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COMPUTER RECOGNITION OF THREE-DIMENSIONAL OBJECTS

'N A VISUAL SCENE

Adolfo Guzman-ATrena5

Submitted to the Department of Electrical Engineering
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requirements for the Degree of Doctor of Philosophy

ABSTRATC d|

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 is that it is possible to separate a picture

or scene into the constituent objects exclusively in basis of

monocular geometric properties (in basis of pure form); in fact.

auccessful methods are shown.

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

This thesis explains how a computer can find, identify and

recognize objects in a visual scene. For instance, when

analyzing the following scene,

il)G

3

10



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

(BODIES ARE AS FOLLOWS : (1 8 9) (2 7) (3 5 3) (10 15
(4 13 14) )

If asked to retort the triangular prisms, it should answer

(10 15 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=&gt; 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 visual percaption

Key words and phrrses 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 visual

perception
object identification
optical
optical illusion
pattern

pattern matching
pattern recognition
photography
photo-interpretation
picture
picture abstraction
picture 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,
4.22, 5.20.

Whythis 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 (AI group) is «to extend the wav

computers can interact with the real world: specifically to develop

better sersory and motor equipment, and programs to control them.»

{Minsky, Status Report II}. 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).
ALG ca

IMAGE DISSECTOR CAMERA

&amp; These "eyes and hands" are eventually to be able to do reasonably

intelligent things but first, of course, it is difficult enough to

get them to do things that are easv for peoole to do.» "Ib"

An image dissector
watches silently
a triangular prism
in the vision labo
ratory of the A.I.
Group.

17



The work was naturally divided into visual 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 language through some of its implementations:

MB - LISP {McIntosh 1963} * and Hawkinson-Yates- LISP {Hawkinson 64}

at the Centro Nacional de Calculo of the Politecnico; 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.



SIMPLIFIED VIEW OF SCENE ANALYSIS

TO THE BUSY READER

This section presents a general view of the problems

n the thesis and their solutions; if you are short of time,

(1) Read the absrract 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.

Scene Analysis Scene analysis 1s the result of interaction between

optical data coming from the Eye, and knowledge about the visual world

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.

After preprocessing, such a

line drawing is analyzed in order

to discover and recognize given

objects in it. The process is

called recognition.

This thesis 1s 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

pi)



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

nearly the same values.

15
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The squares are now reduced to lines and vertices.



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 stil
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 in the section 'SEE, a program that finds bodies

in a scene!

Recognition

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:



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 line 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.



At this stage our program SEE (see Section 2 comes

into action. This program treats different kinds of local

configurations as providing different degrees of evidence

for 'linking' the faces. This evidence 1s obtained mainly

at vertices, and at boundaries between regions.

A vertex 1s in general a point of intersection of

two or more boundaries of regions. These regions might o1

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

FORK (a complete classification of vertices can be found

below in table 'VERTICES').

TTORK"
| B® ARROWY



the'rork" suggests linking face a to face b, b to ¢, c

The "ARROW" links a with b. A "leg" (which depends on nearly

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

'LE+-

(Weak link sho.m dotted)
Matching T's.

(two strong links)

(6r strong) link placed by its 'arrow'; a "T'" looks for a matching

"pt and if found, two strong links are placed as shown. Also, a

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

&lt;

iL 2? -

These links. for our example. are

and mav be represented as I)

3

2 \

2)2 ©X
y—

Se
‘weak links are dotted]



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

(L 2 4 IS A TRIANGULAR-PRISM)

(356 IS A CUBE)

Recognition has finished

Analysis of several examples

A larger variety of kinds of evidence is 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 t ha case

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

Nf

(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.

zr.



These "nuclei" then compete for more loosely linked faces

(faces linked through one weak link and one strong link 0 ’

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 same object, this

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

ments of links between regions that should not be considered as

forming the same body) to make an identification error

The bodies of the following scenes are found by SEE without

difficulty.

3

Ar
~&lt; Ad

W.

ss

1.

5hE

"s

Prd

3

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.
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In the following figure, the "FORK" of the big object is missing.
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Shatozzat ofBulag 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 nuclei A and B are linked if

regions a and b are linked where ae€ A and Db € 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

ry —&gt; C—®
exist two strong links among them, to form the nucleus :8-11.

Maximal nuclei: Starting from nuclei containing individual regions,

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.

 XLO— EG» — (2
¥

ff



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 new nucleus. ©)
| 2 —&gt;
3 /

The Third rule is applied after the Second rule.

Third Rule: If nucliius A consists of a single region, has one link

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

HD) ©
(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:

9

The Third rule tends to avoid proposing bodies consisting of a

single region.

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

SEE into error:

KT

i"

yy  DNvm Or an!

Here three links were erroneously placed but SEE did not get

confused bv 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 one and so on. The next example illustrates

these phenomena and shows how SEE copes with the problem.



SEE transforms the above scene as follows:
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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')

ALL

Figure '"RIDGE"

27%



All the bodies in "BRIDGE" are adequately found. A new heuristic is

used here: . aL

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

our program:

LS correct Y parsed by

~
TT
x

Ng |.
“

a

~~
J

‘ets
“a. 4

3g

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

fails to see one of the inner cubes:

|

abo a

DontoN
N
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ea N

Figure '"MOMO' also gets decomposed accurately:
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The local links allow correct identification of the following body:

\ .

¥
1 oD!~ 3 far

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

(conservative behavior, page 212): J

9 A Q~ 9 3

£ r/ &gt;
7. *

~ A}
A ao

Lo i

Another mistake occurs in the following scene:

nN

w,

\

(oy a

iyAg

heme”
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h \
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BR \ \ \ \

'}

At left, the above mistake 1s not produced

because vertex A links :2 and :8, by

the new heuristic introduced in 'BRIDGE'

Conclus ion

The performance of this program shows that it is possible to

separate 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.



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 tliese here;

a more complete list is found in my M.S. Thesis {MAC TR 37}; 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:

1) 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.

&gt;) 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.

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. Illumination 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 mav

disappear if they get equal illumination from a diffuse light source.

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}.



¥,

1

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. CL

1968
fall joint
computer
conferenc
NRECEMRER 9.10."
mf Ac eco

december10 +
8:45 a.m./nourse
Chairman:
DR. BERTRAM RAPHAEL
Stanford Research Institute
Menlo Park, California

problems in the
implementation of
intelligent robots

Panel Members

MR. L. CHAITIN
Artificial Intelligence Group
Stanford Research Institute
ROBOT STUDIES AT STANFORD RESEARCH
INSTITUTE

PROF. J. A. FELDMAN
Computer Science Department
Stanford University
THE ROBOT PROJECT
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This session, the second of three sessions on robotry, wil:
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.
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RELATED RESEARCH

Previous work by the .uthor

CONVERT
A programming language is described which is applicable to

problems conveniently described by transformation rules. By
this is meant that potterns may be prescribed, each being
associated with a skelaton, so that a series of such pairs may

be searched until a pattern 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, os

well as the principles which allow their elaboration into more

complicated patterns and skeletons. The advantages of the
language are that it ollows 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 consequence

programs may be state] 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 346}; 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, ex~ro2ssed as a line drawing, and finds

parallelepipeds in it.



(2) We would like to be able to specify in some suitable notation

models of the classes of objects we are interested in (sich 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 &amp;rguments

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 prozrams 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-backeround 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 breaks theimage
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,



Roberts
ERETET

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. {from 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
symbolic (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 Maninulator Grouns (see also page 32 ).

Actually, several research groups (at Massachusetts
Institute of Technology, 1° at Stanford University,
at Stanford Research Institute 12) 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 a computer. Naturally, the mechanization of
visual perception forms part of their research, and im-
portant work begins to emerge from them in this area.



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 is 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, photographs) of

the different three-dinensional bodies present in the scene.

The phrase "two-dimensional representation of a three-
dimensional body" will be shortened to "two-dimensional
bodv'" 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 Iinherentlv 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 is

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
tA



Metatheorem of page »9]).

It is desired to make a

"natural" partition or decompo-

sition of the scene, natural in

the sense that will sgree with

human opinion.

To define a thiee-

dimensional body is no problem

[a philosopher may disagree,

perhaps in singular cases]:

Ficure ‘CHURCH!

Set of eight elements. Adequate
subsets (bodies) are [2 4],
[13567 8]. In a 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 1s, 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 lifted [this may be used as an operational

definition of a body, given a mechanical manipulator to make the neces-

sarv 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 1s 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

togethei can give rise to a single 2-dim body. For instance, In fig. "BENT"

x.



Figure 'B EN 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' M t
ots Connell 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 bodv) in Helsinki

f{oure TBELIUS'S

2h
“



Such colorful contradictions point towards the need to lay down

a more careful definition of our task. For instance, nc one would think

that figure 'CUBE' po

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 avoided by an appropiate definition

of a body and the corresponding computer program.

Legal scene That 2-dim scene in which each line

region. {A [
 —~

is boundary of some

/
- ud

—\
Illegal.

See also comments to scene R3, and 'Illegal Scenes' (page2!(7), in

section 'On noisv input’.

Metatheorem Any legal scene can always be the projection of one or

more three-dimensional objects.

To prove it, suffices to note that each legal scene 1s composed

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

basis of a pyramid. all the faces meeting at the cuspid occluded by

the basis. Er ~

Therefore, each legal scene can be obtained by projecting or

photographing an adequate arrangement of such pyramide

We can always construct a

legal scene by photographing
(or projecting) suitable
3=dim polvhedra.



Figure 'P ARALLELEPTIPETD

An improbable decomposition of a scene.

= 1;



Buivial poiition Buse of the metatheorem, we can always find

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 one interpretation.[edof“Tevaratte]

tr

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:

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.

{1962} would propose: in 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



was asked; they tell not only "yes, it 1s a body", but also

"it is a pyramid". The current question is more general.

It 1s desired to know If something is a body, any bodv

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 bodv "a la SEE" (definition). A body is each set of regions

recognized by the program SEE as such.

This definition allows 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 may make

decisions '"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 bodv.

since what we are trying to characterize is a usual 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 criterion: Of the several ''reasonable' Interpretations

(decompositions) of a scene, the one which

contains the smaller number of bodies is

preferable.

re



That is, an explanation or decomposition is simpler (and preferable)

if it can be done with fewer parts.

Simplicity is not 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

== to have a natural parsing (human).

== 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 41! 1).

 er kinds of 2-day dors 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.

Conclusion Finding bodies in a 2-dim scene 1s 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.

a



TOTAL ANALYSIS OF VERTICES

foopsis Here a scene is considered as formed by several regions;

bodies are adequate ccllections of regions. The problem »&gt;f identifying

bodies is re-stated as the problem of finding whether two regions

belong or do not belong to the same body. This question 1s 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

bodv: familiar and unfamiliar configurations of objects help to under-

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

Vertices are the important featurr

i All faces on polyhedra are bounded

by edges.

All edges terminate in vertices.

This thesis deals with the analysis of visual scenes composed

mainly by three-dimensional planar objects WEE

A

These are limited by flat surfaces
——.

i l

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.

A body is formed by vertices with edges connecting some of these

When a 3-dim body 1s projected into a 2-dim body, its 3-dim vertices

(which we will call genuine 3e=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
hi



Twy 3-dim
bodies, one
of them

shcwing
its genuine
3-dim
vertices.

' A 2-dim

scene

contai-

ning two
~~ 2-dim bodies

ff one of them

f/ showing its
9 genuine 2-dim
vertices.

Three false
vertices also
appear.

A

Figure 'GENU IN E'

A genuine vertex (such as Gy") is one whose counterimage
(G1 in this case) belongs to some body; a false vertex
such as Fy' , 18 a virtual intersection, and generally
has no counterimage in the 3-dim world. See fig. 'NODES'



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.

Comaiaegod false vertices The classification of vertices into

categories genuine and false will allow isolation of objects in a

picture; in fig. 'GENUINE', elimination of vertices F' , F, , and Fa

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

non-connected components, /\ and (J . 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 Fy! » Fo! and F3' disconnects
the network in two separate components. which are
Fhe 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

bv false vertices.

In this way, the problem of identifying bodies is equivalent to the

problem of identifying genuine vertices, segregating the false ones.

A



Relies Boe. 0kuss The computation of this equivalence is challenged
by several problems:

i"Sy The distribution and position of bodies may be sucht that false

vertices look like genuine vertices (fie. '"CAUTION').

Fig. 'CA UT TIO N'
That vertex looks genuine. but is false.

Global information (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.

C rig—

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

may be supplanted by false vertices.

_——

py A single body may have total  dierconnected sections (portions).

A ~Y
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



L.;
-

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).

Even when they are completely classified, problem of

fig. '"CONTINUATION' remains.

The solution of these problems will have to make use of

information.

more global

Sissi ticarion i Versices, 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

geen against some other object 3. We indicate

this by [ 7 = £3) ]. However all other corf!~nrations are possible:

DY (2) (3)

 (1 2) (3)

(1 3) (2),

rier.
“a.

- 4

&gt;
"&gt;

y
3

Nw
~

cla 2 3)]
a



'L'.= Vertex where two
lines meet.

'FORK' .~ Three lines forming °
angles smaller than 180

'ARROW'.~Threelines meeting at a
point, with one of the
angles bigger than 180 ,

ip? a

f

Three concurrent lines, two of
them collinear.

4

'X'.= Two of the {ines are colinear,
‘th and the other

two fall 1n the same side of such
11ines

ANN
PERAK! e™ Formed by four or more

lines, when there is an
anale bigger than 130°

X .» Two of the («ines are

colinear,
and the other two fall on

opposite sides of such
lines.

XK '"MULTY'.- Vertices formed by
four or more lines,

and not falling in
any of the preceding
types.

TABLE 'VERTTICES'

Classification of rectilinear vertices.

"9



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 into 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

(hy] , each one looking or getting information from one vertex

and establishing 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 equivalence relation), using information only from that

vertex (it does not look at the other vertices or at the values

&gt;f the p's at the other vertices), which will partition all

scenes correctly,

That is, the following machine will not work for all

——

 free) of a

-r
- “

scenes

4=3| 1=2=3
Trai REsuys
Aa

Figure 'M A CH I N E!
The decision procedures Hy os repregented as 'eyes' § here,
decide by processing information at exactly one vertex;
the box in the left accepts all these decisions and passes them as
results, No matter what set of p, 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 is not even any global procedure! =

All the differen: groupings of regions of a vertex into bodies

are possible; this 11s illustrated by the following complete set of

scenes, 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

conpo( (1 2)
((1) (2))
((1 2))

There are only two partitions of a
set of two elements.

Partitions of a set of Lt
elements

Partitions of a set of 4{ elements

compo ( (1 2 3)
((1) (2) (3)
(C1 2) (3))
(.1 3) (2))
(C1) (2 3))
((1 2 3))

&gt;

a)

12

b
~

WL

) by

CONDO (1 2 3 4;
SEY (3) (4)

((1 2) (3) (4)
(vl 3) (2) (4%)
ECL 4) (2) (3))
(1) (2 3) (4))

((1 2 3) (4))
((1 4) (2 3))
(C1) (2 4) (3);
(C1 2 4) (3)
((1 3) (2 4))
((1) (2) (3 4);
(C1 2) (3 43)
TTT 34) (2)
1) (2 3 4))

 (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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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 ly correlatior

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 requiriaig two

images, several correlations are needed (if we choose this method),

a generally time-consuming and error-prone task.

 Jy



S EE, A PROGRAM THAT FINDS BODIES IN A SCENE

Synopsis
ie

| It is explained how SEE works

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

not find "pentagonal prisms" or 'houses'" in a scene, since it does

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 scenes 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.
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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

(80DY 1, IS 35 8) 34 312)
(BODY 2, IS 36 3315 37 811 314)
(BODY 3. 18 38 39 310 33)
(BODY 4. 18 32 313)

Division of work in computer vision

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 1b).

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.



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 classificatior

is done, and a name 1s attached to each one. In the process, certain

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

Positioning. 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 1s 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 {mv

MS Thesis}) that compares the symbolic description of the — 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. Ef, despite my efforts, some of my explanations

are not clear, consult it: it is annotated. The programs themselves,



examples, test data, results, instructions, etc., are in the DEC-

magnetic tape '"GUZMAM 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 available

{FJcC 68} {Pisa 68}. Except that they contain some examples not

included here, they contain no other information not cova:red here

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

5
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= ~n PUT 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 (X37) BACKGRQUND)

{NOT (SETQ@ RJI (QUOTE |
XA 4.3 4.5 (K37 XG X34 XC Xii XB)
18 4,0 Se” (X37 ZA X31 xD)
"CC 4,8 8.5 (234 XF X32 XD %33 ZA)

4 4,5 9.15 (X37 ZB %31 %C %32 XE)
E 5.65 9.2% (4 ¢ JU T AF)

FF D485 8.6 [A837 XE %32 C 434 %G)
 6.6 5.2 (437 XF X%4 A)
Ho 6.9 195.4 (X37 XL 433 LK X35 xl)

I 8e9 16.0 (287 xH %35 J)
WJ 11e8 1206 (4237 1 X35 LK %86 %N)

K 1060 11e9 (X36 %J 43S 4H %33 %xM)
be Tel 1362 (X87 %xM 473 HA)
'M 10,0 Ye/ (KS7 %N %36 xK %23 xi)
N 11.65 10.3 .%87 xJ %36 mM)
}) ©

R3 IN INPUT FORMAT

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 bv

computer') prior to other calculations.

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 ).

A7



PropertylistsinLisp i) Each 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 is a 69 years

old male, has a wife called Jacqueline, and a height of value 1.77 mw

we could proceed in i.isp as follows:

(1) We will agree that the atom 'JOHN' will represent our man.

(2) In 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 John) (quote Jacqueline) (quote Wife))
will add, under the indicator or property 'Wife', the value

'Jacqueline':
JOHN

JTFE JACQUELINE

(3) Hence, the representation of our facts in Lisp 13

JOHN

SEX MALE
AGE 69.0

Ire -=- JACQUELINE
HEIGHT =~ (1.77 m)

(4) In 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 (1.77 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

X
This paragraph, which can be skipped if it is known what a
property list is, will make the next section clearer



FORMAT OF BCENE RI
RI

REGIONS
VERTICES

BACKGROUND

NEIGHBORS
KVERTICES
FOOP

NE1GHBORS
KVERTICES
FOOP

NEIGHBORS
KVERTICES
FOOP

NE I oMBONRS
KYERTICES
Foor

NE IGMBORS
KVERTICES
FuoP

NE 1GHBORS
KVERTICES
FOOP

Ls7
NEIGHBORS

Is) X31)
KVERTICES
FooP

tJ xE %F x6 XA x7
1 xn
IN

KCOR
rCOR
NVERTICES
NREG IONS
ING
TYPE

XCOR
YCON
NVERTICES
NREG IONS
KIND
TYPE

ACOR
YCOR
NVERTICES
NREwJONS
KIND
ry ob

XCOR
YCOR
NVERTICES
NREG ONS
XIND
TYPE

{x36 X35 x33 x82 X11) R34 X87)
(XN XM XL XX XJ XI ¥H X6 XF XE XD XC x8

(X87)

X85 X31) X87 X87)
AK XM XN XJ)
 EXD XK X53 AM X87 AN X87 XJ))

{83 230 X27 X37)
jXX XJ XI XH)
1(X83 XK X30 XJ X87 X] Re7 IM))

[X87 %87 X86 X15)
13 XM XK XH)
(X87 XL X87 XM X30 XK 23H 1XM))

X84 R37 X87 X81)
(%F %E XD XC)
(txsa XF X37 XE X87 XD x8} XC))

(X84 X82 X87 X87)
(xC XD X8 XA)
{(X84 XC %t2 XD X87 X8 X37 %A))

(282 X33 X87 237)
{XC RA XG XF)
[(X82 XC X81 XA X87 XC X87 XF))

(286 X86 X33 X83 X35 X35 X92 X82 X34 X34

(XN XM XL XW XE XJ XE XF X26 XA X# XD)
(0X30 XN X36 XM X33 XL R33 XM X35 x] X35

xn) (x32 x€ x82 xF x34 x6 x34 2A x81 xB x3
{PF

11.,649999
10,299999
XJ XM)
X87 X86)
X87 XJ %86 XM)
L (X36 X37)

10.0
).7000000
EN RK RL)
1X87 X36 X03)
1%s7 XIN X36 XX X33 XL)
ARROW (XK ZIM XN XL %306 X33 X17))

’.1000000
13,200000
[2M XM)
i%87 X83)
(X87 XM X3I XM)
 nL (X83 %87))

10.0
11,899999
1%J XH XM)
I1%86 X83 x83)
1X80 XJ X33 XM X83 xm)
IFORK XX)

TARLF

R 3 IN INTERNAL FORMAT

XCOR
YCOR
NVERTICES
NREG IONS
KIND
fypé

XCOR
YCOR
NYERTICE.
NREGIUNS
KIND
TYPE

XCUR
Ycor
NVERTICE!
NREW IONS
KIND
TYD§

XCOR
YCOR
NVERTICE:
NREGIUNS
KIND
TYPE

XCOR
YCOR
NVERT ICES
NREG IONS
KIND
TYPE

ACOR
TCOR
NVERTICES
NREGIONS
XIND
'YPE

XCOR
YCOR
NVERTYICES
NREGIONS
KIND
"vp

XCOR
YCOR
NVERTICES
NREG IONS
XIND
rYPE

xCOR
YCOR
NVERTICES
NREGIONS
KIND
TYPRS

KCOR
YCOR
NVERT ICE!
NREG IONS
XK IND
TYPE

11.79999¢
12.60000¢0
(X1 XK XN)
(X87 XtS xse)
(Xs? %1 X93 XX X36 XN)
(ARNON (AK XJ XI IN X83 X38 237)

8.9
16,0
aN XJ)
%x§7 x19)

‘X37 XH X89 XJ)
 hn cxs% X87))

6.,8999999
15.399999
(XL XX Xi)
(X87 X83 X18)
I%e7 XL %83 XK X39 XI)

ARROW (XK XH Xi XI 283 x38 X37))

©.6000000
5.,1999999
(XF XA)
(X37 x84)
(X87 XF X34 XA)
(L (X34 X87))

5.8500000
8.6000000
(XE XC XG)
(X87 X22 X14)
(X37 XE X32 XC X34 XG)
'T (RC XF Xo XE 232 X34 x37))

r A499099
.

n --

} x12)
x. XD x82 xf)
L (X32 x37)

8.5
9.1499999
(x8 xC XE)
(X87 X81 x12)
(X37 XB X21 XC %s2 xt}

ARROW (XC xD Xm XE X81 X22 X87}

4.8000000
8.5
(XF XD XA)
(X84 X32 X81)

(X36 XF X32 XD Xs) XA)
{FORK 1C)

4.0
L.0999999
ra XD)
 8? x81)
“X37 XA x33 XD)
L (X31 x87))

4.3000000
4,93
(X6 XC x8)
(X87 X84 X34)
(X37 XG X34 XC x38 xB)
ARROW (2C XA Xb XB X84 X31 X17))



[ NTERNAL FORMAT

The program assures the scene in a special symbolic format,

which basically, is ar arrangement of relations between v:rtices anc

regions, which are rerresented 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 RD IN

INTERNAL FORMAT)
REGIONS

FVERTICES

SACKGROUND

[X30

{ AWN

(%s/

5 23

pa  MN ba LY

X82 X81 Xta4 X37)

Unordered list of regions Co Af
composing the scene R3. Order (5 immaleria

%J XI %XH %6 X%XF XE XD %C %B 4A)

Unordered list of vertices
composing the scene R3.

Unordered list of regions
composing the background of
scene R3.

Region 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 DEF 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 ir

scene R3 formed by the lines DE, EF, FC, CD has ' :2' as its name.

In the property list of :2 we find:

NEIGHBORS (%34 %37 %37 431)
Counterclockwise ordered list of
all regions which are neighbors to
:2. For each region, this list is
unique up to cyclic permutation.

"HJ=



KVEKTICES (%F XE *D XC)
Counterclockwise ordered list of

all vertices which be.ong to
region :2. This list is unique
up to cyclic permutat:on.

-
» uP (L484 XF Xs] 4E #87 RD Atl %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:

NEIGHBORS (%36 X36 X33 %83 %35 #435 %82 %$2 %t4 %s4
A381 431)

KVERTICES (XN %M XL ZH X11 %J %E %F XG 4A x8 XD)
FOOP (C436 AN X30 %M 283 AL X33 %H %35 %1 %35

xd XE %F x6 xA ZB xD) (x32 %E x32 xF %%34 xb x34 yA x31 %8 x
1 2D}))

vertex 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 R3. 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 2 UN)

Counterclockwise ordered list of
vertices to which J is connected
Unique up to cyclic permutation.

~



(NEXTE)

NREGIONS (X87 %85 416 )
Counterclockwise ordered list of

regions to which J is connected.
Unique up to cyclic permutation

ND .r Al X35 AK X36 XN)
Counterclockwise order«d list of

alternating nregions and nvertices
of J. This list is unique up to

cyclic permutaticn.

(ARROW (AK %J %1 XN %35 x36 X37))

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

Vertex J does not have the indica-

tor NEXTE in its property list.

14 sy
: Nn

(PF

The KIND property of a vertex is formed by a man who stands at

the vertéx and, while rotating counterclockwise, takes note of the

regions and vertices which he sees. NREGIONS and NVERTICES are then

casily 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.

oR



L ,- Vertex wheres two

lines meet.
'FORK' .- Three lines forming o

angles smaller than 180

ARROW'.-Three lines me=ting at a
point, with one of the
angles bigger than 180

IX'.= Two of the Z&lt;nes are colinear,
and the other

two fall en the same side of such
14nec

S$

~

"PEAK! «™ Formed by four or more
lines, when there is an
angle bigger than 180°

'7',~- Three concurrent ines, two of
them colinear.

- Two of the (ines are

colinear,
and the other two 1all on

opposite sides of such
lines.

~~
\ 'MULTI'.- Vertices fcrmed by

four or more lines.

and not falling in
any of the preceding
types.

TABLE 'VERTICES'

Classification of rectilinear vertices.

b=~



TYP ES OF "VERTICES

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 corresponding

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', 'MULTL'; the second element is the datum, which generallv

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').

Vertices where two lines meet
ai

L.- A vertex formed by only two lines is always classified us of type 'L'.

Two angles exist at it, one bigger and other smaller than 180°. The datum is

a list of the form

(Ey E,) , where E, is the region which contains
the angle smaller than 180°.

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

For instance, in scene Rr3 (see fig. ' R3 ')

c has in its property list:

rYPE (L (%34 %37))

The vertices of type L present in R3

are gs. E. G. I. L, N.

Vertices whava three lines meet.

FORK.- Three lines meeting at a point and forming angles smaller than 180°
form a FORK.

 HD



Its datum 1s the vertex 1ltself

at which the fork occurs. For instance,

vertex ihas in its rroperty list

TYPE (FORK %K)

The vertices of type FORK present

in 3 are co. KK.

\

ARROW.- Three lines meeting at a point, with one of the angles biger than 130°

The datum of an ARROW is a list like

(E, E, Ey B, Eg Eg E,) where
Ey; is the vertex at the 'tail'.

Ep is the vertex at the center

E3 is the vertex at the left of €&amp;

E) 1s the vertex at the right.

Ee is the region at the left.

Ee is the region at the right
BE, is the region which contains the angle bigger than 180°

For instance, vertex H has in ite property list

TYPE (ARROW (XK %H ZL XI %33 %35 %37))  —=fig.pa --

The vertices of type ARROW present in R3 are A, D. H., J, M.

T.- Three concurrent lines, of wvhich two are colineer.

The datum for a T is a list of the form (E, E, E; E, FE. Eg E,), where

BE is the vertex at the 'tail' of the T.

E, is the central vertex.

Eq is a vertex such that E E, Eq is
an angle between 90 and 180 degrees

£), is a vertex such that E E, Ey, is
an angle smaller than 90 degrees.

That is, Eq Ey, E, are colinear.
is the region which contains the

angle between 90 and 180 degrees.



Ee is the region which contains the angle smaller than 90 degrees.
E, is the "certral" region (where the 180° angle is).

For instance, vertex F (fig. R3 ) has in its property list

rYPE (T (AC %F %G %E %32 %%4 %¥7))

The 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 [ines are colinear, and the other two

fall in the same side of such lines. The datum is a list of the form

(E E, Ey E), Ee Lg B. Eg) where
E is the central region.
E, is the region having the 180° angle

Ey is the colinear vertex which falls

to the left of Ey Ese
EB," the region to the left of E,—E,
E_%the vertex to the left of EE,

Eg is the colinear vertex which falls to the right

Ee is the region, the right.rp1&gt; E,-
Eq is the other vertex to the right (of E).

R3 containsnoverticesoftype K. PA of figure BRIDGE is of type 'K'

X.= When two of the /Jmes are celinear, and +he other two
fall in opposite sides of such lines. The datum is a list of the form

(E, E, Ey By, Eg Ec), vhere
E is one of the colinear vertices.

E, is the region Co the left of E, Cc,
vhere C is the vertex at the center.

Eq is the region to the right of E C.

E) is the other colinear vertex.

Es is the region to the left of E), C.
Ec is the region to the right of E, C.

z

=
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For instance, we find in the property list of F
(figure BRIDGE):

LYPE (X (QA :26 :22 G :21 :30))

The vertices of type X present inpripce 8Fe fp, only.

The datum for an X mey also be in the form (E, Eg Be Ey E, Eq).
Verticee of four lines which are not of type K or X are either of

type PEAK or MULTI.

Other types of vertices.
 pia—

PEAK.- Formed by four or more lines,
0

when there is an angle bigger than 180

PEAK
-

-
4

\
9

MULTI

MULTI. - Tertices formed by four or more lines, and rot falling in any of the

preceding types, belong to the type MULTI, R3 contains no PEAKSorMUTIS

The datum for vertices of type PEAK is of the form (E, E, E.), where
1 2 73

E, is the region that contains the angle bigger than 180 degrees;

E, is the vertex before E, , and E, is after (in the +5 sense).

The datum for vertices of type MULTI is of the form

where E, is the vertex itself.

Jixtes ox 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 E, of a T (see figure) is the background, that

[ can not be a -matching T.



 PF

-

In the figure, E, and F, are matching T's because E,-E, is

colinear with F,-F, . It is not required of EE, to be parallel to

F,-F,. If several pairs of T's are possible, the closest is chosen:

emma

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.

a
so

 J; ed



For two T's to be NEXTEs or matching T's, it is required that

neither E, nor F, be background.Tsrequirement should be :xtended tc

all regions between Eg and F_, since a line can not go ".inder" the

background region:

&gt;

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

1 ht line i er i

Two straight s always intersect (possibly at [succestron’
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
Iwo segments, or a line and a segment, may or

may not meet. (&amp; seament is a finite portion of a fine).
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T HE PROGRAM

We now describe BEE, and how it achieves its goals, »y discussing

the procedures, heuristics, 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
(BUDDY 1, 18 82 33 21)
(guy 2, 18 $15 35 24)
(8ULY 3. 1S 323 2317)
(BLY 4. (5 36 27 2:38)
(80UY 5. 1S 310 311 39)
(sOLY 6, 18 213 214 312)
(BULY 7. 15 318 $22)
(BLY 8. 1S 220 319 2321)

Results for scene TOWER

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

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

hz SL SEE 15 Go to DDT and load file SEE 1 (in tape
GUZMAN F), a binary dump of the program
SEE.

Start.3G

(UREAD MOMO S1 3) MQ 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 exnects.

(SEE (QUOTE MOMO)) Call SEE to work on MOMO.

Results appear in next page.

Notes: *Z (control Z) is keyed by striking the JZ key while holding
down simultaneously the CONTROL key. (Memos I6/,5%1tF)

&lt; denotes carriage return.

S$ denotes the character "alt. mode". (See also instruchons in Listing)



SEE 58 ANALYZES MyuMQ
EvIUENCE
LOCALEVIUENCE
TR1ANG
SLUBAL
(NIL) ((388) wlU44 (GUD LOU4L LENA] (319) LYUEd LUD4EN

LOCAL
(LULAL ASSUMES (3517) (89) SAME RBULY)
(LULAL ASSUMES (sy 21/7) (31K) SAME wUJY)

LOCAL
(CNTR) (NEL) ((36)) (NIL) (NIL) (NIL) (388 30/7 359) bLULES et

LOCAL
(((88 22 21) LOUBL GUUZ2Y GLUON CUDZL) ((3%e 83 227 260) vel

“JCAL
SMp
RESULTS
(BODY 1, 1S 83 2 214)
(S0DY 2, 19 832 833 327 2206)
(BOLY So 1S 328 301)
(SpUY de LS 320 $834 319 830 229

(BUDY 8, |S 836 335)
(HULY Go 15 $24 3H 321 34)
(BuuY 7e lo 323 323 222)
(SOY 8, 1b $14 213 219)
(BULLY 9, 1d 81lU 216 311 2l¢
{spUY 1U. 1S 818 39 217)
(300UY 11. 13 37 85)
(BUDDY 12. 15 838 237 2:39)
NIL

¢C

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

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

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

done on purpose, since a non-sophizcticated pre-_.izcessor will tend to

make this kind of error

Example C. R3. Analysis by SEE gives

(BODY 1. IS %32 %31 %24)
(BODY 2. IS %26 %35 %Z33) RESULTS FOR 'R3!

The % sign indicates the dextral scenes (cf. pageZ33), The signs
may be ignored.



The Parts of SEErmeemmeesmmmess Th2 program is straightforward; it does not call

itself recursively; it does not do ''pattern matching'; it does not dc

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 informatiosn, in search of clues that indicate that two

regions form par: of the same body. If evidence exists that

two regions in fact belong to the same body, they ace 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-

lyzed; regions are grouped into "nuclei" of bodies, which grow

antil 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.

30DY RETOUCHING. If a single region does not belong to a larger

aucleus, 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.

20



Auxiliary Routines

Three functions are 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

&amp;'A' has as neighbor an L &gt;&gt; ? 7 can be extended so as

to say &amp; throughtes, 'A' has as neighbor an LW.

\ /
he l

schematically represented as Fan ay
Strict definition. — 18 defined as one of

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

matching T's
ad

i'l

Example A
of =

GOODT If a vertex V is considered a ''good T".

false otherwise.

(GOODT V) =

See also annotations on listing.

(GOODT V) ig TRUE:

if V is not a "T"

F 4  SE——-

has a NEXTE.T  dl Af

F { Ki

3

"parallel
—v!

 FP 4 a L

4  -—

otherwise.



As we see, this func tion tries to distinguish between T's originated by occlu-

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

9

 _-

t————

v—

T
4

NOSABO wot same body." Acts as a link inhibitor.

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

tions. the link that vertex V may have created:

v

DF AY——
Vinhibited link (prohibited, ignored, forbidden, not

created)

fe v32) &gt; de

3) ye

 OR——
300DT

\ y

ARROW

4) ——y

{ Se

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) 18 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.
19



We proceed now to ex lain in considerable detail each ot the parts
to

of SEE. This will he.p the reader ,understand the behavicr otf the

program, its strengtl and def iciencies.

1,LNK FORMATION

Several subroutines are devoted to cating weak and strong links.

See also listing.

CLEAN .
——— Removes several unwanted properties.

EVERTICES
Each vertex is considered under the following rules:

No evidence is created directly by this type of vertex

Neverthaless, the 'L'" is used in many combinations

with other vertices to account for evidence. As we

saw. Nosabo uses Ls. "Legs" will use them, too.

No link iscredted if any of the three regions is

background (but see below).

Example (unless otherwise indicated, all examples

are from figure 'BRIDGE'): Vertex J does not

generate links.

Otherwise, three links are creded as shown, except

that each one may be inhibited by Nosawno.

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 arecreated as shown, without asking Nosabo

if the fork is connected to the central line of

an arrow. (No fink is put nere” 37) )

Example: In fig. R19, PA generates links :29-:17

and :35-:17.

nis Last heuristic is of help where there are concave objects (Fig. R19)

—-

3



ARROW .~- == _ link if an L is connected to its cen:ral line,

aad the region shaded containg only that arrow

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

Region :1 contains arrow A ' J ’

as a ''proper-arrow'; also |

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

Example. BB 1links:10 with :4.

Aliows "lateral faces" of legs to be properly

identified and agglutinated.

Otherwise, link except if inhibited bv Nosabo

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

Powerful and general heuristic.

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.

PEAK .-

MULTI.-

&lt;

 4

No link

Links are established between contiguous regions

except those to the region containing the angle

bigger than 180 ©. These links are subject to

Nosabo inhibition.

Example. In fig. 'CORN', JJ generates links

:8-:9 and :9-:10.

Of certain use, specially with pyramids and

"pointy" objects.

No link.

The reason is:

(1) if the vertex is "genuine" (cf. page vy),

-*
UK



-

although itqenerles no 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 of generating links.
This is generally the case.

An improvement is possi-

ble, by allowing MULTI

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 .wo 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 trving to do here is to find places

where a body appears as two disconnected parts.

Sey
.paCkY

f -

parallel =

y +

Cai

paKikJround.:
TW es ey ery

J
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):

 ~~



. Zesty if J ; 1" J ae ji ey
| Baisground.: i

—

No background

Example. TA links :21 with :27 (F-G,

RA-TA and JA-IA are parallel),

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

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.

JOUNTIDINGE, 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.

LEG.~
» ol

f Jet

——

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 is

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 IL. and E are watching T's

t



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 confuse 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.

ad

Sl

(A,
w-—_

| Ye

» 9

(D)

'G

TABLE ' LOY.]

lw

td)

EVIDENCE’

\
k

(F)



TRIANGLE . ~ A Triangle is a 3-vertex region, of which

two are interconnected T's, the type of the

other vertex being irrelevant.

Two triangles are weakly linked if thev 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 is parallel to EF, and AC to DE.

The heuristic helps with faces of a prism

that 1s 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.

A possible improvement
consists of choosing the closest of two

triangles, if several candidates are possible

Example. In figure 'WRIST' (page 36)

links are placed between

triangles 5 and 6, and

between 1 and 2.

Example. Figure 'TRIAL' receives the

following strong links (full lines) and

weak links (dotted lines)

1 (12

FIGURE TRIAL
oN

Tho program analyzes this scene and finds 3 bodies:

(BODY 11S :6 :2:1)
(BODY 218 :11 :12 :10)
(BODY 31S:4:9:5:7:3:8 :13)

LT
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The links could be represented as

{6)
/ # :

rd N
'&amp;f
19 8 AS
. 3\ 2 ]

!(1Je in ¢
z Lf

\
\

~~ 2

{my
&gt;

(14) (lo &gt;--
NO

a —

45 &amp;3 (3,\ &gt; -

3 NY

2 3 “
2\ WF ”
5 1

8

— ~~3

RO 5

Lol

&gt;

-

\
N

 Ss.
A

Goo 20 ~.
oo" .

= —

es

(13

Figure 'TRIAL - LINKS!

Strong (solid) and weak (broken lines)
links of fioure 'TRIAL'

SEE prints these links in the following way:

stre?d
~~ :11 has four links emanating from itself.

CONTLD) ((311) GQOU14 GOUL1J Gould Gunloy |
(212) 6GO01% GO014 GUUlS GOLLY ((313) GI
121) (234) LOUR2 GULLY 6GOO2D GOOLY GOQL™

GUuUls) (1810) 60018 GOC12 GOI 9010)
(153) GUO3a 0023 &amp;0224) (184) Bulls wd
$2 w0Ueb LUD2S S0u23) (16) $0031 0030
SUU2S GOO027) ((385) GGR26 GULIZY RCC22 sun
16 wlul7) (127) GUUSS 6lulde LUULY LOUL
SUULIB) 1188) DJG bLddd GU02T) (22) GL
Da3 Guidl LLled GOO) ((&amp;814)) ((s1) Lu
35 @0L38N0 GLuzA @iileZ

Strong Links of TRIAL

Weak links of scene 'TRIAL' are

( (22 21) (86 282) (230 81) (34 £85) (39 $5)
($18 89) (85 283) (20 38) (24 71 t3y 27

yo (s1e $10) (311 S12)

2 vere ia a weak link between 112 and :10

Weak links of ‘TRIAL.



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.

NUCLEI CONSOLIDATIUY

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

be part of any body.

Strong and weak links exist among the different regi ms of a

scene. They are consolidated in that order by two subroutines,

Global and Local.

SLORY 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.

thev 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

(4) (4)
_—/ _

EL — (, FF —
2 5B (5)

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

-

1)
3 4

Ie
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 1s formed.

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

10 new nuclei can be formed.



When this is the case, the scene has been partitioned inte

several "maximal" nuclei; between any two of these there is at most

one link. For example, figure 'TRIAL-LINKS' will be trsnsformed intc

figure 'TRIAL-NUCLEI'.

10

12
QO

(9 oh3. 7

Ig
—EeAadiarT—

®
Figure "TRIAL - NUCLEI’

Maximal nuclei of scene TRIAL.

LOCAL 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-NUCLEI

into figure 'TRIAL-FINAL'.

(14) 1

® 494
J h

13 4

Figure 'TRIAL - FINAL'

Nuclei of scene TRIAL after merging
suggested by local links.

BODY RETOUCHING

Additional heuristics assign unsatisfactory faces to existing

nuclei, or isolate them. SINGLEBODY and SMB are used for this task



PONG A strong link joining a nucleus and another nucleus composed

by a single region is considered enough evidence to merge the nuclei i-

question if there is 10 other link emanating from the sirgle region. A

message 1s printed indicating these merges.

Such rules produce no change in fig. 'TRIAL-FINAL'. nd there-

fore its nuclei will b= reported as bodies.

A more complex example shows the retouching operatior. Figure

'BRIDGE' undergoes these transformations:

x}

"4

x,

N

x]
~~
~

Scene BRIDGE
 Nn
oH
Q &gt;
— Rl.
= J =

Xo Mog
aw moO

— 0 &gt; O |
 uw py

Weak and strone links among regions

a
a .5 iE

o &lt;&lt;
00 3 m
go oO
Oo 80 O 3
S60 A O
oom oe

© Maximal nuclei

(2 or more strong links)

—
g

s O
MoH a oO
SBS2 oo WV

Maximal nuclei enlarged
by weak link action

=
o—
—

Fig. BRIDGE

Fig. 'LINKS-BRIDGE'

Fig. 'NUCLEI-BRIDGE

Fig. '"NEW-NUCLEI-BRIDGE'
xy

4

*

a

=

2)

altenfe}

bd

vg uo of A
—~ 0+ gM] ®
60d 00 O &amp; =
fog aA ©

wo UH BH Ee
th 4 on —

n a

Id. enlarged
vv ginele undienuted regions

18] :
93

288: @
we Si 8
ge ©iwn

ow oO @

“EEL
=

Id. enlarged
oy good neighbors, ''goodpal".

Final r a ~ 2 Vr

Fig. 'FINAL-BRIDGE'

Fig. ' FINAL-BRIDGE'
(no change in this

case).
J
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FIGURE 'LINKS-BRIDGE'
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tIGURE —LINKS.” :This figure represents scene
BRIDGE,” with the strong links between its regions (represented
tiere by circlés) shown. The dotted links represent the evidence
cenierated by the vertex PB (see Figure 5 ‘BRIDGE". The short
arrow showsthe links put by vertex JB; note that a link between
:5 and 19 is not put, because S (see Figure 5 ‘BRIDGE’) is a pass-
ing t-joint. Zig-zag links are produced by the mechanism de-
scribed in part (b) of T. LitK between :3 and :q 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'
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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'
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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®
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GIGURE 13—FINAL.’ SINGLEBODY joints the lonely re
gion :16 with the nucleus :18-19.



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

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

128-29 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.

pa Two systems of 1i1ks 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

(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:

® NL == Not good: (GOODPAL R S) =F

I \ en 32 == Not good: (GOODPAL R S) =F

Longs or (in general) vertex that makes
(NOSABO R S) to be true.



o. K. otherwise: (GOOI'PAL R S) =

In particular,

! n \

is 0. K. if (NOSABO R 8) = 1

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:

L. 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, Tf 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 nucleus; otherwise

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

(,2)3(2yEitn®) —

(5)

On does not change because :3 has two slinks.

Note that

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

were; they only help certain isolated faces to join bigger

structures.

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

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

 ON
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FIGURE 'H A RD!

This scene shows the use of SMB.
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SEE 58 ANALYZES HARD
EVIDENCE
LOCALEVIDENCE
TRIANG
GLOBAL
((NIL) ((334)) ((36)) ((236)) ((324) 60026 GOO25 GOO23 6 0 ofc
0044 60043 GOOD4?) ((317) GUo4a7 GOO46 GOO45 GOO044) ((37)) etc
0041 GOO3I9) ((%21) GOOSO GOO4O GOO3I9 GUO29 GUO28 LOUL27)
0038 GOO3I6 GOO1Y) ((826) GUQS4 GOUS3 OUI? GCO036) (827)

G0055 60023 60020 GUULS) ((332) GNOS7 6005 LOU34 LOO3I)
8 GO048) ((34) GO00S8 G0O048) ((210) G0OOSY GUOJI? 6OO3IL) ((3
$19) 60064 GN063 GOO62 GNO6GL) ((3820) 60A64 GLLO2 LQO6O GO
$30) 60056 GOO3IS G0033 60016) ((315) 6OO66E) ((316) LOOGO)
(ONIL) ((334)) ((36)) ((336)) (NIL) (NIL) (NIL) (NIL) (12
019 GOOS3 60036 0054 GOO3I8 GNOJI7 GOOL19) (NIL) ((324 322
D040 GOU3I9 60029 G0p28 0027 60024 GO0O22 GUNSS 60023 w0G2
) (NIL) ((35 34) GOD48 GOUS8 GON4s) (NIL) ((343 $17 314)
$18 319 320) GOO6O0 50064 GUN63I GOOG) GU064 GUOO2 OOOGO GO
$32 331 3230) GOO33 50057 60034 GOOS6 GUO3IS GOCI3 LOULIG)

LOCAL
(LOCAL ASSUMES (311) (312) SAME BODY)
(LOCAL ASSUMES (315) (316) SAME BODY)
CINIL) ((334)) ((36)) ((336)) (NIL) (NIL) ((37)) (NIL) (N
019) ((324 322 83 223 321 323 329) GOU020 60026 0025 O04
0055 60023 G0020 GOO15) ((31 82 333) LOOS2 GOO0S51 GOO1/ GO
43 0047 GOD46 G0044 50047 GON4S 0043 50042) (NIL) ((318

$10 $8) GOO03I2 50032 50065 GOOS59 GOO3IL G00SQ) (332 331 3
) (NIL) ((335)) ((2312 311) GOO67) (NIL)
LOCAL
(((812 311) GOO67) ((316 315) GOO6G6) ((332 331 330) GOOJ33
G0065 GO059 GOO3! GO03I0) ((318 219 220) GGUKO LUOG4 GOO6I
6 G0044 GOO47 GOO4S G0043I GNO42) ((235 34) LOO48 60058 GO.
3 321 328 329) 50020 60026 GO025 GN049 GUUEY GOU2L 60050
15) ((225 $26 $27) GO0O19Y GUNS3 GOO36 G0OS4 GUOIS GOOJI7 GOI
LOCAL
SMB
(SMB ASSUMES 37 36 SAME BODY
RESULTS
{80DY 1. IS 312 311)
{|80DY 2, IS 316 315)
(BODY Ja. IS $32 331 130)
(BODY 4. JS 29 310 38)
(BODY 5, IS 318 219 320)
(BODY 6, IS 333 337 314)
(80DY 7. 1S 35 34)
(BODY 8B. [S 31 32 333)
BODY 9, IS 324 222 33 323 321 328
{BODY 10, IS 325 226 127)
{BODY 11. IS 37 26)

JZ



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

'"F"INAL-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

Summary 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 section.
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ANALYSIS OF MANY SCENES

Until we have an adequate analvtic theory, the behavior of a

heuristic program is best understood with examples. There are

several ways to go about this:

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

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

appropiate.

Potorabis A shiny impression 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.

Boaey 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.

Silly 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 ;
een——  AN21y 31s of stereographic pictures will te found in

the section 'Stereo Perception’.

Finding the backgroundSIDGINR INL naciRion sg, Examples where the background is not known
in advance and has to be deduced are given in the section 'Background

Discrimination bv Computer’
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LIST Cf SCENES ANALYZED BY SEE IN THIS SEt TION

Name.

R17
L3
R3
SPREAD
STACK
STACK*
L10
R10
TOWER
REWOT
WRIST*
L2
R2
L19
R19
CORN
L9
R9
ROT
TRIAL
ARCH
HARD
L4

R&amp;4
MOMO
BRIDGE

[A A Q:  FE

Comments. Scene (figure). Comptter Results.

LO7
110
113
-16
+19
19
[123
126
129
132

35
138
138
143
L46
149
152
156
L56
L61
164
167
170
173
176
179

L108
111
L114
117
120
121
124
127
130
133
136
L141
139
144
47
150
53
L58
L59
162
165
168
171
174
177
180

109
[12
115
118
122
122
125
128
131
134
137
142
140
L45
148
151
L54, 155
157
160
163
166
169
172
175
178
181

| O06



a LEA The three prisms are found. In scenes like this, the

position of one or tw) vertices may alter the analysis made by SEE

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 drastically 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

15-6. 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

BN, giving a good estimate of 1ts true shape. The

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:=y Input

The preprocessor should consider the hypothesis [svecesrion
that BKLN are colinear -- or SEE should propose it

for confirmation (see 'Division of Work in Computer Vision’. p. 60 .

The %signs In the printouts of some scenes, such as R17 (see 'RESULTS

FOR R17' in page 109), a % sign appears as part of the name 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 9's.
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FIGURE 'R 1 7!

The three prisms were correctly found.
There are several 'masty' 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
(INTL) ((x'9) GOO12 GOO0!l GOOO9) ((x18) GpO12 &amp;NO10 C0009) (x37) GOOLl GUOLO) ((x86) COOLS 60014 COOLIJI) ((x83) 60015 GO
013) ((%32) C0016) ((%33) GOOL7) ((x35) GQO{6 GOOi14) ((xt4) GOOL7) ((x810)))
((NIL) (NIL) (NIL) ((X8Q X38 X:7) C0012 60009 60011 GO0010) (NJL) ((X36 X81) GO014 GGOLS 0013) ((X32) GGO16) ((XI) GOO
7) (x35) 0016 GOOle) ((x34) GOG17) ((x310)))
wOCAL
{LOCAL ASSUMES (x36 X11) (x35) SAME 80DY)
(INTL) (NFL) (X89 X38 X37) Gno12 60009? Gp01l Gooio) ((X3% X36 X81) 60016 Co0id C001% Goa1I) (X12) Ggol6)
INJL) ((X%34) GOOL17) ((X830)))

LOCAL
(SINGLEBODY ASSUMES (X83) (X34) SAME 800Y)
(SINGLEBODY ASSUMES (%85 X36 %81) (%32) SAME BODY)
{INIL) (X33 %34) GOO17) (NIL) ((X35 X16 x81 %32) GOOi6 GOOl4 GGO}S GO0O013) 11a
LOCAL
SMB
RESULTS
(80DY 1, 15 X33 X14)
(BODY 2. 18 x35 x36 x31 x32)
{BODY 3, IS X19 X18 237)
NIL

 IK



fase 23 Without dif:iculty, two bodies are found. Each region

contains four strong links relating it with other regions (see

"RESULTS FOR L3'). LCCAL is not needed to form nuclei; .ieither

SINGLEBODY or SMB.

Explanation of the printout produced by the program , ,...yi2
printout of the results appears. The format is the same for every

scene. It starts by saying
SEE 58 ANALYZES LJ

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 GOOO7 60005 GOOO4) ((35) OOO GULOUS
60007 GOO004) ((24) 60010 GOOO9 GOOO8 GOOOS) ((31) Go015
50013 G0O12 60011) ((%2) GOO16 GOO14 GOO13 GOO11)
((33) GOO16 GOULS GUOla GOO12) ((37)))

This list contains the nuclei and the links (strong links); the first

nucleus that we see is ((36) GO009 GOOO07 GDOO5 GOOO4), meaning
that from nucleus (or region) :6 emanate four links, namely G0009,

G0007, GOOO5 and GO0O4. We can represent this graphically:

ly =e
The total representation of the above list is thus 22,

SO, © op De&amp; a tC|eg") (3) Goo 2
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 (end—GCLOBAL); finally, we see "RESULTS, and then 2 bodies, follo-

wed by NIL, meaning the end of hs program. (See gage [/2.).



{ J

7 E

INND

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.
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SEE 58 ANALYZES LJ
i EVIDENCE

pa LOCALEVIDENCE
. TRIANG

sLOBAL
((NjL) ((36) GOOO9 GOOO7 G0O0O0S GOOOA) ((38) OD1I0 GOOOB GOOO07 GOO0Q4) {((34) C0010 ©0009 G0CO8 GOOOS) ((31) GOO0LS COOLI GO
012 GOO11) ((32) GNOLI6 GOO0L14 GOOLI GOO081) ((33) 6OCE6 GCOIS CO0L4 CUOL2) ((87)1))
CINILDY (NTL) (NIL) ((86 35 84) GO0QO0S 60008 G0007 GO0C04 GOOLO0 C0009 60008 OG0AS) (NIL) (NIL) ((31 32 t3) 50012 60014 GOOG}
3 C001) 60016 GOO1S GOO014 GOO12) ((37)))
“0CAL
(INIL) (NIL) ((36 85 84) GOOODS GOGQO8 C0007 GOOO4 COOIO0 GOOO9 GOUGO® GOOO0S) (NIL) ((*t 77 33) 6GO012 GOO14 GOO13 GOO01Y GOO
5 ©0015 G0014 GJ012) ((87)))
LOCAL
 (e383 32 33) 60012 C0016 GO01J GOOIl ©001e GOOLS COULe GOOL2) ((86 85 34) C0005 $0008 60007 GOO0O4 GOO010 GOOO9 GOL0OB GGOO
5M)

LOCAL
SMB
RESULTS
(sCDY 1, IS 8} 12 33)
(800Y 2, 16 36 35 14)
NL

»



Scene R3 Two bodies are found in this scene. Vertex ¥ is

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 following

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', page l!7, in section 'On noisy input.

yg
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FIGURE 'R 3!

A scene analvzed by the program.

1 1 —



SEE %8 ANALYZES RJ
EVIDENCE
LOCALEVIDENCE
TR] ANG

HHeLOBAL
INTL) ((%x86) G0NO9 GO0OB C0006 GOOGS) ((x35) 600310 C0009 C0007 LOO006) ((x3J) GOO10 ©0008 GOOC7 GOOOS) ((x%2) 50013 GOGO

v2 60011) ((x31) GOO1S C0014 COOL GOO) ((xtd) GOOLS CGOL4 C0012) ((X37)))
CENTLY) (NIL). (NIL) ((%86 x15 X33) GQ0O0S C0009 C0006 C0010 GOO008 ©0007 &amp;£Q0CS5) (NIL) (NIL) ((X32 X31 X34) GOG1S5S C0013 GOO!
1 6001S 60014 60012) ((X37))
LOCAL
FINIL) (NIL) ((x36 x35 x33) GO0005 GOOO9 60006 C0010 G0008 CGOO07 C0005) (NIL) ((x32 x31 xt4) GOO01S COGC1J3 GOO} GOO1S GOO}
4 GGOL12) ((x87)))
LOCAL
(((x32 x31 x34) GOO1S GDO13 G0OO1} GOO15 GnO14 C0012) ((x36 x3% x33) C0005 C0009 C0006 GO0010 C0008 C0007 G0005))
LOCAL
SMB
RESULTS
(80DY 1, 15 X32 X31 X34)
(BODY 2. IS X36 X25 X13)
NIL

4



$cang Sppmap Body :41-42 was found; also :8-18-19. TI1 the first

case, there was one strong link between :41 and :42, bec.iuse of the

heuristic (g) of tables 'GLOBAL EVIDENCE' (page 87), 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 1s found.

Body :21-6-25-20 18 found as one body. An older version of

SEE {Guzmén FJCC 68} used to report two: 16-21 and :5-20. The

change is 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 32) 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 is also true of :19-18-8,

interpreted as one parallelepiped with a vertical face (:19Y) and an

horizontal face (:18-=8).

The background of SPREAD is also computed (see page 226 of section

‘Background Discrimination by Computer’)

i 1A
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FIGURE 'S PRE AD’

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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WUOTE (SINTO = 0,05, COLIC = 0,019)

SEE 58 ANALYZES SPREAD
EVIUENCE
LOCALEVIDENCE
TRIANG
CLODAL .

((NIL) (315) 6G0N28 60025) ((314) GO028 GOU2%) ((335)1) ((319)) ((3)8) GOOS)1 6OO29) ((3J1) GOOI7 GOOIS GO03I4) ((232) GOO
3 60037 GOOG GO0JIS) ((334)) ((128) GUOE7 wQULSG GOOads GOO4I) ((326) LOL4? U004S GUG4a 6GOOE2) ((345) GOOSI GO052 LUOBS0Y
(342) 60049) 1(14)) 0054 GOUSI LONS] GOOSU) (1244) GOUSH GUOS2 WOOSL) (8316) GUOII) (1821) ((88) GNOIL GULO29) (321) LO
56% GUOAO) ((36) 6GUDGE GOOAl LONAUY ((33) LWO0U27 6GU026) ((31J) LLUOGR LOOSE G0056 6005S) (112) GOO06S GOOOI) ((311) GuOsLa
20060 60027 60026) ((37) w(062 GULSY LOOSE GOOS7) ((31) GUOSY GUL057 W0056 GCOSS) ((29) 50064 6GUOGD LOOJIU) ((330) GOUAS
0063 GOO30) (1835) GOO) GOOJ2) ((247) GOOIS) (320) 6GO032) ((330) LOUIY) (327) GUOOLE 0046 GOC4AS GOO4I) ((229) GOO39 GO
038 GOO36 GOOSA) ((224)) (325) LOP66) ((333)) (1837) LOOG7) ((347)) (1836) LOO4B) ((34) GOOO7 GNO4B) ((348)) ((340) GOOG
23 60022 LU021) ((24)1) GOOE9) ({323) LUOGH GOOA2) (1839) LOO024 LOU23) (358) LOUQ4 6GD022 GO021) (822) SOCE8) ((346)))
JINIL) INIL)Y ((315 514) GOO02S GOO2a GOOU25) ((235)) (183191) (NIL) (NIL) (NIL) €(834)) (NIL) (NIL) (NIL) ((342) $0049) (NN,
J) t(ta5 143 144) GOOS4 GOOSI GOOSN GUOS4 LOGS2 GOODY) (816) GOLOII) ((32)) (338 38) 60029 GOOIL G0029) (NIL) ((22f 86:

20040 L006) LOOEY GOO040) (NIL) INTL) ENIL) (NIL) (NIL) ((8313 37 81) GOUSO 60062 GOOS8 GOUS9 6GI0S57 60056 GOOSS) ((23 11}
19) GOUGs 50027 GQO26 006A LONGO LOVIOD! (812 210) LOOBY LOLOGS 0063 60030) ((8S) GOC4) GOUI2) (817) GOCIIY ten 50

D332) (1330) GUOJI9) ((328 828 227) 004) GUUA7 UU4d GO042 GOOLE LUDAE LODAS GOO0A4AJ) ((331 232 179° w0N34 GCOI7 GOG3IS GOOJ
? 0038 6003S 0034) (2324) (132%) BULB) (i833)) (1837) LOUOZ) (1347)) 1(336) LOOAB) ((34) GOOG? GOCAB) ((348)) (NIL)
(841) GODAQ) {323s SO00AR GONE?) (NIL) ((839 340 838) LOU2I 0023 WOUZ24 WO022 W0021) ((822) LOOGB) ((346)))
.OCAL
LOCAL ASSUMES (336) (14) SAME BOLY)
LOCAL ASSUMES (3130) (33) 132 329) SAME BOuUY)
LOCAL ASSUMES (316) (217) SaME sONY)
LOCAL ASSUMES (321 86) (35%) SAHE gQoDY)
[LOCAL ASSUMES (35 121 36) (120) SaME BUDY)
[LOCAL ASSUMES (33 211 30) 812 31a) SAME wqolLY)
.0CAL
CINLL) ((815 314) GQO25 60028 GOO2S) ((835)) ((319)) (NIL) ((334)) (NIL) ((342) GOOG) ((345 343 244) GO054 GOOSI GOO50
30054 GO092 Su0S1) ((317 316) LOUIX) ((32)) ((318 sb) GOO2Y QUOJIL 6GUO29) ((320 8S 3121 16) GOO3I2 GOOO1 GOO0al LOO4G) (NIL
(NIL) ((313 37 31) GOOS6 (GO062 LONSE LOOLY 0057 GGOS6 GODS) (1212 310 33 311 £9) GQO6S GOLGI 6GCO6G4 C0027 60026 GOOGLE

20060 GOO30) (NIL) (NIL) (NIL) (NIL) (831 132 329 330) 60037 GUOJ3S w0038 GUO36 GOO34 LO03I9) (1128 326 127) GOQAJ GGOa7
50044 0042 GOO66 GQLO46 GOO4S GOOA™) (NIL) (t824)) ((825) GO066) ((833)) ((837) GQ067) ((2e7)) ((34 336) GOO6G7 GOO4AB) (N
JL) ({348)) ((241) 0049) (323) GNUBS LOULAE2) (339 340 338) GOU2I L0023 ©0024 60022 GNO21) ((322) GOOKA)Y ((8461))
-0CAL
[SINGLEBOLY ASSUMES (123) (322) SAME 300Y)
ISINGLEBODY ASSUMES (242) (8341) SAE wolDY)
{SINGLEWODY ASSUMES (34 336) (837) SAME 8JuY)
ISINGLEBOLY ASSUMES (328 126 827) (325) SAME buly)
TINIL)Y ((339 240 233A) GO02J3 60023 60024 GUU22 WJ021) ((323 822) w0O06E 0042) (NIL) (134 836 337 GOL0S57 GOC48) In]L) (NIL

((324)) (13128 326 327 3125) GQNAJ GOUM7 LUDA4L GUOMy LJI06L WOULD WOULAS LOLA) ((331 832 129 33G) GCOJI7 GOCLIS 60038 GOACIE
30034 LOO39) ((212 B10 33 tif 19) GOUOLS wUNGI LQUGA 60027 L0D26 L0O0OLA GOUGL GOOJIO0) ((831J 37 13) GCOSG GCG6G2 GCOS8 (OCSY
20057 LOOS6 LOO0SS) ((320 35 321 38) wU0J2 GUOGL LOLA) GOCE) (1818 38) GUIRY GOOJ3L GDO029) ((317 316) GNOJII) (1324S 24] 3%

ta) 60054 «0053 G0OSE GNNS4 LNNK2 K005])) ((142 341) L004) ((8iv)) 1(215 214) GOO2S 0078 GAp2%
LOCAL
Smis
(SMB ASSUMES 812 118 SAME BODY)
RESULTS

THE FIRST ; 22PrTg ARE ((324)))
#0DY 2, f° n 3138)

s0LY 3. "22)
800Y a, £3137)
pgLY 5S. 6 327 123)

‘8wGDY 6. $42 129 330)
[d0DyY 7, 13 tJ] t1Q)
180LY 8, 1)
faUbY 9, «1 16)
gCLyY ¢
BOLY vot44”
d0UY Llze

s0bLY 13,
.g0lY 1a,



S STACK and STACK*
CeATnbothcasesall 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 63) for placing and

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

'On noisy input.
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FIGURE 'ST AC 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 bodv is correctly found. Compare with scene STACK.
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Sek 58 ANALYZES 11 (STACK, STACK®)
EvIUENCE
LOCALEVILENCE
TRIANG
GLOBAL
(INIL) ((8320) GI047 GOO46) ((319) GOU47 GUUEL) ((35) 6LOOJIOL) ((81J) LUIDL LILLY LUIIL) ((29) LCOSS GOOKE GOOSI GOOIQ)Y (12
7) 60057 LLO52) ((388) 60056 LOOSO GOCGOD4 GUUIB) ((311) GOOGU LUODY bLULDZ GUOSC)Y ((86) GNNRE GLUES Tlo5h/) (1310) GOGSS 600
53 90039 LOU3IB) ((312) O06D LONDL LOUSO) ((34) LUDDY 6LG0AY LLUUAZ2 CIAL) (314) LOOSE GIADA) (321), ((3¢) GUO62 GOU4d)
((318) LOUGH 6GDO6I GUOSS LUO4Ed) ((216) w0ud) GULAI LOUAE (GO0J7) ((3¢) LUGLHE WOG64 GUOBI 6GOJ6Z) ((83) GaGebA GOD4AR) ({1315)
50049 LOOEJ LOO42 GUDIJI7) (B17). LNODGS o006a LOOAY (C045))

(INJL) (NIL) ((320 8319) GOO46 LOLA? LUUE6) ((35) GOOUI6) (NIL) (NLL) ((37) SOUS7 60092) (NIL) (NIL) (NIL) (139 33 310) GO
053 GODS6 L00S4 GUU5S GC053 LOUIY GLOIMK) (186 311 212) LOUSE LULDZ7 LUJIOSY BUULO2 LUCHU LCOSH GGOS0) (NIL) ((213 314) GOC4D

w0036 LOGS1 GOOG) (321i) ({83f) GOOO2 WLUA4) (NIL} (NIL) (INJL) (NIL) ((34 316 319) L0242 GLOGY GGN4al G0NNdG GNNEd aGé2
wQO3I7) ((33 82 218 t17) w0048B GUOAL w(UbZ LOCO LOU44 LQUGD 50064 LUJVGD WAGAH))

{INIL) ((320 313) GOLA6G GULU4AT GRGAR) {(85) LUCIO) (NIL) INILY INJL) tU3Yy 33 B10) wJUB) G0NSE LLNSE (GOESS G0053 G003vy (OC
JB) ((37 36 31) 212) 50052 GONH7 LNOSY w(052 GUO6U LOUSHE LOUSO) ((314 314) LULUDAU BV036 GULSY GCOAD)Y (2213) (NIL) (NIL)
(NIL) ((34 316 815) (0042 LONGI LONAY LJ04Y 0043 GUDE2 GLUDY7) (2) 38 32 318 317) LULA GNOGE GNDL2 63063 GO044 IDES 6
0066 (00486 GQO43))
LOCAL
(LOCAL ASSUMES (35) (313 314) SAME 8OuUY)
LUCAL ;

FANTL)Y ((32C 319) 60046 LUGAT7 GNLEAR) ( (31S $14 9) 6GOULIG LOUSY LUJAU BULIG) (NIL) (29 24 810) GNOHI GODS GUTS4 6LNOSS 6
0053 GLUIY w00381 ((37 26 311 31g) GUUS LULS7 bLULLSY LOUSE LOUOU LUUDD wOUIL) (NIL) (321) (NIL) ((%a 836 315) GCQ0e2 GU
06] GOU4LY ©0049 GO043 LU042 LNOI7Y (141 39 12 318 217) LOULA OLB LLUDB2 LACES GLJed (LUIBYS LOLA 30048 NL AES)
LOCAL
(e831 83 32 3158 3147) v0044 50066 LACHL SOUOT LGGU4A JIBS LO0OE LINAS LUNAED) ((T4 $16 315) JICA2 GOGH) w0T41 60N4G GLnes
30042 W037) (37 36 211 2312) LOLS? 6GLULDT LALEY LUNS2 LUND LUOSE LUUST) 1(3Y 88 210) LOCHI LLLEBG LONSE GLH55 GACSI 300.
9 LUOIB) ((31J 214 35) LOOSE GND) LOCAD LUNIGY ({320 2319) LULAD GOLAT $OuUdb,)
LOCAL
SMy
RESULTS
isluY 1, $1 2d 12 318 1317
‘pouY 2. y 34 316 1195)
guy J. 0H 37 36 311 112)
HouUY 4, y 39 88 310)
‘B0DY Se 15 $13 31a 33)
.8UbY 6, IS 3120 319)
NIL

.
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Scene L10
meeeeeeme The concave object :11-15-14-7-6 presents no

problem, since there are plenty of visible vertices

(figure 'L10'), and SEE makes good use of them.

SINGLEBODY is necessary to join regions :13 and

The bodies of a scene do not need to be

prismatic in shape, nor convex. Their vertices could

have errors in their two-dimensional position. Table

' ASSUMPTIONS' specifies the suppositions that our program

obevs.
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FIGURE 'L 1 O°"

Singlebody had to join :2 with :13.
All four bodies were happily identified.
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SEE 58 ANALYZES L110
EVIDENCE
LOCALEVIDENCE
TR] ANG
GLOBDAL }
(ANIL) ( $5) G0040 G0039 60037 GOO35 “0034 GOO03I3) ((31) 60041 GOU3Y 003d GGGI7) ((38) GOO4ES LOO44 GGG42 GO0I2) ((36) GO
049 GO048 GOO47 6004S) ((39) LOOSY GOOSO GOO4S 60043 60032) ((3i0) 60059 60051 60056) ((37) 60057 60056 GOCSS GOUS4) ( (4
2) ©0058) ((33) G0O059 GOO44 GOO04JI GOO042) ((813) 60058) (1311) GQ060 60055 G005¢ £0053) ((315) 60060 GGCO0S52 GOQ49 60048)
(314) GOO57 60056 G00SI 600%52 GO0Ca7 C0046) ((34) 40061 G003I6 GO0IS5 6LOOII) ((312) GOO61 GOC4a1 GCO4Q C038 $0036 GQO34r (.
116))) :

CONIL) (NEL) (NIL) (NIL) ANIL) (NIL) (NIL) (NIL) ((32) ©0058) (28 Jv 310 13) 60042 GOGAS 60CI2 GGCSY 60050 GUOSP GOC4d
20063 G0042) ((313) 0058) (NIL) (NIL) (¢86 315 37 88} t14) GuLUA7 GOU60 6004 GOG48 G0U60 GO0U55 GG0S4 60057 0556 GU0osSd
50052 60047 GQU46) (NIL) (3S 31 14 212) C0035 L004) WwU0GIY GOOI7 OCIS C0035 60033 6LOOOI 60041 60040 £00368 $0036 GOU34)

((316)))
LGCAL
CINIL) (NIL) (NIL) (NIL) ((¢(832) GOOSY) ((88 39 810 $3) GO0e2 GOOD4S C0032 6UO0S1 C0050 GOOS9 6G04d GQO4I GJ042) ((333) GoOOES
8) (NIL) ((36 815 87 311 314) GOOU47 GQO60 C0049 C0048 C0060 CLIS3 60054 60057 GOO56 GO053 G00S52 GOO47 ©0046) ((25 31 14
312) 60035 60041 60039 OUST 60036 GOUVIS GLO3I3 60061 w0041 GOU4L 60033 S0UIG LOQI4) ((2316)))
LOCAL
(SINGLEBODY ASSUMES (32) (31)) SAME BQOY)
(((3S 33 36 312) 60@IS Cpo4y Goo3v Good’ Gugd6 60035 ©0033 60061 60041 60040 C0038 60036 Cop34) ((36 1S 37 111 3114) 600
47 50060 GU049 G0048 GOO60O GOOS5 (0054 C0057 60056 6LOOS3 ©0052 60047 GOQ46) (NIL) ((38 39 310 83) GQ042 C0045 C0032 G0O0S
] w0050 C0089 GOO4d GOUAEI LQUA2) ((82 313) GOOS8))
LUGCAL
SMB
RESULTS
(800Y L, IS t5 31 34 2312)
(BOUY 2, 1S 36 81S 37 313) 314)
{800Y 3, IS 38 19 3110 $3)
(800Y 4, 185 32 813)
Nit

10



Scene R10 Four bodies are found by our program in R10.

The scene is a good example of a ''moisy'" scene, in which edges that

should be straight lcok crooked. This 1s because the coordinates

of each vertex are '"imprecise'; the vertices have some error in

their coordinates. O:zher 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 is of type 'Arrow' or when it is of type 'T'

(but not when 'Fork'):

(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-

cement.

Na

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

by following the suggestion in the comments to scene R17.

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

 1 76
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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 1n
three-dimensional space. See section 'Stereo Perception

7]



SEE S58 ANALYZES RIO
EVIDENCE
LOCALEVIDENCE
TRIANG
SLOBAL
CONIL) ((x38) 50018 GOO17 GOO16) ((x?¥1) GOO023 0022 ©0021 60020) ((x34) ©0026 GOO024) ((x35) 60030 60029 GOO27 $0015) (x
$13) 60031 GOO14 GO0O13 60012) ((x38) GODI2 GOO2Y 60028 60027) ((X87) GGO26 6GC25 GCO24) ((%312) GLI (inec+ wuuvd 6GOOL
9 60018 GOO016) ((X8330) GOO3II 60NY9 GOOL17) ((x31l) GDOJI6 GOOJIS GOOJI! GO02I GG022 ©G01I) ((Xs9) GOOJI6 GOUO3I4 GnG2Y GGO20)
(X315) 60035 50034 GOO14 GOOL2) ((X33) GOCJIS C0037) ((X834) LOO3Ie OUI? G00I2 C0030 C0028 GOULI®) ((X316)))
CONTL) ENTLY (NIL) (NIL) ONILD) (NIL) (NIL) ((X84 X37) GOO24 C0026 GOO02% 60024) ((%812) GO025) (NIL) ((%98 %32 X310) GOOJ
3 60018 C0016 GOOII GOOIO LOO017) (NIL) (NIL) (x83 X81 X83) x19 xt15) GOO12 GOOJ3S GOOJIY GOO23 60022 COGII GOOIs ©0021 ©
0020 60035 60034 GOO14 GOO12) (NJL) (x83 x35 x16 x884) GOOJI7 GO0032 wQ029 G00R7 60038 6GOOI7 GOO3I2 «0OOJIO G0028 5001S) ((x
816)))
~0CaAL

— ((NIL) (NIL) INILDY (NIL) ((X84 %87) GO0024 LOGC26 C0025 GO024) ((Xx312) GOU25) ((x38 X32 x113) LOO03I 50018 GC016 S0033 GeO!
2° w0O0L7) (MIL) ((x31d xs! x81 %X39 %t15) GUO12 C0035 0031 GO002J ©0022 C0013 GOOI6 GN021 @0020 GOOIS GO0JIe GOO01e GOOGLI2)Y

((x33 X35 x86 x814) ©0037 60032 GQ029 C0027 G00J8 GOOJI7 GUOJI2 G0030 G002B8 20015) ((X%316)))
LOCAL
(SINGLEBODY ASSUMES (x34 x37) (x$12) SAME BODY)
(C(x33 X3% 236 X3314) G0037 G0032 6002Y «0027 C0038 ©0037 C0032 60030 60028 COO1S) ((X8{3 Xf X81) X80 X23{5) &amp;0012 L(Y
S003! 6002) 60022 GO0013 0036 6GN021 C0020 GOOIS GOO0JI4 COO0)e GOO012) (1X88 X82 X310) w00JII GO0OL8 0036 GOO3I3 60019 GOGI7)
(NIL) ((X34 X37 X312) G0026 GOO26 GOODS C0024))
.0CAL
SMB
RESULTS
(800Y 3, 15 X33 X15 X36 314)
'o0DY 2. IS X13 Xs) X3il X39 X15,
(BODY J, 1S X38 X32 x310)
(80DY 4, 1S X84 X37 X812)
N

RESULTS FOR R10



Fiennes THER There is no need to make use of LOCAL or SINGLEBODY

in this scene, since there are plenty of global (strong) links

among the different regions. :18-22 and :17-23 get links 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 to :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 one link between :4 and :5 (whicl

is correct), and another between :2 and :0 (whicn will do no

harm, since we need two '"wroneg'" or misplaced links to cause a

recognition mistake)

Compare with scene 'REWOT'

| 2Q
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A "wrong" link is placed between :2 and :6,
without serious consequences. Results for
this scene are in "RESULTS FOR TOWER'
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SEE S58 ANALYZES TONER
EVIDENCE
LOCALEVIDENCE
TRIANG
SLOBAL
{(NIL) ((820) GQO19 60018 GO0L17 GQOI6) ((319) C0022 GOO20 GO0019 C0016) ((321) 50022 $0020 GOU18 GOCI7) (12338) N02 "oC:
1) (322) 60023 C0021) (323) 60026 GOD24) ((¥1J) GOO41l GQ029 G(U28 LOD25) ((311) GOO04Y Tlie wuU27) (313) 6Go42 Gu032
GO0JID) ((3314) GOD43 GO0C4A2 G0QI2 LOOJIL) ((86) 50040 LOD44 LO0JIO6 6LOOJIS GOO33) ((32) GU047 ©0046 GOO4C GOOIB GOTI7) ((312)
0043 GO00J) GO0ID) ((37) v0O03IB6 GOUOI4 6O03J) 1139) GOO29 GUO27 GOO25) ((38) LOO44 GQO3S GOOJI4) ((3S) GOO4S GOJI14 GOOLIY
(816)) ((817) GJ026 60024) ((815) GOO48 CQU1S GQOQ14) (124) 6GOUAB GOO4S GOO1S GOOLII) ((33) GOGES GJ047 GOOIF 6GOOI8) (324
}) ((81) 60049 G0040 GO003I9 GOAI7))
C(NILY (NIL) (NIL) (13820 319 321) GOO17 C0020 G0O0§9 ©0016 C0022 G0Q20 60018 SO0017)Y (NIL) ((318 222) GUO02t GO023 GOOG!)
NIL) (NIL (NIL) (NIL) (NIL) (NTL) (NIL) ¢(313 3314 $312) GOOJ0 20042 L0O0I2 CGC043 GCGIY ©0630) (NIL) ((210 31t 39) GQO2S G
0C41 C0028 GOOR9 GOJ27 GOC2S) ((t6 37 28) GO046 GOO0JIS GO036 GOOII GOUdds GOOJIS GOOIA) (MIL) (C316) ((323 317) GOO028 GCO2
d 0026) (NIL) {3315 tS 34) GOO1S 6GOJ14 GQO48 GCUDAS GOO01S GOO13) (NIL) ((224)) (32 33 341i) LD046 GCI37 GOCE G3DI8 Gorag

GOC40 T0039 600371»
LOCAL
CINIL)Y (NIL)y ((8%20 $819 $21) C0017 GO020 C0019 GOO3I6 60022 GOO20 ©0018 GUOL7) (318 322) GuUO2Y GOC23 60021) (NIL) (NIL)
NIL) ((313 214 212) GOOJIO0 60042 GDOJI2 GO04d GOOJIL GOOJIO) ((310 811 89) GOO025 GIVE: GOC28 GL029 ©0027 50025) ((28 37 138)
C0046 GOO0JS G0036 GOOJII GOO44 GOOUIS GOO034) ((316)) ((223 317) GGO24 GO026 GO024) ((315S 35 84) GOCLIS GGO14 GOO48 GUO&amp;S GC
O15 GOO01J) ((124)) (182 313 81) GOGAO LOOI7 GUDEZ GOLUB CO049 CQ04Q GQOI9 LOCI)
LOCAL
(32 33 33) 0046 COO0JI7 GOO47 GGQJIA 20049 GOOM0 C0039 GOLI7) ((815 £5 34) GOO015 50014 GCOAs GCOCAS® GOCLS GOCII) (223 34
7) 00024 C0026 0024) (36 37 18) GCLG46 60035 6GUGI6 COUGII 60044 GUOIDS C034) ((840 311 39) GUC2S C004) GO523 ©0529 6GoL27

v»0025) ((231J t14 312) GOOJ0 LODA2 CQO0J2 004d LOOJIYL GO0IV) ((818 322) «0023 C0023 GO0021) ((820 819 321) GOOL7 50020 60C
19 ©0016 60022 GO0020 GCOL1B GOO17))
Local
S~g
RESULTS
(sOCY 1, 12 33 11)
(830Y 2, 113 35 14)
‘adlyY J. 123 317)
BGCY 4, C316 87 18)
(850 S. 330 311 19)
(6o0Y 6, 1S 313 814 112)
(BCDY 7. 1S 3118 322)
'3oDY 8. 18 329 319 121)



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

scene TOWER (see figure 'TOWER'), but upside down. The program

obtains identical res ilts for both scenes (see 'Results ior 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

Wt
or presumptions that“does not need.

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

rackground, following standard practice (cf. 'Input Format').

| 9
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FIGURE 'REWOT!

This scene 1s the same as the scene TOWER,

but with Y replaced by 100. - Y, and
X replaced by 100. - X : it is upside
down. SEE still finds eight bodies.

| 2



SEE 58 ANALYZES REWOT
EVIDENCE
LOCALEVIDENCE
TRIANG
GLOBAL
(INIL) ((320) GO134 GO0133 60132 GO131) ((319) GOL37 GO135 60134 6
0131) ((321) GOL37 GO135 GO133 GO132) ((318) GO138 GO13I6) ((822)
GO138 GOI36) ((323) 60141 GO139) ((8310) GOIB6 GO144 GO143 GO140)
((811) GO156 GO143 GQ142) ((213) GOL157 LOL47 GOL143) ((214) GOi58
GO0157 60147 GO146) ((26) GU16Y GOI%Y GO1B51 GUIS0 OL148) ((22) GOI
52 50161 GO155 GO0153 G01S2) ((812) G0158 0146 0:45) ((37) GO151

G0149 60148) ((39) 50144 50142 G0140) ((38) GOU15y 0150 60149)
(35) GO160 50129 GO128) ((316)) ((817) 014% GOLIIS) ((215) GO163
50130 GO129) ((34) GL16I 50160 GO130 GO128) ((83) G0164 GO162 GOI
54 0153) ((824)) ((31) GO164 GO155 GO154 60152))
((NIL) (NIL) (NIL) ((320 319 321) 60132 GOU135 G0134 GO131 GO137 6G
0135 G0433 60132) (NIL) ((318 322) GOL36 LUi38 GO136) (NIL) (NIL)

(NIL) (NIL) (NIL) (NIL) (NIL) ((8343 814 312) 60145 GO157 60147 6
0158 GO146 0143) (NIL) ((310 811 29) 60140 GO156 GU143 GUIdd GOI
42 (0140) ((26 27 38) G0161 GO1S0 GO158 GOlad GO159 GUISO GO149)
(NLL) ((2386)) ((323 2317) 60139 GO141 GOL13I9) (NIL) ((315 35 24) GO
130 GUiI29 L163 GO160 60130 (GO128) (NIL) ((824)) ((32 83 81) G6O16
1 GOI52 60162 GO0153 G0164 GO155 60154 G0152))
LOCAL
(I(NIL) (NIL) ((320 2319 321) 60132 GO135 G0134 GO0131 GO137 60135 6
0133 GO132) ((818 322) 60136 GO138 60136) (NIL) (NIL) (NIL) ((3313

$14 2312) GO0145 GO157 G0147 GO1%8 GO146 GO145) ((310 311 39) 6014
D 60156 60143 GO0144 0142 60140) ((36 37 38) GO164 60150 60151 GO
148 GO159 GO150 GO149) ((316)) ((323 317) 0139 6GUL41 GO139) ((31
5 35 34) 60130 G0129 GO163 G0i60 GOII0 60128) ((324)) ((32 33 31)
60161 £0152 60162 GO153 60164 GO155 GUISE GU152))

LOCAL
(((32 83 331) GO161 GU1%2 60162 GO15J 60164 GO155 60154 GO0152) ((3
15 385 34) GO0130 60129 60163 GO160 60130 60128) ((323 317) GO139 6
0141 GO139) ((38 317 38) GO161 GOLISO 60151 6O148 GO159 GO1S0 GO149
) ((210 311 39) GO0140 GO156 0143 GO0144 G0142 GO140) ((813 314 31}
2) 603145 GO157 GQ147 60158 GU1468 GO0145) ((318 322) 60136 60138 GLO
136) ((320 319 821) 60132 60135 LLP134 GO131 60137 GU1I3S GO133 GO
323)
LOCAL
sms
RESULTS
|80DY 1, "6 32 33 2331)
(BODY 20 5 3315 $5 34)
(80DY J. 3 823 217)
{BODY 4, 3 36 37 28)
(BODY Se. 1S 340 831 239)
{BQDY 6. IS 343 214 312)
[BODY 7. 18 318 322)
{B0DY 8, [IS 820 249 321)

_—y
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Scene Jagr. 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 is not

a 'Leg', so there 18 no weak link between :10 and :5. The situation

is 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’):

6008 7 Lo:
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é
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G0093

1 an a i i y ]

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.
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FIGURE"WRIST*'

Instead of one, two bodies were found in :9-7-6 and :10-5
Insufficiency of links was the offending reason. All other
objects were correctly found.
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SEe 58 ANALYZES wr]Sis
EviLENCE
ty LF STubuY)

LUCALEVIDENCE
TRIANG
GLUDAL
CINTLY (33) 60067 Hud6d wL0bd GLULES) | (327) LOU6L LOUGS) ((32Y) LUOZ7Y GOUZD GQOD6B) ((¥1) GOOZ2) (1128) 60073 G0O731 GCO6
9 GU06D) ((221) LO0U74 GL002 w00ALY (32) WUNOl) ((326) WOUL7I wUU70 LOODY) ((322) GpouZ74 GUOT2 60062) ((323) GOU77 GOO?S ©
3068 50063) ((330) 6GLU79 w(07/8 GUUT7 LUJITO) ((320) L0OOBL LOOBL wU079 G0078) ((31b) LOOGB2Y ((316) GOGAG GOOB4A) ((313) GOO
87 60086 (LIBS +N0b4) ((3p) WO0IL) (310) enU93 wU3Y¥2) ((35) LOOYI) ((813) LOOYO) (325) LOCSE GOOYS GU09% GUO94) (224)

e0101 LLGUYY LOOY7 LUJI9GE LUND) ( (316) a01U2 LOI0U LOO9Y) ((315) LOL102 LOL01 0100 w(U9B 0097 GOO9A) ((3JL1V) ((39) Gous
? LUOBY) ((34) GO091 GUOBL 3UN8Y (NG76 GOU/S (0067 LOUbL) (t3 17) L0U83) 1819) (,00A7 ;0085 GCOB8I gCOB2) (36) LIUBA)Y (1?
7) o008Yy GUDAB)Y ((312) LOUWD) (823)
 INILY (NIL) (0327) 63066 LIGnD) (NIL) (31) GLOZ72) (NIL) (NIL) ((32) LUODL) (329 $28 326) 0073 LOO7) GOOE8 (OOZ7I GOG7
Y W069) (2821 327) L0052 LOO0S! LUDOZ74 LUOZZ LLOBG2) (NIL) (NIL) (NIL) (318) WOOB2) (NIL) (NIL) (86) GOUYL) ((310) LACS
eLULY2) ((39) GUUS) (111) GUOD0UY (NIL) (INIL)Y (NIL) ((010 325 324 $15) GUIGU 6209% GOCY9 GOGCYL GI(GS 601u2 GOIN] GOING

53098 GU097 BUD%4) ((331)) (29) LNOY2 w0uUBY) ((330 820 13 323 34) bvJ?7 308) 6GUUZ79 GOO78 WU0OLS G007Y LZLEL WwIUOd LINBYY
wUUB] w00B0 wII76 GOJI/D wiGE? LuLBO) ((81/) LOGBS) (31a 313 319) wi.8/ w0LB6 LULORAE 6G(J87 LLOES «0083 GOCA2) ((36) GOUS

8) ((87) LUOBY GOOBA) (B12) GYOwOoY (1333);

“ICAL
[LOCAL ASSUMES (311) (312) Sac v00Y)
ILUCAL ASSUMES (19) (37) Sa™Me 82uy)
LOZAL ASSUMES (36) (37 ty) SaME g0uY)
LGCAL ASSUMES (817) (314 313 319) SAME HGUY)
LOCAL ASSUMES (818) (314 313 319 317) Sac sQlY)
LUTAL ASSUMES (83) (321 322) SAME d30uY)
Lf AL ASSUMES (321 222 21) 132) SAME s30Y!}

Ne
CINLL) (1827) GOU6E LJOES) (2 321 122 31) Ww(ODO6! GLO74 6UOG2 LLUZZ) (NIL) (NIL) ((329 820 120) GOU73 LOG71 LLO68 GCO73
56070 GUOOS) (NIL) (MIL) 314 213 31v 147 1k) LLOLO GOUDBA GLOB7 GOLAS GUObLS GOUB2) (NIL) (38) 6GGO91) ((310) S0UI3 LOC
92) ((39) 0OYI) (112 8:1) CUOU) (NIL) (1s1e 325 324 315) 00100 w0UYID LUIYY LOUYE wOULSS GLOLOZ 60101 60100 GOClas 600Y7
33094) ((831)) Nib) S130 120 $3 123 $4) wnoy?? 50081 GUOZ9 GLOJB BLESS LUI?T7 GCUHL4 LGOGOI GOLY!L GOLBY GLGBC GNN7e GLNTZS
200067 w00b¢t) Cc) NIL) (87 13 1A) LOO092 GUCBY 6GILABB) (NIL) INIL) ((333)))
(NIL) (NIL) 715) 122 81) NULL GLO74 wn(E2 GUO0723 (NIL) ((329Y 1238 320) GJU073 Gu071 50068 wDO73 G0070 50069) (NIL) |
(114 313 119 3 J 318) LCOSG LODA4 GGOBZ 5HuudD w00BI GUOB2) ((B8) GOOY1) (1810) LLU GCND2) ((35) GLO93) (312 11) 5629
11 (1316 325 124 315) LC10C LOOOD GOOYY 5CU90 w(09S 6GUl02 6GUIDY &amp;210UV LGOYA GUOY/ GOO94) ((331)) ((327 833C 120 33 123 1d

w0I65 LUUBL GJA7Y LIOTB GIADA LANTZ? GINGE WLCULI GLOYL GLUBY wNHUBG LALUTA GLUZS LEB LOUBA) (NJL)Y (137 tC 216) $0092 LOU

9 50088) (NIL) (1833)
JCAL
SINGLEYCUYASSUMES (310) (32) SAME BULY)
TINGLESOLY ASSUMES (327 13n 82n 83 129 34) (38) SAME BODY)

(17 19 10) 50092 LUJIBY9 LLO8A) (1827 830 320 35 323 34 tb) GUILD GOLAL GLOZY9 GOO7A GOOGS GOO77 GOO64 GUN6I 6ODIL GCIRL
980 GOUZC BUO07S LOLS? LUESA) (316 323 124 315) GLIUD GUCYS GULOYS GQOYL 009% Lb0102 62101 LOL10N ©UO9E GO0G7 GOULYA) (Ud
2 311) 6UUS0) (NIL) ((T10 85) GOO9JI 0092) (NIL) (1814 313 219 B17 318) w0usd LOOAS GGO87 GO08S (083 LCLB2) ((329 128

126) W007 50071 w0ON68 WOUZ?3 LORIN GOYBIY (182 821 322 B31) wuubl w0074 0062 6GOU72)1

 eioy TR
uy

 oul TS
aloY 1, 07 TQ 16)

suuY 2, 1 gq 320 $3 123 t4 18)
“bY J. 15 306 5 124 115)
Ley 4, 1s 8112
LOY 95, .5 9 fy
s0LY 6, IS 1:4 313 3°09 217 318)
SCY 7. 1S 329 128 126)

i3gLY 8, Is $2 t21 122 1311)



Soonss 12 al Bl 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, manta.ning paralle

the optical axes of the cameras, and the same magnification. A pro-

gram, not yet completed, is designed with the following ideas:

Left and right pictures are independently processed by SHEE; LZ and

R2 in this example. The answers are

ANALYSIS OF LZ ANALYSIS OF R2

(BODY 1. IS :2 :4) (BODY 1. IS Z:1 Z:2 Zi)

(BODY 2. IS :1 :5 :3) (BODY 2. IS ¥%:3 %:6 7:5)

The question is now: Is body :2-:4 the same body as 7Z:1-%:2-7%:-

or is it Z:3-7%:6-%:5 ? 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 right 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'.

1 AR
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FIGURE " R an

Two bricks are found
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SEE 58 ANALYZES R2
EVIDENCE
LOCALEVIDENCE
TR] ANG
GLOBAL
((NIL) ((%33) GOOO9® GOOOS G0005 G0n04) ((x'6) ©0010 C0009 60007 GOOOS) ((x85) G0010 GOCOS GO0O07 C0004) ((x3i) G0G14 GOOf
3 60012 60011) ((x82) GOO16 GOOIS GOOL4 G0O01i) ((x34) GOOL6 GOO01S G00LJ ©0012) ((X87)))
LINIL) (NIL) (NIL) ((X33 X86 X35) GO004 Gn009® C0005 60010 C0008 S0007 &amp;
£0011 C0016 COOLS 60013 60012) ((R8711)" 0 0 10 7 ©0004) (NIL) NIL) ((X3] X82 X34) GCO12 GOO1S GoO1

LOCAL
(CNIL) (NIL) ((x33 x36 x35) G0004 GOOO9 Gp005 60010 GOOOS C0007 0004) (NIL) ((x%1 x32 x34) 60012 6001S GOO14 G001f G0O1
5 6001S 60013 60012) ((x87)))
LOCAL }

T((x1) x32 x34) 60012 G0O15 60014 GOO1l 60016 60015 60013 60012) ((x33I x36 x5) GO004 60009 C0005 ©0010 GCOO8 GNOIY GOOO
i)

LOCAL
SMB
RESULTS
:80DY 1, 16 X31 X32 X34)
[BODY 2. 15 %33 X16 X15)
N1

RESULTS FOR R2



L 2

FIGURE 'I, 2!

Even if (possibly) a face of object :4-2 is missing.
in this case SEE makes the correct identification.

Section 'On Noisy Input' deals with imperfect
information.

 [yt
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SEE 58 ANALYZES L2
EV] DENCE
LOCALEVIDENCE
TR]IANG
sLOBAL
((NIL) ((81) GQOO9 GOOOS8 GOOO07 60004) ((85) 60010 GOOOY GOOG 60006) ((33) 0010 GOOO7 GOOCOO6 GO004) ((34) GOOLL) ((32) G
8031) ((36)))
CONTR) (NIL) (NTL) ((31 85 33) GOOO7 wDOlp 60009 60008 60010 60007 GO0GO06 ©0004) ((84) GOOLE) ((32) 60011) ((86)))
LOCAL .

(LOCAL ASSUMES (84) (832) SAME 8ODY)
((NIL) (NIL) (G83 8% 33) 6000” ©0010 ©0009 60008 ©0010 ©0007 500006 g0GA) ((32 34) GQO11) (NIL) (186) ))
LOCAL
1((82 4) GOO11) ((31 8S 33) GOOD? ©0010 50009 ©0008 GOOLU 60007 C0006 C0004)
.0CAL
SMB
RESULTS
BODY 1, 15 312 14)
(BODY 2, 15 33 85 3)
NIL



Sesae LIS The small triangle :15 just could not get join: with

the remainder of the tody :16-20-19, and two objects wer.: found

There is a weak link between :15 and :19, but it did not ielp since

there is no link between :15 and :16. What happens is thet regions

:1, :15, :13 and :22 all meet forming a vertex of type MULTI. 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. e.

links) for their unification.

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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FIGURE 'LL 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 ANALYZES L19
EVIDENCE
WOCALEVIDENCE
TRIANG
SLOBAL
C(NIL) ((332) C0020 GOOI8 GOOL7 GDO16) ((833) 60020) «(( $34) GO016) ((89) ©0033 GOOI0 CO028 C0027 C0025 60024) (86) GOO
2 60031 G0O030 60029) ((87) G00JII D026 GOp2% C0024) (28) GOOJII 6GGO0I2 0029 60028 G0027 60026) ((326) GOO34 60023 ©0022
30021) (325) GOOJI9 G00JI8 GOOJI6 GO0IS) (1368) GOO43 C0042 C0040 G0O0JI9 60037 GOO3IS) ((835) GO04a C0043 GOO4l GOO4O) (124
) G0044 GO042 GOOCAY GOO0IS GO00I? GOOIB) ((323) C0047 GUO4S G0034 60021) ((820) GOOS: GOO49 GQO48) ((319) COO51) ((r18) GO
055 60054 LO052 GOOSO) ((216) GOOa9 GO048) ((315)) (1822) C0056 GNO46 CO04S) ¢1238)) ((331) GOOS9 GOO19) ((330) GOO59 GO
019 C0018 GOO17) ((35) G006L GOOS7) ((329) GOO60) (327) LQ062 LOOSS GOOS57) ((828) C0060) ((83) C0063) ((813) GOOGO GOOG
¢ GOOS6) ((81)) ((82) GOOG GOO0A7 GOOOLS GoO6ae) (317) GOO68 GOO5SS 60053 COO50) ((34) GUNTQY ((834) GQ068 GOOS4 GNOSI GOO
52) ((813) GOO70) (810) GOQ69) (1291) GNn6Y 6QO66 GGOOS LQ06I 0047 GOO46 GOO023 50022) ((112) CNNLZ2 GNNAY CUNSBAY (i237)
))
TANJL) INTL) (1333) GOO20) ((%34) GOOL) (NILY INIL) (INJL) ((39 86 17 18) GOO027 GOG3I2 C0031 GOO3IO G0OII GOO2S GOO24 5003
3 60032 GOG29 GO028 C0027 GO0026) (NIL) INILY (NIL) (INJL) (325 336 $35 324) 60036 GOOJIY GOOJIS GON4Y GOO4D GOO44 GOO4E2 GO
p41 GOOJIB GO0O0J37 GOCIG)Y (NIL) (INTL) ((310) GoOS1) (NIL) (12320 8306) GOOSY GO048 GO049 GON4B) ((33%5)) (NIL) ((e38})) (NIL)
(831 332 3130) GOOG19 GOO20 C0016 60059 ©2719 GO018 CO0U17) ((35) O06) GOOS57) ((329) GOQOLO) (NIL) ((828) GONB~A 1: °3) Gilt
3) (NIL) ((83)) (NIL) (NIL) (234) GOO70) ((3318 317 214) GOOS2 GOOSS C7050 GCO68 GO0054 C0Q53 CGGH2) ((1L) GOO7D) (310)
50060) ((82 313 3822 226 323 121) GO069 C006 G0064 LOUSO 60045 COUIM C002) 60067 CQD66 GO06S GONG CON4T CONES GON2I GOO
22) (827 312) 30058 GO0057 GO062 GO0061 GO00S8) ((337)))
CI(NIL) ((333) GO0020) ((334) GOOL6) (NIL) (29 36 87 28) G0O027 GO00J2 60031 C0030 GO003J CO025 60024 60033 60032 GOO29 GoO2
B 60027 G002€) (NIL) (NIL) ((325 136 83S 24) GOO3I6 GO039 0003S 60043 C0040 CO044 CO042 GOO4S C0038 GOO3I7” GOO3S6) (NIL)
1819) GOO%S1) ((320 316) GOOSt GNC48 CO049 60048) ((845)) ((83B)) ((83% 332 830) 6Q019 60020 ©0016 60059 &amp;LO19 GOU1IS GOOL
Py (NIL) ((229) GQO60) (1828) 60060) ((33) GOO6I) ((81)) (NIL) ((34) G0070) ((318 8317 214) GOO52 C00SS GO0S0 C0068 GOOS4
30083 600582) ((911) GOO70) ((%10) GOO6GY9) ((312 313 322 326 22] 121) 6JIQ69 GOO6S GOOO4 GOOS6 GOC4S CG00I4 C0021 GO06E7 GOOG

5 G006%5 L006) GO0D4? GNNA6 GNN2I GNNL21 (12S 327 312) 60057 GOO0S? 60062 60061 60058) ((337)1))
LOCAL
(LOCAL ASSUMES (310) (32 813 $22 326 123 321) SAME BODY)
ILOCAL ASSUMES (120 816) (819) SAME BUDY)
LOCAL ASSUMES (131 $32 830) (333) SaME BoDY)
ILOCAL ASSUMES (333 831 332 330) (134) SAmE 80DY)
TENIL) (NIL) (NIL) (129 36 37 38) GOO27 C0032 0034 G00J0 GO00JII GO02S 50024 CGO0I3 G00J2 CO029 C0028 C0027 GOO26) (NIL)
182% 336 135 524) GOO036 GOOJI9 CO0IS GOOAJ Gp040 GO04a GO042 GO04l GOO0JIB GOOI7 GOOIE) (NIL) ((319 320 3161 C0051 GDO49 GO
348) ((815)) ((838)) ((334 833 134 332 130) 6GO019 GOO20 G0016 GOOSY 60019 GOOL® GOOI7) (i329) GO060) ((828) G0060) ((83)
30083) ((31)) ((24) GOO70) (318 317 814) GQO52 GOOSS G0050 GO0U68 GO0054 GOO0SI C0082) ((311) GOO7O0) ((¥2 313 122 326 12)
121 310) GO06% G0064 GOO0S6 GO045 C0034 Gp021 GO067 G0066 G0065 G0003 C0047 LQ04A GO002) C0022 G0069) (NIL) ((3S 327 312)
20057 60057 60062 GOU6L GO0S8)Y (12371)

.0CAL
(SINGLEBODY ASSUMES (54) (811) SAME BODY)
ISINGLEBOUY ASSUMES (32 $3) 122 126 123 821 3310) (33) SAME 80ODY)
ISINGLEBODY ASSUMES (8329) (828) SAME BODY) »
10(8S 3827 112) GOOS7 GOOSY G0062 C0061 G00S8) ((22 343 322 326 823 221 110 83) 6GOO6S G00064 GO056 G0045 G00J4 C0021 GOOS?
60068 6OC6S5 C0063 CUO47 C0046 GOD23 C0022 C0069) (NIL) ((818 847 314) C0052 GOO05T GO0S0 60068 GOO54 CO0SI 60032) ((34 8

11) GOO70) (NIL) (NIL) ((320 828) GO060) ((234 $33 83% 832 330; GO0Is 60020 60016 GCO0SO GOO19 GOOLI8 COO017) ((915)) ((31€
J20 $16) GOOS51 GO0049 GOO048) (9258 936 138 924) GO0JI8 CG00JI9 GOOIS S0043 G0040 60044 CO042 GO0048 60038 GOO3I? C02IG) (29

i6 87 88) 60027 60032 G00J: G0030 G003I 6n029 60024 GO0JII 60032 60029 60028 CQD27 60026)
.0CAL
3B
FESULTS

THE FIRBY §, BODIES ARE ((215)))
BOLY 2, 1S 5 127 312)

BODY J, 16 12 113 822 126 123 223 330 Ny
180DY 4, 18 938 317 114)
180DY 5S, 18 t4 0}1)
80DY 6, 1S 329 128)
B0DY 7, 18 334 333 3131 332 130)
800Y 8, 18 819 120 #16)
acDY 9. 18 12% 3136 138 124)

.B0DY 10. 18 29 36 17 =a!
FEY



Scene 22°. As in L19, here the triangle :27 is detached from

:5-32-33, two bodies being reported. There is no strony link betweer

:27 and :33. There is a weak link between :27 and :5, lLecause both

are 'triangles' facing each other, but that is not enouga. A weak

link is never enough.

All other bodies are properly found, including :10-16-2-3.

Vertex RA, of course, contributes with no links. Tle situation

could change if we discover that RA is a false vertex, [succes ion]
that is, one composed by the merge of two genuine ones.

There is enough enformation, I thinks Since :34 and :37 are backgmund

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
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FIGURE 'R 1 9'

:27 was separated from :33-32-5 All other
objects were correctly found.
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SEE 58 ANALYIES R19
EVIDENCE
.OCALEVIDENCE
IRI ANG
GLOBAL
(I(NIL) ((x822) GOO20 C0019 G0O18 60016) ((xt24) GOO023 60022) ((x%23) 60024) {((x%t1) 60027 C0026 6002S) {(x? 14) G00O3t1 GOOJ
2) (1x315) 60032 G0029 G0024 60023 60022) ((x313) G0032 60031 GOOIO G0029) (X32) GOOI4 GOOII) (x12) C0035 G0028 &amp;0027
) ((x311) GO0JIS GoQ28 G002€¢ C0025) ((x819) GO040 60039 60037 0019 GOOL17 GOO036) ((X821) GOO4} 60039 60038 G0020 GOO18 60
317) ((x318) 617041 GOQ40 C0038 50037) ((X327)) ((%329) GOQ4s GO043 G0O042) ((X335) GQU04S CQ046 GOO4S GOO4AI) ((X8I6) GQ048
GO047 60046 GOO21) ((%36) GOOS5L 50050 GOo49 C0015) ((X39) GOUS6 G00%5S $0033 C0052 GOOS0 60049) ((X37) GOOSY eNNS4 600351
20052 GO0O0S51 GOO15) ((X38) 60057 G0O056 G0p5S C0054) ((%233) 60059 60058) ((X832) GQO61 GOOS9 C0058) ((X35) GOO61) ( (%X331

} 60064 GOO63 G0062 60060) ((X830) 60066 GOO6S ©0064 GOG6C) ((X33) GOO6G7) (X334)) ((%226) GOO070 GOUL69 GOO42) ((X320)) |
(%X816) GO0O071 GOA67 GOOI6 C0033) | (X34) 50072) ((%810) 60Q071% C0036 GO0GI4) ((X217) GOU72 GDO6GS GOO68 GOO47 GDOAS GOO44 GOO
21) ((%325) GON70 GOOGS) ({ X828) C0066 5006S 0063 60062) ((X33I7)))
CIENTLY (NIL) (NIL) ((X323) G0024) (NIL) (NIL) (NIL) ((X224 X315 X314 X313} 60032 G0U24 GND23 60022 60032 GO003t 60030 600
20) (1x92) 60034 GOQII) (NIL) (xt 12 x31 x%811) GOO2&amp; 60027 50035 60028 60026 G0O25) (NIL) (NIL) ((X322 £3319 %321 x118) e
0040 GOC19 G0O016 GOO39 £0420 GON1A&amp; GOOL7 GOQ4l LGOUAS 50038 GOO37) ((x827)) ((X129) GOG44 GOO43 GOO42) (NIL) (NIL) (NIL)
INIL) (NIL) ((xt6 x39 X17 x18) GOGSS 60052 50050 GO0Q049 50054 30053 60752 6005) «0015 C057 C0056 GOOSS GOOS4Y (NIL !1%°
33 x332) G00%58 0063 G0O0S5¢ GNN%A) ((x¥8) GOOEY) (NIL) (NTL) (X83) GOCG7Y '17234)) ((x826) GOG7C 30069 GN042) ((x320))
NIL) ((x34) GOO072) ((x816 x340) 60067 60033 60071 GO0JI6 G0034) ((x335 x136 x317) C0045 GOO043 GC048 C0046 $0072 G0069 GOO
r8 GOOA7 GLOAS GOO44 37021) (x28) GOUZ0 GN068) ((X331 A330 x828) 60062 GO006S GONGA CONGO GOOAR CNNEK CONDI GNN62) {Xd

wn
 (NIL) INIL) ((X323) GOO24) (NIL) ((X324 x315 X314 %313) 60032 C0024 6002) 60022 G0032 60031 GON30 GOO29) INIL) ((X312 2%
»4 X11) 60028 60027 C0035 C0028 60026 GCp2%) (NIL) ((%822 X819 x32) X%318) 60040 GCO19 GOO{® 60039 GO0020 60018 50017 GOO
t] C0040 G00J8 GOOJI7) ((XxX2271) (NIL) (NIL) (NIL) ((x86 x39 x37 x88) GOO56 ©0052 60050 60049 GCOS4 GDO5I 60052 GOOSY 509
5 G0057 G0056 GOO0SS GOO0S4) ((x83) x332) 600s GO06t GOO0S59 GOO0S58) ((x895) 60063) (NIL) ((%83) 60067) ((%334)) (NIL) ((xt20
J) ((X34) 60072) ((x12 X816 x110) GOO3J Go067 C0033 GO0O71 GO0IS 60034) (NIL) ((X326 %X3129 X338 X336 X817 %125) Goo42 GOO4
2 G0O04J GD0O48 GO046 60072 CGO0069 60047 60045 GCON44 GOD21 GOD70 C0068) ((X33f X330 %3828) 50062 6006S 0064 60060 C0066 GOO

5% GO06J 60062) ((X337)1))
0CAL
LOCAL ASSUMES (x333 x332) (xt5) SAME BODY)
LOCAL ASSUMES (X323) (X224 X38 1% 2314 X213) SAME 80DY)
CINIL) ((Xs24 X8315 xX3i4 X31) X323) G0C24 GON2J 60022 GOC32 GOOJI1 GIL3IO D029 GOO24) (NIL) ((X812 X31 X311) 6002a 60027 6
5035 50028 G0026 G002%) ((%t22 X8319 X32) x318} 60040 GOO1® 60016 GO0JI9 60020 60038 60037 C0041 GOO40 GOOJIS 60037) ((%127
1) (NIL) ({%16 X39 X37 X38) GOOS6 €0052 C0050 60049 C0034 60053 GOOS2 60051 G0O01S 60057 GOO0S56 G0055 C0054) ((X$S X33IJ X38
32) GO0S8 GOC6Y GOOS9 60058) (NIL) ((x33) 60067) ((x834)) ((X820)) ((xt4) GO0072) (x82 x46 x? $10) 60033 60067 CODII GOO7
} 60036 60034) ((x126 x129 x3J35 x136 1} 17 2825) C0042 60042 GQO04I C0048 GOO46 C0072 COO69 C0047 6004S GCOO44 GOO21 ©0070
COCS8) ((X831 X130 X128) G0062 GOO6S 60064 GOOGO 60066 C0065 60063 C0062) ((X3371))

LOCAL
{SINGLEBODY ASSUMES (x326 Xx829 13S x136 x317 x325) (xtd4) SAME BODY)
{SINGLEBODY ASSUMES {X82 Xt16 X81) (X13) SAME 80DY)
(E(X031 X30 %128) GODNB2 GOO6S GOOGA GO36p GUOBG GOOD6S GOO6I GO062) (I1X3206 X32¢ X835 X336 %317 X225 X14) GOQd2 60042 GOO
13 GO048 C0046 30072 50069 GOO47 GO045 GOn4s G0023 GOO70 GOO68) | (%82 X816 X10 X33) GCO3IJ GOOB7 GOO3II C0074 COOI6 GOCI4
JOINTLY) ENIL) ((%88 X833 %332) GOOSe 0061 GOO59 GOLSE) ((X86 %19 X17 2318) 60056 60052 GO00S0 C0049 0054 C0053 GOLS2 COC
B51 G00i5 60057 C0056 GOOSS C0054) ((x827)) (x22 X¥i9 x821 X18! C0040 GOOL9 C0016 C0039 GO020 C0018 GOO017 GOO04s GOQ40
0034 C0037) (x12 xty X3il) GNU28 60027 0035 C0028 C0026 C0029) ((X8124 Xt19 X114 X¢ 13 x123) 60024 C0023 GCO22 60032 e

JOJ! 60030 C0029 GOO24))
LOCAL
SMB
RESULTS
ITHE FIRSY 1, BODIES ARE ((X2327)))
1800Y 2. 15 Xs3f X330 X12%)
BODY 3. 1S X326 X129 X335 X136 X3 17 X123 x14)
BODY 4, [5 X22 X3316 X3310 X33)
BODY S, .8 Xt5 X33) 2132)
80DY %, 9 X16 X19 17 X18)
80DY 7. 18 XA822 x19 X92) X18)

,80DY 8, 98 X12 X33 X11)
,@00Y 9. 18 X324 X31% X16 X21] X323)
a1

RESULTS FOR R19



Sess.Lund The pyranid :8-9-10 was easily identified because a verte:

of type PEAK produces many links. In the bottom, bodies :1-2-3-4 and

:12-13-11 were separated, because the fork between :4 and :12 has the

background as a region, and did not contribute with any links. Cer-

tainly, this is a pssible interpretation. Another interpretation is

to regard the object :1-2-3-4-11-12-13 as a prism with the shape

of a "Cc".

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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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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SEE S58 ANALYZES CORN
EVIDENCE
LOCALEVIDENCE
TRIANG
GLOBAL
((NIL) ((32) GOO19 GOQ18 &amp;0017 GOOLS) ((38) 60026 GDOD24) ((39) LOO27 C0026 60G25 GO024) ((210) G0O027 60025) ((37) GOO28
$0023 60022 60020) ((315) 6GOOJI1 ©0030 C0013) ((3316) GOOJI2 60030 GQ029 60013) ((321) GGO3IS GOOJI4) ((320) 60036 GOO35 GCI
4) ((319) 60039 GOO3IB GOO0I7 GOO3II) ((818) L004} G0040 GO0JI8 GDO037) (1837) GOO4) C0040 C0039 GOOII) ((214) 60036 6OOI2 GQ
031 60029) ((313) G004a CO043 C0042 C0014) (811) CU046 GO045 C0044 GOO42) ((312) GCO46 GOO4S 60043 GOC14) ((36) LITLT %
0028 60022 60021) ((34) GOO04B8) (35) 0047 60023 60021 GOC20) ((322)) (83) C0049 G(04B LOOLI8 GGOIG 6001S) (31) GCO4S 6

0019 60017 G0216))
((NFLY (NTL) (NIL) (NIL) ((38 39 3114) G0027 60026 GOO024 GOO27 GO0025) (NIL) (NIL) (NIL) (NIL) ((221 320) GOOJ4 GAC3E GOB3
5 G0034) (NIL) (NIL) ((819 318 217) GOOJ7 W004] 60038 GOO37 GO04: ©0040 GOOI9 GOO3II) ((315 336 114) GOOII 003C 60013 Go
036 0032 0031 G0029) (NIL) (NIL) ((313 811 812) GO014 C0045 C0044 C0042 GO046 60045 60043 WOO14) (NIL) ((s4) GOT48) ((
37 16 35) GQO020 60028 G0022 GOJ47 60023 G0O02y ©0020) (822) (NIL) (| $2 13 11) GGO17 0048 GOCIB GOOLS w0049 50019 ©0017

G0016))

LOCAL
{INIL) (NIL) (28 39 310) C0027 GOO26 GOO24 GO0C27 GOOZS) (NIL) (NIL) (¢82) 320) LOO34 GOOI6 GOCIS GOOJI4) (NIL) ((319 218
$17) GOOJ7 GOO041 GOO3I8 GOO3I7 GOO4f GOU40 CQ0I9 COOIIN ((315 816 314) ©0013 GUO3I0 GOOLI C0030 &amp;JO0I2 G00IL GCO29)Y (NIL) |

(313 811 312) COOL4 GO04S GOO04e G0042 C0046 60045 C0043 GOO14) ((34) GOOMB). ((37 86 85) 60020 60028 60022 GOO” 60023 GO
021 GOO020) (18221) ((s2 33 81) GOOL7 GDO48 GOO18 GOOIS C0049 0019 HOL7 60016)
LOCAL
(SINGLEBODY ASSUMES (82 33 11) (34) SAME BODY)
(((22 83 33 84) Gopi”? GQU4d GaOo1d C0Q1S Gp04a9 C0019 Gpoy7 GoO16) ((37 36 3S) G002Q ©0028 GOy22 G0Cé7 ©9023 GOn2t Goo2¢)
INTL) ((81) 388 312) C0014 GOONS GOO044 GO042 GO046 GOO4S GOD4Y GOOL4&amp;) ((31S 336 814) GUOLII COOIN GOOII S0C3I6 GCO3I2 GOO
eC029) ((119 318 217) GOOJ7 GOOd} GOOJIB 60037 GO04l GOO40 GOOJO GOOJIJI) ((82)1 820) GO034 GGOJI6 CUCI% GUOI4) ((83 1G 310)
e002” GO026 GOO24 GQO027 60025)}

~OCAL
SMa
RESULTS
led0Y 1, =~ 32 83 3} 34)
18C0Y 2, ~~ 87 86 15)
[aO0Y J. y 343 831§ 112)
1890Y 4, A 815 116 314)
!80CY 5, .5 319 338 2171
!SQDY 6, 185 321 320)
'80DY 7. 15 38 89 110)

RFCULTS FUR CORN



htA Here the tolerances SINTO and COLTO that ellow 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

"7" PA inhibits the link suggested by QA between :1 aid :8.

That being all, :1 gets reported as a single body (see next page).

By decreasing the tolerances, correct ‘identification is possible

(see the correct identification in page 155). |

See 'Tolerances in collinearity and parallelism’, page «
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FIGURE 'L 9"!

Four bodies are identified. Body :1-8-9-7-5-6 gives some problems.



SEE 58 ANALYZES L9
EVICENCE
LOCALEVIDENCE
TRANG
SLOBAL
((NILY ((31)) ((B) GOG12) ((%3) ©0026 GOO13) (3 19} G0019 C0015 GCO14) ((%2) 60028 GOO20 GHO19 GO0LI8 GOO017) ((220) GCR2
3 65022 Gp020 GOC17) ((%18) GOO30 G0028 Ggu2d 60022 60021 60018 &amp;0OLS C0015) ((315) GOO3) GQO29 GOOi6 GTO014) ((3i4) 5002
7 60013) ((34) GGOJ1 GOO3I0 GOU29 ©0028) (313) GOOI5 60Q33 COO32 GOC27 GCL29) ((340) 0036 6GO0CIS GLOUI4 GOGII) ((212) G30
36 0034 60032 50026 GUO025) ((2316) GGG24) ((36) GOOI9 GOOJIB) ((25) 60044 GGG4EI GOG4O0 GOO39 50038 60037) ((29) 60044 GGG4
2 GUO37 6GO12) ((37) GGO43 GOOE2 GGO4LO) ( (317) LGUAD GOO41) (213) LOOMS QUAL CCQ24) ((321)))
(INTL) ((383)) (138) GOO12) ((33) 60026 600i} (119) C0019 GCO15 GOCI4) (NIL) (NIL) (NIL) (NIL) ((314) GONG? GOO13Y (13)
5 $2 $20 $18 34) GOO29 60014 GCOi9 60020 GUC17 6GJ0R2JI v0022 LOV2L GOO18 GCGLI6 6001S 60031 6GOOIQ GON02P LOvzcy (NILI (NIL)
((811 3310 832) 60032 G0027 60036 CGUIS 600JII GO03I6 D034 60032 ENn026 GCU2D) (316) D024) (NIL) (NIL) (NIL) U(26 235 20 i
7) 0043 ©0039 GN038 GO0044 GOOJI7 65012 0043 C0042 GOO40) (NIL) ((817 8 13) 60041 GGCO45 GOD4y GOOZ4) ((121)))
TI(NILY ((33)) (38) GOQ12) ((83) GOC26 5CoiJ) (NIL) (NIL) INIL) ((314) 60027 GOULIY ((319 315 32 320 818 4) GOOIS GIp29
60014 £0019 60020 GOI17 50023 G0C22 ©(02y 60018 60016 6001S ©0031 C030 wC029 GGO28) (Nje) ((311 310 2312) 60032 63027 6

3036 GQ0JIS C0033 C0036 LOC3I4 0732 C0026 G00RS) ((316) GOO24) (NJL)Y ((36 85 39 37) GO043 GQOO39 GQUJI8 GoO44 50037 60012 6
C043 C0042 0040) ((317 3113) GON4L D045 CUO4L LO0024) ((321)))

LOCAL
(LOCAL ASSUMES (813) (314) SAME BODY) |

(LOCAL ASSUMES (28) (316 1S 39 17) SAME 83pY)
TINIL) ((33)) ((36 35 39 87 38) 60NJIG GOOJIS 6LOJ44 GOOI7 GOJ43 CUQ42 GOO40 60012) ((314 33) GOO27 GOO2S GODLI)Y (NIL) (MIL
) ((319 315 82 320 113 t4) GOOIS 60029 GOpla GOO19 60020 50017 0023 60022 «0523 GOU18 GOGI6 60015 LOO3L OGIO GOOGz9 €GO
28) {((81) 210 312) 60032 G0027% GOO36 GO0OJI% GOCII GN036 LO034 @OCI2 GUN26 OG25) ((16) GOG24) (NIL) (i247 13) GCO4i GOO
45 L004) GOO24) ((821)))
CINIL)Y ((38)) ((36 15 39 17 18) GDOJI9 GOO3I8 GOOD44 GOOI7 GUOA3 GGO42 GOG4O GOT12) (NIL) (NIL) ((319 315 32 320 318 14) GO
015 C0029 GOOi4 GOOL9 GOO20 60017 60023 65022 C0021 C0018 GOOL6 0015S C0031 G00JI0 GUC29 6G0J28) ((8)14 33 sf) 310 312) 600
26 ©0013 C0027 20035 50033 G0036 GOO34 GONn3I2 C0026 0025) ((816) LOC24) ((8317 £13) GOO41 GO0045 GNO41 60024) (i321)
LOCAL
(SINGLEBODY ASSUMES (317 813) (316) SAME puny)
(((817 313 316) Gopal GQO4S G0p4l Gpo24) (NIL) ((31e 33 331 110 312) Gpo26 60013 Gou27 G6GOG3I5 G0I33 50036 Gosd4 55032 GGO
26 0025) ((8419 215 32 320 318 14) GOULS 0029 C0014 O019 60020 GGOL17 50023 60022 GGO2)1 GO0OI8 GOOio 6G0OIS GUOJIY1 GOO0J0 6
3629 60028) ((36 315 3:9 37 318) 6GNOJ9 GOOJIB 60044 GOOJI7 GO043 G0042 GUOO40 ©0012) ((31)))
LOCAL
Sma
RESJLTS
{(TmE FIRST §, BIDIES ARE (t31)})
[630Y 2. 1S 317 813 216)
(830Y J, 1S 114 33 311) 810 312)
IGC0Y 4. |S 119 815 12 82C 118 34)
{(800Y Se. 18 86 315 9 87 38)
NIL

RESULTS POR L¢
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Smaller values for SINTO and
COLTO, the parameters for
parallelism and colinearity,
produce correct answers for L9
Compare with previous pageSEE 58 ANALYZES LS

EVIDENCE
LOCALEVIDENCE
TRIANG
GLOBAL
((NIL) ((81) 60012 C0010) ((38) GO014) ((33) C0017 GOO015) ((319) C0023 60019 60018) ((32) C0025 GO0024 C0023 60022 6002%)
{(820) 60027 60026 GO0O024 0021) (1818) C0032 60030 60027 60026 60025 60022 C0020 60019) ((315) GO033I G00I3 60020 C0018)
(1314) GO016 GOO15) ((34) GOO3I 60032 60033 60030) ((311) D037 6003S 60034 60029 60036) ((310) GOO03I8 60037 60036 GOOIS

) (1312) 60038 G0036 C0034 GQO029 60017) ((216) GO028) ((36) G0041 GO040) ((385) GO0EO GO0AS GO042 C0041 CGC40 ©003Y) (189
) 60046 60044 GOOJI9 GOO014 GOO13) (87) S0C4% (D044 LUQ42 0013 60012 wLOL0) (1817) GO047 GOO043) ((313) G0047 C0043 GOO28
) ¢(821)))
TENIL) (NIL) ((38) C0014) ((33) ©0017 60015) ((819) 60023 60019 60018) (NIL) (NIL) (NIL) (NIL) ((83314) GOOLE COOLS) ((31S

32 320 $18 34) G003) 60018 G002J GO024 G0021 ©UD27 GOO26 60025 60022 60020 C0019 GOO3I 0032 60031 C0030) (NIL) (NIL)
[811 310 812) 60034 C0016 60037 60035 60038 60036 GOO3I4 G0029 G0017) ((3316) LOO28) (NIL) (NIL) (NIL) ((836 35 319 31 87) GC
0045 G0041 C0040 C0046 GOUIY 60014 60010 GUNES GO044 GON42 GOD1J WOO032 60010) (NIL) ((317 213) GO043 GQO47 60043 GOO28)
1(828)))
TINIL) ((38) 60084) ((33) 6GOOL7 ©0015) (NIL) (NIL) (NIL) ((8%16) 60016 60015) ((819 335 32 320 318 34) GOO19 GOO31 GOO18
50023 60024 60021 60027 GO026 60025 60022 ©0020 60019 GOOJIJI G0032 C0031 6GOO03I0) (NIL) ((8%)] 310 $12) GO0O034 GQOiI6 GOOIY GO
03S C0038 60036 C0034 C0029 GO0O017) ((316) wOU28) (NIL) ((86 35 39 831 37, W0OUAS G004) G0040 GUO46 GOOI9 GOO14 GOO10 GOO4S
0044 60042 G0013 60012 40010) (317 813) (OO4J 0047 LOU4I 60028) ((821))2

LOCAL
ILOCAL ASSUMES (33) (31a) SAME BODY)
LOCAL ASSUMES (38) (36 35 $9 81 37) SAME BOLY)
[INIL) ((36 35 89 $3 37 38) C0041 GOUA0 G0U46 GOOJ9 GO010 GOO4dD GO044 GO042 GOO1I G0012 G0010 0016) ((814 33) GOO016 GOO
17 60018) (NIL) (NIL) ((2319 315 32 2320 818 34) «0019 60031 GOOi® 60023 G0024 G0021 60027 60026 60025 60022 60020 60019 ©
0033 60032 60031 60030) ((81) 310 312) GOOJ4 GOO16 6LOOQJI7 LOO3IS LQOO3IB G0O0JI6 GOO3I4 GOO29 GOO17) (316) GO0028) (NIL) (817
413) 60043 GO047 GOQ4J3 60028) ((%21)))
TUNEL) ((30 35 39 31 37 38) 6004) GUO40 60046 60039 GOO10 GOOES GOO4d4 GOOA2 GOO013 GO0O012 GOOLO C0014) (NIL) (NIL) ((319 3
15 82 320 318 34) 60019 GOOJ) GCJ18 COU) wDU24 GOO02% GOO027 GOO026 G002%5 GQOD22 60020 C0019 GOOII GOCI2 GODIYL G0O3IO0) ((214

$83 $11 $810 812) 60017 6OULS GOGLIG 60037 WUO3S wu0JIB LOO3IG LOOIe 0029 GOOL7) ((316) G0028) (i217 313) GOD43 C0047 GOO04I
©0028) ((821)))

+O0CAL
[SINGLEBULY ASSUMES (317 313) (316) SAME BODY)
[((337 813 816) GQQ4d GQO47 GOOA43 Gpo2o) (NIL) ((814 33 311 810 312) C0017 GGO015 60016 GO03I7 6CUIS 60038 60036 60034 GOO
29 60017) ((319 215 32 320 318 34) LOOIvY 0031 wOO1d 0020 G0024 G0021 50027 C0026 G0025S 60022 60020 60019 60033 60032 ¢
0031 60030) ((36 tS 39 31 2:7 1B) GOO4l 0040 C0046 60039 60010 LOOMS GOO44 GOO42 GOOL1JI GOO12 GOO10 GOOD14))
LOCAL
SMS
RESULTS
180DY 1, IS 317 313 1186)
BODY 2, IS 314 32 311 310 8312)
i800Y J. IS 139 3115 32 320 :18 ta)
.BoDY 4, IS 36 35 89 31 87 18)
NIL

[FP



Bogues Ro Aud 1 Four bodies are found in RY, five in RYT.

he difference is that Y and JA are not "matching 17s" in RYT

The strong links among :12, :3, :10, and 116 are:

Zoous (3)

T

2 N

3 §] aod (16)

LINKS FOR R

o 3,&amp;

eo,°
&gt; 7

0

2

LINKS FOR R 9 1

In RY, the two strong links (GOO30 and GOO21l) 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 R9T, 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 EVIDENCE'. SEE deci-

des to report two bodies there: :3-12 and :16-10 instead of one

as in scene RY.

wr

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 prcallelisn and colinearity.5



SEE 58 ANALYZES R9
EVIDENCE
LOCALEVIDENCE
TRIANG
oLOBAL oo

(CNIL) ((x820) 60018 GOO17 GOO16 “0014 ©0043 60012) ((x319) GO020 GOO19 GOO18 GOOI6 60015) ((x313) GOO23 60022 0022 1!
x315) 60026 G0N25S 60023 6G022) ((%310) 0031 GOO30 (O08 0021) (rxfrié) GLOIL COC29 GOC2E) «(x28) ©0027 GCO19 GCOIS GCI)
4 0012) ((X8337) GOOJI2 60027 GOO26 GOO2S 0024) ((X%7) 60032 0024 G0017 LOO1JI) ((X29) GOOI6 GO0I4 CQ0II) ((X314) GOCIS
60035 0033) ((X96) GOO03B GGO3I7) ((x818) GOOI7) ((X8S) GOOJIS 0034) ((x811) GOO44 CGO042 GOO4! GOJI) ((X3}) GGO4I 60042
CO038) ((X312) GOO45 GOOIU 60021) ((X3J) GUNES LOO2Y) (1X32) £0046 C044 wOGCAI LUO4LO LOCJIP) ((Xsd) 50046 GO04L GOO4O) (1
X32111})

— CINTL) INTL) INTL) (NTL) ONTLD INTL) INTL (NTL) INTL) ((X320 X819 X33 X813 X*15 X817 X37) GOO13 6001s GOO!6 GOOL9 GOOIS
- wU014 0012 60020 G0023 60022 GGU27 0026 L002 0032 GOU24 GOUL7 GLOOIJ) (NIL) (NIL) ((X3D) LLC3IB GCC3I7) ((X318) 60037)

(e289 %%14 X35) 60036 LOOU3I GOOIS 60034) (NIL) (NIL) (NIL) ((x330 x310 %812 X33) GOOJ} 60028 60030 60021 GGO4S LOO29)
NIL) ((x38 x81] X32 x84) GOOJIS GOO42 0046 50044 LOUSY GOUJY LOULLS W0O4) 0040) ((x321)))
~GCaAL
(LOCAL ASSUMES (x36) (x31 x811 X32 a34) EAME BOUY)
CANTLY INTL) (NIL) (NIL) (NIL) ((%320 X819 238 2813 X315 X317 X87) GQOl3 LOUL8 C016 C9019 COIS ©0014 (uC12 ©0020 60023
60022 ©0027 ©0026 40025 ©0032 GO024 GOUL7 GQUO1IJ) (NIL) ((X8] X31] X32 X84 X36) GQO042 COO44 CQO043 GOCI9 GCU46 GOO4y C004

0 0038 ©0037) ((xs18) 0037) ((x39 X34 X35) L0OOJ6 GOOI3 LOOJIS wOOI4) (NIL) ((X310 X16 X312 X23) COC3I1 0028 20030 GOO
21 6004S 0029) (NIL) t(X321}))
LOCAL
{SINGLEJODY ASSUMES (x31 x31} Xt2 xtd4 X36) (X8}18) SAME &amp;OLY)
(1{x330 %316 X332 X33) ©0033 6oo2b 60030 Gup2l GOO4Y C0029) ((X39 Xs814 X85) 6Q0J6 60QII GOGIS L00I4) (NIL (X38) X3yy X3
2 X34 X36 X318) 60042 GOO4a (0043 600J9 GOU46 6004) GOO040 GCOVB GOOS7) ((X2320 X2319 X28 %X3:iJ X315 X217 x37) 0013 GOO18 G
0016 60019 0015 «0014 60012 GOO20 60023 GOOZ¢ GUO027 LO0026 GO002S ©00J2 CG0024 C0017 C0013)
LOCAL
SMb
RESULTS
I800Y 1, «SS 2310 2816 X312 X33)
(300Y 2. 1S X39 X3114 X35)
(BODY Jo IS X81 X21] X32 X34 X36 X318)
{o0Dy 6. IS X820 2839 X88 X31J X315 x317 x37)
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FIGURE 'R 9'

The four bodies were found.

SINGLEBODIES was needed to join :18
with :6-11-1-4-2.

3be
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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 16 with :10.
Nevertheless, since :12 and :10 were
not found to be the same face, body
:16-10 is found, and body :12-3.

ag



SEE 58 ANALYZES R97
EVIDENCE
LOCALEVIDENCE
TRIANG
SLUSAL
((NIL) ((%320) 60019 GOO18 GOOL7 GOO15 C0014 GOO13) ((X819) GOO2! G0O20 60019 60017 GOO16). ((x8313) GOO2I 60022 GOO21} ((
x315) G0O2¢ G0025 G0023 60022) (i(x310) «0030 60029) ((x816) GOOI0 60028) ((x%8) GOO27 60020 0016 GOOLS GCOII) ((%317) ©
G03! 60027 G0O026 G002S GOD24) (X37) 0O0J) GOD24 ©0018 ©OGi4) ((X39) GOOIS GOO0II 60032) ((%8314) GOOG3IS GOO3I4 6G0O03I2) ((X36
} 60037 GO0O03I6) ((%318) GOO3I6) ((X3S) GOO03I4 GOOII) ((X311) GOO4I GOO4) LOOMO GOOI8) ((X81) GOO42 GCl4i »00I7) ((X812) GOO
dé LOD29) ((XII) GOOEd GOC28) ((X82) LUO4S CODEI GOL42 GOUIY 0036) (1 nsd) LUOES LOG4O GOOIY) ((X321)))
TONILD INTL) INIL) (NIL) (NIL) ((X310) GOOSO GOO029) ((X3106) wOO0JO w0O028) (NIL) (NIL) ((%320 X219 X38 X313 X3515 X317 X37)
“00U1e 60019 w0017 GOO20 GOOIS GLOLS LOO!J GOO21 ©0U2) C0022 $0027 L006 w0025 LOOJI! GUO24 LOCIS GOOL14) (NIL) (NIL) ((x3

5) ©0037 0036) ((x318) GOO3IB) ((x89 x8i4 X85) LOUIS ©0032 GOCI4 GOOII) (NIL) (NIL) ((%312) GGCAd GOO029) ((x83) 004s GO
928) (NIL) (x83 x811 x82 x84) GUU37 O04) GOUAS GOLA) GOL42 G00JI6 CUMS wOGAD LOOIY) ((x321)))
LuCAalL

&gt; (LOCAL ASSUMES (X36) (X31 X811 x82 %34) SAME bUDY)
O (LUCAL ASSUMES (X350) (X336) SAME BULY)

CENTL) (NBL) (NIL) ((%316 %X310) w0028 GO03U 60029) (NIL) (NIL) ((%320 X319 %38 X313 X%215 X317 X87) GOO14 GOOL9 C0017 GOO
20 w0016 0015 ©0013 GO021 60023 0022 ©0027 ©0026 ©0025 L003) GOO24 GOOL&amp; ©0014) (NIL) ((X31 X81) X32 X34 X36) GOO4) GO
06) 60042 w00JI8 GO04S GU0AU 0039 LOOSI7 GUUIG) ((X¥18) LOOJSO) ((X39 X814 X35) GOOJS ©0032 G0034 GOOII) (NIL) ((X312) GOO
$4 50029) ((X383) GOOM4 GOODZB) (NIL) ((x321)))
LWCCAL
(SINGLEBOUY ASSUMES (x81 x31) xtz x34 436) (x318) SAME BODY)
(i283) GpD44 Gup2B) ((X312) bGO4A LOO29) ((4%9 X814 X85) G(LO0IS COG w0034 GOOII) (NIL) ((X33 X¥yy X32 X3d X36 %3i8) GO
04) SU04I LO042 CGO0JI8 GUD4S GO040 GOO039 CUO37 GOOJS6) (320 X81y X88 X813 X315 X117 X87) GOC14 €00:9 GOO17 40020 GOO16 ©
0015 60033 60021 GuU0R2I LOU22 0027 (0026 GUDZLS 6003) 60024 LUO1IA GOO0L4) ((X316 X310) C0028 C0030 60029)
LCCaL
S43
(SMB ASSUMES X33 X3}2 SAME BODY
RESULTS
(00DY lo 16 X33 2312)
{e0DY 2. IS X19 X3le X35)
J800Y Jo 1S X31 X33) X32 X34 X36 X118)
(B00Y 4. 15 X820 X819 X38 X8}3D X815 x817 x37)
(BUDY 5. IS X816 1810)
NIL



Boong Salil: 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 ijorm (lists)

in "RESULTS FOR TRIAL".

LOCAL had to join :13 with the remainder of that 20dVY
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FIGURE "TRIAL"
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SEE 58 ANALYZES TRIAL
EVJLENCE
LOCALEVIDENCE
TR] ANG
sLioAL
T(NJL) (811) 6GU014 (0013 LOOIL LGLOLIO) (3 12) LOO1S5 0014 GUOLIJ wgoll2) (313) GO002t) (tty) 6LO22 60021 6NL20 GGJIL9 &amp;IC17
20016) ((210) w0015 v012 GI9011 6GNOIU) (133) 0034 6GUD2S GUCZ4) ((84) LBOUJII LOUI2 LOULZ2H 6002% GOO23) ((tb) 6GG3L GCAO

30029 0027) ((35) GO0O26 LOG2JY GUOU22 w0O018 GUDOLZ) (1387) GULO3I S0UI2 LOULY BOLLS OULD) 138) GOG3a LG024 5002C) (132) GQ
035 GU0JIL LO0R29 LULD28) ((314)) ((31) 6U03Y 60030 GOUL28 LCu27))
(CONIL) (NIL) (NIL) (0213) 60021) (NIL) ((31f 312 Blu) G0C11 6GLOL1YS 6GoC14 LUOII GOGIY GUUI2 GOLLY GOCIO. (NIL) (NIL) (NIL)
(NIL) (NIL) ((38 39 2:5 87 t3 2A) GOU25 Guu2l LU016 60025 LL0ZI bOD22 6GOD017 LOUSY GUGY2 GOB1Y 6OO1IB GGGie (6025 LGOJI4 wu

p26 G0020) (NIL) ((314)) ((to 22 381) LU027 GUCCI! 50u29 LOUIS S0uLI0 0028 w0027))

LOCAL
(LUCAL ASSUMES (313) (34 39 35 2] 313 18) SAME gOLY)

LOCAL
((NIL) (NIL) ((3%4 39 25 37 13 3:13 3113) 0021 LOUL26 GUU2I GUD22 wull7 LOU3II $0632 LOGLI9 LCOLIA LGG1S LGCR2S LCOS Gn024 GCG2
5 50021) ((311 $12 210) GOUlt GOUIS GOCL4 LOOLS UO01S 60012 GULL GTGLIG) val (NIL) (NIL) (€8314)) (8b 32 31) $0027 04

31 0029 6003S 0030 0028 500271)
JCAL
[((36 22 $1) O0N27 50031 LOG29 GOOD wi0I0 Gules wNUL27) (131) 212 1G) GOUll LGO1D LAU14 3013 GHOULS LOO1Z SCOLHL wiC1C
((34 39 35 87 83 38 213) 50921 GLO?26 WGO2S (C022 WOULL7 60033 50L32 LUALY wACLB C016 0N2S i034 L624 A020 $3210)

UC AL
Svz
RzSJULTS
(sCuY 1, IS 16 32 11)
BOLY 2, IS 311 312 110)
(BULY J. IS 34 19 35 37 313 18 319)
Nit



Scene Ania SEE anal/zes scene ARCH (see figure 'ARCH') with results

displayed in 'RESULTs FOR ARCH'. This is an scene composad by many

degenerate views of cbjects. It is an ambiguous scene (sve section

on Optical Illusions), in that several good interpretations are po

ssible.

The program reports :/ and :17 as one body, which could be plau

sible. :lo, :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 establish a link between :5 and :19, avoiding the mistake. GOODIT

could stand some improvement.

The body :22-23 was identified correctly

| AL
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FIGURE "YA R C Bg“

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,

out not :3-8-29-31, which was counted as one bodv.
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See S58 ANALYZES ARCH
EviutnCt
vUCALEVI LENCE
IN] ANG
SLUSAL
CINEL) (133) 60322) ((38) 60UG2D LUN2I 0022) ((381) GUO2Y G002Y% bou2a GOO23) ((34) LOGI2) ((326) GUD3IB “OCI? GOOIS LOLA
) ((324) LUL3IY wUlJde 0UID 60UIL) ((325) LUDSY UUM 6OU37 GOO3LY ((329) wOC40: ((317) GUO33) (333) 6LOUES 60084 LOL42 G
Qudl) ((312) LIJ8E LLIE8 0UIAT GLUAZ2) ((311)) ((336)) ((314) w0UdE LUDSY LIGATI GOO4L)Y ((39)) ((816)) ((83%)) (¢&amp;1UY) (12
33) 50050 w0049 wUUE7 LLJIL) (234) LUCSU bLQLLAH 500487) (1832) GOU49 GJUEB GLUSO)Y ((315) GOO3I2) (219) GUG31) ((37) GLIIM

((236)) ((320)) ((222) wO0uad) (13210) ((2/)) (3281) ((382) GUOS2 L0C31 60027 6GUOR6) (131) LOOSI 6CO0S2 LN(28 $0527) (133
0) 500S3I LOUSI wul28 50026) (32%) 50uU2Y LUNZE) ((335)) ((2318) 6LOLIL))
(vin) (133) 60322) (NIL) (NIL) ((24) w0032) (NIL) (NIL) ((326 324 3235) GUO37 GUOJS9 GUUS GUO3I4 GOGIY LLOLUA GUI 60330)
(1223) LOUD) (L217) 0033) (NTL) (NIL) till) td $36)) (313 12 114) sudd2 GGU4E GOQas Guue2 GOLad Goes LNNAJ GLIell
(02390) (3161) ((315)) (43101) NTL) (NIL) ((333 134 332) LGOJIL 6OULDST GOUL4E7 LOU4Y LUGE LLOJIO) (35) LUYL32) (id 19) 5003

1) ((37) LUGII) ((2A)) ((320)) (322) LONAU)Y ((323)) ((327)) ((328)) (NIL) (NIL) (32 81 230) 6GTO20 3200e v(Ue? LyYnLI GO
G31 w00zl w00ZH) (8 331 329) GULGZ22 LUUZD LLEZ2I LOL2Y LOU24) ((¥33D)) ((318) LOUJIL)Y)

LoGAL
(LUCAL ASSUMES (219) (318) Sant BURY)
(LUCAL ASSUMES (23) (3g 381 3129) SAME bauUY)
LOCAL
CINBL) ((38 331 329 33) GUL29 6GNL23 GOG29 LOoU24e Gulz2) (NIL) (134) GUOI2) (NIL) ((326 224 325) 0037 GOU3Y GU0JIS LNGJI4 6

pt Udy LOGIE LCDI? LUUIH)Y (1323) GuULAEU) ((t17) LOUIS) €~IL) (811) (( 330)) ((31J 312 214) 6NNG2 GND4O (LGJY64 GLJ42 LOQLE
 Nn Ouéd JULI LOGAL)Y ((33)) (3 16) (($15)) (ELC) (NIL) ((333 234 332) LULJSO 60090 GUO4A7 GOO49 (Ona HQO0JI0) ((35) w0G32)
ON ((338 319) 60031) ((37) GUOSI) (138A) ((82U)) (1322) LOUAU) (L3Z21)) ((327)) (C328) (NIL) (32 31 330) o0026 6GH22 ©3027
"0053 wUlSl LIJ28 GUOZEY IHIL)Y (2351) (NEL)
ula
(5INGLEoULY ASSUMES (21238) (322) SAME H“ULUY)
{(SINGLESULY ASSUMES (217) (27) SAME 30ULY)
(SINGLESOLY ASSJIMES (3a) (35) Same 40pY)
(0022 31 2340) 3J02% £JI082 wi027 63153 LOCSL LOGL28 GGO26) (828) ) (L227) (3210) (NIL) ((323)) (NIL) ((318 219) LOO3L)
Wil) ((333 334 $282; 0030 0090 w(nNa? G004Y LLJMB GLHI0) (SLU) (BIS) (310) ((39)) ((213 212 214) L0L4&amp;2 LOJ46 L)(L4

oLULd2 LOUGH LINES LUTE LUDML) (8111) (217 37) GOCO3I) ((323 322) LOUGCAU) ((320 324 3125) GOUJI7 GGCLJIY oul3D LTDI4 6ULOIY
SuLdd LOCI7 LUIS) (184 15) LNu3Z) (138 281 2123 23) LOOL2S L0ULZI bLOJrY WO024 0022)

Lue AL
Svs

SeSul TS
[Tmo FIRST bv, =sJulbs ARE ((324)) ((327)) (tad) €(3820)) ((310)) ((315)) (lb)
(3UUY tue IS 82 31 820,

‘wobY (1. 1S 215 $19)
ou” te 1S 233 334 232)

SowY de HS 31S 12 116)
Cally 1d. 1s 317 37)

oLLY [D, iS 323 2221}
radu? 16s 1S 325 22a 329)
teywY 17. 1s 84 39)
{soLY 18. 15 $88 331 3129 13)
 a

 vy Ww



SCNTWARD, 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, :/ was identified as a sin-

gle body, and :6 as another, 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

99).
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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FIGURE 'H AR 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.
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SEE 58 ANALYIES HARD
EVIGENCE
LOCALEVIDENCE
TRIANG
GLOBAL
CINIL) ((334)) ((36)) ((836)) ((824) G0026 GOO25 C0023 60021 60020) (( 323) 60028 60027 60024 C0022 C0021) ((313) GOC46 C
0044 GOOD4I 60042) ((317) GO047 GOUAG GOO04S C0044) ((37)) ((822) GOO49 GOO41 C0040 GO0029 GGO26 ©0025) ((33) GOOSO GGO49 CG
0041 GOOJI9) ((821) GOOSO 60040 60039 G0029 GCO28 60027) ((#1) GUOS2 60051) (32) 60052 GO0SY 60018 GQO17) ((325) GOOS3I 6
0038 G0036 60019) ((126) 60054 GGOSI 60237 GO0O3IG) (327) GOOS4 C0038 GO0JI7 C0019) ((328) GOOSS 60024 GOO22 60015) ((229)

GO0SS ©0023 G0020 G0O015) ((832) 60057 C0056 S0034 C003I) ((333) 60018 ©0017) (i331) GOOS7 ©0035 GUO3I4 GOCI6G) ((25) GOOS
B GO048) ((34) GOO58 GOO04d) ((310) C0059 C0032 C0031) (314) OOM) C0045 60043 ©0042) ((318) LO0DGI GOO6Y GOOGO C0014) ((
$19) GOO64 GOO06I GO062 GOUBY) ((320) LOOSA GOD62 0060 GOOi4) ((39) ©0065 G003I2 ©0030) ((38) GO065 60059 506031 6COIOY (Hf
130) GOOS56 GO0O03S C0033 6G00§6) (815) 00606) ((316) LOO6O) ((335)) ((8§1) GOCLO7) ((812) GOO67)) }
TONIL) ((836)) (1386)) ((83611 (NIL) (NIL) (NIL) (NIL) (C873) (NIL) (NILY (NIL) (NIL) (NIL) (NIL) (NIL) ((325 326 327) GO
019 G0O0SI 60036 GOOSe C0038 C0037 GOOL9) (NJLI ((8324 822 33 82) 821 328 329) GOU20 C0026 G0025 GOD49 GOO4y GCC2) «0050 w
304G 60039 60029 G0028 GO0027 C0024 60022 C0055 G0C23 60020 60015) (NIL) ((33 32 333) 60052 C035; LOO17 GOG1S GOOI7) (NIL
} (NIL) ((35 84) GOOAB GOOSA GON48) (NIL) ((813 817 334) ©0043 GOUS? G0046 60044 GOO047 GOO04S C004) GO0O042) (NIL) (NIL) ((
$18 319 320) G0060 GO064 GOO6Y GOCE) C0064 GUO62 GO060 GOO14) (N[L) ((89 8310 88) GUOJI2 G00I2 LCO6S GOO59 60231 GOOIO) (|
$832 831 830) 60033 60057 ©0034 GOO%6 60035 GOO3JI GOO016) ((315) C0066) ((816) GOUGE) ((335)) ((83)) GOO67) ((312) GOO67))

 lt
 NH
 LO

LOCAL
(LOCAL ASSUMES (8]1) (312) SAME BODY)
(LOCAL ASSUMES (8315) (t16) SAME BODY)
( (NIL) ((334)) ((86)) ((336)) (NIL) (NIL) Uy 379) (NIL) (NIL) (NIL) ((B825 326 127) GOOQ19 GOOSJI GONIS6 G00S4 GCLI8 GCO37 GO
J19) ((324 822 83 323 121 128 3129) 60020 GUC26 60025 GOO49 GO043 CO02f CO0O0SU GO040 ©0039 60029 GO028 60027 G0024 LOO22 6
0055 50023 60020 GO0015) ((31 32 $33) C0052 GOOSY C0017 C0018 &amp;0G17) (NIL) (135 34) 6Q048 GOOS8 GOO48) ((%13 317 214) GOO
£3 60047 C0046 0044 GOOA7 GQOO4S GCOO04I 50042) (NIL) ((318 319 320) GQO6D GJ064 GJ063 60061 GOGC64 CCO062 OCOD GOOLE) ((39

510 38) 60032 60032 60065 GO0O59 GOOJI1 60030) (1832 £31 330) LOGII GOA57 0034 50056 6003S GOO0II GCO16) ((316 $15) LACE
) (NIL) ((835)) tc212 t11) GNO&amp;A7) (N]L))
LOCAL
(((312 311) GOOS7) ((%16 815) GOO66) ((332 131 330) 60033 60057 GCOJI4 GOCD6 C0035 CGOO3IJ 6GOOiIG) ((39 310 38) ©0032 C0032
$0065 60059 ©0033 GOO30) ((318 319 320) CQUS0 LO064 GDO6I GOOOLY &amp;OO6M C062 GOOEY GOOL4) ((81J 217 14) GDO43 GOGe7 GOOL
5 GC044 G0047 GOD4S GO04J 6D042) ((35 ta) 60048 GO058 60048) ((3f 32 333) LOO52 GUO0S1 GOGL7 6CO018 GOGOL7) ((324 222 33 32
3 121 328 129) 50020 GO0028 GO002% GD049 2004] G0CG2) GO0050 C0040 GO003I9 GO02Y 60028 G0027 GOO024 C0022 C0055 GO023 60020 GOO
1S) ((325 326 127) GOO19 60053 GOO3I6 G0O0S4 GO0JI8 GOCI7 C0019) ((87)) ((36)))
OCaL
SMB
{SMB ASSUMES 37 16 SAME BOY),
RESULTS
'agpy 'S 312 34%)
80DY ,, 5 136 815)
BODY 3, +% 132 131 130)
8cloY 4, =~ $9 110 38)

'800Y 5, 8S 118 119 320)
BOTY 6, 15 31) 317 114)

"BODY 7, 18 35 14)
‘BODY 8, [5 3} 12 133)
(80DY 9. 1S 324 122 33 123 121 128 129)
[80DY 10. IS 323 126 127
{80DY 11, |S 17 8)
NT



Scene L4 The body :10-9 was reported isolated from :13-2-3,

due to insufficiency of links. See comments to figure R17, also.

The algorithm that localizes matching T's could stand improvement.

It sometimes produces ''bad links" such as between :4 and :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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Body :2-3-13 was reported separated
from body :10-9. Not enough T-joints.
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SEE 58 ANALYZES L4
EVIDENCE
LOCALEVIDENCE
TRIANG
GLOBAL
((NIL) ({32) GOO!3) ((811) GOD18 GOO17 GOols 60014 LOO12 &amp;GOEl) ((Fi3) LOCI G0G20 ©0013) (33) 6CC21 &amp;C020: (i312) G002
2 $0019 GOO17 GOO012) ((39) 60023) ((37) GpO025 LOU24 GOO01S5 GCGid GOGI1) ((38) C0027 0026 60024 GOC22 =LLIy 5C016 LO0iI6 &amp;
0015) ((31) 60027 60026 60025) ((310) 60023) ((34) GOU31 G0G2% ©0028 C0010) ((35) CUO3I2 GCO3L1 C0330 S0C29) (28) GQO32 6

0030 G0028 60010) ((¥14)))
((NIL) ((82) GOO13) (NIL) (NIL) ((313 33) GCC20 C013 60021 50020) (NIL) ((39) GGC23) (NIL) (NIL) (2331 212 #7 38 1]) GO
022 60017 60012 GOO15 0014 0011 60026 60024 LG022 C0019 GLC1d ©0016 LDOIS C0027 «C026 0025) ((3101 53723) InlL) (NIL)

((34 35 36) C0028 G00J2 G003I% GOG29 ©0032 GULUCI0 50028 6GCO1G) ((did))}
1 0CAL
(LOCAL ASSUMES (39) (310) SAME BODY)
CINIG) (€32) GooL3) (NIL) ((313 83) 60020 0013 50521 ©0020! (1510 39) «J023) iNiL) (i841 $12 87 38 tl) Gra22 30337 31351
2 60015 GOO14 GOO11 60026 60024 G0N22 60019 LCCi8 GOOLE GOCLS 0C27 GGGC26 ©GG25) (NIL) (INILY (ire 5 356) F053 0032 GLC
31 ©0029 60032 G0030 GO028 GOO10;} ((¥314d))) --

LOCAL
(SINGLEBODY ASSUMES (813 83) (32) SAME 80pY)
(((84 35 36) Gpo28 Good2 C0031 Gop29 60032 60CI0 GOp28 GoGio) ((rjg 312 87 38 31) GOO22 Ggni7 @cci12 Go5if 530.4 &amp;3011 GO
“26 C0024 C0022 GOO019 60018 £0016 GO01S Gp027 60026 GG025) (EC 39) SCO023I) ((31J ¥3J 32) GCO2ZO0 GOOI3 C021 35320) (nNILD)

LOCAL
SMB
RESULTS
(800Y 1, IS 14 35 16)
(8GDY 2, 1S 813 812 37 38 34)
(800Y 3. IS 310 39)
{BoDY 4. 18 313 33 12)
Nd

RESULTS FOR 14



Sceme RA 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, :1 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 is 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 if 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 [succasrron |
"straightened" either by SEE or (better) by the preprocessor: for

example, BK LN and DG HO in figure R17. See section 'On Noisy

Input’.

Conservatismand 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.

-

Ls J

In (a), links disappear if tolerances are
too big; in (b), if they are too small.
In both cases, conservative behavior (cf.
page 212) appears.

173.
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FIGURE 'R 4°

Either three or five bodies are found, according to the values of
certain parameters. These scenes are ''moisy’ in the sense that
the coordinates of the vertices depart from their "ideal" positlov
by as much as one millimeter, or about 1 7% of the total size of
the image, which is about one decimeter. This error is not large

enough to affect long lines, but it may substantially change the
direction of short segments.
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SEE 88 ANALYZES Ra
EVIDENCE
~OCALEVIDENCE
TRANG
SLOBAL
(INIL) ((x89) C0017 60015 60013 600.2 6001) 60010) (x87) 60018 G0016 GOO0LS GO0L0) ((x86) GOD22 60020 COO19) ((x88) GOO2
2 60023) 60019) ((x310) 600314 C0012 60G1L) ((x02)) ((x3J) C002J LOO2L GOOOP) ((x31)) ((x83) 60018 G0017 GO0016 C0014 GOOL
3) ((X83)) (X84) 60023 60020 60009))
LINIL) ENJLY (NIL) (NIL) ({x86 X38) C0020 60022 GOO021 GOOL9) (NIL) (1X82)) (NIL) €(X211)) ((X39 X87 X810Q X85) 60013 6001
} G00IS 60010 600312 GOO11 GOO1d G0B17 60016 0014 GOOLI) ¢ix81)) (xsd x84) 60023 60023 60020 60009)
+0CaL
JINLL) (NIL) ((x%6 x38) 50020 60022 ©0023 60019) ((x32)) ¢(x¥11})) ((ixV x87 %x810 x85) 6001) G0O18 60015 C0010 60012 GOO}
| 60018 60017 GOOL6 60014 63013) ((xd1)) (ix33 x84) C0021 GUO2I 60020 60009))
-0CAL
(E283 284) 60021 60023 60020 60009) ((x81)) ((x89 x87 x850 x83) 600313 600108 600195 0010 60012 60011 60G18 80017 GOO16 6
3014 GOO1J3) (1X22)) ((Xs® X38) GO0020 w0022 S002) 600IV))
-0CAL
SMB
TESULTS

THE FIRST 2, BODIES ARE 1(x81)) ((X32)))
80DY 3. 18 X33 X34)

.80DY 4, 19 X39 X37 X810 X35)
iB00Y 8S. 18 286 X88)
NIL

~i
Jt

ICHANGES TO SINTO AND COLTQ)

DeSE~1

0SE=2

LLENA
FOOP
TYPEGENERATOR
MATES
NEXTE
0S

&lt;=

5EE $8 ANALYZES Rs
Ev {DENCE
.GCALEVIDENCE
TRIANG
sLOBAL
((NIL) ((x89) 60020 60018 GOO16 6001S C0014 60013) ((x87) 6002} G0019 60018 GOO013I) (x80) 60022) ((x28) 60022) ((x3310) 6
5023 GOO0L17 GOOIS GOO14 GO0O11 GOOO®) ((x32) GOO2% GO024) ((xtJI) GQO26 60025 60024 GO012) (¢(x311)) (x5) 60027 GOO2) GOO2
53 GC019 GOO1”? GO0O016 GO0O010 GO009) ((X81) $0027 G002I GOO011 C0010) ((X34) GOO26 G0O12))
[INEL) (NIL) (NIL) ((X38) 60022) ((x38) GOU22) (NIL) (MIL) (NIL) C(X811)) (NIL) ((X39 X37 X810 X15 X81) Go021 60018 G00!
) 001% GOO14 60027 60021 60020 60019 G0017 60018 GO009 60027 GuD2I 60011 G0O010) ({x82 x8J xtd4) Co026 G0Q25 C0024 Goo26
50012)
LUCaAlL
[LOCAL ASSUMES (x36) (x38) SAME B0DY) .
CENIL)Y (NELT ((X38 X36) Gpg22) (NIL) (NIL) ((X311)) (iXs9 X87 X81g X33 X81) C0021 60018 $0013 60015 Gool4 Ga027 €002y eq
320 60019 GO0017 60016 GOOCH 60027 C002) GOULIl GO0030) ((X82 X23) N14) 60026 GO0023 60024 60026 LOO12)!
.0CAL
(01x82 203 x14) 60026 GO02%S S0024 60026 60012) (ixt9 x87 2340 x35 x31) 60021 60018 6001) 60OIS Gooie 60027 60021 60020 C
3019 60017? 80016 GOO09 GO027 COO2I C0031 GO0GLI0) ((X38 A286) 60022))
LOCAL
Mg
YESULTS
J0DY 1, 18 X12 X83 234)

BODY 2. [5 X39 X87 X310 XS Xai
|18900Y J. 18 X38 X18)

RESULTS



Scene Joie The long body :29-30-34-20-19 gets identific¢d as follows:

129 and :30 get two links, and :30 with :19 also, so we Lave 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 :1Y with :20

by the same reason. That completes the body.

The fork that is common to :12, 13 and 14 puts a link between

112 and :13, but it is 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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All bodies are correctly identified.
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SEE S58 ANALYZES MQMO
EVIUENCE
LOCALEVILENCE
TR1ANG
GLOBAL
(INTL) (3138) GUuaa (LODAJ GNO4Ll LONAO) ((819) GOO46 GUO4AS 60020) ((36)) ((820) GUOSU LO046 GOOZ1)Y (1225) GOOSI GOOS2 GOO
32 w0031) ((323) GOOSI 6OOJIE LOOII GOUI2) (324) GOUZS GOUSE LOULS7 LUOJISG LOUIS) ((334) GOOU 60021 OO19)Y ((337) GOOS7 ©
D042 GOOAYl GOQ4D) ((339) LUOS7 GUULAA LOO4J LUCE2) ((37) GUOSS LULU) {( (38) LOUSS GOUEY) ((817) GOCES 50059) (310) 60063
©0061 WOOED 50047) ((89) v00%S9 LLOAB) (1318) OOO GUOOGS GOOOS WOOO 60002 0000) ((311) GOOLY GOON? 50064 GOO62 GOOE)

20047; ((814) GOO7I 60072 «0071 LLO70) (1313) w0074 GUO72 GGO071) ((312) 6GU088 GUOG7 GOULGL GLOLA) ((318) GLOGS GOO4aB) (3
15) G00748 0073 GOGOU70) ((85) LOND! LOWI? LUNIE LUOIL L003) (221) «0075 LOUDLY) (2122) GODS2 GOODIE LOOJII GNOIL)Y ((24) GO
054 GOO3I9 HO0O03IB LOO3I7) ((83A) LOLZA GULUOS6G) (1335) GLOZ6 GUOSHG) (1330) 0079 0077 GOO4S ON20 60019) (1129) 60079 GOO77)

((328) GUO78 GOO23) ((831) GDO78 GO023) ((332) GUOBO 60026 GULLS GUD22) (133) LOOBLY 0029) (333) GOJ8O 60027 GGO26 £00
24) ((32) 60081 GOOJIU GO029Y GOO28) ((340)) ((327) GLOSS 60L02S GULGC24 6J022) ((326) GOOSS 60027) ((81) 6503) GGO25))
CIENTLY (NTL) (INLIL) ((28)) (NIL) (MIL) INTL) (MIL) (NIL) (NIL) ((338 837 1039) 60063 0057 6GN04) GNO4AD GONE” Clie 60043 6
D042) (NIL) ((37 88) GNO49 GUOSA LNO49) (517) GODOS 0059" (NIL) ((39) GUUSY GOO04A) (NIL) (NIL (Nal) (NIL) ((310 8i¢ 8
11 312) 0068 GOO63 LOOGO LOOGY LLNGA LIOGZ LWCU6L GLOA7 GLOGS LULOGT LOULOS D064) ((318) LONGS GON4AB) ((31e6 313 315) GOO?
1 60074 60072 GO071 GOO74 GLOO7I LUN70) INILY (NIL) (825 323 322) GuUO3I1 GuUOSI GuRII GO0I2 E0052 GOOJIa LOOII 6GONIL) (324

1S 32] 34) 60037 GOOJIY GuUO36 GOUJS LUD?S w0ULS! L00S4 GOOIY GUOIB LEUI7) INIL) ((326 335) GOG56 GGO76 6CO58Y (NIL) ((320
134 319 830 329) GOOSO G0021 LOULA GGO77 eCusDS 6020 0039 GUOZ7Y GUULZ7) (NIL) ((928 331) GOU2I 60C78 60023) (NIL) (NIL?
(NIL) (NIL) ((340)) (NIL) «(832 333 327 2:26) WGLUBO 6026 60025 60024 LO022 GOOSH GUO27)Y ((33 52 11) GOOS81 60029 6GOO3L G

J0281))
LOCAL
ILUCAL ASSUMES (117) (89) SME RUDv)
JLUCAL ASSUMES (39 817) (318) SAME BODY)
LOCAL
LONIL) (NIL) ((36)) (NIL) (NIL) (NIL) (830 337 839) G004y 6GO0US7 600al GOULD GOOS7 G00aa GNOAY GODA2) ((37 38) 50049 GOO
58 0049) ((318 39 117) GOO48 6GOO4s CGUOO6S «GUS9) (NJL) (NIL) (NIL) ((810 316 3§]1 312) 60068 GOC6Y GOD6O GCOGY GNDoO4 GROG
? bUOG1 GO047 GD068 GOOG LOOBS LONG) (NIL) ((314 31] 315) LUO/] GUU74 6UD72 GUOG7Y GGO74 GOO73 GOO70) (NjL) (1325 223 3
22) ©0031 LOOSI 60033 GD0JIZ GOGCS2 GO00C36 LUIS 6GOOJIL) (1324 85 821 34) LUOJI7 GOUIY GOOJI6 GOOIS GOO75 GO0SyY GN0S4 60039 GO
338 GG00J7) ((836 335) GOOS6 GOUZ6 GDOO6) ((320 334 119 330 2129) wOOSU 0021 60040 GO0077 204% GON20 GOO019 GOO79 GOC77)
1826 331) L002 GOO78 GOO023I) (NIL) (NIL) ((sa0)) (18332 333 32/7 826) LJILBOD GUU26 GOG2S 6GN024 LOD22 GGOS5 GGO27) (ts3 22 1
1) «008) 0029 0030 50028)
LOCAL
133 32 331) LOO8I G0029 LCOJIO0 GOO028) ((832 ¥JIJ 127 126) LOOBO O06 GQU2S 0024 GN022 GOUSS LGCD27) ((328 331) GOD23 GOO
?78 0023) ((220 334 319 330 3829) LNOSU 002 GUO4O LUO77 LOOAS LUNRC GOOL1Y9 60079 GNO77) ((336 13%) LOUSG GOO76 GOOS6) t(
124 35 321 34) $0037 GO0IY GOOJIB LNOJIS S00/S 60051 ©0054 LOO3I9 LQOIE 0037) ((325 323 322) UOJ GGOSI LOGLII G00I2 GOUSZ

»U036 0033 6ONJILD ((8314 313 335) GO0071 wU074 G0072 ©0071 6LO0074 GO0L73 GOUZ70) ((Bip T10 $1] 312) GCO6B LOCO GLO60 0069
200064 60062 LJIO6] GOODE? GOOGB GOOB7 ©0060 GOC64) ((318 39 317) LOO4L O0aB LOOOLS GOOSE) (187 3A) GLOAS GOOSS GNG4Q) (1

}8 337 339) GOO043 QCS? GOU4l GROAN GOUS7 w0Ged GO00a) $0042))
LOCAL
Mg
FESULTS
lug0Y 1, Trg 1)
sluyY 2, ? "33 127 120)
a0LY 3. 8 111)
guy 4, ‘20 ta $19 330 829.
d0pyY Ss, 136 335)
80UY 6. 1S 124 5 $21 ta)
500Y 7. 15 125 123 122,
sC0Y 8, 1S 314 113 135)
800Y S. IS 810 816 11) 212.
BODY 10. Is 218 19 2117)
d0uY 11. IS 87 18)

s0uY 12. 1S 338 137 139)
-
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Scene BRIDGE
a 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' (page36 ), 'NEW-NUCLEI-BRIDGE' (page 37), and 'FINAL-

BRIDGE' (page©8).

Because RA and SA are matching T's, two wrong links are placed:

one between :22 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, page 82).

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 181).

The background of 'BRIDGE' was also correctly isolated; see that

in page 2,30, section 'On background discrimination by computer’

yf
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SEE 58 ANALYZES BRIDGE
EVIDENCE
LOCALEVIDENCE
TRIANG
CLOBAL .
((NIL) ((38) G0020 GOO18 GOOL7 GOO16) ((87) 0023) ((330) 60024) ((311) GUO25 GOO019 GO018 GO0016) ((328) GQOJI8 GOOJIL) ((3
29) G0038 0030) ((327) GOOJI9 60037 60036 w0029 60015) ((818) GUO4L) ((819) GOO42 GOO41) ((317) GO043 GOO040 60027 C0026)

((8316) 60042) ((312) GOOJI9 GOOLS GOO13) ((s14) 6004s 60012 GOOIL) ((315) GOO4S GOO44s GOO12 GO010) ((313) GOO4S GOOt: GO
010) ((39) G00S1 GOO14 GOC13) ((35) 60046 60022 60020 WUO017) ((86) GOO47 w0046 C0022 G0021) ((34) GOOA7 GOO25 GOO24 GOO?
3 60021 60019) ((31) 60049 GOD4EB) (32) GOO49 0048) ((33) 60050 GUOO4I GO028 60027) (820) 60050 60040 GO028 60026) ((32
1) 60051 ©0030 0029 GOU14) ((322) 60052 60034 LOOI3 GOOI1) ((326) GQO0S3I GOOS2 GOOJ&amp; GO0I2) ((323) GOOSI 60033 ane: ©.
324) GOO5S4 GOO3IS) ((330)) ((325) ©0054 GO0O3I7 G00J3I6 G0OOIS))
(NIL) (NIL) ((87) GOD23) ((310) LOO24) (NIL) ((328) 60038 60031) ((229) 60038 GOOJIO) (NIL) ((318) GOO41) ((319) GOOD42 ©
0041) (NIL) (316) GOOa2) (NIL) (NTL) (NIL) ((81a 313 313) LUOIl GUO44 60012 G0045 GOO011 GO00L0) (NIL) (NIL) (NIL) ((38 1
11 35 36 34) 60019 G0018 60016 GUO0U20 60017 GUD46 60022 GOU47 G0U2S 60024 60023 C0021 GOO19) (NIL) ((31 32) GOO48 60049 GC
J048) (NIL) ((8317 83 320) 60026 60043 L002/ C0US0O GUOAO G0028 6GU026) (NIL) (NIL) (NIL) ((322 326 323) GOO03II C0033 GOO52
50034 60053 G00JIJ 60032) (NIL) (8x0) ((324 39 321 327 812 3825) G0O3S 600US)1 60030 GOO14 GOU29 GOOI9 GOOIS GOO1LI 60054 G
0037 60026 60033))
LOCAL
(LOCAL ASSUMES (218) (219) SAME 80ODY)
(LOCAL ASSUMES (328) (229) SAME BODY)
iLOCAL ASSUMES (810) (38 311 35 36 34) SAME BODY)
(LOCAL ABSUMES (87) (28 811 385 36 34 3310) SAME Buy)
[INIL) ((28 353% 85 36 sd 110 87) GrO16 GOO16 G0020 LOO17 GO0046 LOO22 GOOA7 GOO2S GOU2L GOOD19 GOO0O24 GO023) (NIL) ((229 82
8) 60030 6GUCJIS 50031) (NIL) ((319 $18) 60042 GO041) (NIL) ((8316) G0042) (NIL) ((314 315 313) 6001) 60044 GOO12 GO045 COO
11 60010) (NIL) (NIL) ((2) 32) GUO48 0049 GOO4B) ((817 33 320) 60026 GOO4J 60027 GOO50 CO040 60028 G0O26) (NIL) ((322
26 323) LO033 GO0JI1 ©0052 LO0O34 LGOOSI GOOJIJI GOO3I2) ((330)) ((324 29 324 327 £12 325) GOO35 GOOS1 50030 GOO14 GOO29 GOO3IS

6001S W001J3 GO0UB4 0037 60035 GO0O3IS)H)
LOCAL
(SINGLEBODY ASSUMES (219 318) (316) SAME BODY)
[(L324 89 321 327 812 325) GQO3IB Go051 60030 C0014 6Ou29 60039 GOU1S GOO1JI 6OO54 GoCI7 G0036 GOOIS) ((322 326 323) GOO3IJ
60031 ©0052 5U034 GUO53 GO0J3II GOOJI2) ((817 33 320) GOO26 60043 G002/7 60050 GOOAO GOO28 GQO0286) ((%1 32) GOO4B GOD49 GOO4

B) ((31a 3)5 313) 60011 GOO4a GOO12 GOO4S 6LOO11 GOO010) (NIL) ((819 318 216) GOO42 SUG4i) ((320 328) GOO3IO 60038 GOOJIy)
(28 11 35 36 34 310 37) w0O18 GOO16 G020 GOO17 GO046 ©0022 0047 LOUZS WQOO02% G0019 GG024 G0O023))
+OCAL
SMo
RESULTS
‘BOLY 1. 1S 124 39 321 3127 312 325;
BODY 2, 16 3122 126 323)
8QDY Jo 18 2337 33 220)
BOULY 4, [5 31 32)
(80LY 5, [86 314 215 813)
'80LY 6, |S 3490 318 216)
(BODY 7. 1S 329 128)
{(800Y 8, 18 38 111 15 33 (4 310 37.
NIL

RESULTS FOR BRIDGE



DISCUSSION

We hay e described 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 it is possible

to separate a scene into the objects forming it, without need-
ing to know tn detail these objects; SEE does not need
to know tire ‘definitions’ or descriptions 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) Typesof 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 reinforce 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

| R72



CURVED OBJECTS

How to extend SEE to work with objects possessing ciirved surfaces.

Introduction and Summary 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.

l. A slight generalization is obtained if each segment is 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 vertices
1s 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; it is expected that SEE will work

well for them. We should trv some scenes. [succEsTION]

|n~
\

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.

| R72
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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 piece 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 avoid 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
7

{
\tf

i

flere, 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
nwunetr of such vertices).

The non-gently bent segment ab
gets broken in gently bent seg-
ments ak, kl, lm, mb, by the
artificial introduction of "new
vertices k. 1. m.

Jou.
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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.

Rey;
a wd 5



(b) For colinearity, by discovering properties or features that

"carry through'" or are common. Among these are:

l. Mathematical "regularity" of the segments. Both segments
are described by the same or similar polinomios, etc

Heuristic properties: there must exist properties which
will select with high probability the "right" continua-
tion.

Qutside of the set of geometric properties, we have
color, texture, etc.

!

!

7

\. a 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’.

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}.

-

{
i

Fig. "SUI TCA SGES'

Heuristic properties of segments (yet to be
determined) could select a "correct" match
for endings a, b, . kk. 1.
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4. Bodies with no edges and vertices are in principle easily identi-

fied. See fig. 'FRULT'

yr

[
Figure 'FRUIT' ( Ce

4

The bodies have no curved edges, and no vertices. The

entire surface is smooth; no sharp edges or pointy cor
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 is 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 "hody" 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 overespecialized assumptions...’ page 252 .

1 QA



APPENDIX TO SECTION ON CURVE OBJECTS

This appendix may be omitted in a first reading

Requirements for the vreprocessor

to SEE has to find only:

1. The lines of the scene.

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 detacted by the preprocessor

How bad will be curved objects Tn oblects

where the curves edges are gently bent, SEF

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', etc. (I am talking about the

current SEE, described in the listings).

{
at

0

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 1f each one of them 18 of different color (and we

could senge the fact).

Knowledge of the algorithms used by human

beings for shape continuation (page !8B) is relevant. We quote from

Rrech and Crutchfield {1958}:

Psychological evidence

R77



Grouping by Good Form. Other things
being cqual, stimimdi that form a good figure
will have a tendency to be grouped. This
is a very general formulation intended to
embrace a number of more specific variants
of the theme, traditionally classified as fol-
lows.

1. Good continuation. The tendency for
elements to go with others in such a way as

to permit the continuation of a line, or a

curve, or‘amovement, in the direction that

has already been established (see Fig. 37¢).
2. Symmetry. The favoring of that

grouping which will lcad to symmetrical
or balanced wholes as against asymmetrical
ones.

3. Closure. The grouping of elements in

such a way as to make for a more closed or

morc complete whole figure,
4. Connnon fate. 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

percepts 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 sce that a difficulty

with this general proposition regarding
grouping centers on the crucial phrase
“good figure.” How can we know which

o 3 J O

b

0 &amp; 5 ~ - C

&amp;

%

e
fy ou
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ANNAN TATA
T1111 ~~

A

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 &amp;, with
proximity equal, the rows are perceived as

horizontal, owing to grouping by Smiarky. In¢, the principle of good continuation results in

sceing the upper figure as made up of the two

parts shown to the left below, even though
ogically it might just as well be composed of

the two parts shown to the right below, or in-
decd of any number of other combinations of
two or more parts. (Adapted from Wertheimer,
1923.)
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BOX 21

How to Mecasure “Goodness”

Attneave has made an ingenious experi-
mental attack on the problen: of measuring
the “goodness” of a figure. The subject is
given a sheet of graph paper composed of
4,000 tiny squares (so 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).
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Without knowing what the completed
figure will be, the subject starts by guessing
the square in the lower left corner. When
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, Arttneave’s subjects made
only 15 to 20 wrong guesses for the cntire
figure. How was this possible? The answer
is that the figure was deliberately 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 figure. This was accomplished by
making all the white squares contiguous
with one another, and similarly the black
and the gray squares. Morcover. the con-

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.)

tours separating the white, black, and gray
areas are 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 continues to guess
white, and he is correct until he hits the
gray contour at the zoth column. Afrer one
or two errors, he then continues to guess

gray. On the next row above, he tends to
repeat the pattern of the first.

All these factors of compactness, symme-
try, good continuation, ctc., are aspects of
what is implied by a “good figure.” Thus an
objective measure of the “goodness” of a
figure is the case with which the subject
can predict its total form from minimal
information about a part.

Other figures can be similarly tested. For
example, figure &amp; 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, But it
docs demonstrate that there are ways in
which “goodness” can be objectively deter-
mined.
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ATTNEAVE, F. 1954. Some informational aspects of
visual perception. Psychol. Rev.. 61. 183-9?

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 difficulty
stems from the fact of individual differ-

cnces 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

1.1u.slon \il-'i-zhon\ n [ME, fr. MF, Ir. LL illusion-, illusbo,
L, action of mocking, fi illusus, pp. ol illu-
dere to mock at, fr. in. + ludere to play,
mock — more at LUPKROUS] 1 a obs
» the action of deceiving b (1) 3 the state or
fact of being intellectually deceived or misled
+ MISAPPREHENSION (2) : an instance of such
deception 2 &amp; (1) ¢ a misleading image
presented to the vision (2) ¢ something that
deceives or misleads intellectually b (1) ¢ per
ception of something objectively existing
in such a way as to cause misinterpretation
of its actual nature (2) : HALLUCINATION §
(3) : a pattern capable of reversible per:
spective 3: a fine plain transparent bob-
binet or tulle usu. ade of silk and used for
veils, trimmings, and dress2s Syn sce DELU-
SION — il.lu.sion.at \- uzh-nal, -on-’1\
adj — fl.1lu-sion.ary \il-‘ii-zha-,ner€\ adj x,

optical Hlusions: fig.
A. a ecquals &amp; in
length; fig. B: eithet
side a or side b may
appear nearcr the ob-
server; fig. C. o may
be regarded as cither
the near or the fat
corner of the block

Given the nature of SEE, we will restrict the meaning of 'optical

11lusion' to illusions formed by solids, that 1s, 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)

i8 not considered.

Three kinds of ilinslong According to this, we may elementarily

classify the '"scenes that are unlikely to occur' (that 1s, those

that are not "standard" or '"'mormal'") in three types:

Possible but no 'good'" interpretation.

Ambiguous =- several good interpretations.

Impossible: 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) is 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' AE, 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 1nost objects obey. Nevertheless, it

L  gy KE



is possible to have 'real" three dimensional objects that, when pho-

tographed, will give rise to these scenes. Example: Penrose's Triangle.

Jver a small region the figure looks normal; the figure

makes sense locally. But when we want to incorporate that

region in a global picture, conflicts arise. 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 exploited this psycho-

logical human property.

Figure 15. Another * impossible object”. This triangle cannot exist. (From
Penrose, L. S. and Penrose, R. (1958). Brit. J. Psychol., 49, 31.)

‘caption bv Gregory {1966}).

izure 'PENROSE TRIANGLE'. "IMPOSSIBLE TRIANGLE"

“‘rst caption is wrong: there are at least two ways to construct
.- -%isct that when photographed from certain direction, {it will pro
... =rig izaze. One is explained by Gregory in the next page; his

fect follows quite pepular rules and its extrems do not close; other
 so, trig sre with a triangle where each gide touches the other two
2 +-z% ¢t-o eytremg close) is to use curved edges, vhich nevertheless

 oll .-v straight from certain direction. See also Metatheorem in
...39.section "The concept of a bodv.'



VCTE ATL IMPOSSTRLE TRIANGLE was constracted by the author and his colleagies,

ihe only pepurrement sx that it be viewed with one eve or photographed from exactly

hie right position. The top photograph shows that two arms do not actually meet, WN hen
viewed Mm a certain way bottoms, thes =cut to come together and the illasion i complete, (From (rego
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One of the stroag rules used by humans is that objects whose pic-

tures show straight (ines have indeed straight edges; other strong

rule is to assume the corners to be like the corners of a cube (faces

meeting at right angles) Q . Under these rules, the above triangle

does not make sense aad people will classify it as an "irpossible

object ( 'yARIANT'will be an "impossible" object; Penrose's Triangle

will be "3 sticks 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 &amp;

picture from a special direction, so that the free ends a and Db

seem to touch:

A

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.

7
Figure 'B L A C K'

People assume that faces meet
right angles, and this object

violates that rule, making it
"impossible" or odd-looking.

at



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 assune all

faces to be flat. If face aeb

is curved, object is plausible

R is its reflection on mirror

M, and (R an smoother version

of R. (} looks '"mormal''; by

deforming RR 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.

 &gt;

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 5! , 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.

maa.
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Figure
'STATIRCASE'

Pan

Figure 14.
' Impossible

Object.” This can be
drawn, but it corresponds
to no possible physical object.
(From Penrose, L. S. and Penrose,
R. (1958). Brit. J. Psychol., 49, 31.)

(caption by Gregory)

I
»

4 gt”

et

yr

The "always descen?ing staircase." {Gregory, in {Fogs}}
The caption is wrong, this object could be constructed in*real world.

1f some surfaces are curved and/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 29 . Again, the '"impo-

gsibility" 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

MBICOOYS ~ TH) 6000 INTRRPRETATIONG 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

Tell

that can be interpreted as

I OE
Be:



A,

3T  | =

8

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,

 4 il “ / &amp;

Sometimes, the conservatism of SEE and its partial

fnsufficiency to make very global judgements will leave a body

unconnected; for instance, the three faces of one cube below will

be reported each one as a separate object, due to insufficient

links.

1 Q7



IAL i£ i”

IMPOSSIBLE: WITHOUT INTERPRETATION

bY
©

Ce)

&amp;
\

Images that can not be product

Ss
NO

MeoN

2

~

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 it.

=
&lt;

In figures like the above one, men are unaware of the extension

of the background, and =) makes sense even if B 1s back-

ground. SEE 1s unable to make this mistake, and its analysis of

the scene will reflect the fact: the preprocessor will complain that

one region, 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

else) gives, it 1s wrong.

Nevertheless, according to our meta.theorem (page32), 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

illegal scene.
Wg



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 so lution obtained by SEE (figures 'Penrose Triangle', 'Black',

'Staircase', 'CONTRADICTORY').

8 3 i 4

f
oJ

mm -&gt; ¢ 3

~
y

Figure 'CONTRADICTORY'

One object is 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 '"'not making 3~dim sense": an human
optical illusion. 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

{nsures 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.

1G



Heoptical illusions 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 sald '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 illusions. Indeed, that is what

is tried in figures 'Black', 'Penrose Triangle', etc. Different

people may show different degrees of (H.optical) illusion before

training and after training (see Box). This training is possible

(see Box).

In other words, if SEE 1s 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 is 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.

A program to discover h-optical 11lusions 1% ts wowsthle to snble

SEE to detect these hoptical illusions, so that it will classify the legal

scenes into "possible" or "hoptical illusions."

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, as in the background case, it is not essential now for our

vision=robot work.

\ SUGGESTION

*
Strictly, there 1s a third possibility: both are wrong.

00



BOX

There is generally a wealth of available information—though none entirely
reliable—for settling the size and distance of external objects, with sufficient
precision for normal use. As is well known, the visual system makes 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 nineteenth century

by the great von Hzlmholtz (1925), who fully realised their importance, and
they have been the subject of many investigations since, especiilly 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
svidence—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 placed
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 there 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 scc the
objects in it correctly in distance and size. This is a matter of very real
importance. It shows that when we arc 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 Michiel?

201



A possible way to attack the problem &amp;$

(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.

Introduce a 'conditional' link: regions :1 and :2 belong to

the same body if region :3 does not. An OR link is aow possi

ble by use of the conditional, since a =b ‘=: 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:

:1 = :2 OR :3 = :5

23#1:2= :1=:4
|  MH

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.

More than one solution is fond consistent with our eauations.

ppt
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All are reporte«. This is the case "Ambiguous -- several good

interpretations.”

No solution is found. This is a genuine hoptical illusion,

corresponding to a contradiction in the equations. For instance, ir
fig. "CONTRADICTORY', equations set by the T-joints between :2 and
*3 would be inconsistent with those set by the Arrows and Forks.

iow. Lo see equations (F) 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 = :b),

(:3 = :2),

(:4)

which is consistent with (E).

[n 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.

Since all equations are of the type :2 = :3, the solu-

tion is obtained by applying transitivity, that is,

l=2

33 TP {l=2=

Except that we require two antecedents for application

of transitivity (two strong links):

1 =2

2 =1 (1-2
= 1=3

1=23

2 = 3 2=3

2

LW)



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 = 3

and to form nuclei®@ith 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 © #7 OR 4 =061"

we try each branch of the OR in turn, rejecting those who conduce to

no solution (this may pe pretty combinatorial, too).

Perhaps it is possible to use more Logic here -- some sort of

theorem proving,

Qoaclugions end conjectures rhe 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

inconsistency ("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 {s (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 partis’lvoccluded bodies.

&gt; 1 vA



As a future work, I would like to propose a program that matches

models to bodies in scenes using both general rules [succaarmcs

a la SEE and particular information in the model g la ~~ =

DT, jumping back and forth among the DI 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
"~lear": "TRIAL

Scenes

\ unfamiliar

\

possible but no ''good" interpretation
(some h-optical illusions). '"odd-
looking" scenes: 'VARIANT'

Ambiguous. Several good interpretations.
(example: at bottom of page ).

some h-optical illu
sions (bottom of
page ).

no illusion- a

impossible -

without inter-

pretation
(illegal scenes)

(

!

1
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ON NOISY INPUT

The performance of our programs is analyzed when the data has

imperfections consisting of (1) misplaced vertices, (2) missing

edges, (3) spurious extra lines, (4) missing faces, (5) two vertices

merged.

The section 'Anslvsis of Many Scenes' contains results of SEE

when apvrlied to imperfect scenes.

Summary 1p ig 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 tha link

misplacements are not enough to cause erroneous identification.

But mistakes are made.

Here 1s 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 scene 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.

Additional lines, like the ones caused by edges of shadows, are not

easily 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, 1L9T),

.
A
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the remaining part of the body gets correctly identified.

DBTAINING THE DATA

The scenes analyzed by our program in this thesis were obtained

by one of two methods:

By free drawing 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 {is 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

corners of a cube),"Ohith convex objects. Neither the drawings nor

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-dimensio

nal scenes-

No support hypothesis is needed: if necessary, the objects could

be floating in a transparent fluid of their same density.

By f9nstruction 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 first few

pictures of this thesis) in different positions and combinations,

three-dimensional scenes were created (see figure 'TEST OBJECTS').

With high contrast film .K pictures were taken, slightly under-exposed

so as to render black everything but the lines. Diffuse illumination

eliminated shadows [Great help was received in the pictorial task

 FF or2



Figure 'TEST OBJECTS'

Some of the objects used tc
&gt;roduce many of the scenes
for our programs. Objects about
half real Size.

NJ
o
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Fisure 'TEST OBJECTS' (Cont.)

Some bodies analyzed by SEE.
The arrow indicates a body tnat

produces an optical ilusion. It
1Q anfamiliar, but res
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O
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from Messrs. William H. Henneman, Devendra D. Mehta and David Waltz,

and is here acknowledged]. The photographs were taken with a depression

angle from 45° to 90° (that is, looking down), 50 mm focal length

lens, 35 mm camera (standard equipment).

The size of the prints is approx. 87 by 11 inches (21.5 by 28 cm)

If some lines were not clear, they were retouched with white ink.

If some lines weremissing, they were NOT added.
The pictures have names like L2 or R3, a letter and a digit.

Most of them are stereographic pairs, taken with both cameras having

parallel optical axes, and the sensitive film on the same plane.

SEE only analyzes one scene at the time, so the left picture is not

consulted when SEE analyzes the right picture, and viceversa.

A transparent millimetric mesh is laid on top of the prints,

and the coordinates are read by eye and put by hand in the 'Input

Format' form. The thickness of each line is about 1 mm (see figure

‘TEST OBJECTS'); typically, the size of a scene is 10 or 15 cm: a

minimum error of + 1 per cent in the coordinates of a vertex is al-

ready present. The slopes and directions of short segments suffer.

naturally, much greater errors. Also, if two vertices are too close

together (about two millimeters) they are merged and codified as one.

We are simulating the kind of mistakes that are likely to occur.

Also, some bias is introduced, no doubt by the human operators.

[By reading the coordinates in most of the scenes, immense help was

given by Miss Cornelia A. Sullivan and Mr. Devendra D. Mehta; the

author acknowledges it.]

Irrespective of the generation method, the scenes that appear in

this thesis were drawn in their final form by the PDP-6 computer

through a Calcomp plotter, and then inked and finished by hand .

Thus, it is possible to perceive in many of them the imperfections

of the data that SEE had to analvze.
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MISPLACED VERTICES

The coordinates »f a vertex may contain a small errcr or 'noise’

dow does this affect ihe type of a vertex? Does the type change?

Not affected

FORK. Not affected
y

ARROW

A

r

Lal Not gffected

Transforms into MULTI.

Transforms into MULTI.

Transforms into ARROW

I

Transforms into FORK.

PEAK.

MULTI.

Not gffected.

Not affected.

Many types are unaffected. Type K vertices transform into

MULTI, but since K's are seldom used by SEE, this is no big loss.

X's transform into MULTIs, and we lose two links here, which

makes SEE to behave more conservatively. Also GOODT gets affected

(not much).

The serious change are the T's that get transformed into ARROWs

or FORKs, when these T's are matching T's. Because they are used

for linking otherwise disconnected pieces of a body, their loss

generally implies the partition of a body into two. See figure

"DISCONNECTED' .
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(a)
nit

Figure 'DISCONNECTED'

The T's under discussion are marked by
small circles ( ® ). In (a), the mis-
classification of these T's into Arrows
or Forks does not break the occluded

body, who retains its unity thanks to
tle. In (b), the same missclassification
does break the occluded body, reporting
two objects instead of one, a possible
but less desirable answer. If the T's

are not matching T's, as in (c), their
mis*classification does not matter

The loss of matching T's makes the program to be more conserva-

tive in some cages. In som DESIRABILITY CRITERION.

sense (see 'Desirability (1) We would like a SEE that never makes

Criterion') this is tolera mistakes. Sincethis is not possible
bl then

€. We would like it to make mistakes of

only one kind, either joins two
bodies that should be left separated
(intrepid, cavalier behavior), or
leaves unattached two nuclei that

should be reported as a single ob-
ject (conservative behavior).
Among the two, we prefer a conserva-
tive SEE, because its errors will
be easier to correct (cf. Stereo

Parcentinn) A

The T's should not originate -
the reporting of :1-2-3 as
part of one bodv

= 4

\
Each T, when perturbed, will go to one of these states: (N) normal,

 te 2 becomingunperturbed; (L) "left", E, moves towards E&gt;» Se
4 a FORK, or (R) "right', when E, moves away

AT A
1).



from Eq, el, becoming an Arrow.
For three T's of an occluded body, 33 = 27 states are possible.

They are shown in next page, in table 'THREE Ts'

How many of these 27 states will produce

mis-links joining 1 with 3 or 2 with 3

or 1 with 4 or 2 with 4 (none of the four

regions 1s necessarily background) ?

&gt;

1

_4

21

None -

The reason is that (see description of NOSABO) a T or an Arrow

or an L inhibit the link shown below,

so that (a) An arrow in position (I) [or (III)] suggests linking 1

with 4. This link is inhibited by the L at IV [or VI].

Example: Figure R L L in Table 'THREE Ts'. (P25¢ 24).

(b) A Fork in position (I) [or (III)] suggests

(1) linking 1 with 3. Inhibited because of the T or

arrow in vertex II.

(11) linking 1 with 4. Inhibited because of the L in IV.

(1i1) linking 4 with 3. Depends on outside considerations.

Discussed below.

Example: L R L.

(¢) An Arrow in position (II) suggests linking 1 with 2.

Inhibited or allowed according to vertex V. Example: RRL.

(d) A Fork in position (II) suggests

(1) linking 1 with 3. Link inhibited by the T or arrow

of I.

(ii) linking 2 with 3. Inhibited by the T or arrow in III

(1ii) linking 1 with 2. Inhibited or allowed according to

vertex V.

Example: R L N.

Thus, no link is possible, even under these "noisy" circumstances,

between 1 and 3 or 2and 3 or 1 and 4 or 2 with 4. That is,

the 27 cases of table 'THREE Ts' are treated correctly.
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A possibility of bad linking exists between 4 and 3 in this

case, if two T's convert into forks and "help each other"
——

 eeen

Two links originate
the joining of 4
and 3.

—

Rather than to get involved in this sub-problem, we will point

out two solution to the misplaced vertices: (l) by allowing some

tolerance in 'parallel' and 'collinear'; (2) by 'straightening out

crooked or twisted segments. We explain.

Equalwwithinepsilonepsilon(definition)aisequal within epsilon to
€

written a =b, 1ff |a - b| &lt; |€l. Generally, € &gt; 0.

or

Tolerances in collinearity and parallelism Two lines are parallel if

the sine of the angle formed by them is smaller than SINTO. (sine 220)

Currently, SINTO = 0.15

Lines ab and bc are colinear if

length ab + length bc == length ac. Currently, COLTO = 0.05

We have implemented these definitions. Better definitions exist.

These definitions allow most small inaccuracies in the coordinates

of vertices to pass unnoticed. Although they are giving reasonable

service, they are only temporary, since by relaxing too much the

criterion for parallelism and collinearity, strange things could

happen (fig. 'CROSSED').
J

~
pi,

C

i
Fig. '"CROSSED'

A too lenient definition of parallel
and collinear could give the follo-
wing matching T's: a tod, b to f
c to e.

See also on section 'Analysis of manv scenes' comments to L9 and R9T.
(FR 152. 156).

J



Straighteningtwisted Segments The definitive cure is simple:
reassign the slope of bc to be that of ad, if bc is small, ad large

~

and the angles at b and ¢ are cloge to 180°. See also comments to

figure R17 . This has not been implemented. In this way, all cases of

table "THREE Ts' will be solved. See also comments to scene R&amp;4.

Probably the preprocessor will automatically take care of this

rectification, since it may prefer to give a long segment ad ins-

tead of three almost colinear shorter segments ab, bec, cd.

Since the straightening of a segment replaces some known verti

ces (which we suppose inaccurate) by other idealized vertices, we

may be introducing uncertainty, in the form of non verified hypothe-

ses. to our data. The object in the scene could really be "crooked"

or twisted. 4

ANNI

Fig. 'TWISTED'

The object to the left is really bent as shown.
If we idealize it as in the right, we are falsi
fying the information about it.

By replacing it by an idealized version, we may be creating

problems for its identification, when we want to assign a name to it

But notice that the 'unbent' version or idealization is handier for

SEE.

Lfthe information is verybad3sverybasThrowitawayandreadthe scene
again. A simile indicates that the issue becomes one of allocation

of resources: if you receive a written message containing a few

wrong characters and missing words, you may use your brains and time

2716.



to deduce the omited portions (by employing the redundancy, for ins-

tance). If the dispatch is very garbled, you may as well request

a new one.

Su Y It is known how to handle small inaccuracies in the position

of the vertices.

MISSING EDGES

From time to time, and edge will fail to show up in the scene,
be

and the questions are (1) how much harm will produced, and (2) how can

we detect and correct the anomaly. An example appears in page

Illegal Scenes Lines that end abruptly produce illegal nputs

suggesting that segments are missing.

X=
g

—

Fig. 'ILLEGAL' (b)

In (a), a vertex has one edge.
In (b), the network can be separated by erasing
just one edge.
Both are illegal scenes, indicating missing or
extra lines.

Also (Figure 'ILLEGAL', (b)) a region can not be a neighbor of

itself -- another irregularity that points to defficient data. Cf.

comments to scene R3. (y»*3¢ 13),

These constraints can be nicely exploited by a preprocessor.

Line proposer snd lise verifiar A line proposer is a program that

suggests places where a line can be missing; a line verifier is es-

sentially a precise (and slow?) line finder that searches a line in

only a small portion of the scene, as told bv the line proposer.

Jig



In the body of this tection we will develop several heuristics for

use in a line proposer. The verifier is not discussed.

Mun! $ line PTOPOSET an algorithm has been designed by Manuel Blum

{1968}. that will detcct many places where lines are possibly missing

It suspects concave regions. An angle bigger than 180° originates a

search for the omited line in directions parallel to the neighbor

Figure 'B L U M'

Region 12 is suspected to contain undetected lines,
because it is concave. Vertex v is chosen becau-

se its internal angle is bigger than 180 degrees.
From it, Blum's proposer will suggest to the line
verifier to look for lines in directions VA' and

VB' (broken lines), parallel to the neighbor edges
A and B. It also searches (dotted lines) along
the continuation to lines C and D.

edges (fig. 'BLUM'). It also originates searches along its own

edges. In other conditions, a vertical line is searched.

No harm is done by a bad proposer. Only some time is wasted.

Sterna Sages If a missing line is totally internal to a body, and

is not detected by the line proposer, its absence will at most cause

conservative ¥ehavior in SEE. In some cases their absence does not

confuse SEE (figure 'MISSING').

The majority of internal edges cause concave regions to appear

(fig. '"BLUM'). They will be detected by a line proposer.

718.
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Fig. '"M I SS IN G'
a

Cases where the disappearance of an internal
line (dotted) does not separate the body.

In (a), the object separates into two.
This case is recognized by Blum's heuristics.
Else, SEE could check for this configuration
as a special case.

Piternsl odges Edges that separate two bodies are called external.

If undetected, their disappearance will cause 'intrepid' errors by

SEE, which are undesirable (see 'Desirability criterion'). Two cases

result: (1) Only part of the edge disappears; there is possibility

of correction. (2) The whole edge is both external and missing (and

the scene is still 'legal')s: a mistake will occur. See figure

‘External Edges'.

Case (1) Only part of an external edge disappears. It can be

detected because %

(a) a concave region is generated, and —
(b) the region has internal angles big

ger than 180° where a line "goes

through''s ab is colinear with cd.

Z 4 2-~
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Figure 'EXTERNAL EDGES'

A segment separating two bodies may disappear.
(1) If that segment 1s part of a larger segment,
it is possible to sense and correct the anomaly.
(2) If a whole external edge is missing, its
absence remains undetected, inducing a mistake
in SEE. In (i) an external edge disappears, anc
creates an illegal figure.

Case (2) The complete edge is missing. Then (b) of case 1 fails

and detection is difficult.

SPURIOUS EXTRA LINES

By them are meant lines that ''should not be there", such as those

caused by edges of shadows.

edi
Fig. 'LIGHT AND SHADOW'

Each body becomes two; each one is recognized
independently by SEE. Four bodies are found.

19ND



Shadows of rectilinear objects travel in planes that (in theory)

part an object in two: the illuminated part, and the dark one. Each

is a separate object by itself, according to our definition (see 'Se-

veral definitions of a body'), since they have plane boundaries.

SEE should recognize them.

In practice, we have not tried our program with scenes having

lines produced by shadows. A conservative behavior, like in figure

"LIGHT AND SHADOW' is expected.

Some shadows gradually diffuse; multiple lights cause multiple

shadows. These problems may have to be solved by assuming or compu-

ting the direction or position of the light sources.

MERGED VERTICES

Two vertices fused in one will produce diminution in the num-

ber of useful links they report, since the resulting vertex will

be of type MULTI. Thus, conservative behavior is expected from SEE

in these cases (see Fig. L19, L17T, RI?, L4, etc. The program does

well in them, when not too many coincidences are present).

It is possible to analyze the vertices of type | SUGGESTION .

MULTI and try to decompose them in simpler types (compare figure

R19 with WRIST*). Read comments to R19 and L19.

CONCLUSION

On scenes obtained from "real world' data, inaccuracies are

expected, and it is required of SEE to work well despite them.

Currently, the behavior of the program in these cases is not

discouraging, but is not extremely satisfactory, either. The

additional work needed depends heavily on obtaining genuine

test data, instead of the faked data used in the experiments

described.

NY
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BACKGROUND DISCRIMINATION BY COMPUTER

A program determines the regions that belong to the background

of a given scene; that is, the regions that are mot members of any

of the bodies. Examples are given.

Nesd The program SEE requires to know which regions of the scene

belong to the background (cf. 'SEE, a program that finds bodies in

a scene'). At present, this information is supplied bv the user,

as described in sectioms 'Internal format' (page (¢ ) and 'Input

Format' (page 63 ) of a scene.

In the current vision experiments, it is not difficult to

determine the regions that form the background, since they are always

black and homogeneous (see first few pictures in this thl=2sis). But

in more realistic scenes, there will be a great demand for a background

finding program.

Therefore, it is interesting to try to
develop a program to separate the ''ground"
in the back from the objects in the
"foreground", having a limited information
consisting of the scene as described in
section 'Internal Format'. namely, vertices
and edges.

That is, we will use in this task only

"oeometric'' properties.

Such program has been written, and works automatically under

the command of PREPARA, the function that converts a scene from its

"Input Format' to its 'Internal Format'. When the regions forming

the background are not supplied, PREPARA activates our program,

named BACKGROUND, and these regions are searched for; otherwise.

SEE is supplied with the background regions as declared in 'Input

Format'

)DYD



Example. Scene ‘'HARD'. The results obtained are

(SUSPICILUS ARS ill
iHE BACAGRIUNY Or

(3a 830 $49)
(s34 230 sU%H)

lan] 0

~L

ol

”

fi
\!\/

Three regions are found to be part of the background: :34, :36,

and :35. That is correct.

We now proceed to describe the subroutines that make such

{identification possible.

Buspicious In a first pass, we collect the regions that ''may be

background, and call them "suspicious regions'. Regions that are

not suspicious are LIMPIO (clean).

Ideally, if a region :R contains L's, FORKs, ARROWs or T's in

the position below, it is not a part of the background.

[

( [) (x11) (1v)
FIGURE 'BACKGROUND'

In an idealized situation, :R can not be part of the
background: it is clean, or free of suspiciousness.
tR will be called 'LIMPIO' (clean).

)) 4



(I) means that the background [almost] never is the internal

part of an 'L' (the region containing the angle smaller than

180 degrees).

(II) means that the background does not contain FORKs.

(I11) means that the background is not in the "inside" of an ARROW

(the background is not a 'proper‘arrow').

(IV) means that the background can not be the flat region of a 'T':

this in turn means that a body can not disappear under the back

ground and then reappear at some other point:

£ = al

:3 is not the background

We reinterprete rules (I)-(IV) as follows:

(I) A region "inside" an L is LIMPIO (clean).

(II) A region containing a fork is LIMPIO.

(III) A region "inside" an arrow is LIMPIO.

(IV) A region "on the flat side" of a T 1s LIMPIO.

Clean Vertex (definition). A vertex is clean with respect to a re-

gion if it indicates, through rules I-IV, that such region is LIMPIO

For instance, K 18 clean for :1 and for :2,

since (III) indicates that :1 and :2 are LIM-

PIO. K 1s not clean for :3.

3 Lv

These heuristics are not 100 per cent infallible; also, in a

moderately complicated scene, coincidences of vertices are bound to

occur, originating violations to I-IV. For instance, in figure CORN,

vertex UU is a Fork belonging to the background, in contradiction

with (II).

J. + el



For completeness, we present a violation to each one of rules I-IV:

1)
|

1

 _—

(111) (1V)
fom

—

FIGURE 'VIOLATIONS'

:1 is the background. In ali four cases,
vertex V violates rule specified at the
bottom of figure. They are rare cases.
The situation indicates that rules I-IV

provide noisy information, which has to
be dealt with carefully. That is what itis done

The vertices of each region are analyzed under rules (1)-(IV).

To allow for coincidences of vertices and rare cases (like those in

figure 'VIOLATIONS'), it is permitted for a suspicious region to

have a small number of clean vertices.

The number of clean vertices is compared with a quantity that

is a small fraction of L (the number of vertices on the boundary);

currently, that fraction is L/9.

If the number of clean vertices, that is, vertices satisfying

I-IV is bigger than L/9, we call that region LIMPIO (''clean')

In addition, (a) If L is large (bigger than 25, currently),

that region is BIGFACE, such as :21 of

scene L19;

(b) Otherwise, is only LIMPIO (normal case).

== If it is not bigger than L/9, then it is SUSPICIOUS. Also.

(a) If L is large (bigger than 25), the region

18 BACKGROUND,

Sp

(p) Otherwise is only SUSPICIOUS (normal case).

198



That is, a region LIMPIO has to have at least

1 + [one vertex of each nine]

"clean" vertices.

Example. Region :3 has four 'clean

vertices (four vertices indicate that :3

is LIMPIO) --- It can not be SUSPICIOUS.

a

®A

=
—_—

=
—
—
—
r—

—
—
=

=
—

x

 \r

at)
vor’ ppl

Figure "EQUILIBRIUM !

(This scene is correctly analyzed by SEE)
All the three vertices of :1 are not clean:
:1 will become Suspicious (a candidate for
background). Five of the seven vertices of
:2 are clean, so :2 is LIMPIO. Note that
vertex C' is clean for :2 and not clean
for 1.

For example, when we apply the function SUSPICIOUS (see listings)

to every region of scene SPREAD, the suspicious regions turn out to be

Suspicious only: 35 1:18 34 3:2 3 :12 :11 :33 1:37

147 48 46.

Background: :48.

Jumma. By analysis of its vertices, each region 1s either LIMPIO or

SUSPICIOUS. The suspicious regions with more than 25 vertices are

classified right away as BACKGROUND: a suspicious region with many

edges is probably background.

The selection is done entirely using "local properties: a

region is classified according to information supplied exclusively

by its own vertices.

L 4."
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FIGURE 'S PRE AD!

Each region is classified as LIMPIO,
SUSPICIOUS or BACKGROUND.

diore Blobaldndicatiens Our goal is to decide which of the suspi-

cious regions are LIMPIO, and which ones are BACKGROUND.

 omoy

n

Since two background regions can not be contiguous ( the back-

ground can not be neighbor of itself), suspicious regions that

are contiguous with the background are cleaned and put {in the

LIMPIO status.

In our example, 148 is background and therefore its sus-

picious neighbor :18 gets cleaned and becomes LIMPIO.

Links are established through the matching T's. We call them

b*links.

Ideally, a suspicious regionblinked to a LIMPIO region

gets cleaned, a suspicious regionblinked to the background gets

converted to background too

 rs 2 7



(i; ROUND Idealizing, suspicious region
becomes LIMPIO, and suspicious
region :2 becomes background.
A more complicated procedure is
actually used.

»
5 ]

rip€

In practice, we ailow for small errors as follows:

For each suspicious region, we notice if it is b‘linked

to background (BA), suspicious (SO), or Limpio (LI).

BA == == 1f it ishlinked to background regions, we

change it to Background, except if it has a
background as neighbor, in which case we do

nothing and continue.

If notblinked to background, butblinked both
to Suspicious and Limpio regions,

(1) If LI &lt; SO, continue, do nothing.
(2) If LI &gt; SO, classify this 1egion as

limpio (LI is the number
of LIMPIO regions b-linked
to the current region un=-

der consideration).

If blinked only to suspicious, continue, do
nothing.

If blinked only to Limpio, change it to Limpio.
Note: Sometimes I write Limpio, sometimes LIMPIO,
they mean the same.

) OO ( If notdlinked, continue, do nothing.

We keep applying these rules until no change is observed. In

this way, we have elliminated several suspicious regions.

In SPREAD, the suspicious regions were 35, 18, 34, 2, 3,

12, 11, 33, 37, 47, 48, 46. 1:48 is known to be the background

(that was done in page 22¢), so is no longer suspicious. :18

is a neighbor of the background (:48), and got cleaned in the

page before this one.

t11 isblinked with the LIMPIO :9 and with the suspicious :3

Therefore, :11 changes to LIMPIO.

t3 ig blinked with the Limpio :11, so the suspicious :3 be-

comes Limpio.

+12 1sblinked to the L.mnic

- = 3

10. and cetg cleaned.

 7 La



146 1s b-linked to the background :48, and gets made

background, since :46 is not, at this moment, neighbor of

background.

234 isblinked to the background :48, and gets made

background, since :34 is not neighbor of background.

1:37 is blinked to the LIMPIO region :4, and transforms

into LIMPIO.

135 isblinked to the region :34, which is background,

so that the suspicious region :35 becomes background instead lis

12 1s a suspicious regionblinked to the region :35, which

is part of the background. According to our rules, :2 becomes

part of the background. :zis abo blinked &amp; the background 48.

At the end, only regions :33 and :47 remain suspicious:

(SUSPICIOUS ARE (:33 :47))

We collect all these 'stubborn' suspicious regions and label

them background, except those which are neighbors of background.

A better procedure may be to make the exception in {socomErIcR |
those regions that are neighbors of suspicious re-

gions, That is, two neighboring suspicious regions prevent

each other from becoming background. I have not explored

this possibility.

In the example SPREAD, :33 and :47 are made background.

“J

- If no region is background at this point, make one of the '"big-

faces" background. There is room here for improvement.

If no background yet, make background the region with more

vertices. Not yet implemented.

In our example, the (final) background regions are:

:33 47 235 :34 3:12. 148 146,

SUR Tey.

BACKGROUND OF 'SPREAD'

29Q



Other examples of background finding.

Scene CORN

LLeva
Fuur

SLuUreENERATUR
FyPocoeNchkaur
MATES
Ne KE

SEARCHING FOX BACAGROUNDS OF CORN
(SUSPICI0Ue Anz Nip)
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 e222)
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»
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&gt;
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CT.

&amp; 7
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Scene BRIDGE

(330 [IS BIGFACE)
(SUSPICIQUS ARE NLL)

THE BACKULRIUND UF RRILGE [98
(830)
(330)
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S OMSoensYow One mistake (:31) 1s produced here.

LLENA
FUJUP

SLUPGENERAJUR
TYPEGENERAOR
MATES
NEXKTE
SEARCHING FUR RaCruorQunpS uF MOC
(SUSPICIGUS ARE (231)

THE BACKGRIUND QF mOmMO 1S
[s6 231 240)

FIGURE —MOMO.'
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Theproblem is ambiguous Like in the case of body isolation (section
"The Concept of a Body'), the problem of determining the regions that

belong to the background of a scene (regions that belong to no body)

is ambiguous; many solutions are possible, as long as no two back-

ground. regions are contiguous.

 ~ Among the multitude of solutions exists a preferred one, which

is "the" standard (common, familiar) interpretation chosen by people

Our program tries to choose also, among the many sclutions, the

standard one.

Summary A lenient algorithm finds regions (by analyzing the types of

their vertices, and their neighborhood relations) that may possibly

be background, and labels them ''SUSPICIOUS". With the idea of

re-classifying the suspicious regions as 'LIMPIO' (clean, no back-

ground) or 'BACKGROUND', a system of b*links is introduced. These

b:links provide more global information about the scen-=.

Members of the suspicious set are assigned to one of the other

two sets (lmpio “bakgound) while the algorithm tries to minimize the b-links

between Background and Limpio regions.

Gunelusion Fair results are obtained with the algorithm just

described. Sometimes, regions are obtained as Background that

are genuine components of a body ('Limpio') and viceversa.

Refinements are needed, but since in our present vision experi-

ments the background is a homogeneous black area (see first few pic-

tures of this thesis), no emphasis is shown right now.

229



STEREO PERCEPTION

Sm So far we have discussed the identification of objects in a

scene and ignored the problem of locating them in a three-dimensional

space.
There are several ways to achieve this. We will discuss here one

of them: the use of more than one view of the same scene.

A natural first step is to establish the correspondence between

points in the two views; that is, given a point in one scene (left),

to find the corresponding point in the other scene (right). Theorems

S~1 below and S-2 on page

234 express criteria

for this "stereo matching"
If both cameras are identical, their optical

axes parallel and the films or sensiti-
ve surfaces or retinas lie in the same

plane,
then a simple necessary condition for two

image points, one in each retina, to
have come from the same 3-dim point
is that both image points (left and

right) have the same y-coor
dinate,

measured in the direction perpendicu-
lar to the line joining the optical
centers.

SEE can independen-

tly decompose the left

and right scene in the

bodies forming them, leav-

ing as a problem to de-

termine which of the ob-

jects in the right scene

corresponds to an object

in the left scene. This can be done because each object will appear

in both views with the same maximum height and minimum height (highest

and lowest values of the y-coordinate of points belonging to that

object); comparisons are easily made by replacing the objects by

“"intervals'' consisting of these two numbers.

Further disambiguation can be achieved by the use of the function

(WHERE x Y Xe Yo) , which determines the (x, y, z) 3-dim position
of a point of which its two 2-dim locations (Xs Yo) and ©. , Yo)

are known. {Criffith, AI Memo 143}.
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Figure 'P OI NT S!

Given two images of the same scene , before

we can proceed to situate it in 3-dim space,
it is necessary to know which points of the
left scene correspond to points of the right
scene: we have to discover the genuine pairs
in it, a small subset of the cartesian pro-
duct (a, b, c, d) X (e, f, g, h). It is
desirable to have an algorithm that avoids an
exhaustive search on this product.

Genuine Pair (definition). A pair of points (Ps Pp) produced by a
real 3-dim point of the scene in consideration.

Theorem S-2 below gives conditions that a genuine pair must meet

A particularization will produce theorem S-1 above.

| \THEOREM S-2 The left image Pr and the right image Pr of a point P
have associated with them a variable, computable from

(Xs Y.) or from Xp» Ye) , that will acquire the same
value on P and on Pr It is invariant under change

of scene.

For the case where the optical axes are paralle’

this variable is simply the y-coordinate (Y, = Yo) or

height of the image.

For the case where the optical axes meet, this

variable is y, an angle that plane Pp =C=P-Co-Py makes
with [ . the plane containing the optical axes.

Anv monotonic function of y will be just as good.

(cf. fiecure 'GENUINE PAIRS')

From the theorem, the algorithm (referred to in fig. 'POINTS') that

we may use to establish cerrespondence between points in the two

views 1g

sd
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Compare only points with the same
(or the same y-coordinate).

Points with different y can not

come from a genuine pair.

For each body, the knowledge of the 3-dim location of a few of its

vertices will be sufficient to position that body in real space,

achieving in this way the goal of this section.

See Digression 1 in section 'The concept of a bodv'

different approach.

R

=

Figure 'Y- PARAMETRIZATTION

From geometrical considerations and the coordinates of a
point Py, in L, it is possible to attach to the line A-P;
an angle y. Similarly, an angle is obtained for lines of R.
It can now be sald that a genuine pair (Pr, Pr) must

have the same Y's for Py and Pp.
vy is a physical quantity, namely the angle that

the plane passing by the image Pj and the optical
centers C; and Cp makes with the "horizontal" plane [
([ contains the optical axes). Clearly, for Py, and
Pp to be produced by a point P in 3-dim space, the ¥y
of Py must be equal to the y of Pg. This is a necessary
cond tion that is easy to check.

A real point P of the scene produces a left image PL (which has

a certain value of y) and a right image P, with the same value of y

(figure 'y-PARAMETRIZATION').
Thus, given a point in one scene, we
have to search for its genuine pairs
in the other scene among the points
with its same y. They will be found
along an straight line through A or B

Parametrization of the scene is possible not only by using vy;

a monotonic function of y will do.

For computational efficiency, it may be advisable to store the

points of the scenes into arrays according to the value of their v's
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The function LINE maps points of L into lines of R,

An image point P. may have come from different 3-dim points P, P', P",..
all of them situagted in the line of sight of Py. The right images
of P, P', P", ... all fall in a straight line, which 1s the intersection
of the shaded plane [called plane Py =C,-P-Co-Pp in fig. "Genuine Pairs']
and the right retina.
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When the optical axes are parallel tn this case, podnts A and B on

line C=C, (fig. "Genuine Pairs') travel to infinity, and lines P, =A

and BoB become horizontal (parallel to C=C) The situation looks
like

L

iL
ne

LO.

-

"

3

(

4=¢

AC

 »

a

A genuine pair (P_, P_) willL R
have the same y-coordinate for
both of its elements (10.0 in
this case).

So that, given a left image point Pr we have to search only

among the points of R with its same height, to find "the" 0 that

will make a genuine pair (Ps PL).
But several genuine pairs may be found. Because on each hori-

zontal line on R, many points may lie.

JSE OF SEE IN STEREO PERCEPTION

We can use the invariance of the variable described in Theorem

S=2 to locate objects in three dimensional space, from a pair of ste-

reo views (we will suppose parallel axes; other case is similarly

treated), as follows:

(1) Make an analysis of the left scene with SEE, identifying the

bodies.

Id. for right scene.

Reduce each body to an interval formed by two numbers, its

maximum and minimum height, specifying ''closed" if the absolute

extremal of the body is known, '"open'' if mot.

In this way we reduce each scene to a set of intervals (see

figure 'INTERVALS').

) AR



FIGURE 'L 1 7%!

This picture and the one in next
page represent a stereo pair,
taken with cameras having parallel
sptical axes. See fie. TNTERVALS
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Figure 'R 1 3

SEE simplifies stereo perception.
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Each body is reduced
to an 1interval.

(4) Use these intervals to select which left body will go with what

right body. The answer 1s simple (because it is unique) even

in moderately crowded scenes.

It is simple to take into account the fact that an open

end of an interval indicates that the interval can extend

further at such end.

Sources of difficulties are:

(a) Two bodies have the same interval, meaning they have identical

maximum heights and minimum heights. This is possible.

flim

Agua:

Quite easy: reduce some faces to intervals and compare them

(b) A body 1s seen in left scene but not in right scene (figures

L12, R12).

(c) SEE partitions one body in two in one scene, but not in the

other.

The '"oven'" and "close" indications will help here.

Also, remember that we are using, when comparing these intervals.

just a very small part of the total information concerning each body.

When the selection is narrowed down to two or three candidates

["left-body 1 is either right-bodv 2 or right-body 5 '"'], one can use

YO?



(1) the WHERE function of Griffith (op cit),

(2) as in (a) above, the intervals for each face of the

objects, so as to chose as "genuine pair" those two

objects with more agreement in the intervals of their

faces;

(3) perhapsaface of unusual shape is enough for discri-

mination, if it appears both in left and right scenes.

or the number of vertices below the center of gravity,

OY ao.

summary
In summary, | should like to point out that, while much

has been stated within the somewhat constricting frame-
work of this article, much remains to be stated. Certain, but
not all, important classes of presentations have been
treated, and there remain horizons as vet unexplored. Con.
ceivably, the author will attempt, ex nihilo nihil fit, to estab.
lish a more general perspective in the course of a subse-

quent article. (DM. Jones Datawation Nov 68). i

Also, the reader 1s referred to other
articles on the same topic.
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FIGURE "R 1 2"

For the pair L12 - R12, caution
should be exercised, because an

hexagonal prism disappears from
[.L12 and a brick appears in R12?



10 -Scene L10-R10 SEE analyzes independently (pages 115 and I18) the left
and right scenes, obtaining the following bodies:

isQDY 1, IS 35 31 34 312)
{BODY 2, 1S 36 335 37 11}
(30LY 3. 1S 38 39 210 33)
(BODY 4. 1S 382 813)

LEFT SCENE
314)

(L110)

RIGHT SCENE (R10)

(BODY 1, IS X33 435 %86 7%%14)
(BODY 2. IS %213 %31 #%311 %39 X21%)
(BODY J, IS X38 X12 %310)
IBODY 4. IS %24 %287 %212)

For each of the eight bodies, we compute its minimum height and its

maximum height, obtaining the following intervals:

[.10

$5 yi 24 :12 —[66,105)

36 315 37 11 214 ~[79,120]

318 29 810 3 _, [68,152]

$2 13 __. [21,82)

4 N

[67,154]«433 4:5 4:6 %s14

[78,119] %213 421 %s1l %29 %:15

(65,103) «— %28 %22 4310

[22,82) «— %24 %37 %s12

These intervals are compared (left with right), trying to find

pairs with discrepancies between their values tolerably small [if the

interval has an open end, differences can be larger]. For 'L10 - R10'

these are

[66,105) = [65,103)

[79,120] = [78,119]

[68,152] = [67,154]

21,82) = [22,82)

that corresponds to the following identification of bodies:

25 31 $4 212 corresponds to «3:8 %32 4310

316 215 37 $y] $14 corresponds to %2:13 “:\} “311 %29 %:l5S

$8 29 510 33 corresponds to 433 4:5 436 X14

$2 213 corresponds to ¥%24 %37 %s12

Once these correspondences between objects in the two images are

found, the function (WHERE ...) {Griffith} will position these bodies

in three-dimensional space, achieving our goal.

3 7 »
7
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PFPIGURE 'L10~-R10"'
In order to find the three-dimensional position of these bodies in space, we proceed as foll-ws: First, SEE analyzes the left scene, and finds (according to page
125, "RESULTS FOR L10') four bodies: 5-1=4-12, 6=15-7-11-14, 8-9=-10~3, and 2-13, Then, SEE analyzes the right scene (see 'RESULTS POR R10' {n pageil®), and
finds the following four bodies: %$3-%5- %6-%14, %13-811-%1-39-%15, 8-12-5310, and $4-37-f£l12. Then, each one of these bodies is reduced to intervals consis
ting of two numbers (represented by heavy vertical lines in this drawing), the maximum and minfmm height. Left and right intervals are compared and grouped in
pairs consisting of intervals with the least discrepancy in their values at the ends. These pairs indicate the matching or correspondence among bod{es. For this
pair of scenes, the correspondence is: 5-1-4-12 with ¥8-22-710, 6~15-7-11-14 with $13-311-81-29-815, 8-9-10-3 with ©€3-85-86-%14, and 2-13 with 34-17-1712.
Once this correspondence is known. geometric considerations alone {see Griffith, AI Memo 143} permit us to find their three-dimensional positions.
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[LOOKING BEHIND

When I started to work on these problems, the idea was to

describe an object by using a model, and with this model in memory

to search the scene looking for sub-parts of it that would fit the

description.

This work ended (as far as this thesis is concerned) with a

program that finds bodies without having a model of them.

But that is good

Ne did not know at the beginning that this could be done.

[LOOKING AHEAD

a.

b.

DL

d.

oh

£

o.

Suggestions for further work

Comments

Recommendations

Summary
Conclusions

Evaluation

Extensions and Implications

All these matters are

normally encountered
grouped in a chapter
at the end of the work

I can only partially lump all these important matters in one

final section; many times I cite them in context, that is, next tc

the figure or subject that evokes them, or with which they are most

closely related. As a result, they are spread through the body of

this dissertation.

Also %

(1) The box  SUGGESTION appears through this thesis near a

7wht



partially unsolved or partially formulated problem, and/or its

partially outlined or partially new solution.

(2) In page 256 there is a list of such suggestion boxes.

(3) The remaining portion of this section and, in general. the

sections close to the end of this work, abound in statements

of type a.) through (g.).

(4) I have tried to start each section with a brief, and end it with

a summary or conclusion.

’5) The section 'Introduction' (page 10 ) specifies the problems

treated in this thesis, and the section 'Preliminary view of

Scene Analysis' (page |4 ) produces a general view of available

methods.

Yh0



Sengial gosaion To put, remove, etc., links, we

may develop a notation that will look like

(WEEN A (YA) (B:1C :3D :2)
D (R(APF ..)) (A ::3E:4F :2)

I SUGGESTION

THEN

PUT LINK KIND 3 :3

NO LINK tel 32 )

y
5

"When A is a vertex of type 'Y', and
D is a vertex of type 'K', and
A and D are joined as specified

“hen
put a link of kind 3 between region :3 and :4, and
do not put a link between :2 and :1."

The eeneral notation is

(WHEN P E E')

"when predicate P is satisfied, evaluate expression E (execute

E). otherwise execute E' (which may be missing)'.

In this notation, the predicate P corresponds to a geometric

pattern or configuration, and the expressions E and E' to the esta-

blishment or removal of links.

In SEE, this part is handled by LISP functions (hand-coded),

one for each particular heuristic. The suggestion is to develop this

general notation, and an interpreter for it. This will speed up

programming and checking, but will slow down to some extent the

execution.

vgs The main use of the new notation or language is for trying

new heuristics. Actually, it is not difficult to hand-code the

new heuristic in LISP (see function EVERTICES in listings), because

everything reduces to calls to NOSABO, THROUGHTES, GEV, SUME, etc.

I was thinking that a simple MACRO of Lisp could transform from no-

tation (WHEN P E E') to Lisp functional calls.

Since what the notation or language is really doing is expressing

as a linear string a two-dimensional configuration £ . a morc am-

bitious project would be to use the light pen and draw this configuration,
and then have our interpreter or compiler produce the Lisp program.

This may look a little likeABIT-G {Christensent.



Assigning a name to &amp;n object

Problem. SEE has separated a scene into bodies. What are they?

Is there a pyramid among them? Where are the parallelepipeds?

To answer this, information can be supplied to the program, in

the form of a symbolic description or model of the object we are

trying to find. A model is an idealized account of a class of objects

all receiving the same name, like "triangular pyramid" or "house'.

Models may have parameters that acquire values after a given instance

of the model has been found in a scene. Examples are "height" or

"length of bottom side".

Some programs that follow the above procedure to name objects

in a scene are described and discussed in a Master's Thesis {Guzman}

There are difficult problems to be solved if we are to make the

system able to recognize occluded objects in many situations.

One could, of course, bypass SEE and look for particular objects.

as it is done by Polybrick {Hawaii 69}, a program that finds paralle-

Jepipeds.

yy
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Donotuse over-specialized assumptions,Usemoreinformation
trying to solve a problem, people will apply quite different methods

They may also suppose quite different assumptions, some of which

may not hold. Due to particular experience, environment, preferen-

ces, etc., some subjects may be using over-specialized assumptions.

instead of requesting more data, more information to solve the

problem. We may bias our views and risk arriving at conclusions

(of the "common sense" type) which are valid only on restricted

segments of populations, or in particular conditions or situations.

Holes. For instance, if most of the readers of this thesis [technical

specialists, who have learned to read, are interested in graphical

processing and computers, etc; who may not be considered a repre-

sentative cross-section of Homo Sapiens] perceive "objects" a. b

and c¢ of figure 'HOLES' as holes {Winston}, we may be tempted to

conclude that this 1s a general property, and rush to write a

Fig. 'HOLES'
The 4ideéa that objects a, b, c
have to be interpreted by all
men, and hence by a program, as

holes in the larger box, is
dangerous. {cf. AI Memo 163}

subroutine to find such orifices. Perhaps other sectors of our

population would simply say, with respect to a, b, c, of figure

'"HOLES' that "there is not enough information to make a decision"

(see also section 'On optical illusions’). Or they may come with



different answers, using their set of assumptions which may be

different from ours, since their experience 1s different too.

The Ames' Room (see Box, page 20!) and Gregory (see Box) warn us

of this.

Other example of over-specialization yor people familiar with

Descriptive Geometry, it is easy to see that figure 'DESCRIPTIVE' (I)

shows a straight line in the first octant. For them, indeed, it

is easy to visualize this line in three dimensions and have a fairly

good idea of its position and orientation in space, just from

figure (I).

Other persons would need a more conventional figure, such as

figure 'DESCRIPTIVE' (II), to visualize the same line, to get the

same idea.

What happened was that the first group of persons were using

egspecialized knowledge, their eyes were trainec figure (I) was

familiar to them, etc.

x

1) d (LL)
Figure 'DESCRIPTIVE'

fonelumter, Before looking for heuristics and shortcuts, before making

assumptions, deductions, etc., let us be sure that there is enough

data to solve our problem.

JE



Human perceptionversuscomputerperception Given a two-dimensional
line~-drawing of a three-~dimensional scene, the problem of finding

bodies in it is inherently ambiguous: many 3-dim scenes can generate

the same 2-dim scene.

Multiple solutions are possible. More over, the metatheorem

of page 39 guarantees that a solution always exists, and provides

ways to construct it. We call this solution "trivial; in effect it

is trivial to write a computer program that will invariably find it

From the multitude of possible solutions, human beings select

one, which is * different from the trivial, and call it "normal"

or "common' or "standard" or ''reasonable'" interpretation of the

gcene.

Our program SEE also selects one of the many solutions.

How does its selection compare with the human choice?

When the scene 1s ''clear'", in the sense of evoking human

unanimity, SEE will * also select that same answer. Example:

Figure 'TOWER'.

 IF Mk2Sta

As the scene or drawing gets complicated or ambiguous, mortal

behavior deteriorates; opinions split, optical illusions may emerge

(indicating contradictory evidence perceived), several
plausible answers are emited.

The answer of SEE in these cases will * be found among the

humanly plausible selections. In some cases, it may not agree

with the majority.

Finally, people make mistakes. They will see an object that is

not there, or will fail to see an object, or classify it as

"Ympossible'.

SEE also errs Tt sometimes succeeds where people fail,

and more often is the other way around.

x
In an overwhelming majority of cases.

7 J 1



T ABLE "ASSUMPTIONS"

ASSUMPTIONS MADE BY THE PROGRAM

These assumptions have to be obeyed for SEE to give good results:

—Sey

r—

The objects are three-dimensional solids formed by planes (1)

No needles or cardboards allowed.

They produce a two-dimensional image or projection where all

lines are straight (2 .

Faces have no drawings, marks, labels, etc., imprinted on.

=x (Objects do not have holes in them.

L
See section 'On optical illusions' for conditions for partial
lifting of this assumption.

2
See section 'On curved objects' for conditions for partial lifting
of this assumption.

ASSUMPTIONS NOT MADE BY THE PROGRAM

These assumptions are not necessary for the correct functioning of SEE;

it will work well with or without them.

—

«—

Only prisms are allowed.

The scene 1s a parallel projection, or isometric drawing.

The objects are convex.

The model or description of the object has to be known to SEE.

The objects have to appear unoccluded or unobstructed in the view.

The objects have ''weight'" in the vertical direction and will
fall if not supported.

The background is known in advance (See 'On background discrimi-
nation by computer').

{ repeat, these assumptions are NOT obeyed by our program.
WL
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ANNOTATED LISTING OF THE FUNCTIONS USED

You do not have to know these things in order to use SEE (rea-

ding 'How to use the program' in page 7€ is enough) or to understand

what it does (it is explained in 'SEE, a program that fincs bodies in

a scene', page 8%); these things are put here merely for completeness

and to make easier the understanding of the inner workings of SEE.

bh oiecing is a £ommal degcyiption There is a stronger reason,

however. A listing of the programs is a formal description, an

algorithm, an exact statement in a formal language of what we may

have been describing, perhaps inaccurately, in a natural language

(English). It becomes the starting point of serious discussions.

The reader who is skeptical at some point, or did not understand

some English statement, can always clarify his doubts in the listing.

To be understandable, the listing has to have annotations, comments.

A mathematician 1s not forced to explain his work always in na-

tural language, but rather he is allowed to employ abstract notations,

symbolisms, formalizations of his thoughts (indeed, it is preferable

this way). A programmer should not hide his listings (he should not

be forced to re+state his algorithms in natural language exclusively

{ 681) and force his readers to use the ambiguous channels

of his natural language communication.

And this brings another point. Not only a programmer should not

hide the listing (unless there arebugs or incomplete subroutines),

but he should not hide the programs (unless they are banal); by this

I mean honest and reasonable efforts should be made to facilitate fu

ture potential users the access to these programs. Include:

Documentation

Listings, tape or card deck names, etc.

Test data

Printout of an interaction with such test data,

including loading, compilation, execution, results.

Time spent (by machine and by man).

See also R. Kain's letter {C. ACH March 67}.

=
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FREE FILES 16

BACK MACRO
»TECO, OUTPUT
»UF TPE 23DC66
Do 3
SQRY LAP2
LIPS TECO

SUF
"REE FILES 7

RESUL2 558,57
SEECHMP S70LD
BISPLY CUBE?
RESULY 558,57
SEE 1
SEECMP 57 4
RESULY $58,57 1
IXFORM TSCERI 7?
SEE se Je
RESULT $58,53 4
5QRTY LAP2 1
RAC ell !
RESULS 558,57 2
RES4AR CH, WRS |
SEE 59 3¢
RESATR L, HARD &amp;

1%

FREE 8L.OCKS 188
2
)
348
3
1
]

"REE BLOCKS 46
10

FiLE DIRECTORY oF TATE GUZMAN 3

2 3 DICIEMDRAE 1968 Adolfo Guzm4x Arenas
{ irre fomt

 +— This File Contains 6 backup of all the english (As33) les of Tare Guzman F, ag of pec 23, 1963

} rreedaont Cenis tare is chown below

File piRecTory oF TAPE Guzman PF. «— T¢ costains the programs and results.

Results of SEE OA teens L417, L1. AD. LHR, RT, Lr, 00) Data are 4n tapes Gu2rMan ¢ and Guzmad CVT . ne” s X
ofd L19, R40. \ Teh 1e &lt;6

1 aN it zt | 1
= Vis i ~ Scene; or to dr Of the Catconp Clotter. te Sed ef Se 23
Reguits of see applied t Tower, Corn. Herd, West, &lt;h ~~ ptt 6Y
seE 1 is a binary dump of (iP (44 blacks) + All se’ programs To load it: 1B $L Se€ 1D $5 © usethree

One of he hve files needed to craafe SEE. To foad it into LisP: (UREAD ceecmp 59) t@ —- €3 .. ta Disregard « IR»
Recut of SEE apri.ed 6 scenes RQ, RAT, RY, L4O. error’ messades.
Example of ‘Formatof A saw’ or Internal Format of scene R3. es

wad this Eile by (uneAp see /58) t&amp; into LSP , alse load 5qT LAP2 and SEECMP 57 ~{Use abt 3,000
lesults of rcenes B..dge, Spread, LE, Momo, Heme, Wrist, Arch, Then were obtained with 3€6 58 and sreccnP 53 ts of fuliword
If gou do wot Mave a SaaT funchon, (oad this Rie. At the end, say (feMial T) space
Tracing Lise functions.

Results of se&amp; 5% and sce(mP 87 applied 6 scenes sfread, Momo, bridge, tt (er Stacx), corn, heme, Lower
lesults of ARCH and WRIST2. ot
Newest on of SEE as of Dic 23 1148.Cag te om miaL” and “HAD” Al these resuits appear in this thesis in section ‘Aalysis of wang

In the next listing we show the files S€€ 58 and SE€ECHMP 57,
which contain all the functions needed (excert saRT fp crealz SEE

They are written in the LisP programming Language.

TO USE THE PROGRAM,
SEE PAGE 78
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see S%

(S£T6G PRONA (QUITE (SEE /581)) Version number G8.

Ris a regen. (suspicious R) =T ff R i» a candidafi BG be background, otherwise
IDEFPROP SUSPICIOUS (LAMBDA (R) é

(PROG (LS FORKS ARRONS TS KS XS PEAKS MULTIS Va NA L)
(SETG L (LENGTH (SETQ 38 (RET nM KVeKTICES))))
{CUENTA 83) , . + NG -
(COND (SB (GKEAK WITH R LS FORKS ANRORS))) Debugging device: BRAK (5 A funchon on file TRAC 1

SCUND (NA (PRINT (LIST NA ® (QUOTE (ERROR SUSPICIOUS) I)
{(GREATERP

(PLUS (LENGTH (HAVING (FUNCTION (LAMBDA (KR) (EG K (CAADR (GETO XK TYPE))))) LS))
(LENGTH FORKS)
ILENGTH (HAVING (FUNCTION (LAMBDA (K) (NOT (EQ R (CADDDR (CDDDR (CADR (GETG K TYPE)))}))))

: ARROWS))
(LEnLTn (HAVING (FUNCTION (LAMBUA (KIIUNDEL XK K))) TS)))

{GUOTIENT L 9e))

BUSPICIon Linplo) )) To be classified ay Cimpio,
{COND ((GREATERP L 25.) (PUTPRUP R (WwLOTE BACKGROUND) (QUOTE BACKGROUND)))) ams ~ regen ha, G
{PUTPROP R (QUOTE SUSPICIOUS) (GJUOTE SUSPLICIOUS)) hawt abt art 44 [1 veka
(RETURN T) of eadh 9 Juclran’ vertices
LIMPIO
(COND ((GREATERP L 25,) (PuTPROP R (QUOTE BIGFACE) (QUOTE BIGFACE)) (PRINT (QU ((EV R) IS BIGFACE)))))
‘REMPROP R (QUOTE SUSPICIOUS) 8 ;
(RETURN (1))) afacer are Limpio, toe.

 Fe

EXPR)

DEFPROP GLTKBA (LAMBDA (XK)
(GETQ@ K BACKGROUND)

SXPR)

UEFPROP PUBA (LAMBDA (R) Tif R has ne bacgreund neigh brs, marking also R as bacxground
(COND ( (NULL (FHAVING (FUNCTION GETKAA) (GETO R NEIGHBORS))) (PUTPROP R (QUOTE BACKGROUND) (GUOTE BACKGROUND) )) I}

EXPR)

7
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i”
wy

 ny Plo- } ( Fracusround $s) Fe? A Lek Hu rE Grono belongingDLFPROP uUACKXGRQUND (LAMBDA (8S) A= ! of scsns S. t

IPROG (8B U E REGIINS BA SI LI BACKIROUND)
SETG BACKGROUND (WUOTE oaCKGROUND))

CLEAN re &lt; er{CLEAN (GETQ 8 REGIONS) ©ACKGROUND SUSPICIOUS BIGFACE oLiNK) ean FG
START , fhe suafUcioue Le?
1SETW U (HAVING (FUNCTION SUSPICIUUS) (SETQ REGIONS (GET S REGIONS) ))) thal im 4 J Loge Raafr en
CLEAN (SETQ 3 (MAVING (FUNC[ON WETXBA) REGIONS)) SUSSICIOUS) 3 oe fhe Baccaound foes; 149
CUND (dual (BREAK wlTm S U 80) D thr an mA 24
(sele U 177 ‘oi wr ; which are nol rag bhbero 4

(HAVING (FUNCT (ON KeepinU  Lhort opine PF cons Hf ouapiciona(LAMBUA (Rn) beckons; aboelit Lhe remain 7
{COND ({NULL{INTERSELTION © (GETW K NEJGHBORS))) Ti

(1 (KREMPROP K (WUOTE SUSPICIJUS)I) (1)
un

IMAPC (FUNCTION
(LAMBDA (J)

(MAPC (FUNCTION
SLablish blinks (LArBDA (X)
(Socxgrrund Linea) of {COND ( (AND (SETQ 823 (GETW kK NEXTE))

Jnepics two preonds (NOT (EG (PROGR (SUME X EM TEN 7.3) I))
4, {SUME 33 EG ))

hrrvgh {COND (LEQ JIErm 5)) (YLINK J (EG 6,))) (T (BLINK (EM 6.) (EG 5))1))))),

(GETG J KVERTICES)I)
}

(COND (3BAR (BREAK WITH U))) heyy and(LO J tt JE Stop whim € 4 TV: Taw irrsbirat” y
ISETE ET) Set € to itip (ties rest om inner Loop
100 KR

Wovic ew U  ( suspicious) ~
J ay(CDR K) (car kK) in sur wsmend refiom simdir ous

NULL «) ¢ ) at Gmc{CONL ((GET (CAP K) BACKGROUND) (GO SIGUE))) ive fied (car k) ; Ba OtFG
{SET BA (HAVING (FUNCTION GETKBA) (SETU 33 (ETW (CAR K)oLINK))}) 1; are all Togo

[SETW SU (HAVING (FUNCTION (LAMHUA (LI(GETL L (WUUTE (SUSPICIOUS) B33) 30 = susphicious mtspbb
(SETW LI (RAVING (FUNCTION LAM3IA (L} (NULL (GEIL L (GUOTE (SUSPICIOUS BACKGROUND) DIINI) 331) i= w™Plo reighdera
[COND !uBAd (BREAK w]Th (CAR K) nA SO LI) De bugging aud
ICOND (HA (30 dALKGHUUNUI

SO (COND (LT (COND ((LESSP (LENGTH LIJ(LENGTM SU) (GO SIGUE) (T (GO LIMPIGII)) (TF (GO SIGUE)
Ll 160 LIMP1O0))
il (60 PEPLIDOI)) . r ;

BACKGROUND If (car k) dots wat hone sacgramdpapier, nade ( car x.
(COND [(PUBA (CAR K)) (SETW E ())) (T (GO PERUILO))) ‘gn boccgrrund, ad € Bb online; herwniae ethos,
=IMPI0 totine FhrovabE(COND ((REMPROP (CAR K) (WUOTE SUSPICIOUS)) (SEFU E ())9) Cliaw (car &amp;£) and -
SiGUt
PERULDV)) i Eton

2) . ; ARTE(SETG U (MAVING (FUNCTION (LAMBUA (6) (6018 K SUSPICIGUS))) KEGIONS)) Gwitcl durin duefiiious regions

{MAPC (FUNCTION (LAMBDA (4) (PUSA 431) U) a back gpriomd
{SE1d 8 (HAVING (FUNCTION GETRoaA) ®mEGLIONS)) 3 wu fncefwane
1COUND CINULL a) (MAPC (FUNCTIUN I{ ne ba (x ground at this goint, ma one of the big faces to be back ground

(LA¥BLA (R)(CLND ( (AND (GETG K HEGFACE) (Pu3a K)) (REMPROP K (QUOTE BIGFACE})))))
HEWw]l ONS)

(SETY 8 (HAVING (FUNLTION GETKEA) REGIGNS))
[PRINT (QU (SUSPICIOUS Akt (Ev J) i)
[PRINTF (QU (/ / 7 7 o TRE BACKGROUND OF (EV S) 151)
{KETURN (PRINT 8))))

 gy Fi.

» APN

2



NI
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i on. SS: scene pamé
DEFPROP SEE (LAMBDA (S) Main function

PROG (VERTICES REGIONS SLOP TYPE GOUIES U LEV 8ACKWROUND S43 Z Swi w BASE LINEL 8P SBP TRIA)
;SETW LINEL 120.) print 180 crlumns
[PRINTF (QU ((EVe PRONA) ANALYZES (EV §$)))) Proad + progaen wame
|SETW BASE 10.) Substitute octal bace by a rearonable one

JSETW SLOP (WUOTE SLOP))
ISETQ TYPE (WJOTE TYPE))
(StTQ VERTICES (GETQ S VERTICES))
{SET BACKGROUND (GETQ S BACKGRIUND))
{COND ((NULL (SETY REGIONS (GETQ § REGIONS) I) (RETURN (1) 1)

CLEAN
[RLMPROP S (QUOTE BODIES))
ICLEAN REGIONS BOJY 8UUYe SLNK)
LVIDENCE
[PRINT (QUOTE EVIUENCE))
ISETQ BP WPORG)
ISETQ SgP 1)
IMAPC (FUNCTION EVERTICES) VERTICES)
LUCALEVIDENCE
{PRINT (QUOTE LOCALEVIDENCE})'MAPC (FUNCTION LEGS) VERTICES) Collet focal evidence (wear Links) at legs
(PRINT (QUOTE TRIANG))IMAPC (FUNCTION (LAMBDA (K) (COND ((SETU 33 (TRIANG K)) {SETQ TRIA (CONS 3% TRIA)))))) REGIONS) Collect triangllr

I TRIALINK TRIA) (Aw i . - ;{CLEAN ACKGROUND BODY) Weakly Le wo ten! Le are “fading each othes otc
PLUBAL J ’ any body
(PRINT (QUOTE GLOBAL) AGGLTINATION OF GLOBAL (iNKS STARTS
{SETQ 2 (CONS (QUOTE (())) (MAPCAR (FUNCTION (LAMBJA (J) (CONS (LIST J) (GETQ J 80DY)))) REGIONS)
A(SETQ Swi (1) R= (an .- (C2) get Goes e029)... J] = niet,
b ——
‘COND (Swi (63 LI) ((SETG Swl T) (PRINT RID) Swi sT Donat ge hgh Wimp ition.SR,
BO te] I) clec merging lof anuclons. ler frome this nucltus (tin

(tR (COR R)) *1 « aflwaws (cdr 1). this mse) Co other muclel

er 3 (CDR I a nuclei Lixe (¢) Gest-- ) are expunged
{COND ( (NULL (CAAR [11 (RPLACD of (SETG 1 (CDK 1))) (COND ((NULL 1) (RETURN T))) (60 2)))

100 Ho 1) T moves whale 1 stays El wed

(CUR J)
INULL J) tod
[COND { (NULL (CAAR J)) (GU §)) ((LESSP (LENGTH (INTERSECTION (CDAR 1) (CDAR J))) 2) (GO S))) If common lines of
ISETQ Sa] ()) &lt;= Remember B fo $hreuga tas Loop Once more are &lt; 2, do nothing
RPLACD (CAR J) (COMPACTIFY (APPEND {(CDaAR I) (CDAR J) ))) ajein and compactfy favs ‘ ” TL bbs
'RPLACA (CAR J) (APPENDICAAR I) (CAAR J1)) Join mmcten regions piliwants I nuda, Ske Uh binge

(RPLACD (CAR I) ())
{RPLACA (CAR 1) (0) bun ane other muchas Ges,

IKETURN T) .
a Nate that Laks are mot dectroned Aen fet ta 13 wd is, ok Caurce  evelsmnt

fmprope? scene

=erging
loop for
strong
liave

i)
ol 8)

LGC AL
(PRINT (QUOTE LOCAL)
{COND (2 (G0 0D)
LMAPC (FUNCTION.

(LAMBDA (1)
(AND (NOT (NULL (SETQ

Tak ns ocd Links ita account
G ©» espther o wo: ? 5 "Room

2 f those gwitdres. Tang could vt coemad wp Mert - ast sptth. se roa 3= ( (a b) (mam). ) meanig a and b, m and 7, tbe, art Son PLovEMENT

u “I ex perment ng dif fereut ways Keep the PE I «as
tFHAVING (FUNCTION For tue strong [mes I use tie Graqms (5 re

quant. t of Etons Ns Ran tv (see R), put there the. J Oo Tenont matlers, omd that
3) is not SO wth rhe weak Lins. The &lt;- links are a 17 manner



foaded (LAMBDA (X) © ddsameclles(Co1)bedowe)
 plan functions are Xoaded; if 5° (MEMBER (PROG2 (COND ((DIPI) (DI (CAR E323) (CAR IM)

(vigi) 4s T «f the display Treelmmt for Computatim pudfosto (PROG2 (COND «((DIPI)
disrlaus (CR (NULL (CAR K)) (Dl (CAAR Xj)))))

(CAR KY) I»
Ryvy) WU = (Gr 2) em) goew)) Likpr BA $

(NOT (NULL (SETG I (FMAVING (FUNCTIUN (LAMBIA (MX) (MEMBER (CADR I) (CAR X))}) RII Zontming awe mactias oom
INOT (EQ@ (SE€ETw U (CAR U)) (SETQ I (CAR [)))) Do mething if beth nuclei are the same. at

[{GREATERP (LENGTH (INTERSECTION (CLR U) (COR 11)) 03) Loox fer a strong ting ja add tion To &amp; wear ling

(PRINT (QU (LOCAL ASSUMES (EV (CAR LI) (EV (CAR 1) SaAmMg 80pY) 1) If founs, print aS Sumptions
[RPLACD U (CCMPACTIFY (APPEND (CDR f) (COR ul) and meme
{RPLACA U (APPENU (CAR |) (CAR u))?
RPLACA | tN)
RPLACD I (1)

NO
on
J

LEV)
ISETQ Z T)
(60 A)

y ¢ foust
[COND (A (GO X))) LP = T =&gt; aspltay slowly
[CUND ((DIP1) (COND (LIMP (CLEAN (GLETG SCENE REGIONS) DISPLI)) (D1 77) (MAPC (FUNCTION DIA) REGICNS))}
ISET@ SM8 (SET@ U ()))
JUOTE (SEPARATING R INTO SMB AND Ry) Rasdoan comment
\MAPC (FUNCTION (LAMBDA (Kk) (COND (NULL (CAR K))) ((SETQ (CAAR K) BACKGROUMD)) (FT (SETG U (CONS K U)).
ISET@ R VU) Eliminate from R the background regions
QUOTE (SINGLE BOUIES wITw ONE LINR AKE LINKEU))

MAPC (FUNCTION SINGLEBODIES) R) Merge (se lated regiens having exactly one strong fine
iSET@ W T)
[6G A)

X
(PRINT (QUOTE SMB) Analyzicg audti consisting of a single LL }
15670 SMB Anpri is made to % the por are other mucdiuc, prefemily sume reighber, as fllows

(HAVING (PURGTION in ’ (4) ifregion is olone and is net the bacaground
{COND ((AND (SINGLET (SET@ J (CAR J1}) (NULL (GETQ (SETO J (CAR J)) BACKGROUND) 1)

(MAPC (FUNCTION ces See its NUghbors — If ene of them uw GoopPAL
(LAMgDA (K) and (5 net the backaround

(COND ((3000PAL J XK) “2

{COND ((DIPI) (DI J) (DIA X)}) fink
(OR (GET K BACKGROUNDI (SLNK J K)11))) "MaKto= § fie

{GETQ J NEIGHACGRS))
Tir

C/N
QUOTE (NOw SMB CONTAINS SINGLE BOUIES))
QUOTE (AHORA MAY WUE CCALULAR LA WKEU))
[COND ((DiPI} LI 77) (MAFC (FUNCTION DIA) (GET@ SCENE wACKGROUNDI))
ISETQ 33

(HAVING (FUNCTION o (C0) Ges)
{LAMEDA (KX) :

(AND (CAR %)

(NGT C(LAPBDA tV)
(COND (1SINSLET V)

tiLAMBLA (U)
ICOND ((AND (SINGLET U) (EQ (CAR U) {CaaR K)1))

{PRINT (QU (8M@ ASSUMES :

{Eve U) If O————0, join We mow

(EVe V) already they are GOSDMLS.
SAME
BODY)» frat whet you did.

 ie Ae nucle condauming (Cac); ok me
Loe oeverad ran Od

This oid n ret hk
ok oy pucdasts ol
oo assert we
is ood AA oo,
of wr tY ot regi”
ty (ca »)

24



®

(FUNCTION
(LAMBDA (J) (MEMQ (CAR Vv) (CAR J))iN))

(NCUNC (CAR K) (CAR 13)) Merge beth, by incriasing (car ic
{RPLACY K

(COMPACTIFY (APPEND (CDR K) (CDR 83))))
(RPLACA 38 ()) Wis. Tes al osaay 1% 33 J eo jefe ng R, because
Tn

(GEI1W (CAR V) SLNK))I}))
(GETUY (CAAR X) SLNK))II})

RESULTS He) we art admeost done $3 conta ag nuclei which were (ncromented 4 Lonely TRAINS
(PRINT (QUOTE RESULTS)
ISET@ U 0) rebedy forms a body’ From each nucaus.
(COND (33 (PUTPROP S

(NCONC (MAPCAR (FUNCTLIUN (LAMBUA (Ww) (FOBODY (CAR wry) 33 'tGETQ &amp; BODIES)
{QUOTE BODIES)

(PRINT (QU (THE FIRST (EV U) BODIES ARE (Eve 33))))1})
IMAPC (FUNCTION

(LAMBDA tJ)
10R {NULL (CAR J))

ISINGLETY (LAR J)
(GETQ (CAAR J) BACKGROUNL)
[AN, (CPRCP S (FOBODY (CAR J)) (QUOTE BODIES) (1)
[PRINT (QU (80LY (EV U) 18 (EVe (CAR J))))))))~

&gt;»
N

RY)Y
EXPR)

| DEFPROP FOBODY (LAMBIA (8B)
(LIST (SET1Q U (AUD) U)) (QUOTE BREGIONS) B}

EXPR)

JEFPROP DIPL (LAMBDA ()
{eETL (WUOTE DIA) (QUOTE (EXPR FEXPR SUgR FBUER)))

EXPR)

!8€Vw LIMP T)

5)

T f the display functions Ar€ 11
cort

r for show disp Lay

MIT PROJECT MAC
ARTIFICIAL INTELLIGENCE GROUP
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{DEFPROP EVERTICES (LAMBDA (V) v = vertex

( (LAMBDA (TYPE NREGIONS BACKGROUND)
(COND ({Ew (CAR TYPE) (QUOTE FORK)) (SETW TYPE (GETQ v «IND)) Wonfore applic when,

(COND ((OR (XONFORX (CAR TYPE) (CADDDR TYPE) CN 3{RONFORK (CALDR TYPE) (CAR (LAST TYPE) seen
(KONFORK (CAR (LDDDDR TYPE)) (CADR TYPE)))

I Ne link i$ gut &amp;F «t all if
({NOBA (CAR NREGIONSL (CADR NREGIONS)(CADDR NREGIONS))OWof0079=

{(LAMBOA (RS na KS n6)
AND (OR (NOSABO V V (CADR TYPE)) (GEV (CAR TYPE) x3))

(OR (NOSABO Vv v K&amp;) (GEV K3 X5))
(OR (NOSAHO V V K&amp;) (GEV (CAR TYPE) X%5))))

CAR (SE1w 83 (Cul 1YPE)))
CAR (SElw 83 (CLR 33) ))
CAR (SEC14J 28 (Cuk 83)))
'CADR 33,)))) . os

(AND (ZG (PRUG2 (SUME (EW 11 EF) (EF 0)) (QUOTE tre If conlral do oF oh
IFORFIRST ‘ are he ay Ly 6 and
(selu (EF 1) FUOP) L comprises only V as ’ ?
(FUNCT JON CONTAINSY) m foris. fink. te—YD&gt; V

(FUNCTION CUENTAD) py shis region combming
INJLL FORKS) on pl 7 A Fr

{NULL (CER (HAVING (FUNCTION wx oie Rar: vo
(LAMBDA (K) (PROPERARROW (EF 1) K))1}

ARROWS) }1))
{Gey (2m 3) (eH 61))

[(NUSABD V Vv (EW 1)) ()) lism axcert iF forbidden by WNosAle
(T (by (EW 5) (cH ©)))))

{(EQ (CAR TYPE} (QUOTE X)) (CUND (ICULINCAL
(CAR (SETG 33 (REMOVE (EM 1) (REMOVE (EM 4) (GETO V NVERTICES}))))
v
ICADR 3311)

1GR (NOSABO V Vv (EW 11) (GEV (EW 2) (EH 3)))
Lov fest {OR (NOSABO v v (EW 43) (GEV (EW 5) (EH 6))))))

((EQ (CAR TyPE) (OUOTE PEAX)II{SETQ TyPE (En 21) (PELIN (CAR (LAST NREGIONS)) APEGICONS)!
(LEV (CAR TYPE) (QUOTE T})) (KONFIRR (EM 73 (EW 1) — Loving fu Len) &gt;

(COND (CAND (NCBA (En 3) (En 0}) or

(SUmE (ew 1) EF)
tuk (NO) LEG (EF CU) (QUOTE TH)

{NOT (Ew (EF 1) (em 2)1)1)
(LE2P (Em 1) (Em 2)13) This e2f wweds ore

(PArL (Er S) (tm 6.) (ER Lt) VI)
(GEV (em 5) (EW 6311)

tTESTUDY (Em 0.) (Em 43)
(TESTUDY (Em 5) ten J))
{COND ((AND (SETG 83 (GET@ V NEXTE)) T—

elt (GET (EM 7. AR ke foe nts. 8
$s 2 0d :

stunt ty H Try Leafa the Ti maxes I:axt, the other T duexs doen under (EP
JAND (BG (SET (EF S) BACKGROUND) (GET (EM ©) BACKGROUND))

lwEV (EF 5) (EX 6)1}) Lin ercest
IAND (EQ (SET (EF 6) BACKGROUND) (GET (EW S) BACKGROUND)? battguand — wo bacigeest

I1GEY (EF HB) (EM 5323313)

All the evidena bomghl tn erly vw generated

;eETQ V TYPE)
IGETA V NREGIONS)
{PROG2 (SUME V EM)

{QUOTE BACKGROUND) disgley, recet &gt;onany (AMM cfRCR

(COND (¢DIPI) (COND (SP (SETC wPOWRG BPI) (F pu? (NOT SdP)Y)Y (D] Y) (REMPROP V (QUOTE DISPLIYIN))
Bw
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'DEFPROP KONFORK {LAHSUA (R w)
(AND (GET R B8ACKGROUND)

" ISUME W EG)

‘EQ ff CC) (QUOTE ARROW))
“Qa (26 1) Vv)

Vv LEG 5) (EG 71) 4
bkv (EG 6)(EG 7))1})

EXPR)

ILEFPROP NUZA (LAMBDA L (D0 J L
(sual J) (Eu J 0)

(COND ((GETQ (ARG J) BACKGRUUNU) (RETURN
ExPR)

|JEFPROP PARL (LAMBDA (Y X W V) =T

(AND (FHAVING (FUNCTION WLETXBA) (GETW Y NEIGHBORS)
(FHAVING (FUNCTION LEIXKGA) (6EY1Q X NEJGHYORS))
({LAMBDA (A K LU)

(AND (PBACK (PROG2 () a (SETE a (CAR (LASY ad)
. (PHACR (PROG2()(SETY A (CTHEFIKST (GETQ Xx FOOP) (FUNCTION CONTAINSV)I)) (SEYQ &amp; (CAR (LAST A)}))})

(CIHEFIRST (GETW y FOOP) (FUNCTION CUNTAINSYVY)
N
Vi) .

EXPR)

Lyreied

"put meeApotsFr lint
Dats st jcomantls naaebO

Co TU dntea nitid Tl tem €6

(DEFPROP TESTUDY (LAMBDA (C D)
(COND ((AND (NOBA (Em 7.) C)

(STUDY Vv)
ISUME [ EF)
1QR INOT (EU (SF 0) (QUOTE T1))

{AND (NOT (EW (kf 1) V)) (OR (NOT (STUDY DI} (LEZP D VII),
(PARL (EW 7.) CD v2

(WEV (EM 7.3 Cri
EXPR)

Study io met working naw

IDEFPROP CL (LAMBDA (A) (CUAR aA)) rFEXPR)
dr saeled i Mitmgat

7)
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“ -. ocime’ is Smad liane octnn Loaf ’
DEFPROP PREPARA (LAMBDA (A) Vat @ 105° 1. Clranooldpens(ondername“ocims,fvalueof io hind’ )

(PROG (33 BACKGROUND ® 2) 7. Tessforme a fom sipped forest ts intimal format
(SETQ BACKGROUND (QUOTE BACKGROUNU))
(SETQ A .

( (LAMBDA (8B) (COND ((CDR A} (REMPROP b BACKGROUND) B) (T 811)
(COND ((ATUM (CAR a)) (CAR A) (T (CADAR A))}))

CLEAN
[CLEAN (GETQ SCENE REGINNS) NEIGHBORS KVERTICES FOOP BACKGROUND SUSPICIOUS BIGFACE BLINK)
‘CLEAN {GETQ SCENE VERTICES) XCOR YCOR KIND NVERTICES NKEGIGNS SLOP TYPE NEXTE)
(MAPC (FUNCTION (LAMBDA (J) (REMPROP (CAUR J) (QUOTE Fab)))) TES) Tes = ( -. (mwe wan)

i5e TQ TES (1)
ISET@ BLINK (1)
[CLEAN (L1ST SCENE) REGIONS VERTICES BACKGRUUND! Pas —— (or) —2 delete

{CGND (BPR (BREAK [N PREPARA)
INITIALIZE
ISE1Q SCENE A)
[PRINT (QUOTE LLENA))
ILLENA (EVAL A)
IMAPC (FUNCTION (LAMBDA -(K) (PUTPRUP K BACKGROUND BACKGROUND) I) (GET A BACKGROUND))
[PRINT (QUGTE FOOP))
IMAPC (FUNCTION

{LAMBDA (KX)
{PROS2 (PUTPROP K

(APPLY (QUOTE NCONC)
(MAPCAR (FUNCTION CuLL)

(PUIPROP K (FOOP (GETO X KVERTICES) XK) (QUOTE FOOPIIM))
(QUUTE NEIGHBORS)

{PUIPROP «
APPLY (QUOTE NCONC)

(MAPCAR (FUNCTION (LAMBDA (J) (CULL (CDR J)))) (GEYQ K FOOP)!
(GuUTL RVERTICES)III))

(GETG SCENE REGIONS)
ISETQ 8 (GETG SCENE VERTICES))
[PRINT (QUOTE TYPEGENERATGR))
[MAPC (FUNCTION TYPEGENEKATOR) d)
[PRINT (GUUTE MATES))
{MAPC (FUNCTION MATES) 8)
SeTe 2 1)
{MAFC (FUNCTIUN MATES) W)
[PRINT (WUOTE NEXTED) Genenle matching Ts or extes
{MAPC (FUNCTION NEXTE) TES)[LUND ((NuLL (GET SCENE WACKGRUUND)) (PRINTF (QU (SEARCHING FOR BACKGROUNDS OF (Ev anny If needed, bok for bacground

(CLEAN (PUTPHOP SCENE (BACKGROUND SCENE) BACKGROUND) SUSPICIOUS)

(RETURN 105)))
FE APR)

UEFPROP UNDER (LAMBDA (R)
(PROGZ (CUENTA (GETY R KVERTiCES)) (UNDERS 15)

EXPR)

LEFPROP UNLERe® (LAMBDA (5S)
{COND ( (NULL 8) S$) ((UNUEL (CAR 8) WR) (CONS (ES 5S.) (CONS (EG 6.) (uNDF™e (L

EXPR}

| DEFPROP UNDE (LaAMgDA (4 R)
(AND (SUME B EG) (EJ (EG 0) (QUGTE T)) (EQ (EG 7.) R)I(GOODY

LXPR
»
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R,S Myiens- Tre 4 they art Good 2ale  Gred = Jllrer
IDEFPROP GUODPAL (LAM3DA (K S} . He

(NOT (OR (MEMBER R (UNDER $8)) Reject ff one fraass ums afb
IMEMBER § (UNDER R))
AND (CUENTA {(CHOUNDARY R $)) (1)
LS
FORKS
ARROWS
XS
AS
PEAKS
"WULTIS
IFHAVEING (FUNCIICN

{LAMBDA (X)
(COND ((SUME K kW) (AND (OR (EQ (Em 9) R) (Ew (EM 5) 81) (NOSABO (EM 1) (EW 1) (EW 2: .,

T5811)
LXPR)

'DEFPROP CBOUNDARY (LAMBDA (RS)
{COND ((MEMBER S (GETQ W NEIGHBORS)) ((LAMBDA (FOOP) (CbOUNDI (CAR (LASSE FOOP)) FOOP))

C(LAMBDA (V) (CTHEFIRST (GETG N FOOP) (FUNCTION CONTAINSY))) S)))

EXPR)

IJEFPROP CHOUNDL (LaMala (E ou)
{COND ( (NULL ¢) LW)

((kw (CAR L) S) (CONS € (CANS (CAUN L) (CBOUNDUL (CADR L) (CuDR L}))})
{YT (CHOUNDY (CADR L) (CDLR LIMIT)

EXPR)

{OLFPROP COMPLEMENT (LAMBDA (S U)
{COND ((NULL S) S) ((MEMEER (CAR 5) U) (LQMPLEMENY (CDR S» ud) (T (CONS (CAR S) (COMPLEMENT (CDR 5) Ul))}.

EXPR)

'JUOTE (SPECIAL B7A68uUGr 37A068UGG))

IUEFPROP FORALL (LAMBDA (37A68UGL 37Ab6UGP 37A68UGI
(FORALL® 37A068uULL) )

LXPR)

IMEFPROP FORALLe (LAMBDA (37A08LGL)
{CONU ((NULL 37A68UGL) 37A68uUCL)

((37AB8JLP (CAR 3/468UGL)) (CONS (37A88uULGL (CAR 17A68uer)) (FORALLe (CDR 37A68uGL))) DD)
EXPR

IJLFPRUP FURFIRS) (LA4GUA (37A6BLGLL 37A6ALGLP 37468UL66)
(FORFIRST® 37A68LGL) 1}

EXPR)

iWLFPROP FURF [R3Te (LaMuda (37a60uGL?
tCOND (INULL B7AGBuUGL) 37A0BUGL)

((37A03J6P (CAR 37A68UGLY) 1, 151 137A68UGG (CAR 37A0Busii)))
{1 (FORFIRSTe (LDR $7A68UGL) 13)

EXPR)
\ ’ . »

|GUUTE (UNSPECIAL 37a08ukP 37A6ALGG)) Remove ‘Quote’ for compilation.

JDEFPROP IMEFERIT (LAaMBlA (wm/edeyuL 8/=B38sJL)
(FMAY ING 8/=33eJL S/08eJUL) )

EaAPR)Y

taseLooef

§

CEFPROP CIHEFLIRST (_a¥ula (s/elejyL $/=838JL)

aq



(COND LISETU m/23eJUL (THEFIRST w/eaeJUul 3/=38JL)) (CAR s/e1eJUL)) (7 (BREAK 1 CTHEFIRSY NULL)

LXPR)

DEFPROP CONTAINSY (LAMBDA (J)
(MEMQ V J) )

EXPR

ND
~
—

END OF File SEE 5% =
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ISPECIAL Yo Aer o])

IDEFPROP BREAK (LAMBDA (wm) (PRINT w)) FEXPR)

IDEFPROP GETS (LAMBDA (L)
(DISPLACE L (QU (GET (EV (CADR 1) (QUOTE (EV (CALDR C22) 3)

MACRO)

IDEFPROP IF (LAMBDA (L}
(QU (COND ((EV (CADR L)) EY (CADDR LIV) (T (Ev (CUGUR LI)

1ACRO)

‘DEFPROP DO (LAMBDA (L)
(DISPLACE L

(PROG2 (LOND ((ATOM (CADR L)) (SETQ o
(CONS (CAR L)

(CONS (LIST (CADR LL}?
(CONS (LIST (CADDR L)}) (CONS (LIST (CADDDR L)) (CDDDOR Lydd)

{GU (tLAMBUA (EV (CADP L))
{PROG 0)

{EV (SETQ 38 (GENSYM)))
ICOND ((EV (CAp (CDDDDR L)})) (RETURN (LIST (EVe (CADR L)})))
{Eve (CDR (CDUDLR L)})
1EVe (PROG (VARLIST STEPFN CSTEPFN SETLIST)

JSLTW VARLIST (CADR LM)
I3ETW STEPFN (CADDDR L))
A
1CUND CINULL VARLIST) (RETURN SETLIST))

(INULL STEPFN) (SETO CSTEPFN (QU (ADDL (EV (CAR VARRLIST))1)) (GO 8)
(SETw CSTEPFN (CAR STEPFN))
{SETu STEPFN (CDR STEPFN))
8
1SETG SETLISY

(NCONC SETLIST (LIST (WU (SETU (EV (CAR VARLIST)) (EV CSTEPFN))III)}
(SETG -VARLIST (CDk VARLIST)?
(60 A)

(GO (EV 83})))
{EVe (APPEND (CADDR L)

{PROG (8B A)
(SETG &amp; (DIFFERENCE (LENGTH (CADR L)) (LENGTH (CADDR L))))

['
(COND ((GREATERP A 0) (SETG B (CONS 0 B8)) (SETu A (SUB) A)) (GC Ch):
IRFTURN BY) 212Y

SEECHP These fractions ot "re= tv omg Ud”; asmce Hol mame.
Broak uv LiFiatd wore oxtemsizely am Aly TRAC Y41 Ueed for iagrare-,

od Aibiggrns
seh with ta atcod guint btng Goold

vr) —s [cond (yr 2) (t mv) )
re rrr "Le £rrprmad

pie] [mid] (BER) [TR] lof

MACRO)

IDEFPROP QU (LAMBDA (/e3e/=2)
(LIST (QUOTE WuUs) (CONS (QUOTE QUOTE} (CUR /sede/=8)1)})

4ACRQ)

.DEFPROP DISPLACE (L_A™BDA (A B)
(PROG2 (RPLACA A (CAR B)) (RPLACD a (CDR 913) }

EXPR

IDEFPRO® GU® (LAMBDA (/=3\13)
(COND { (ATOM /=3\83) /=3\33})

(LEQ (CAR /&lt;3\233) (QUOTE EvV)) (EVAL (CADR /=3\131})
 CAND (NOT (ATO® (CAR /=3\t3))) (Eu (CAAR /-3\13) (QUITE EVe))}
(APPEND (Eval (CACDAR /=3\13)) (gu* (LDR /=3\13}))).

(T (CONS (Que (CAR /=3\13})) (gue (CDR /=3\83))1))}
(10C &amp;°

x= (423)

thew (RU( a bk c (wr 0) d ¢ (wW” a) F)) =

= (a bc(eziryde 123 F) “Amst”usauere

Bplace (§ P47) by (ond (64) (£7), allowrng Yim trem whim
the Macros owe interpreted ’

(displace a bY = b ay bats
8 taka, Cina placa of A (rafaca, rrhacd)

A disappears
Every bods Foiat ng A raw paints a kK

n



ND
~J
2)

{DEFPROP LEZP (LAMBDA (X Y) (LESSP (MAKNUM X (QUOTE FIXNUM)) (MAKNUM Y (QUOTE FIXNUMIII) EXPRD Iaindicte am arfilrany bed

LARRAY EM YT 20.) olin| accvdiog b Me Lretiow,

(ARRAY EF T 10.) Beas io irr 08

JARRAY EG T 10.)

[SETQ EN (QUOTE EM)

1SETO EF (QUOTE EF}

ISETG EG (QUOTE EG))
= ki verticts. u MHof these as fr varaldes.IDEFPROP CUENTA (LAMBDA (R) Re fiat of dows, s3samed var rel te « 1tr valet o&gt; NA

(PROG2 (MAPC (FUNCTION (LAMBDA (X) (SET K ())1) (QUOTE (LS FORKS ARROWS TS KS XS PEAKS MULTIS NA)})) (CUENTAs ji,
EXPRA

[DEFPROP CUENTA $LAMADA (R)
(COND § (NULL R) NA)

[NULL (5ETQ 8% (GETU (CAR R) TYPE))) (CUENTAs (CUR R)) (SETQ NA (CONS (CAR R} NA)))
1{SETG 3% (GET (QUOTE (§ L LS FORK FORKS ARRO» ARRORNS T TS K KS X XS PEAK PEAKS MULTI MULTIS)) (CAR 3331}

[(LAMBDA (38) (CUENTA® (CDR R))) 338) The value of PORKS do a list Couteiming the
[SET 83 (CONS (CAR R! (EVAL 88)))) pr) ’ “2 vests

JT (CUENTA® (CDR R)) (SETO NA (CONS (CAR RI} NADI) ort of Fox type, and rimilady £ He ctiers
EXPR} VA = “het accounted fay” verbicks - Mas wol be verlicon

[DEFPROP MATES (LAMBDA (V) v= artes WH veaT, thos 4 ink 765 = ( ( ah Gos&gt; ) ( }
(LLAMBDA (TYPE) |

(COND ((AND(EQ@ (CAP TYPE) (PROG2 (SUME V EG) (QUOTE T)1)INOBA (EGC 7.1))
(THROW (CADR TYPE)1))) FAS — (mm = 9,

(GETQ V TYPE))) Valet co alums CO).
EXPR) wf oy name

&amp; } ]

|DEFPAOP SUME (LAMADA (X Ye) (aut V eh) olorts in (ch 0) fs Tops of V, io (eh?) in (ala), He, a Blown
( (LAMBDA (Aes 3) y

(CONDO ((STORE (Ys Ae) (CAR @)) (COND ((ATOM (CADR 3)) (STORE (Ye 1) (CADR 8)) T) I

(YT (MAPC (FUNCTION BRUT) (CADR 8)1113)) Tre —- law TF T y,0 Corr
(ETO X TYPE) SUME glows us to say (Ch 2) instead of (cadada (Get Vv (gua type))). £. Sq eq

EXPN)

(DEFPROP BRUT (LAMBDA (K) i ead nat wmpiler could conpile
(STORE (Ye (SET@ Ae (ADDL A®)}) KX) 3 Ths function was Jdefud so that the

EXPR)

-

SETQ BBA) (SET) £542 (SEVQ 8BA3 18ETg S8 tt) )) debuepyian variables . A brar in
2 1

ena: a--ars F

72.
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{SETO CHENEGASU T) chews megabit Succttsers  Cpredactasecs) J od ( As LSE
. M51 . 2 re3 in 4 at. Trans forms it ats intern Form Asx ¢ &amp;.

IBEFPROP LLENA (LAMBDA (A) Aco a scene in inpud formal. Tra “om

(PROG (8 R V) M (COND ((NULL A) (PUTPROP SCENE R (QUOTE REGIONS)) (PUTPROP SCENE V (QUOTE VERTICES)) (RETURN 8)))
(PUTPROP (CAR A) (CADR A) (QUOTE XCOR)) (PUTPROP (CAR A)(CADDR A) (QUOTE YCOR))
(PUTPROP (CAR A}(CADUDR A) (QUITE XIN) Value of LLEVA &amp;  ( (am (GF €)) ..
ISETQ 3 i

{CONS (LIST (CAR A) Tubs way propalis, bn enol welin
(PROG? (PUTPROP ICAR A) (CULL (CADDDR A)) (QUOTE NREGIONS)) and tach region

(PUTPROP (CAR A) (CULL (LDR (CADDDR A))) (QUOTE NVERTICES))))
81)

{CLNK (CADDDR A)) (SETQ v (CONS (CAR A) v))
{MAPC (FUNCTION (LAMBDA (A) (OR (MEMBER A R) (SETW R (CONS A R)j))) (CULL (CADDDR A))) (SETG A (CDDDDR Ay
(60 MY)

EXPR)

'DEFPROP CULL (LAMBDA (a)
(COND ((NULL A) A) ((NULL (CDP A}) A) (T (CONS (CAR A) (CULL (CDDR A)2))))

EXPR)

IDEFPROP CLNK (LAMBDA (B)
(COND ((OR (NULL 8) (NULL (CDR 8)1}) 8)

T(NULL (CDDR 8)) (CPROPYM (CAR B) (CADPR B) (WUOTE KVERTICES))
{ZPROPM (CAR (C*DDDR A)) (CADR 8) (QUOTE KVERTICES))
{NK (CAR (CADDDR 4)) (CAR B) (QUOTE NEIGHBORS)))

{(LNK (CAR 8) (CADUR BH) (WUOTE NE[6HBORS)) (CPROPM (CAR B) (CADR ©) (QUOTE XKVERTICES))
(CPRUP® (CaDUR 8) (CADR 8B) (QUOTE KVERTICES)) (CLNX (CDDR 8))))}

EXPR)
Qa b

[DEFPROP BLINK (LAMBDA (A ©) (LNK A B (QUOTE BLINK))) EXPk) gb | Amd |
bling —- (b-..) blinw — (4 ....)

IDEFPROP SLNK (LAMBDA (A 8) (LNK A 8 (WJOTE SLNx))) EXPR) Lnk with indicate sink. (For the 5. links)

|DEFPROP LNK (LAMBDA (A B N) puts a bi.divechonad link bdivesn x 2nd 4, wih hane wn.
(OR (EQ A 8) (AND (CPROFM B A N) (CPROPM A B NI))

EXPR) J
Pr ional Rin between x and Y, wi howe N-

IDEFPROP LINK (LAMBDA (X ¥ N} fs bidinitioen repetitions
(OR (E@ X Y) (AND (CPROP X Y N) {(CPROP Y X N)))i

EXPR)

{DEFPROP CPROP (LAMBDA (A B =) o crroem bd alle venelilionns
(PUTPROP A (CONS 3 (GET a C)) Cr) EXPR) Jans

{DEFPROP CPROPM (LAMEDA (A 8 C) ¢ Yo remlibinoallowed
‘OR (MEMBER 9 (GET a C)) (CPROP Ao 8 C))) EXPNK) c — (b--)

1doen wot ped bof abreatn theee
IDEFPROP LASFI {LAMBLA (L)

(COND ((RPLACD (LA3T L) 4 Lo (a ic de)
(LIST (CAR L)))

(COR LI) Lases unl = ( be de a)
EXPR) dfs L th (abc dea

DEFPROP NEGASUCC (LAMBDA (5 R) a wu vertex, R on réfiom

scons (GET (CONS () (GET a KIND)) HI) (7 (urea 1 NEGASUCCII) otis oo a wea om () pvinn he 4 ina
. 2 7 - Nn

abut 1 bt poscasor g wel A woth wopich £5 vepion Bu the (=) diveelimn [D] [ 27700 ty ]_DEFPROP FOOP (LAMBDA (J my Canbimm ames wwprt Viet fdr out amacoes Goong
(COND C(NULL J) (1) io porta

(T (CONS (SETQ 33 (na poomce &amp; ©

Neo repebhoas allied



Reregio tos { (LAMBDA (X CHENEGASU)
1 of ViBR. ( (LAMBDA (Y1 (LASFI (FOOPe (CAR (NEGASUCCZSSOR Y X)) Y))) (NEGASUCC X R1),

2 (CAR J)
Jalan = €0of R))

(FOOP (COMPLEMENT {(CUMPACTIFY J) (CULL (CDR 33))) RII)
EXPR)

Y= nihad oabine ad a Ha pncctooet of A
IDEFPROP FOOPs (LAMBDA (A B) 8 i a

(COND ( (AND (EQ a Y) (EW 8 X)) (NEGASUCCESSOR a B)) A is re predicsece of B. orrictuaer of
(T ((LAMBDA (W) (NCONC (FOOP: (CAR w) A) a)) (NEGASUCCESSOR A B)))))

EXP) Vale is a Lok (alerting whHh a ttn) hich oo pha boundary of gpl bins it fo Hoe We witl pues
 | GEFPROP NEGASUCCESSOR (LAMBDA (A 8) ab wks. B i He regapredicsssooff pf or pucctasey oa [Pr of (car fosp!

(COND ((SETQ 38 (GETL (CONS () (CONS {CAR (LAST (SETG 33 (GETG A KIND) 33) (LIST 8))) value co C) or om lot.
{COND (CHMENEGASU

(COND ((EW (CADR $8) CHENEGASU)) (T (BREAK 1 NEGASUCCESSOR 3 (CHENEGASU IS NOT REGION OF A))))))
(LIST (CADR (SETQ 3s (CDR 33))) (COND ((CDLR 33) (CADDR 83)) (T (CAR 33)))))

(T (BREAK2NEGASUCCESSOR (A AND B NOT LINKED)I) Vahs () for amcisavor of A om 102 (-) diveclin, itt
EXPRA vr — reine difirmmnth Oy A —DB and the (1) diceclim, plo

So TTY. po pnccsador owns A. oe a SE ca es SBI a
|DEFPROP NEXTE (LAMBUA (N) N= (TF cess PRA ounces pa adh (of thatgovsrrn) ($C fur ))

(LAMBDA (Fas) — Lt nexte's indicaloc. we will chaos
FAS Iv '¥'" chooses ZF

FA8 2. 7 chosses W : thing T%, and 28 Anether rey(NULL FAS: 3 IF wry, ex Erase beth, maby thom ma A act ne
r a ” z

Li If we YY, forget ¥ Goa 4, but Y7 =

4 fhe
cry fetta

gn
o v fo the (1€
x wm 2 5), anu that

corr A Lem l

’
(NULL J)
{LAMBDA (E)

iCOND ( (NULL EDV (SETWY FAS (RE' JVE (CAR J) FAS)) (SETQ@ J (1)
(Ew (SETQ 33 (ESCOGE € FAS)) (CAR J)?
{PUTPROP (SETQ 38 (CADR 38)) (SETQ 33 (CADR E)) (QUOTE NEXTE))
IPUTPROP #3 88 (QUOTE nNEXTE):!}
(SBETQ FAS (REMOVE (CAR J) (REMOVE E FAS)))
SETI J (IN)

TINULL 33) (BREAK | NEXTE (ESCOGE € FaS) 18 NULL)
(T (SETg J (LIST £3220)

(ESCOGE (CARP J) F 811)
(GETQ (CADR nN) FaS)))

EXPR)

IDEFPROP NOSAG0 (LaAMwdA (a =D 8)
(THROUGHTES

A
*D
3
(FUNCTION

(LAMBDA 18)
No

-

[NOT (SUME 8 EG))
EQ (EGC 0) (QUOTE L))
ANG (EQ (EG 0) (GUOTE ARROW) )IINOT (PARALLELD A © (EtG 2) w)}}

AND (EQ (EG 0)IQUARTE PEAK) (UR (EQ (EG 1) *D) tEG (EGC J) D)))
IAND (EQ (EG 0) (WUOTE TH) (NCT (EQ 0 (EG 1))) (GCGIT &amp;))
(AND (EQ (EC 0) (QUOTE &lt;1) (OR (EQ oD (EC J) (EQ ol (EG 0.)))3)))))

EXPR)

'DEFPROP GOODT (LAMBDA (V)
{((LAMRDA (DD) -

4



[COND ((NOT (EQ (EG 0) (QUOTE Ti) (})
((GETG (EG 7) BACXGROUND) ())
VIGETO Vv NEXTE) 1)
{{THROUGHTES

tEGC 2)
(EG 2)
EG 1)
"FUNCTION
(LAMBDA (8)

ICOND ({Ew (PROG2 (SUME B EGI(EG 0) )I(QUOTE T))
(AND (PARALLELO V 8 (EG 1) B)(PARALLEL D V (EG 4) 8) ))

((EG (EG O)(GUOTE X)) (OR (PARALLEL D V (EG 1) B)(PARALLEL D Vv (EGC 4) B)))
(tT (¥)) ys

ND
~
 Nn

t))
(rT

(PROG2 (SUME V EZ. (EG 331)
EXPR)

a
{DEFPROP PARALLELO (LAMBDA (A 8 C D) Ors vidi cade of ove variable,

(EQ *D C}) ) and a werlip ¥

/DEFPROP THROUGHTES (LAMBDA (87AUGS3A oD $7AUGS3B 37AU68SP) mie or the fried rein
(COND ((37AUGBIP 17AU6B3E) 17AU6838) adi fpeng po.

' (AND (SETW 33 (GETQ $7AUGA3B NEXTE)) (PARALLEL 37AUGB3A 37AU683B 87AU6B3B (SETQ 83 (CAADR (GETQ 33 TYPE)))))
[THROUGHTES 37AUGB3A 33 18 17AU683P))
{AND (SUME 37aU683B EF) (EG (EF 0) (WUOTE T)) (NOT (EG *D (EF 1))))
'THROUGMTES S7AUSBIA $7AU6B3B (COND ((EQ ob (EF 3)) (EF 4)) (T (EF 3))) 17AU683P))
(EQ (EF 0)(GUOTE K)) (COND ((EQ #0 (EF 6.)) (THROUGHTES S7AUG83A 37AUS83B (EF 3) 37AUG83P))

(1EQ «0 (EF 31) (THROUGHTES 37AU6B3A 37AUGSEB (EF 6.) 17AUGE3P))))))
EXPR} Ctr Plush (or. 0; GY) Flush (frat 1) tala 4 of (gla bry

: lease cored ar indicted oc Quek ={DEFPROP STUDY (LAMBDA (N) Study i nitwren. f ° near
(COND ((AND (SUME N EG J (EQ (EG 0) (WUOTE 11) (SUME (EG 11EG) (EG (EG L)IQUOTE T)) (OR (EQ (EG 3) N) (EQ (EGC 4.) NIJ)

(PRINT (LIST N (EG 2) (QUOTE STUDY))1))) a HEXPRY Prat this configuration yfrt for study. (setq i: (cond ((cg (eg 318) (eq 5)
(eg ( ae ( ON

{DEFPROP ESCOGE (LAMBDA (P |) Pp: dalinm dubums dota”10the correct placa of datim) Are Teg c
(COND ((NULL P) ()) Lz Rist of dalums po

(T ((LA%BDA (DE wm) due
{LAMBDA (M) E) (MAPC (FUNCTION v 1a dalam) — what Do Ha math

(LAMBDA (X)
(COND ( (AND (NOT (EQ P K))

(LESSP (SET Ww (LENGH (CADR P) {(CADR XK))) Di
({COLINEAL (CAR P) (CADR P) (CADR K){(CAR X)):

(SETO D m)
(SE1Q E K13)))

0.1E7
(r nn

EXPR)

'SETQ TES ()) 18S wil held the T's

SETO SCENE ()) italy, scone 0).

ne "~ athens Tr

—

15.



(DEFPROP LEGS (LAMBDA (N)
(AND (SUME N EG)

(EQ (EG 0) (QUOTE ARROwW})
 (LAMBDA (2)

tFMAYVING (FUNCTION
(LAMBDA (K) .

ITHROUGHTES
N
v

FUNCTION
(LAMBDA (J)

{AND (EQ (QUOTE L) (CAR (GETQ J TYPE)
(OR (PARALLEL N Z J (CAR (GETQ J NVERTICES)))

{PARALLEL N Z J (CADR (GETQ J NVERTICESI))Y"

w = wari of nscond sterndn)

(LIST (EG J) .EG 4))))
(EG 1)

{SUME N EG)
(LEV (EG 5) (EG 6))
(HAVING (FUNCTION

(LAMBDA (x)
tanD (SETW 383 (GETw XK NEXTE))

ISIIME XK EF)
EQ (EF 1) N)
[SUME 33 EH)
ISETQ 53 (LIST (EG 5) (EG 6.)))
.COND ((ME™Q (FF S} 33) (LEV (EF 5) (EW 64)})

((MEMG (EF 0.) 33) (LEV (EF 6.) (EH 511)
{YT (BREA 1 LEGS)I)Y

(LIST (EG 3) (EG 4)))))
EXPR)

DEFPROP WAVING (LAMBOA (3/a38eJL s/s8eJUL) (having fat) = a Ld x Ao 7 il hoetnls of L(. *)
(COND ( (NULL =/+3eJUL) s/+2eJUL) thet ABofy predicate Fu.

{(3/=38eJL (CAR %/48+JUL)) (CONS (CAR S/e8eJUiL) (HAVING B/=38sJi (CDR =/e1sJUL)}})
(T (HAVING 8/&lt;=38eJL (CDR mse32JUL))))}

EXPR) 4 oO)
flnsrry Co. fort oman ZLDEFPROP FHAVING (LAMADA (8/=38eJL ®=/48eJUL) ¢ = A Lak containing Fa

ICOND ( (NULL =/¢2eJUL) =/e80JUL)
{(38/=38JL (CAR ®=/e3eJUL)) (LIST (CAR =/e8eJuL)))
(T (FHAVING 3/&lt;38eJL (CDR s/eBedUL))}))

EXPR)

;DEFPROP ORD(LAMBDA (4 8) (ord a B1= (a b) if ama &lt; Lomb
(COND ((LEZP A 8) (LIST A B)) (YF (LIST 8B add) (bar 4 ar

Expr) ams Fs = List Lith Fort elemert raaller thas need Eshabl ’
: ” - mon

IDEFPROP LEV (LAMBDA (A B) but fired Iencorrashical orde 4

(SETG LEV (CONS (ORD A 8) LEV))) local eridence
PPR)

{DEFPROP INTERSECTION (LAMBDA (A &amp;)
{COND ( (NULL A) A)

CINULL 3) B)
{(IMEMBER (CAR A) uw) (COND ( (MEMBER (CaR A) (SETQ
(T (INTERSECTION (CDR A) B1)))

¢.
weade Di ic

A
«ny » __ _Ronse Aarendos vol grids on wan77]Note taal

= A

2)



IDEFPROP COMPACTIFY (LAMBDA (A) Eomarvts repastad dorsly tn a crgumtnl ust
(MAP (FUNCTION

(LAMBDA (A)
(COND ((OR (NULL 4) (NULL (CDR A))) )

( {MEMBER (CAR A) (CLR A)) (RPLACA A (CAD®X A)) (RPLACD A (CDDR A,) )))}

ND
~J
nn

Ad)
EXPR)

ISETO RPAR (QUOTE /))) (SETQ LPAR (QUOTE /())(SETQ STET ((UOTE STET)I(SETQ / » (QUOTE / »)) } Goodies for PRINTF
(SETG PREC ())

'DEFPROP PRINTF (LAMBDA (A) (PROG2 (TERPRI) A (PRINTP A)(PRINC (QUOTE / »)))) EXPR) Dine A

(DEFPROP PRINTP (LAMBDA (A) Printes A wilt pareatheses Ne spaa befoe ov after. Ne DO.
{COND ((NULL A)) The value of /L (nematly /_) printed afler ack atom,

{(ATOM A) (AND PREC (PRINC PREC)) (PRINC A) (PRINC 7 ,) A) The value of REC (marmally(),jw this Coa mathing gets printed) &lt;;
((EQ (CAR A) STET) (PRINC (CADR A)) (PRINTP (CDDR A))) printed pele each “0m
{(PRINTP (CAR A)) (PRINTF (CDR A})i}) oo bw th paremtiese

EXPR) iF A= ( -stet PQ...) them Pie printed as it &amp; (we r s, ofv),

( , ofFoor ond withewt au spac after A
IDEFPROP PRACK (LAMBDA (F) F(a 2b oo] 2c on Nr bncicgromot1COND ((NULL F) ()) Vabie = 7 § © hae A argmedof kt re ng th

{ (AND (GET (CAR F) BACKGROUND) (MPARA K L A (SLOP A (SETQ a (CADR F1))11))
: (T (PBACK (PROG2 (SETQ a (CADR F1) (CEDR F111)

EXPRY

{DEFPROP SINGLEJODIES (LAMBDA (A) Ain a mudiue (C4 :2) 63 eo)

TAND [NULL (CDDR al} ody one Linx
INULL (CDAR A)) only ons fou or region
'SETQ 81 (CADR A)) 4
[SETQ 83 (FHAVING (FUNCTION (LAMBDA (X) (AND (NOY (EQ X Aj) (MEMBER 33 (CDR Xy)))) Ry leok 4m R for mother macltuo &gt;
[SETO 88 (CAR 23)) te some Link
JPRINT (QU (SINGLEBODY ASSUMES (EV (CAR 381) (EV (CAR a)) SAME 80DY)))
(NCONC (CAR 53) (CAR A)) Merge thim
iRPLACA A ()) Hf pnecliew A(RPLACD A ())1)) hig

EXPR

Ls ( Yy 4 HreyTOmS. Liaxs sosrgbty
|DEFPROP PELIN (LAMBDA (A L) 3 ov os ¢ ~lgion ‘TIVE

{COND ((NULL L) T) Ttype (fren varied
((OR (EJ A TYPE) (EQ (CAR L) TYPE)) (PELIN (CAR L) (COR L)))
(T (OR (NOSABO V V (GET (GETQ V KIND) A)) (GEV A (CAR L)3) (PELIN (CAR L) (CDR LI)

EXPR) oT 7D)
: resi } Y= 2 : /&amp;\ Oo hang xcept{DEFPROP TRIANG (LAMBDA (r) —= 2770 (rane &amp; (a bzw) LBL ed a &gt;

(COND (CAND (EQ 3 (LENGTH (SETW 33 (GEYTQ R KVERTICES)))) (VV otherwise.
"EQ 2 (LENGT® (S5ETw 88 (WAVING (FUNCTION (LAMBDA (RK) (£G (QUOTE T) (CAR (GETO X TYPE))))) 33)1 1)
'SETQ R (CAR (COMP. EMENT 233 83)))
"OR (NOT (EQ ® (CADR 33))) (SETg 38 (REVERSE t1)))
*SUME (CAR 38) EF)
"SUME (CADR 33) EG)
EQ (EF 1) %)
(EQ (EG 1) Ry)

(LIST RAR (CAR 83) (CATR 833) X)}}))
EXPR)

{DEFPROP TRIALINK (LAMBDA (UL)
(MAP? (FUNCTION

(LAMBDA (J) ~~

7
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(MAP (FUNCTION
{LAMBDA (K)

(AND (PARALLEL (CAR J) (CADR J) (CADR (SET@ x (CAR K))) {CAR KX}
{PARALLEL (CAR J) (CADDR J) (CADDR x) (CAR K))
{NOT (OPPOSIDE (CADDR J) (CADBDR x) (CAR J) (CADR Ji)
(NOT (OPPCSIDE (CADR J) (CADR XK) (CAR J) (CADDR J1))
(LEV (CADDDR J) (CADDDR xX))1)

(COND (J (PROGZ2 () (CUR J) (SET@ J (CAR J)))})1) 1)

ND
~1
Oo

/8



Nd
Qo
oO
»

, at Hoe K brace

defantt vans fo tymsld § proelld Solem go rege ee crlinnnf Asleramce
ISETO CERO 0.01)(SETQ SINTO 0.1%) (SETG SMASE 2.0)(SETQ COLTO 0.05)

IDEFPROP TYPEGENERATOR (LAMBDA (N)
((LAMBUA (L XIND)

 (LAMBDA (XX)
(PUTPROP N

 (LAMBDA (KI K2 XJ K#}
ICLAMBUA (KS 8 K7 KB)

(COND (EQ (SETQ L (LENGTH XIND)) 4,)
(COND ((CHROSSP N XK2 N K&amp;) (LIST (QUOTE L)(LIST K3 Ki)))

{7 (LEST (QUOTE Lj (LIST XK1 X31) 2)
 {EQ L 8.)

(COND ((MPARA N (CADR K[ND)'N (SLOP N (CADDDR KIND)})
(LIST (QUOTE T) (LIST K6 N(OBTU Ka X2 X6}333 KS Ki KJI))}

[(MPARA N (CAUR KIND) N (SLOP N (CADR K)))
(LIST (GUOTE Tj) (LIST Ka4a N(OBTU KZ X66 K&amp;)t3 XI XS Ki)

 {MPARA A CH[DDR WINDY N (SLOP N {CALR K3}))
(LIST (QUOTE T) (LIST x2 NiOBTU x6 Ka X2)832 KK] XJ KS5}),

i(EWuAL (SETA L
tLIST (CROSSP K2 N K4&amp;4 N)

ICROSSP xd N X66 N)
(CROSSP K6 N K2 NN)?

(QUOTE (TT Fy)
(LIST (QUOTE FORK) MN)

1(EQUAL L (QUOTE (T TF tt)
{LIST (QUOTE ARROW. (LIST Xa N K2 K6&amp; KJ K5 X11).

‘(EQUAL L tQUOTE tT ©) Ti)
LIST (QUOTE ARROW) (LIST K2 N KG K&amp; Ki XI K5))
(EWUAL (QUOTE (tJ) T TH)
ILIST (GUOTE ARROW) (LIST K6 N X&amp;4 K2 KS XK] K3))}

iT (PRINT (LIST L KIND M (QUOTE ERRORIDII) DID
8.)
{{MPARA N (CAUR KIND) Nn (SLOP WN {CADDDR KIND)
(LIST (QUOTE X) (LIST K7 K3 K4 K5 x6 KZ Xi X81]

[IMPARA NM (CAUR KIND) N (SLOP N  (CADR XK)
(LIST (QUUTE Xx) (LIST K2 Ri KJ K6 KS K7)))
 (MPARA N (CADLR KIND) N (SLOP N (CADDDR X13)
{LIST (QUOTE «) (LIST KS Xi K2 XJ K&amp; K8 X7 K&amp;))!

-{MPARA pn (CADDLDR KIND) N (SLOP N (CADR x1}!
(LIST (GLUOTE A} (LIST XK] KS KO K7 KB rd XJ 2)

 (MPARA nN (CAUDDR KIND) N (SLOP KN (CADLDR Ki:
ILIST (QUOTE X) (LIST K&amp; K3 KS XK8 XK7 K1})))

I {MPARA N (CAUR KX} N (SLOP N (CADDDR x1)
ILIST (QUOTE «) (LIST XJ K7 X8 Ki X2 x6 KS Kad}:

(1 (PEAK NID)
(T (PEAR N})))

(CAR KX;
(CALR K)
{CADDR K)
(CADDDR x) ))

{CAR KIND)
(CADR KIND)
(CADDR KIND)
(CADDDR KIND),

{QUOTE TYPED)
(COODDR KINDY)

i)
(GETA N XKIND)))

FrxPp 7g



 ~~
0
pd

|DEFPROP PEAX (LAMBDA (N}
{PROG (A C)

(SETQ A (GETW N KIND)
(SETQG C (CAR (LAST A)))
0
1COND (INULL A) (RETURN (LIST (QUOTE MULTI} N)))

(iCROSSP (SETQ 83 C) N (SETW C (CADR A)) N} (SETQ A (CDDR A)) (GO Di;
(T(RETURN (LIST (QUOTE PEAK) (LIST 33 (CAR A) (CAUR A))))i1)

EXPR)

{DEFPROP PARALLEL® (LAMBDA (A 8 C D)
(AND (NOT (MINUSP (0OTT A 8 C D)))(MPARA 4 B C ON) )

EXPR)

|DEFPROP PARALLEL (LAMBDA (A B C D)
{COND ( (NULL (GET@ A SLOPES)) (PARALLELe aA B C D))

{7 (OR (PARALLELe A B C D)
{ (LAMBDA (TOL) (AND{(PARALLELe # (SLOP A 8) C (SLOP C D)) (PARAL kL» © (SLOP 8 A) D (SLOP BD Cyr)

(PLUS 0.01 (TIMES (ABS (SLOP A B)} 0.05))133))
EXPR)

'DEFPROP MPARA (LAMgDA (A 8B C D) parallel witht sign, ~
(EQUAL] (SINV A 8 C D) 0.0 SINTOY )

EXPR)

(DEFPROP SINV (LAMBDA (A 8 C D) Comply mee
(GUOTIENT (CROSS A B €C D) (LENGH A 8) (LEnGH C DI)

EXPR)

(DEFPROP CROSS (LAMBDA (A 8 C D) (cro a b cd): cmepmdnd
IDIFFERENCE

(TIMES(DIFFERENCE (GETQ 8 XCOR) (GETQ A ¥COR)) (LIFFERENCE (GET@ D YCOR) (GETO C YCOR)))
(TIMES{DIFFERENCE (GETw D XCOR) (GETY C XCOR)} (DIFFERENCE (GETG 8 YCOR)}(GETO A YCOR}I))I}

EXPR)

{DEFPROP DOTT (LAMBDA (A 8 C D) dot produ
(PLUS (TIMES (DIFFERENCE (GETO D XCOR) (GETO C XCGR)) (DIFFERENCE (GET? 8 XCOR)(GETQ A XCOR}I))

{TIMES (DIFFERENCE (GETGC &amp; YCOR)(GETG A YCOR)) (DIFFERENCE (GETQ D YCOR)(GET@ C YCOR))))}
f) b a

EXP _- ops L &lt;r suprissd ave accurate
. 2 ouch thet Es Aea pond 4 a—0 _ob

IDEFPROP SLOP (LAMBDA (A J) by Aa wlrps | 7
(COND ((GET (GETQ@ A SLOPES) B8))1(R)) ) . slope

ENPR) Vat = ©, 0° 8B. A har wos a“ ae wr
—— mem =m 2 wa A and b art »

GEFPROP OPPOSIDE (LAMBDA (A B C D) ay 4 #.
(COND ((EQUAL]Y (GETQ D XCOR) (GET@ C X%COR))

(LESSP (TIMES (DIFFEPENLE (GETO a YCOR) (GETQ C XCOR))
(DIFFERENCE (GETQ &amp; xCOR} (GETW C xCOR)))

0.0))
(7 (LESSP (TIMES (POLINEAL A C D) (POLINEAL B8 C B)) 01)

EAPR)

IDEFPROP POLINEAL (LAMBDA (9 C D)
DIFFERENCE (DIFFERENCE (GETU Bb YCOR) IGETG C YCON))

{QUOTIENT (TIMES (CIFFERENCE (GE1Q D YCOR) (GETS L YCOR})
(LIFFERENCE (GETS o RCOR) (GET3 C XCOR}})

(DIFFERENCE (GETO UD XCOR) (GETQ C XZ0R11) 3)

(romlld ob cd) # (poalld «&amp; dr);
od)=~ (vnrea= a4 dec)

CA fe

20)



ND)
x
ND

{oguel 4 Xx 4 €) =T i Ix-yl ¢ €, () othenvige. (epuaty x4) = Cepuady x ¥ we )
{DEFPROP EGUALY (LAMBDA L

(LESSP (ABS (JJFFERENCE (ARG §) (ARG 2))) (COND ((EQ L 3! (ARG J)) (T CERO) vavedbe
EXPR)

IDEFPROP COLINEAL (LAMBDA L (PROG (knell a &amp; c 4 2

(N A D) (SET@ D 0.0)
(SETQ A (ARG (SETQ@ N 1)»
E
(COND ((EQ N L) (RETURN (EwUALL (LENGH A (ARG N)) G COLTO)))
(SETQ D (PLUS D (LENGH taARG NY (ARG (SETQ N (ADDI NII)
(60 E11)

EXPR)

_—IDEFPROP CROSSP (LAMBDA A 8 C DI a bed whan 7, it a
(GREATERP (PLUS CERO (CROSS A 8 ¢ D)) 0.0) )

EXPR)
- y -6. Oh (+)[DEFPROP LENGH (LAMBDA (A 8) — = liste Af = y

(LAMBDA (83)
(SGRT (PLUS (TIMES (SETQ 28 (DIFFERENCE (GETQ A XCOR) (GETQ 3 XCOR)})) 33)

(TIMES (SETo 3% (DIFFERENCE (GETG A YCOR) (GETG B YCOR})) 858)1)}
$3)

EXPR)

éJDEFPROP REMOVE (LAMBDA (E L) (remove €¢ 2) = £ withed the fint ocacnena of olment
(COND (INULL UL) L) _ be ling Gmrtoniom

((EQUAL (CAR LU) E) (CDR Ly £ ey ee ~~
(T (CONS (CAR L) (REMOVE E (CDR L))1))) Uae, Eau.

LXPR)

IDEFPROP THROW (LAMBDA (X) K = dation value of threwio(0 alive
(PROG (A) Pats K ia TES

{COND ( (AMD (NULL 2) (LESS® (LENGH (CAR K) (CADR K)) SMASE)) (SETGw(CONS V wi) (GO Ej)
(SETQ A TES)
B
ICOND ((NULL A} (SETQ@ TES (CONS (LIST (LIST (CAR KJ) (SADR XK)) (SETQ 88 (GENSYM)II) TES)

ICPROP 18 x (QUOTE FAS))
(60 E))

((MPARA (CAR K) (CADR K) (CAAAR A) (CADAAR A)) (CPROP (CADAR A) X (QUOTE FAS)) (GO E)
ISETO A (CDR A))
{60 B)
E
(RETURN 11)1)

LAPR

( cdeam b a a,. &amp;.) bi tue met
IDEFPROP CLEAN (LAMBDA (/=38AP68) A

IMAPC (FUNCTION (LAMBDA (KX) (MAPE (FUNCTION (LAMBDA (J) (REMPROP X J)))
ICOR /=33AP68)))) (EVAL (CAR. /=33APG&amp;))))
FExpR)

'DEFPROP GEV (LAMBDA (4 B) pile 2 lel wridemu CN
IQR (EQ a B) upd ff a=

IGETG A BACKGROUND) :

|GETG B BACKGROUND) “

L¢LAMBDA (6) (AND (CPROP A G (QUOTE BODY)) (CPROP B 6 (QUOTE BODY) I)
{GENSYM))))

Expo

ad ~ LA)
allaA tr orl whine } fn trenlre

$ \

“4-0 a -0
| '

a-0 ® - 0

2. =

#,-1] all
ae A

' i
a.-0 e.-1 on

!QETQ BPR {) be



Ly Ji[DEFPROP PROPERARROyw (LAMSDA (R y) - Tova rs TET a Ry yo»
(COND ((EQ (PR0G2 (SUME V EG) (EG 0)) (QUOTE ARROW)) ’

(NOT (EQ R (EG 7)}1)))
EXPR)

.DEFPROP SINGLET (LAMBGA (L) (AMD (NULL (CDR L}))) Erem

IDEFPROP OBTU (LAMBDA (A 8 C) (COND
I(LESSP (DOTY A N C N) 0.0) (SETW s8 g) A)
IT (SETQ %8 A) 3))IEXPR)

!8ETO FE (QUOTE /
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