GLOSS GLO25 GuLG24 LOU22) ((820) GOOSS GON27) ((%1) GIGID GGO23))
CINTL) (NIL) (NIL) (02630 (NIL) ENTL) INTL) (NEL) (INIL) (NIL) (1338 337 109) GOO43 GOQS7 GO04] GNO4D GON=” SCl4éa 0043 G
0042) (NIL) ((%7 t8) GNO49 GOOSA LNO49) ((317) LOOGS w0O0S9' (NIL) (139) GUUSY GODAR) (NIL) (NIL) (AaL) UNIL) ((230 2ie 3
11 112) L0068 GOD63 LOOLO LOOARY LLNGA LI0LZ LLUGL GULOA7 GLOGY LUDL7 LOULS GDOG4) ((#18) GLDNES LON&B) ((3114 313 31S) GrO7
1 L0074 GQO72 GO071 GOO74 LOO7I LLN7O) (NIL) (NIL) (18325 323 122) GuUDJI1 GuOSI GuD3IJI 50032 CO052 GOOI4 LOOII GON3IL) ((124
15 12] $4) GQOJI7 LDOJI9P GuOJI6 LOUIS LUO7S =QUS]1 L0054 GO0S9 GUOIA LROI7) INIL) (826 335) GOOSL GGO76 GOOSH) (NIL) ((320
134 819 130 329) GOOSO0 60021 LOudAs GGU77 wCudd GUIZ0 GOO19 BUO7Y BULZ7) (NIL) (928 131) GOU2d GOC78 GOO23) (NIL) (NIL)
INIL) (NIL) ((140)) (NIL) ((332 333 327 126) WLUBO GGO26 €0025 L0024 L0022 GOOSY GUO27) ((%3 12 1) GOOSY GOO29 LOO3C G
0028))

LOCAL

{LUCAL ASSUMES (117) (39) S ME ROLwv)

(LUCAL ASSUMES (39 t17) (118) SAME HODY)

LOCAL

(INEL) INIL) (%60 ) (nNIL) (NIL) (NIL) (830 337 3139) OU4S GOUS7 w0U&]l GOU4C GOOS7 GDO44 GNO4&] GOD4A2) ((:7 38) GOO49 GOO

S8 L0049) ((318 19 217) GOO48 GNO4A GUOGSES «DGS9) (NIL) (NIL) (NIL) ((310 116 311 ¥12) GNOLS GOLAJ GOD&D GGNGY GNDo4 GPOB

2 LUDBL GO0047 GOOGB LO0G7 LOOBGSE LOPrb4) (NIL) (1314 313 $15) LUO/] GUU74 LUOD72 GUO7)1 GUO74 GOOZ73 GOD70) (NJL) (1225 223
22) 60031 L0053 GOO3I GDOJIZ GOOS2 GOOJ4 GLOJS WOOJIL) ((2124 85 12) 14) LUDS7 G003y GOOJE GOOIS GOOZS 60051 GNDS54 GOOJI9 GO
038 GOO0J37) ((838 335) GOOSe GOUTE GOOS6) ((¥20 334 219 1JL 12%) OOSU LOO2) GOO4® GOO77 LuN45 CON20 GOOL1S GOO79 GOC77)
(126 3831) L0022 LOO78 GOO2J) (NIL) INJL) ((24D)) (132 333 22/ §26) LOUBD GUUR2& GOG25 GNO24 LO022 GOOS5 GOUO27) ((33 12 1
1) 20081 L0029 0030 50028))

LOCaAL

$0033 312 11) L0OB1 GOO29 GOOJIO GOU28) ((832 ¥33 3127 3126) LOOKD LOO2L GQU25 LDD24 GND22 GOOSS GGE27) (13128 ¥31) GOD23 GOO

78 0023) (1320 334 119 130 329) LNOSO G002 LUD4G w0077 L0045 UO2C GOO19 6OO?79 GNO77) ((836 13%) GOOS6 G0O76 GOOSG) ((
124 15 121 t4) G0037 G0039 GONPIA LNOJIS 200U/S GOOSL COS4 LOOJY @OO0JIB wO0O37) (825 £23 3122) GUOJIL GUO%Y LOGCII GOOJI2 GOUSZ
wU0J4 w0033 LOOJI1) (314 313 ¥15) 0071 wU074 GO072 0071 GLOO74 0073 GOUZ70) ((BLP tlb ¥1] 212) GCOBS LOCAI GO0J60 0069
«00b4 0062 I06]1 GOO47 GOOGB GGOA7 w0OOSO GOCG4) (13118 19 117) GOO4L 00«8 LOOOLS GONSE) ({37 38) GUO4S GOOSE GAG4S) ((B

38 337 139) GO04J GOCS57? GOC4) GNO4n GOCS7 waoGdd GO0 G0042))

LGCaL

SHg

RESULTS

{=90Y 1, IS 83 12 1]1)

(20uY 2, 1S 132 133 127 128)

(aQLY J. 15 128 131}

(dguY 4, 15 120 134 819 33y 129)

1900y S. 1S 138 135)

te0ly 6. 15 124 15 9y 14

(500Y 7. Is 125 123 822 RESULTS FOR MOMO

(=0DY 8, 1S 2114 113 135

'800Y 9. 15 110 116 1151 112)

{8QLY 10. Is #18 19 117)

140uY 11, 18 17 18

'80LY 12, 1S ¥38 137 139)
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E
Scegesni t0c Region :10 gets a strong and a weak link with :4, and that

is enough to join them. The same is true for :7.

The links of scene BRIDGE (see 'RESULTS FOR BRIDGE') are discussed
and displayed in pages 95-98 , figures 'LINKS-BRIDGE' (page 95 ),
'"NUCLEI-BRIDGE' (page96 ), 'NEW-NUCLEI-BRIDGE' (page 37), and 'FINAL-
BRIDGE' (page98).

Because RA and SA are matching T's, two wrong links are placed:
one between 122 and :28, and the other between :21 and :29. This is
not enough to cause an error, because we need two mistakes (two rein-
forcing each other), two wrong strong links, to fool the program. But
that could happen.

It is interesting to note the way in which the long "horizontal
table" :25-24-21-27-9-12 was put together. To this effect, see figures
'LINKS-BRIDGE' and 'NUCLEI-BRIDGE'.

Vertex JB produces only one link between :5 and :8. Vertex KB in-
hibits the link (through NOSABO) between :8 and :9, and the link between
:5 and :9 gets inhibited by S, because it is a T (cf. NOSABO, page82).

The concave object :7-6-5-4-8-10-11 gets properly identified.

We may say that, in general, the more "crooked" or complicated an object
is, the easier will be for SEE to isolate it, because there will be
many vertices contributing with valuable links.

No mistake was made by SEE on BRIDGE; its eight bodies were co=
rrectly identified (see 'RESULTS FOR BRIDGE', page (8/).

The background of 'BRIDGE' was also correctly isolated; see that

in page 230, section 'On background discrimination by computer'.
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FIGURE 'BRIDGE'
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SEE 58 ANALYZES BRIDGE

EVIDENCE

LOCALEVIDENCE

TRIANG

GLOBAL .

((NIL) ((38) GO0O20 GOO18 GOOL7 GOOy6) ((37) GOO2I) ((%310) GOO24) ((811) GOO025 GOO19 GOO18 GOO16) ((228) GOO3IS GOOJIL) ((3

29) GOO0O38 LODO3IO0) ((327) GOOI9 GOO3y GOO0JI6 wp029 GODLS) ((818) GUO4L) ((319) GOO42 GOO41) ((317) GOO43 GOO40 60027 G0O26)
((816) GO042) ((332) GOOJI9 6OO1S gO0O1I) ((s14) GOO44 60012 GOOL1) ((815) GOO4S GOO44 GOO12 GOO10) ((313) GOO4S GOO§1 GO

010) ((29) GOOS1 GOO14 OOD1J3) ((85y GOO46 GpO22 GOD20 “UO0L17) ((36) GOO47 w0046 0022 GO021) ((34) GOOA7 GOD25 GOO24 GOO2

3 60021 G0019) ((31) GOO49 GOD4B8) ((32) GOO49 wO0048) ((33) GOOSI0 GOO43 60028 GOO027) ((220) GOOS0 GOO40 GOO28 GOO26) ((32
1) 0051 0030 0029 GOULLl4) ((322) 60052 GO034 wOO03I3 GOOJIL) ((326) GOOS3 GOOS2 GOOJI& GOOJI2) (1323) GOOSI GOOII GO°32:
124) GOO054 GOO0JIS) ((330)) ((825) GoO0S4 GOO37 GOOI6 GOO3IS))

((NIL) (NIL) ((87) GOO023) ((310) bpD24) (NIL) ((228) 50038 GOO31) ((229) 0038 GOO0IO) (WIL) ((318) GOO41) ((219) GOO42 &
00431) (NIL) ((316) GOO42) (NIL) (NTL) (NIL) ((814 31% 313) 0011 U044 GOO12 0045 GOO11 GOOL0) (NIL) (NIL) (NIL) ((38 3
11 35 36 34) GOO1Y GOU16 0016 GUO20 0017 GUO46 50022 GOU47 GOU25 GO024 60023 60021 G0019) (NIL) ((31 t2) GOD438 GOO49 G

0048) (NIL) ((317 23 320) L0026 GO043 002/ GOOLSO GUO4O GU028 GUO26) (NIL) (NIL) (NIL) ((322 826 323) GOO3Y G003) 60052

60034 0053 L0033 GO032) (NIL) ((830)) ((3za 39 3g] 827 212 325) 60035 w0US51 60030 GOO14 GOO29 GOOJI9 GOO1S GOO1JI GOO%S4 G

0037 GOUZ6 60033))

LOCAL

(LOCAL ASSUMES (118) (319) SAME B0ODY)

(LOCAL ASSUMES (:28) (329) SAME BOnY)

(LOCAL ASSUMES (310) (38 311 85 36 34) SAME BODY)

(LOCAL ASSUMES (87) (38 311 35 36 34 310) SAME BQuY)

({NJL) (128 211 85 36 =4 210 87) GrO18 GOOl® 60020 OO17 GOO46 LOOD22 GOO47 GOO2S GOU2! GOO19 GOO24 GOO23) (NIL) ((129 82

8) L0030 GUGIA GOO31) (NIL) ((319 1$18) 60042 GOO04)) (NIL) ((216) GO0042) (NIL) ((814 315 313) GOOD11 GOO44 GOO12 GOO4S5S GOO

11 60010 (NIL) (NIL) ((21 32) GUOOA8 w0049 GOO48) ((217 83 220) 60026 GOO4J GOO27 GOOS0 GOO40 GOO28 GOO26) (NIL) ((322 ¢

26 123) LOO3JI 60031 0052 LOO3I4 GOpSI GOOJIJ GOOI2) ((330)) ((324 39 21 327 812 32%5) GOOJI5 GOOS1 50030 GOO14 GOO29 GOO3I9
60015 L0013 GOOS4 GO0J37 0035 GOG3S))

LOCAL

(SINGLEBODY ASSUMES (21% 318) (316) SAME 8OpY)

(11324 19 321 327 312 325) GoOo3B GpoS51 Gop3p Co0l4 QU229 6GOO03% GQUIS GQQLJI D054 Gpgd7 Goodl6 Go3I5) (322 3126 123) GOO3I3
50031 0052 U034 GUO5S3 GOOJI3 GOO3I2) ((¥17 33 320) GOO26 GOODa3 GOQ27 GOOS0 GOO40 GOO028 GOO2&6) ((3)] 32) GOO4B GOD49 GOo4

8) ((¥]1a 215 213) 6GOOYL GOO44 GOO12 GODAS L0011 GOO10) (NLL) ((319 318 :16) GOO42 SUC4i) ((32¢ 328) GOO3JI0 GOO3IB GOOIL) (
(38 111 35 36 34 310 37) w0018 GOO16 U020 GUO17 LOUA4S LOD22 0C47 LOUZS LOD21 GOO(9Y GCO24 GOO23))

LOCAL

SMe

RESULTS

(BOLY 1, 1S 124 3G 321 127 312 125)

(BODY 2, 1% 322 326 323)

(gQDY 3. 18 317 13 120) - :

(BoLY 4, 15 31 22) RESULTS FOR BRIDGE

(900Y 5, (8 314 215 113)

(BOLY 6, 1S 319 118 116)

(600Y 7. 15 129 128)

(8Q0Y 8, 15 18 311 315 36 14 13110 17)
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DISCUSSION

We hay e deseribed a program that analyzes a three-di-
mensional scene (presented in the form of a line draw-
ing) and splits it into “objects” on the basis of pure
form. If we consider a scene as a set of regions (sur-
faces), then SEE partitions the set into appropriate sub-
sets, each subset forming a three-dimensional body or
object.

The performance of SEE shows to us that if is possible
to separate a scene into the objects forming it, without need-
ing to know in detail these objects; SEE does not need
to know tie ‘definitions’ or deseriptions of a pyramid, or
a pentagonal prism, in order to isolate these objects in a
scene containing them, even in the ease where they are
partially occluded.

The basic idea behind SEE is to make global use of in-
formation collected locally at each vertex: this informa-
tion is noisy and SEE has ways to combine many dif-
ferent kinds of unreliable evidence to make fairly re-
liable global judgments.

The essentials are:

(1) Representation as vertices (with coordinates),
lines and regions

(2) Types of vertices.

(3) Concepts of links (strong and weak), nuclei and
rules for forming them.

The current version of SEE is restricted to scenes pre-
sented in symbolic form.

Since SEE requires two strong evidences to join two
nuclei, it appears that its judgments will lie in the
‘safe’ side, that is, SEE will almost never join two re-
gions that belong to different bodies. From the analysis
of scenes shown above, its errors are almost always of
the same type: regions that should be joined are left
separated. We could say that SEE behaves “conserv-
atively,” especially in the presence of ambiguities.

Divisions of the evidence into two types, strong and
weak, results in a good compromise. The weak evidence
is considered to favor linking the regions, but this evi-
dence is used only to reinforee evidence from more re-
liable clues. Indeed, the weak links that give extra
weight to nearly parallel lines are a concession to ob-
ject-recognition, in the sense of letting the analysis sys-
tem exploit the fact that rectangular objects are com-
mon enough in the real world to warrant special atten-
tion.

Most of the ideas in SEE will work on curves too.
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CURVED 0B JECTS

How to extend SEE to work with objects possessing curved surfaces.

Introduction and § = Most of the heuristics that establish links

at each vertex are unconcerned if the edges are curve or straight; a
few heuristics get affected: those that use the concepts of collinea-
rity and parallelism.

Thus, it is necessary to redefine and broaden these concepts.

1. A slight generalization is obtained if each segment 1s represented
as having two slopes (initial and final). The functions PARALLEL and
COLINEAR of SEE are already modified for this (cf. listings).

SEE does not care if the line joining two vertieces
is a straight or curved line. The information
about the segment A-B that is relevant to SEE is:
(a) There is a line between vertex A and vertex B.
(b) The coordinates of A and B.

(c) The segment A-B separates region :1 from :2.

2. Attempts to take limited account of the shape of the segment carry
us to

(a) gently bent segments (definition) are those with bounded slope

[Bounded curvature will lead to another definition].

A quasi-rectilinear object has faces, vertices and gently

bent edges or segments; 1t is expected that SEE will work

well for them. We should try some scenes. SUGGESTION

a, b: gently bent segments. c¢: non-gently bent
segment. A gently bent segment has a slope that
at any point of the segment does not differ more
than epsilon from the mean slope of the segment.
All slopes fall in an interval around the mean
slope. Gently bent segments form quasi-rectilinear
objects.
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Quasi-rectilinear objects. It is expected
that SEE will work well for them.

(b) partition of a non-gently bent segment into several gently

bent. Many of the bodies have vertices and curved edges,
but the bodies are not quasi-rectilinear (a plece of chewed
gum, leaves of a tree). By breaking the edges into gently
bent sub-segments, they become quasi-rectilinear bodies.
The breaks will occur in points where the curvature is large.
There has to be devised a way to break a segment in a unique
manner. To avold breaking a body into two by the introduc-
tion of these artificial vertices, we propose to introduce
also artificial links between regions, to account for the
artificial vertex.

™m

The non-gently bent segment ab
& gets broken in gently bent seg-
£ b ments ak, kl, lm, mb, by the
n n

artificial introduction of "'new
« vertices k, 1, m.

Here, the introduction of
additional vertices has to

be accompanied of 'artifi- —>
cial' or reinforcing links,
to preserve the individua-

lity of the body (of the
owner of such vertices).

3. More complete consideration of the shape of the segments is obtai-
ned as follows:
(a) For parallelism, by requiring that two segments be parallel
only if one is a translation of the other. Generally, this
is a comparison that takes a time proportional to the length

of the segment. Chain encoding {Freeman} {Conrad} is suggested.
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(b) For colinearity, by discovering properties or features that
"carry through'" or are common. Among these are:

1. Mathematical "regularity" of the segments. Both segments
are described by the same or similar polinomios, etc.

2. Heuristic properties: there must exist properties which
will select with high probability the "right' continua-
tion.

3. Outside of the set of geometric properties, we have
color, texture, etec.

d
The same line dissappears at b and appears
at c, making b and c¢ '"matching Ts'", but to
discover this fact it is necessary to have a
concept of ''good continuation" or 'good con-
tour".

a

Alternatively, we may forget these properties here and include
them into models of our curved objects, but then we are for-
ced to make searchs in our scene like those made by DT or TD
{my M.S. Thesis}.

Fig. 'SUI TCA S E 8'

Heuristic properties of segments (yet to be
determined) could select a "correct" match
for endings a, b, ...; k,l1.
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4. Bodies with no edges and vertices are in principle easily identi-

)
fied. See fig. 'FRUIYT'. ,_,_.\

Figure 'FRUIT'

The bodies have no curved edges, and no vertices. The
entire surface is smooth; no sharp edges or pointy cox
ners. Examples: an inflated balloon, a frankfurt, a face,
a cloud.

It is doubtful that we could do something here with
SEE. We could try to postulate "artificial" vertices,
using perhaps stereo, at the points where the 3-dim cur-
vature 1s large, and then postulate lines between such
vertices. This looks bad.

Or we could reason as follows: since these objects
do not have vertices or edges, then the only vertices
appearing in the scene must separate two bodies. They
will be mainly T-joints. In principle, separation into
bodies looks promising, but recognition (the answer to
"what 18 the name of this object?") seems difficult.
Nevertheless, it is not clear that with such a simple
set of heuristics we could work successfully with objects
as complicated as a human face, a blob of water falling,
an amoeba, the surface of the sea (7).

At some point, we have to know what we want

As the complexity
increases, the concept of "body" depends less and less in geometrical
properties (disposition of edges, vertices, ...) and more and more

on purpose (Is a skeleton an object? Or perhaps the femur bone alone?
The answer varies with our intention -- with the context).

Thus, models are necessary again.

See also 'Do not make over-specialized assumptions...', page252 .
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APPENDIX TO SECTION ON CURVE OBJECTS

This appendix may be omitted in a first reading.

Requirements for the preprocessor

The preprocessor that feeds data

to SEE has to find only: REQUT REMENTS

FOR THE
PREPROCESSOR

. The lines of the scene.

p—t

2. The vertices.

3. The local slopes at each vertex.
4. See also comments to figure R17.
5. Illegal scenes (page 2(7) should be detected by the preprocessor.

How bad will be curved objects In objects

where the curves edges are gently bent, SEE
will work fairly well. The more an edge
departs from its rectilinear equivalent,
the worse SEE will work; T-joints will be
difficult to find, a FORK may transform
into a 'T', ete. (I am talking about the
current SEE, described in the listings).

Additional information could be used
So far, we are trying to iden-

tify objects on the basis of form along, i. e., geometrical considera-
tions. This is asking a machine to do more than a human being does.
Ambiguous line drawings, such as ARCH, become inambiguous when we
introduce shading, lighting, texture, color, etc. All of these pro-
perties could be used by SEE. In fact, consider how easy would be
to identify bodies i1f each one of them is of different color (and we
could sense the fact).

Psych
syenciosicsiNevicence Knowledge of the algorithms used by human

beings for shape continuation (page {88) is relevant. We quote from
Krech and Crutchfield {1958}:
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Grouping by Good Form. Other things
being equal, stimmli that forn a good figure
aill bave a tendency to be grouped. This
is a very general formulation intended to
cmbrace a number of more specific variants
of the theme, traditionally classified as fol-
lows.

1. Good continuation. The tendency for
clements to go with others in such a way as
to permit the continuation of a line, or a
curve, or a movement, in the dircction that
has already been established (see Fig. 37¢).

2. Symonetry. The favoring of that
grouping which will lead to symmetrical
or balanced wholes as against asymmetrical
ones.

3. Closure. The grouping of elements in

® L J L L]
L ® L]
® ® = (]
@ ® L °
® ® . L]
L] L] L L}
L] L] L L]
a

such a way as to make for a more closed or
more cemplere whole figure,

4. Connmon fare. The favoring of the
grouping of those clements that move or
change in a common direction, as distin-
guished from those having other directions
of movement or change in the field,

It seems plausible to comider that the
pereepts resulting from all of the above
determinants would be such as to meet the
criterion of a good figure, that is, one that
tends to be more continuous, more sym-
metrical, more closed, more unified.

Now the reader will see thar a difficuley
with this general proposition regarding
grouping centers on the crucial phrase
“good figure.” How can we know which

}If\/'\/\/\

NI O NSNS

FIG. 37. Examples of grouping. In a, the dots
are perceived in vertical columns, owing to
their greater spatial proximity in the vertical
than in the horizontal direction. In b, with
]\ru.-\;imity equal, the rows are perceived as
horizontal, owing to grouping by similarity, In
¢, the principle of good continuation rcsuKs in

188.
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sceing the upper figure as made up of the two
arts shown to the left below, even though
ogically it mighe just as well be composed of
the two parts shown to the right below, or in-
deed of any number of other combinations of
two or more parts, (Adapted from Wertheimer,

1923.)




Attneave has made an ingenious experi-
mental attack on the problen: of measuring
the “goodness” of a figure. [he subject is
given a sheet of graph paper composed of
4,000 tiny squares (5o rows by 8o columns),
His task is to guess whether the color of
each successive square is black, white, or
gray. The experimenter has in mind what
the completed figure will look like (fig. a).

50 e
40 |-
» 301
=
o
& 20}
10}
Stort ‘ i o i Ve A
0 10 20 30 40 50 60 7O 80
COLUMNS
a

Without knowing what the completed
figure will be, the subject starts by guessing
the square in the lower left corner. VWhen
he has correctly identified the color, he
moves on to guess the next square to the
right. He continues this process to the end
of the row and then starts on the left end
of the next row above. In this manner he
successively guesses each of the 4,000
squares. ;

On the average, Attneave's subjects made
only 15 to 20 wrong guesses for the entire
figure. How was this possible? The answer
is that the figure was deliberatcly designed
so that knowledge of parts of the figure
was sufficient to enable the subject to make
fairly valid predictions about the remainder
of the figurc. This was accomplished by
making all the white squares contiguous
with one another, and similarly the black
and the gray squarcs. Morcover, the con-

BOX 21

How to Measure “Goodness”

tours scparating the white, black, and gray
areas arc simple and regular, Wlere the
figure tapers, it tapers in a regul roway.
And it has symmetry; after exploring one
side, it is easy to predict the other side.
Thus, the subject having discovered that the
first few squares are white continucs to guess
white, and he is correct until he hits the
gray contour at the 20th column. Afrer one
or two errors, he then continues to guess
gray. On the next row above, he teads to
repeat the pattern of the first.

All these factors of compactness, symme-
try, good continuation, etc., are aspects of
what is implied by a “good figure.” Thus an
objective measure of the “goodness™ of a
figure is the ease with which the subject
can predict its total form from nunimal
information about a part.

Other figures can be similarly tested. For
example, figure b would prove to be a less
“good” figure because the number of crrors
in guessing would be larger.

Attneave’s particular method will not, of
course, apply to all kinds of figures or all
kinds of perceptual organizations. Bur it
does demonstrate that there are ways in
which “goodness” can be objectively deter-
mincd.

50 I I | I I

Start 4 1
ol===_L |
0 10 20 30 40 50 €0 70 80
COLUMNS
b

ATTNEAVE, F. 1954, Some informational aspects of
visual perception, Psychol. Rev., 61, 183-93.

configuration of stimuli is “better” than
another?

To escape from this difficulty, we need
to have independent criteria of what is a
good figure. Some approach can be made
to this; for instance, in the case of “sym-
metry” there are objective rules we can
apply to determine the relative symmetry
of various figures. The same is true of sim-
ple cases of “closure.” (See Box 21 for a
relevant experiment.)

189

But we are far from being able to state
such criteria when we deal with the highly
complex configurations of our normal per-
ceptual experience. Part of the difficuley
stems from the fact of individual differ-
ences among perceivers. One man’s mess
may be another man’s order, And this may
reflect the important role of learning and
past experience in the genesis of “good
figure,”
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ON OPTICAL ILLUSIONS

fl.lu.slon \ilI-'i-zhon\ n [ME, fr. MF, fr. LL ilusion-, lllusio, fr
L, action of mocking, fr illusus, pp. ol illu-

dere to mock at, r. in- + ludere to play,
mock — more ol LUDKROUS] 1 a obs >———<
+ the action of deceiving b (1) @ the state or -

fact of being intellectuall v deceived or misled ~, 3

: MISAPPRENINSION (2) @ an instance of such é—. - A optical L"“’Jsu'g“’— "ri
deception 2 a (1) @ a misleading image IA 1‘;‘_ “‘l i clthier
presented to the vision (2) @ something that ‘-'38 'orgéide‘b may
deceives or misleads intelicctually b (1) § per- side a

ception of something objectively existing ’/

appeur nearer the ob-

) i r ;

in such a way as to cause misinterpretation I/'/‘ ;crvtr.afhsc-dgsz"g‘g

of its actual niture (2) : HALLUCINATION 1 I/ tkfcmril{car d a3 elther
(3) : a pattern capable of reversibie per- B the peacior e,

Q

spective 3 & a fine plain transparent bob-
binet or tulle usu. made of silk and used for
veils, Liimmings, and dress2s Syn sce DELU-
siIoN — il-lu.sfon.al \-uzh-nal, -an-*l\
adj — {l.lu.sion.ary \il-'i-zha-,ner-¢\ ad/

v

Given the nature of SEE, we will restrict the meaning of 'optical
illusion' to i1llusions formed by solids, that is, ambiguities or
inconsistencies when we (or the program SEE) try to find 3-dim bodies
in a scene; thus, the Muller-Lyer illusion ("A" in the topmost figure)

18 not considered.

Three kinds of i1llusions

According to this, we may elementarily
classify the '"'scenes that are unlikely to occur'" (that 1is, those

that are not '"standard" or '""mormal") in three types:

I
]

Possible but no "good" interpretation.

]
]

Ambiguous =-- several good interpretations.

Imposaible: without interpretation.

Like POLYBRICK {Guzman}, SEE is not especifically designed to
handle optical illusions. It was primarily designed to analyze 'real
world" scenes; hence, an input scene that produces an illusion (in
a human) 1is not likely to occur as input to SEE. Nevertheless, in
the same way that we may overtest a program for square roots by asking
for the square root of 'APPLE',G[EE;ﬂ, we may test SEE with some

ambiguous scenes. Let us see what happens.

POSSIBLE BUT NO ''GOOD'" INTERPRETATION

Some objects do not 'make sense'

because they violate rules that nost objects obey. Nevertheless, it
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tographed, will give rise to these scenes.

Example:
Over a small region the figure looks normal;

makes sense locally.

region in a global picture, conflicts arise,.

is possible to have "real" three dimensional objects that, when pho-

Penrose's Triangle.

the figure

But when we want to incorporate that

The figure

does not make 'global' sense, but each subpart makes 'local'

sense, or it can make global sense but not the same sense

as the local sense, hence conflicts.

Reasoning by the

subject does not alleviate totally the situation {Penrose 58}.

Mere geometrical considerations do not suffice.

A Dutch artist, Eschen , has greatly exploit

logical human property.

ed this psycho-

Figure 15. Another *impossible object*. This triangle cannot exist
Penrose, L. S. and Penrose, R. (1958). Brir. J. Psychol., 49, 31.)

(caption by Gregory {1966}).

(From

Figur TRIANGLE'. "IMPOSSIBLE TRIANGLE"
pt is rong there are at least two ways to construct
t that when ;";:maraphed from certain direction, 1t will pro
s 1 re ne is explained by Gregory in the next page; his
5 g popular rules and its extrems do not close; other
8 On ': a Erinhg?v where each side touches the other two
¢ xtrems close) is to use curved edges, vhich nevertheless
....... =k o certain directi See also Metatheorem i1
5G] section concept of a body.'



AMCTL AL IMPOSSIBLE TRIANGLE, was constrocted by the anthor amd his colleagues,

|r,e--n|_7 reqpuirement 1= that ot bwe viewed with one eye l(or plmlu',:'.lpl'u'llw from exactly

I shoss that twe arms do not actually meet, When

lve rlsht Fesltrnu e 1op lphn!u o
viewed tn a cortain way wston), they scgm to com@ tozether and the illasion is l'lllll'.ll"l". (From ‘:Vf"nﬂ )
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One of the stroig rules used by humans is that objects whose pic-
tures show straight .lines have indeed straight edges; other strong
rule is to assume the corners to be like the cormners of a1 cube (faces
meeting at right angles) fij . Under these rules, the above triangle
does not make sense and people will classify it as an "irpossible"
object ( 'yARIANT'will be an "impossible" object; Penrose's Triangle
will be "3 gticks forming an impossible configuration or scene;
"mounted in a funny way''; can not be seen as representing a single
object lying in space). For instance, Gregory {Scientific American}
tries to explain that the triangle has a real 3-dim object as origi-
nator, by constructing a body consisting of three rectangular
parallelepipeds (''bricks'") joined at right angles, and then taking a
picture from a special direction, so that the free ends a and b

seem to touch:

i Vi

Fig. 'VARIANT'

These rules (faces meet at right angles; straight lines mean
straight edges) are deeply ingrained into people, but nature does not
need to follow them always. The Penrose Triangle can be obtained by
photographing a 3-dim triangle with curved edges and skewed corners,

where each side touches the other two.

SEE finds three objects in figure 'Penrose Triangle.'

Other examples follow.

Figure 'B L A C K'

EQEEEE:::::::I:::::j People assume that faces meet at
right angles, and this object

violates that rule, making it

"impossible" or odd-looking.
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It is possible to construct object 'BLACK' with planar faces. See
figure 'TEST OBJECTS' page 209. SEE finds one body in 'BLACK'.

The object at right looks
impossible if we assume all
faces to be flat. If face aeb
is curved, object is plausible
R is its reflection on mirror
M, and@Q an smoother version
of R. (R looks "normal''; by
deforming GQ we could obtain R.

Unlike humans, SEE does not
hold these "very common rules'
as inviolable; SEE does not
have any special problems with
these "strange but true"

objects.

A misleading suggestion of
superiority should not be concluded
from these rare cases; in other
situations SEE makes mistakes
that a human being does not
(see figure 'SPREAD').

Of course, SEE holds its own
rules (for example, those of
table 'Global Evidence') as inviolable; hence, given a '"'rare enough
scene'" it will make mistakes (cf. assertion in page 51 , after the
Theorem). This is a similarity of behavior, I think, between people

and SEE =- each one follows rather rigidly a small set of rules.
(see also conclusion at end of section).
Besides, often humans will see the 'impossible' object as an

object, doing SEE's job just as well.
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Figure
'STAIRCASE' Al

e

Figure 14.
* Impossible
Object.’ This can be
drawn, but it corresponds
to no possible physical object.
(From Penrose, L. S. and Penrose, 4 &
R. (1958). Brir. J. Psychol., 49, 31.) >

(caption by Gregory)

The "always descending staircase." {Gregory, in {Foss}}
The caption is wrong, this object could be constructed in™real world,
if some surfaces are curvedand/or the faces at the corners do not meet
at right angles. Example of an object '"possible but without 'good'
interpretation." See also Metatheorem on page 39 . Again, the "impo-
g8sibility" or oddness of 'STAIRCASE' comes from assuming the rules
'straight lines in the drawing correspond to straight edges in 3-dim'

and 'faces meet at right angles, like corners of a cube' inviolable.

AMBIGUOUS ~ TWO GOOD INTERPRETATIONS

These are scenes that can be
interpreted in several correct (non-paradoxical) manners, which are
also '"sensible" (as opposed to the Trivial Solution of page 4! ).

For instance, an scene like

B

that can be interpreted as
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N NN
Q T

or as

N o
B

SEE will generally give one of the possible answers, although

not necessarily the one preferred by humans. In this example, SEE
chose ( B ).
The following scene, locally ambiguous, is correctly parsed by

our program.

Sometimes, the conservatism of SEE and its partial
insufficiency to make very global judgements will leave a body
unconnected; for instanee, the three faces of one cube below will
be reported each one as a separate object, due to insufficient

links.,
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IMPOSSIBLE: WITHOUT INTERPRETATION

Images that can not be product

of photographing (projecting) a 3-dim scene. These objects do not

have physical existence.

This scene is without
interpretation, meaning

no 3-dim scene (with 3-dim
bodies) could have
produced 1t.

In figures like the above one, men are unaware of the extension
of the background, and = makes sense even if B 1is back-
ground, SEE is unable to make this mistake, and its analysis of
the scene will reflect the fact: the preprocessor will complain that
one reglon, the background, is neighbor of itself. See comments to
scene R3, page !13.

Of course, in these cases there is no answer to the question
""which are the bodies in the scene?'" Whathever answer SEE (or anybody
elge) gives, it is wrong.

Nevertheless, according to our meta-theorem (page3%2), there is
an extremely easy way to discover and reject these imposible scenes:
all of them are necessarily illegal scenes. And we know how to detect
illegal scenes. SEE (or its preprocessor, rather) already does that.

SEE detects all impossible scenes, by refusing the data as an

ill L .
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A PROGRAM TO DISCOVER HUMAN OPTICAL ILLUSIONS

Some scenes get classified by our metatheorem as 'possible but
not ""good" interpretation', and likewise by SEE, who does not refuse
to analyze any legal scene.

Nevertheless, a person will stubbornly classify them as 'odd-
looking' or 'not making sense' or 'impossible', even if we teach him
the solution obtained by SEE (figures 'Penrose Triangle', 'Black',
'Staircase', 'CONTRADICTORY').

Figure 'CONTRADICTORY'

One object 1s found by SEE: (:1 :2 :3 :4),
As such (since it is a legal scene), SEE
classifies it as 'possible but not ''good"
interpretation'. A person will classify
it as '"'mot making 3-dim sense'": an human
optical 1l1lusion. Is it possible to
reconcile these views?

Of course, the metatheorem (page >3 ) insures that there is at
least one solution, so SEE's interpretation is '"right" (it has chosen
one correct answer, generally not the trivial solution given by the
metatheorem), and the mortal is wrong. Also, the theorem of page 50
insures that any system (human or computer) that uses too "local"
rules (see fig. 'MACHINE') will make at least one mistake, no matter

what rules he (or it) uses.
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H-optical 1llusions There 1s thus a disagreement between SEE and our

fellow subject, because SEE has classified the scene as possible but
no " good interpretation' and our man has said 'contradictory as a three-
dimensional scene'. Let us call these human optical illusions (such

as 'Contradictory', 'Staircase', etc.) by the name h-optical illusions.
What to do in these disagreements? Who is right?

SEE is right Above comments seem to indicate that the electronic

data-processor is correct. The human has used excesively 'local"
rules. That being the case, we can teach and train (if avoiding
future errors is desirable) our subjects to 'understand', racionalize
and make sense out of these h-:-optical 1illusions. Indeed, that is what
is tried in figures 'Black', 'Penrose Triangle', etc. Different
people may show differcnt degrees of (H.optical) illusion before
training and after training (see Box). This training is pcssible
(see Box).

In other words, if SEE is right, the computer scientist has

nothing to do, it is all up to the psychologists and educators.

Man is right ye pay hold the view that the human answer is still

preferable. Then, to our relief, man 1s right and SEE is wrong.
It is necessary (perhaps) to modify and correct SEE, so as to emulate
personal behavior. * We suggest a way to do this.

to di h-opti
A program to scover optical illusions Te'4s passiblelta enable

SEE to detect these hoptical illusions, so that it will classify the legal

scenes into "possible" or "hoptical illusions."

SUGGESTION

As the problem of discriminating between background
and objects (see section 'On background discrimination by Computer'),
this is an interesting project from the '"psychological” point of view
but, a8 in the background case, it is not essential now for our

vision=robot wywork.

*
Strictly, there 1s a third possibility: both are wrong.
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BOX

There is generally a wealth of available information—though none entirely
reliable—for settling the size and distance of external objects, with suflicient
precision for normal use.  As is well known, the visual system makcs use of
a host of ‘depth cucs’, such as gradual loss of detailed texture with increasing
distance, haziness due to the atmosphere and nearer objects partly hiding
those more distant. These cues were discussed in the nincteenth century
by the great von Hzlmholtz (1925), who fully realised their importance, and
thecy have been the subject of many investigations since, especiully by
J. J. Gibson (1950). Whatever the richness of depth cues, however, the visual
input is always ambiguous. Though the brain makes the best bet on the
evidence—it may always be wrong.

The kind of mistakes which occur when the bet is on the favourite though
the favourite is not placed, is shown most dramatically by the demonstrations
of Adelbert Ames (1946). The most impressive demonstration is given
simply with a room which is non-rectangular, but so shaped that it gives the
same retinal image as a rectangular room to an eye placed in a certain
position. Now clearly this room, though queer shaped, must appear the
same as a normal rectangular room, for it gives the same image to the cye.
But consider what happens when objects are placed inside the Ames room.
The further wall recedes at one side, so that an object or person standing in
one corner is actually at a different distance than is a second object pliaced
at the other far corner. These objects (or people) appear, however, to be
at the same distance—and they are seen the wrong size. This is clear evidence
that we assume rooms to be rectangular (because they usually are) and we
interpret the size of objects according to -their distance as given by this
assumption. When the assumption is wrong we see wrongly. What Ames
did was to rig the odds, and then we make the wrong decision on size and
distance. A child may appear larger than a man. We may know this is
absurd and yet continue to see a bizarre world. The retinal image is all
right, but the odds have produced the wrong internal file cards and then the
human seeing machine is upset, and gives a wrong answer.

It is interesting that the Ames room is scen correctly by peoples, such as
the Zulus, brought up in a ‘circular culture’ of beehive huts where theie are
few reliable perspective features, such as rectangular corners and parallel
lines, in their visual environment. To the Zulus, the odds are not rigged by
the Ames room—to them this is not misleading perspective. They are not
subject to this illusion, but accept the room as the shape it is, and sce the
objects in it correctly in distance and size. This is a matter of very real
importance. It shows that when we are transferred to an alien or bizarre
environment, where our filing cards are inappropriate, we interpret the
images in the eyes according to principles found reliable in the previous,
familiar world—but now they may systematically mislead and then percep-
tion goes wrong. Space travellers beware! {Gregory, in {Collins

and Michie}}
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A possible way to attack the problem &$
(1) To identify each link with whoever proposed it.
(2) To set up systems of simultaneous ''symbolic' equations.
(3) To solve them by e limination.

We elaborate:

(1) Mark each link with the name of the heuristic that produces it.
After obtaining the 'maximal' nuclei by GLOBAL and LOCAL, seve
ral links are left (for example, three in fig. 'FINA.-BRIDGE')
and ignored by the current SEE. Instead, one could see what
kind of links they are, and one has in this way more informa-
tion about the type of contradictions in the scene.

(2) Introduce a 'conditional' link: regions :1 and :2 belong to
the same body if region :3 does not. An OK link is now possi-
ble by use of the conditional, since a =2b ‘=- b V ~ a

(2.3) Introduce a "NOT' link: :3 # :5, regions :3 and :5 do not
belong to the same body.

(2.6) As in ordinary algebraic equations, a system of n simulta-
neous equations means that all of them must be satisfied;
the "AND" of all must be true. Thus, AND is implicit in our
notation. So far, we have OR, AND, NOT, IMPLIES (conditional):

we have more than necessary.

At the end, we have a system of simultaneous equations

like these, where :1 = :2 means both belong to same body; this
is an equivalence relation so I use the = sign:

tl=n s 2 OR 3= L5

34 :2 = :l=:4 CE)

We now procede to ''solve' these equations. Three things could happen:

== Exactly one solution is found. This is the normal case, and
that solution tells what the bodies are. Familiar, '"clear'", possible

scenes will fall in this case.

1l
[

More than one solution is found consistent with our equations.
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All are reportec. This is the case "Ambiguous -- several good

interpretations.”

Il
i

No solution is found. This is a genuine hoptical illusion,

corresponding to a contradiction in the equations. For instance, in
fig. 'CONTRADICTORY', equations set by the T-joints between :2 and
:3 would be inconsistent with those set by the Arrows and Forks.

Howto S0 e el stions (B By the solution to (E) we mean to divide

the scene (:1, :2, ..., :n) by means of a partition of tle form
(:1 = 5= :7 = :6),
(:3 Agh)
(:4)

which is consistent with (E).

]

In the current SEE,
(a) The equations are only equalities: :1 = :2.
Also, equations of the type :1 # :2 are taken into
account py inhibitory mechanisms, such as NOSABO.
No conditional links exist.
(b) Since all equations are of tne type :2 = :3, the solu-
tion is obtained by applying transitivity, that is,

1=2
parentheses
2 =3 indicate nuclei.

o) — @

Except that we require two antecedents for application

= (1 =2=23)

of transitivity (two strong links):

1=2
2=1:?(l=2)
o 3 1=3 => (1=2=3)
2 =3 e

0965 @
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An exhaustive search (which successively tests each possible parti-
tion) of the solution to (E) is impractical except in very small

scenes, and heuristic methods are needed.

I suggest to start from the equalities such as 1 2
2=23

and to form nuclei®With the current SEE, except that at cach step
we check to see if our current nuclei satisfy all of (E). for
disjunctive equations such as " 4 =5 OR 6 #7 OR 4 =06 "
we try each branch of the OR in turn, rejecting those who conduce to
no solution (tnis may ve pretty combinatorial, too).

Perhaps it is possible to use more Logic here -- some sort of
theorem proving,

Conclusions and conJectires ome gimilarities between SEE and people

(see also 'Human perception vs. computer perception, page2S4) stem
from the fact that, like SEE, people seem to use only a small number
of rules (although not necessarily those used by SEE), which work in
almost all cases, but when these rules conduct to an ambiguity or
incongistency ('"conflicts"), there is reticence to abandon them, and
mistakes or impossibilities are produced.

It is possible that, like SEE, people use primarily local clues,
and with less frequency more global information to disambiguate
interpretations. I think that, in the presence of objects (in 2-dim
line drawings, such as 'MOMO', for instance) not seen before, humans
follow general rules not unlike those used by SEE to distinguish
or decompose a scene into bodies. Rules that apply to all polyhedra
have to be invoked, since in presence of previously unseen objects,
humans can not use a model of the object.

The more familiar an object is (or if we have reason to suspect it
or expect it), the faster we abandon the general rules and propose its
model as a possible explanation of part of an scene; we then jump to
a model matching routine (a la DT {MAC TR 37}) that tries to fit the
model to part of the scene (to a semi-isolated body); general rules
a la SEE prevent us from overflowing with our model into other bodies,

and help us to deal with partially occluded bodies.
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As a future work, I would like to propose a program that matches

models to bodies in scenes using both general rules SUGCESTION

a la SEE and particular information in the model a la -

DT, jumping back and forth among the DT behavior (or mode of operation)

to the SEE behavior, either to get a new model, to keep matching the
current one, or to apply additional general rules to parts of the scene.
The serial application of a SEE-like program first, and then of a DI-like
program (but able to handle partial matching for partially occluded
bodies), may successfully find the object we describe by its model.
Mistakes that are likely to occur in the serial (also called 'horizontal')
approach can be eliminated by the suggested '"jumping back and forth",

or duality of behavior.

familiar or
"clear": 'TRIAL'
possible but no '"good" interpretation
(some h-optical illusions). "odd-
Scenes looking'" scenes: 'VARIANT'

Ambiguous. Several good interpretations.

unfamiliar (example: at bottom of page ).

gome h-optical illu
sions (bottom of

impossible =~ ace )
without inter- it '
pretation no illusion- \T]

(illegal scenes)
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ON NOISY INPUT

The performance of our programs is analyzed when the data has
imperfections consisting of (1) misplaced vertices, (2Z) missing
edges, (3) spurious extra lines, (4) missing faces, (5) two vertices
merged.

The section 'Analysis of Many Scenes' contains results of SEE

when applied to imperfect scenes.

Suleary 1t is easy to predict the operation of SEE when the two-
dimensional data supplied is clean, in the sense of being an accurate
representation of the three-dimensional scene.

In practice, of course, errors will occur in the data and becomes
important to know how sensitive is our program to them.
SEE has some serendipity. Many of the imperfections in the

data do not cause mistakes in the linking procedure, or thz link
misplacements are not enough to cause erroneous identification.

But mistakes are made.

Here is how different types of imperfections are handled:

Assignment of types to vertices is highly insensitive to errors in
the position of each vertex, except T's that become Forks or Arrows.
Two cures to the exception were found, only the first is implemented:

(1) Allow tolerances in concepts of parallelism and colinearity.
(2) A long but slightly twisted rectilinear segment can be
"straightened'", as indicated in comments on scenc R17.

= Missing edges are subdivided in three classes; two of them produce
recoverable or detectable errors (hence, susceptible of correction
or prevention). It will pe difficult to detect if a segment of the

third class is missing; these will produce recognition mistakes.

1]
]

Additional lines, like the ones caused by edges of shadows, are not
eagily detected as spurious or superfluous. Their presence mainly
produces a di minution in the number of useful links, thus causing

sometimes too conservative behavior. -- i.e., proposition of too
many bodies.

Whole faces may be missing. Ordinarily (see scenes L2, L9T),
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the remaining part of the body gets correctly identified.

OBTAINING THE DATA

The scenes analyzed by our program in this thesis were obtained

by one of two methods:

ree drawin& A line drawing representing three-dimensional objects

was made; the coordinates of each vertex were accurate measured (or
computed) and the information was put in the 'Input Format' form
previously described. Also the regions belonging to the background
were indicated as such.

These scenes have mnemonic names such as TRIAL, BRIDGE, etc.

What kind of projection did you use? Were these isometric drawings?

Since no assumption 1is made on the rectilinear objects being drawn,
the drawings are not isometric, or perspective, or ... projections.
They could be any of them. It is not assumed that 'we are dealing
with prisms, with faces of a body meeting at right angles (like the

4
'""with convex objects. Neither the drawings nor

corners of a cube),'
the program make any assumption of this type. If the reader wishes
to adopt the assumption specified above in quotation marks, then the
drawings will correspond to orthogonal projections of three-dimensip
nal scenes.

No support hypothesis is needed: 1f necessary, the objects could

be floating in a transparent fluid of their same density.

By censtruction

Arbitrary but not too complicated objects were cut
from pine wood, with flat surfaces, and painted black. Their edges
were painted white. By placing them on a black table (see 