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ABSTRACT

Methods are presented (1) to partition or decompose a visual
scene into the bodies forming it; (2) to position these bodies in
three~dimensional 'space, by combining two scenes that make a
stereoscopic pair; (3) to find the regions or zones of & visual
scene that belong to its background; (4) to earry 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-dimengional 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 on the basis of
monocular geometric properties (on the basis of pure form); in fact,

successful methods are shown.

Thesis Supervisor: Marvin L. Minsky,
Title: Professor of Electrical Engineering.
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if the machine is asked to separate the bodies, it must say

(BODIES ARE AS FOLLOWS : (1 89) (27) (356) (10 15)
(4 13 14) )

1f asked to report the triangular prisms, it should answer
(10 15 IS A TRIANGULAR PRISM)

== This thesis discusses the problems involved in this task.

What should be done when the information i8 noisy, some lines
are missing, etec?

How can the computer separate the background from the objects
forming the scene?

How should shadows be handled?

How can stereoscopic vision be used?
What about ambiguities and optical illusions?

visual perception

artificial intelligence

body

backgtéund

background discrimination

classification of images

CONVERT

cybernetics

feature recognition

geometric objects

geometric processing

graphic processing

graphical commmication

graphical data

heuristic procedures

heuristic programming

identification

image

intelligence

line drawing

LISP

list processing

machine aided cognition

machine perception

mechanization of visual
perception

object identificatiom

optical :

optical illusion

pattem

This thesis also discusses some related aspects of human

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

pattern matching
pattern recognition
photo-interpretation
picture

picture abstraction
picture processing
picture transfommstions
pictorial structures
polyhedra :
recognition

robot

scene

scene analysis

solids

stereoscopic

symbol manipulation
three~dimensional
three-dimsnsional scenes
threa-disensfonsl solids
two~dimensional patterns
vision ‘

_visual

visual informstion processing
visual object recognition
visual perception

visual sgenes
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==  Computer Review (A. C., M.) index numbers: C.R. 3.61, 3.63,
4,22, 5.20,

i thesis to
Why this work was chosen as a thesis topic The present work was

carried out using 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 way
computers can interact with the real world: specifically to develop
better sensory and motor equipment, and programs to control them.»
{Minsky, Status Report II}. From such efforts, a robot or mechanical

manipulator has been constructed, consisting of a PDP-6 computer,

an image dissector camera mechanical arm and hand (see pictures).

IMAGE DISSECTOR CAMERA

& These "eyes and hands" are eventually to be able to do reasonably
intelligent things but first, of course, 1t is difficult enough to
get them to do things that are easy for people to do.» {Ibid.}

An image dissector
silently watches

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

12




The work was naturally divided into yisusl information processing
(computer vision) and manipulation and control of the arm-hand.
Thus, when I came as a graduate student from the Politécnico de Mexico
to M. I. T. (Sept. 65) and became associlated with the AI Group, I
found a great interest there in graphical communicatfon with computems.
Moreover, it was felt that symbol manipulation techniques would be
relevant to this area. I was fortunate enough to have had some con-
tact with the LISP language in some of its implementations:
MB - LISP {McIntosh 1963} * and Hawkinson-Yates- LISP {Hawkinson 64}
at the Centro Nacional de Cidlculo of the Politécnico; in fact, T
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 1s, one-dimensional structures or strings of
symbols) in a pattern~driven language, such as CONVERT {1965}, recently
finfshed at that time.

The area also offered a good opportunity to understand and
evaluate several techniques, computers, equipment, etc. Consequently
I decided to work in it.

*

) The parentheses { } always indicate a reference to the
bibliography at the end of this thesis, where the complete title,
date, etc., of the paper can be found.
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SIMPLIFIED VIEW OF SCENE ANALYSIS

TO THE BUSY READER —

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

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

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

Scene Anal 'ij" Scene analysis is the result of interaction between
stored in the programs. In all that follows, the optical data entering
through the Eye i8 reduced to a line drawing; this pass is called
pre-processing, and it will be only briefly sketched here.

After preprocessing, such a The stylized preunﬁtion that

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

to discover and recognize given not need to follow the sequence

objects in it, The process 1is pre-processing =p recognition.
See 'Division of work in
called recogpitiom. Computer Vision' in page ¢o.

This thesis is concerned
with recognition.

We now give a simplified exposition of both processes. Recognition
will be discussed abundantly in the remainder of this thesis, since
it 18 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 60 .

14
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Each inhomogeneous square is divided in four % s ignoring

again the homogeneous sub-squares.

11

The process is repeated a few times more.
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The squares are now reduced to lines and vertices.

17
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The resulting analysis gives us the first chance to start
working abstractly now, instead of continuing in "picture-point

space." Preprocessing is finished.
This and the next page
describe proposed, but still
Recognition unfinished, parts of the
system.

What follows is merely a brief summary of the processes in
recognition. A more systematic presentation and classification of
processes in recognition is found in 'Division of work in Computer
Vision', on page 60.

A program would check in the original scene, on both sides of
each line, for continuation across the line, of textures, local cracks,
etc. On these and other grounds, shadows would be picked up and

erased:

18




A line-proposer program studies the abstract or "symbolic" scene and,
using some heuristics and general principles, proposes places where
it is quite probable that a line is missing:

These places axre gearched by a line-verifying program, which is an
specially sensitive test that uses fine measurements from the ori~-
ginal scene, and ofteﬁ 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 whole picture at the start.

19
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At this stage our pwogram SEE (page 58) comes
into action., This program treats different kinds of local
configurations as providing different degrees of evidence
for 'linking' the faces. This evidence 13 obtained mainly

at vertices, and at boundaries between regions.

A vertex is in general a point of 1intersection of
two or more boundaries of regions. These regions might or
might not be faces of a single body. SEE examines the
configuration of 1lines 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
“rORK'(a complete classification of wvertices can be found
below in table ‘'VERTICES'),

b

(]

"FORKu "ARROW"

20




the “fork” suggests linking face a to face b, b to ¢, ¢ to a.
The "ARROW" 1links a with b. A "leg" (which depends on nearly
parallel lines) would add a weak link, in addition to the ordinary

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

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

"T'" counts against (inhibiting, that is) linking a with ¢, or

b with c. Ac
b

These links, for our example, are

and may be represented as

[weak links are dotted]

21




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

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

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

(L24 IS A TRIANGULAR-PRISM)
(356 IS A CUBE)

Analysis of several examples

A larger variety of kinds of evidence is used in more complicated
scenes, making the program more intelligent in its anawers:

(1) The links themselves are inhibited by conditions or configurations
at the neighbor vertices and faces; for instance, in the case
of a "FORK", the (strong) links indicated below are inhibited:

(2) The links to the background are ignored [complete descriptions
of conditions for producing and cancelling links are to be
found in section 'SEE, a program that finds bodies in a scene'l].

(3) A hierarchical scheme 1s used that first finds subsets of faces
that are very tightly linked (e. g., by two or more links).

22




These '"nuclei" then compete for more loosely linked faces
(faces linked through one weak link and one strong linkcf':b »
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 fdentification error.

The bodies of the following scenes are found by SEE without
difficulty,

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

23




Dotted links are weak.

24



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

Statement of Rules We will re-state the rules under (3) of page 22.

Region (definition). Surface bounded by simply closed curves.

We will corsider 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 nucleli A and B are linked if

regions a and b are linked where ae€ A and b e B,

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

For instasnce, regions :8 and :11 are put together, because there

—) Y —®

exist two strong links among them, to form the nucleus :8-11.

Maximal nuclei: Starting from nvclei containing individual regions,
we let the nuclei grow and mergs under the First rule, until no new
nuclei can be formed. When this 1is 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.

e

*For the moment, ignore the colons (:) in front of numbers. The
name of a region is a number preceded by a colon, such as:16.

25




The First rule is applied again and again, until all nuclei are
maximal nucleij 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 leus. e
D =

The Third rule is appl:led after the Second rule,
Third Rule: If nucleus A consists of a single region, has one link
with nucleus B and no links with any other nucleus, A and B are merged.

®LD° — ()6

(10 11) does not join the bigger nucleus becxuu (10 11) does not
consist of a single region. Below, 9 does not join (7 8) or (4 5)

because 9 has two links: G e

The Third rule tends to avoid proposing bodies consisting of a
single regiom.

The next example shows how three " false" links failed to lead
SEE into error:

Here three links were ery:onaouuly placed but SEE:did not get
confused by them.

In complicated scenes, coincidences cause two objects to line up.
As a result, vertices of different objects are merged, two objectively
different lines appear as one and so on. The next example illustrates
these  phenomena and shows how SEE copes with the problem,

26
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SEE transforms the above scene as follows:

27
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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 curved objects

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

Figure 'BRIDGE'

28




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

T
three parallel lines comprising régions that are not background, and

used here:

having the background as a neighbor, and a 'T' in the center line,

originate a strong link, as shown above.

The following locally ambiguous scene is correctly parsed by

our program:

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

fails to see one of the inner cubes:

Figure 'MOMO' also gets decomposed accurately:

Figure 'MOMO’

29




The local links allow correct identification of the following body:

S am

...-,

Senr

If the lateral faces do not have parallel edges, a mistake occurs
(conservative behavior, page 212):

RN 7
‘“ At left, the above mistake is not produced

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

The performance of this program shows that it is possible to
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.

30




*
Problems in analyzing a yisual 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 1list some of these 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 in the text.
Among the facilities that must be available are:

a) Spatial frame-of-reference: setting up a model of the relation
between the eye(s) and the general framework of the physical task,
i. e., where are the background, the "table" or working surface,
and the mechanical hand(s)?

b) Finding yisual objects, and localizing them in space with respect
to the eye-table=background-hand model.

c) Recognizing or describing the objects seen, regardless of their
position, accounting for partly~hidden objects, recognizing objects

already "known'" by descriptions in memory and representing the

three~dimensional form of new objects.

d) Building an internal 'structural model" of what has been seen,
for the purpose of task-goal analysis.

Among the important factors are the effects of:

1. Both the camera's focus and its depth-of=-focus.
2. 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 may
‘disappear if they get equal illumination from a diffuse light source,

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

flat surfaces, the two-dimensional projection of their surface

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

Chairman:
DR. BERTRAM RAPHAEL
Stanford Research Institute
Menlo Park, California

problems in the
implementation of
intelligent robots

This session, the second of three sessions on robotry, will
consist of a panel discussion among technical people in-
volved in the design and construction of mechanical de-
vices that are capable of significant independent “intelli-
gent” behavior, usually by means of computer control, The
projects represented on this panel have drawn upon state-
of-the-art capabilities in many technologies including
mechanical engineering, pattern recognition, heuristic pro-
gramming, neural networks and computer systems. Thus,
the discussion which will be conducted at a fairly technical
level should be of interest to engineers and scientists con-
cerned with the problems of interfacing a variety of disci-
plines, as well as to those interested in learning about the
nature of current embryonic “robot” systems.

NOTE: Tickets priced at $5.00 each (including lunch) for
the all-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 author

GCONVERT
A programming language is described which is applicable fo

problems conveniently described by transformation rules. By
this is meant that pattems moy be prescribed, each being
associated with a skeleton, 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 pattems and primitive skeletons are described, as
well as the principles which allow their elaboration into more
complicated patterns ond skeletons. The advantages of the
language are that it allows 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 stated quite concisely.

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

Because it is easy to write and modify a program in Convert,
the language has been extensely used to quickly test 'good'
and "great" ideas, new algorithms, etc. It is embedded in
the LISP of the PDP-6 computer (A.XI. Group), in the IEM-7094
{Project 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 Gonvert} 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} {Bawaii 69} is a Convert program that
works on a scene or picture, expressed as a line drawing, and finds

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

models of the classes of objects we are interested in (such as 'cube',

'triangular prism', 'chair'), and make a program look for all instan-
ces of any given model in a given scene or figure. Twe arguments
would have to be supplied to our program: the model of the object

we are interested in, and the gcene that we want to analysze.
Programs to do this are described in {AFC?H.-!‘67~'-01‘33}“and {MAC M 342}.
In these early programs, partially occluded objects get incorrectly

identified. These programs are also written in Convert, and work
by transforming or compiling the model, writtem in a picture dencrip-
tion language, into a Convert péttem, which seaxches the scene for
instances of the model. h ’ :

(3) A Master's Thesis {MAC TR 37} discusses luny,‘m;‘n_. 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 objeéts;'and analyzes the scene into a éonpos‘it:[“on of
three-d:lménsional objects. Partially océluded objects are usually
properly handled. This program was discusaed in {HAC M 357},
{Guzmén PJCC 68} and {Pisa 68}, and this thesis discuues 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
game scene), improvements to deal with noily'(inpérfecé) input,
figure-background discrimination, and a few other subjects.

Canaday
L]

Rudd H. Canaday in 1962 analysed scenes com-
posed of two-dimensional overlapping objects, “‘straight-
sided pieces of cardboard.”” His programbreakstheimage
into its component parte (the pieces of cardboard), de-
.mbese.chom,gvuthedepthotewhpartmtbs
image (or seene), and states which parts cover which,
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Roberts
)

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, & 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 Jine drawing and (2) pro-
duce a three-d1menmonal 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 Manipulator Groups (see also page 32 ).

Actually, several research groups (at Massachusetts
Institute of Technology, * at Stanford University, 1t
at Stanford Research Institute 1) work actively to-
wards the realisation of a mechanical manipulator, i.e.,
an intelligent automata who could visually perceive and
successfully interact with its enviornment, under the
contro] 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.
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THE CONCEFT 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 into 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 i{n it objects or bodies
contained in the real scene. More specifically, the aim {gs to find
the two-dimensional representations (projections, photographs) of
the different three-~dimensional bodies present in the scene,

The phrase "two-dimensional representation of a three~
dimensional body" will be shortened to "two-dimensional
body" or even to "body'", when no confusion arises.

That is, we have to analyze a two-dimensional scene into collections
of two-dimengional entities (surfaces, regions, lines), each of which
makes "three-dimensional sense" as a two~dimensional projection
of a three~dimensional body.

The problem is inherently ambiguous

A scene can be considered as a set of surfaces (faces or regioms),
a body belonging to that scene 18 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 foyming a bedy (scene "CHURCH").
The problem is inherently ambiguous, since different collections
of three-dimensional bodies can produce the same 2-dim mm, therefore

a given scene can be partitioned in many ways into bodies.
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It is desired to make a ‘
"natural”™ partition or decompo- \
sition of the scene, natural in ‘ph-‘
the sense that will agree with
human opinion.*

Tovdefine a three-

dimensional body is no problem
Set of eight elements. Adequate

{a philosopher may disagree, subsets (bodies) are (2 4],

perhaps in singular casesl: {13567 8]. Inamore com~
plicated example, people may
differ in their parsing of scenes.

Figure 'CHURCH'

Three-dimensional body (definition):

A connected volume limited by a
continuous, two-gided surface composed of
portions of planes.

Restriction: The above definition covers only polyhedral bodies,

that is, those having flat faces.

Restriction: No holes.

No-restriction: Bodies do not need to be convex.
‘Roughly speaking, a three-dimensional body is something that does not
fall apart into pieces when 1lifted [this may be used as an operational
definition of a body, given a mechanical manipulator to make the neces-
sary tests].

Given a three~dimensional body, we generate a two-dimensional body
by taking a ‘picture of it, as follows.

____m;_m_l__m! (definition).  Figure fomd by. the projection of
a three~dimensional body Geneu’i‘ty. the m}?c-
‘tions is im:ic ox Wti!n R
'Ihua, this 1is a view in twe dinemim of & % &d:'tody fron sfme
particular point of view. ‘ S L <
anortmtely, a two-dﬂeniiml bo&y cou'i.d m in zhit my fi'om
any of uverxl different 3-dim bodies or, ﬁ!ut in wom, “two 3-61- dies

mgethercan g:.ve ri.ae to a singh 2=dim body. ror tntmc, in fig. ! ENT“

¥Without such & reqmrement the problem has a trivial solution ;
(see Metatheorem in page 39).
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Figure 'BENT'

Two blocks, or a bent brick.
this f.wo-dipans:lml boﬂy eould be gcneratcd hy a. "bqgt. b;uk" or, by
two blecks tdj-eeua%b each othet We are desling with one three-
dimensional body 1n the first case, swhth: ta: 4. the: sengnst..  But:. eho

2-dim entity (nmssly, the dﬁﬁﬁg of figure 'BENT') 1is the same, and
we are confrowted with an fabereit asb¥gul ity "

Sibclivs JOUWERL , sore stiriictng dckisgle 1¥- piveh in Wig. *STMELYUS®,
vhich could be the representatise of 365 ‘aylm bod:lel, or the
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Such colorful contradictions point towards the need to lay dowmn
a more careful definition of our task. For instance, no one would think
that figure ‘'CUBE'

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

contains three bodies. Nevertheless :(s'ée fig. 'PARALLELEPIPED' in
next page), that could be the case,

These two extremes are to be avoided by an appropiate definition
of a body and the cortesponding conputer program.

Legal scene That 2- dim scene EL S which each line i8 boundary of some

region.

Legal scene. - Illd‘gﬂ. ‘ Illegal.
See also comments to scene R3, and 'Ilhﬂtl &.'-enes' (page 217), in
gection 'On noisy input’',
w 'Any legal scene can nlwaya be the projection of one or
more three-dimensional objects.”

To- -prove it, it sufﬁces to note that each legal scene is composed

of regions » and each of them could be interpreted as the

basis of a pyramid, all the faces neet!.ns at the cuspid oeccluded by
the basis. W

Therefore, each legal -cene can be. obtaincd by projecting or
photographing an adequate arrangement Qf. li,&h’ pyrqd.ds

We can always comstruct a
legal scene by photographing
(or projecting) suitable
3~dim polyhedra.
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'"PARALLELEPTIPED

An improbable decomposition of a scene.

Figure
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Trivial partition

B;t‘use of the metatheorem, we can always find a
decomposition of a visual scene into three~dimensional bodies; we
call this answer "trivial", Humans do not split scenes this way.
Our program ghould not, either.

But the metatheorem points out that "impossible scenes' are ne-
ver found among the legal scenmes (see section 'On Optical Illusions');
these always have at least one interpretation, [ed of “tive pectitin”].

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 scenme.

Several criteria are possible:

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

2. Ledley {1962} would propose: in terms of suitmble primitive components
(arcs, legs, etc.), make a syntactical analysis of the acene,
with the help of a grammar, in such & 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 speci{fied 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

41




was asked] they tell not only "yes, it is a body", but also.
"it is a pyramid". The current question 1is more - general.
It is desired to know 1f something i1s a body, any body,

even one which has not been seen before.

If it were possible to implement a program to answer that question,
then that would be a working definition of a body. SEE is a program
which comes close to this goal, so that it could be pragmatically stated:

2-dim body "'a la SEE" (definition). A body is each set of regioms.
recognized by the progzam SEE as such.
This definition allows the following .
Criticism: A perfect way to hunt lions is to
capt.ure any entity E, and to call
tlut a 1ion, by definition. '
'.l'hat is, although this definition is precise, 'SEE may make
decisions "contrary te comnon lenle" allo, for purpole: ‘of judging
the behavior of the program, this definition is unl.els, lince SEE
will be perfect 100 per cent of the time, irrespective of it: answers.

We are, finally; tempted to conclude that ‘common sense", or
better, "human common sense" plays a role in the definition of a body,
since vhat we are trying to characterize is &  ygual -hody, normsl body,
common body, etc. But even people may differ in their parsings of
scenes, We could, of course, give & sceme (such as ‘MOMO! in page77)
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 bodx (ntatintical and humnn-behavioul definition) Each one of

k ' the subsets into which a scene is partitioned by many subjects.

It 1s underntood thnt in thil lpirit the hu-nn objects lhould be

motivated to satisfy a N o

Simplicity eriterion: Of the several "reasonable" intorprctations

C (deconpositions) of a lcene. the one vhich

contains the lluller mmber of bodien 1s
preferable,.
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That is, an explanation or decomposition is simpler (and preferable)
if 1t 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 "gimplicity"
could be always achieved if each. scene is raported 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 11gt many (perhaps rank-ordered) in case of ambiguity,

If we select the first alternative, further choices ‘ar(e
== to have a natural parsing (human). ‘
== to have a canonical parsing, in the sense bf minimiging ‘
some variable (the minimization of the number of bodies
leads us to Sibelius' Monument, its maximization to the
Trivial Solution of the metatheorem [page 4! 1).
w We have been discussing identification of
3-dim bodies (through their 2-dim projections) in a 2-dim scene,
purely on the basis of 'gemet:‘ric regions, 'Mnny other kinds of infor-
mation could be used » such as texture, color, and shadows.

Nevertheless, it is ihtéresting
to see how far the identification
of bodies can go if only geometric
properties are used.
M Finding bodies in a 2~dim scene is a task not very precisely
v defined, because of the ambiguities inherent in any projection process.
‘Onthese 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. £ig. 'PARALLELEPIPED')
only some of which may be considered plausible or 'sensible’ (natural,
common, standard) partitions in regard to the bodiea forming it.
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TOTAL ANALYSIS OF VERTICES

M Here a scene 18 considered as formed by several regions;
bodies are adequate collections of regions. The problem of identifying
bodies is restated as the problem of finding whether two regions
belong or do not belong to the same body, This question is answered
by examining the vertices of the scene.

It is shown that a single vertex never conveys conclusive
evidence, so that at least a pair of vertices is required to isolate a
body; familiar and unfamiliar configurations of objects help to under-
stand how the vertices are to be used in this task.

Vertices are the important feature

All faces of 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 ]

== These are limited by flat surfaces

==  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, & yertex appears. This is
also a common feagture for all the bodies.

=

A body 1is formed by vertices with edges connecting some of these.
When a 3~dim body is projected into a 2-dim body, its 3-dim vertices
{which we will call genuine 3=dim vertices) sre transformed into
genuine 2-dim vertices, known as images of the 3«dim vertices, as
figure 'GENUINE' (in next page) '{ndicates.

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

44




Two 3-dim
bodies, one
of them
showing

its genuine
3-dim
vertices.

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

Three false
- yertices also

appear,

Figure 'GENU I N E'

A genuine vertex (such as GI') is one whose counterimage
(61 in this case) belongs to some body; a false vertex
such as F;', is a virtual intersection, and generally
has no counterimage in the 3-dim world. See fig. 'NODES'.
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from genuine 3-dim vertices, but rather from the partial occlusion

of parts of opaque bodies [transparent objects give rise to different

kind of false vertices; Guzman [MS Thesis} deals with them by using

transparent models, and a mode of operation of TD, the recognizer,

that re-interprets or ignores certain types of vertices. {APCRL-67-0133}].
False vertices do not belong to any object. |

Genuine and false vertices The classification of vertices into

categories " genuine' and 'false' will allow isolation of objects in a
picture; in fig. 'GENUINE', elimination of verticcs‘l?l' s Fz' , and F3'
divides the genuine nodes of the network (see fig. 'NODES') into two

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

Figure 'NO DE §'
False vertices arise from the intersection of two
projecdted edges, one of which is typically occluded
in part by a face bordered by the other, Elimination
of the: false vodes 7;'; Fp! -and F3' disconmects -
the network in two separate components, which are
the bodies sought for.

This suggests the following
2~dim body (first approx. to definition). Set of regions possessing
only genuine vertices, and separated from other bodies
by false vertices.
In this way, the problem of identifying bodies is equivalent to the
problem of identifying genuine vertices, segregating the false ones.
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Eroblems to be solved The computation of this equivalence is challenged

by several problems:
==  The distribution and position of bodies may be such that false
vertices look like genuine vertices (fig. 'CAUTION').

Fig. 'CAUT IO 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.
= I

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

may be supplanted by false vertices.

==  Continuation 1s not clear; some doubts arise i1f the object in

_the foreground covers one or two bodies (£ig. 'CONTINUATION');
the simplicity criterion prefers the single body interpretation.
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Fig. 'CONTINUATION®
Continuation 18 not clear.

In brief, difficulties 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 more global
information.
W The table 'VERTICES' in next page classi-
fies vertices according to their form, number of lines and angles
among the lines. Tt 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
ARBOW configuration is a body with faces 1 and 2 3: . 2
seen againat some other objeet 3. We indicate 1
this by [ (1 2) (3) 1. However all other configurations are possible:

[ @) 3]

[ 3)(2)
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'L'.- Vertex where two VFORK' .- Three lines forming angles

lines meet. ‘ smaller than 180 degrees.
'"ARROW' .~ Three lines meeting at 'T' .~ Three concurrent lines, two
a point, with one of of them collimear.

the angles bigger than
180 degrees.

'K'.- Two of the lines are 'X'.- Two of the lines are collinear,
collinear, and the other and the other two fall on
two fall on the same gide opposite sides of such lines.

of such lines,

'"PEAK' .~ Formed by four or more 'MULTL'.~ Vertices formed by four or
lines, when there is an more lines, and not falling
angle bigger than 180°. in any of the preceding types.

TABLE 'VERTICES'

Classification of rectilinear vertices.
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Thus, for an ARROW, all the groupings of its faces are posaible; 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
[ui], 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 asb, if
the Ky decides that they belong to the same body; this 1is
an equivalence relation), using information only from that
vertex (it does not look at the other vertices or at the values
of the pu's at the other vertices), which will partition all
scenes correctly,

That 18, the following machine will not work for all scenes:

(7

Figure 'M A CH I N E!
The decision procedures ., , represented as 'eyes' & here,
decide by processing inforggtion at exactly one vertex;
the box in the right accepts all these decisions and passes them as
results. No matter what set of ity we choose, there exists a scene
that induces an incorrect partition by our machine.
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A stronger assertion is that, in view of inherent ambiguity,
there is not even any global procedure! h

All the different groupings of regions of a vertex inmto Sodiez
are possible; this 1is illustﬁted by the following complete set of
scenes, each one of them showing a different partitioning of a type
of vertex, These examples are useful also in giving an idea of
unususl, as well as familiaxr scenes; we will have later ocuﬁion to
use them, when searching for heuristics to form bodies.

Generation of zartitions

compo ( (1 2) ) set of two elements.

{ ((1) (2))
2 5(1 2))

There are only two partitlons of 32

Partitions of a set of L+
elements\I

\ compo ( (1 2 3 )
[]
Partitions of a set of3 z Egi)2§223§3()4§;))
(elements 3 (L1 3y €2) (u))
4 ({1 4) (2) (3))
5 ((1) €2 3) (%))
compo ( (1 2 3) ) '3 ((1 2 3)(4))
( ((1) (2) (3)) 7 ((1 4) (2 3))
2 ({1 2) (3)) (1) (2 %) (3))
3 ((1 3) (2)) 9 ((1 2 4) (3))
4 ((1) (2 3)) 1 ((1 3) (2 4))
5 ((1 2 3)) " ((1) (2) (3 1))
5 1z ({1 2) (3 8))
3 ((1 3 4) (2))
M ((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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PEAK , MULTI

not
represen

ted
here
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Digression 1, An alternate approach

Suggestion

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 one of them
(vertex, crack in the face, peculiar texture, etc.) and by correlation
or some other method, find it also in the other picture. Having
found a few points in both images in this manner, determine the plane
of the face, in 3-dim space. When several faces are thus identified,
we can compute, 1f 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 1n differentiating lines caused by edges from
those caused by shadows, an approach which avoids the lines altogether
looks promising. But in this case, in addition to requiring two
images, several correlations are needed (if we choose this method),

a generally time~consuming and error-prone task.
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S E E, A PROGRAM THAT FINDS BODIES IN A SCENE

Synopsis

How SEE works.

Algorithms and heuristics are presented, implemented in a
program, that analyze a scene into a composition of three-dimensional
objects. Only the two-dimensional representation of the three-
dimensional scene is available 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 idéa 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 4t will usually isolate
the pentagonal prisms (or any other regular or irregular solid) im 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 moat’ 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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A scene smalyzed by SEE,




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 the scene.

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

our program, named SEE, produces

(800Y 1,
(80LY 2,
{80DY 3.
(BoDY a,

Is
I8
i$
Is

35
36
38
32

s8] 34 812)

215 37 811 8$14)
39 3110 33}

213}

Division of work in computer vision

In trying to construct a program for seeing, several approaches

are possible;

modular programs or subroutines.

most of them require some of the following set of

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

to a symbolic representation or 'internmal 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 IG ).

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

system.
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Illumination program. Discoverg 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 subsets, each
one being a body or object. Thus, SEE is a body-recognition program.

Object identification. These objects are compared against abstract
descriptions (models) of cubes, pyramids, etc., so that a classification
is done, and a name is attached to each one. 1In 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 information
is obtained to allow the mechanical arm to manipulate the objects and
achieve its goals.

Stereo, More than one view are analyzed (page233) and from them,

3-dim spatial positions are found.

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

acquires knowledge of how far the objects are.

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

scene and of the desired goals increases.

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

object in the scene.

Technical descriptions of SEE

1. Annotated listings. Above all, the primary source of information
is the listing of the programs, that appears complete in this thesis.
They are written in Lisp. Ff, despite my efforts, some of my explanations

are not clear, consult it: it is annotated. The programs themselves,
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examples, test data, results, instructions, etc., are in the DEC-
magnetic tape ''GUZMAN F" at Project MAC (AI group). Instructions
are given in page 78,

2. Thig gection 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 somevhat

less depth, and therefore are more readable, are also available

{ricc 68} {Pisa 68}. Except that they contain some examples not
included here, they contain no other information not ¢overed here.

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

T

FIGURE 'R 3'
A scene.
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INPUT FORMAT

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

o

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 (%37 %G %34 %C %31 XB)
%X8 4,0 S5e7 (Xs7 ZA %31 xD)

%C 4.8 8,5 (%34 ZF X32 %D %31 %A)
XU 4,5 9.15 (X37 X8 X231 XC %32 XE)
4E 5,65 9,25 (X87 %D %32 %F)

XF  B5.85 8.6 (%87 XE %32 XC %34 %G)
%% 6.6 5.2 (%37 XF %34 %A} R3 IN INPUT FORMAT
i 6,9 15,4 (X387 XL %33 XK X35 XI)
%1 8.5 16,0 (%37 %M 235 %J)

AJ 1148 12.6 (%37 %l %35 %K %316 %N)
%€ 1060 11.9 (%36 xJ %35 %H X33 xM)
AL 7.1 13.2 (%37 zM %33 %H)

%M 10,0 Vo7 (%37 %N %36 %K %23 %xi)
XN 11.65 10,3 (%37 xJ %36 %xM)

y1rr)
The first line declares :7 to be the background.* We have to

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

#For the moment, ignore the % signs. They are used to distinguish
right from left scenes.
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Property lists in Lisp *

Each atomic exprggsion in Lisp has a
property list, which {8 a place where facts can be stored.

If it 18 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 m,
we could proceed in Lisp as follows:

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

(2) 1In the property list of 'JOHN' we will store several properties
or indicators and their valueg, using the function PUTPROP, that
stores information in the propérty list; thus
(Putprop (quote John) (quote Jacqueline) (quote Wife))
will add, under the indicator or property 'Wife', the value

' 1.
Jacqueline': JOHN

WIFE ~——— JACQUELINE

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

JOHN
SEX -~ MALE
Ace -~ 69.0
WIFE ~-  JACQUELINE

{
HEIGHT =-- (1,77 m)
(4) 1In fact, the property list of 'JOHN', which is the CDR of 'JOHN'
in Lisp 1.6 {MAC M 313}, is
(SEX MALE AGE 69.0 WIFE JACQUELINE HEIGHT (1.77 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

* This paragraph, which can be skipped if it is known what a
property list 18, will make the next section clearer.
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2

FORNAT OF SCENE RJ xcor 11.799999

L2 ] YCOR 12,600000
REGIONS (306 185 X3) %32 I8l X34 X7 NYERTICES (X1 3K XN)
vERT[CES (XN N RL ZK XJ Al XN X6 XF XE XD XC X8 NRECIONS  (X87 %38 X3¢)

2A) KInd (X7 BI Z28 XK 236 EM)
SACKGROUND 1187) - TYPE (ARRQON (XK XJ X] XN X85 336 207))

86
NEIGHBORS (385 X813 %87 x37) xConr
KVERTICES (1K 3N IN %J) YCOR 16,0
Foor (1485 XK 83 XN X07 XN Xs7 RMJ)) NYERTICES (3M XJ}

[ 11} NREGIONS  (R87 X09)

NEIGHBORS tAL3 X316 X917 X87) Xind (X837 N X838 2J)
KVERTICES (XK 3J X1 XN) TIRE W (299 %070}
Foor CIN83 ZK ASG RJ X37 XI X&7 EW}) U]

33 XCOR $.0998990
NEIGHBORS IX37 A87 X386 X33) reon 15.399009
KVERTVICES (XL M EK XMH) NYERTICES (XL XX XI)

C(R87 XL 287 AW X236 XK %15 AH)) NREGIONS (X037 %13 138)

22 XIND (X387 B Xe3 XK X35 XI)
NE1GHBORS 1384 K37 X87 331) TYPE CARROW (XK XM XL %I 283 338 387))
KVERTICES (3F 1€ 30 1C) 18
FuoP ((R14 XF X87 XE %87 XB As) XC)) ACOR 6.6000000

{13 Yeon 8,1009990
NELGHBORS (234 %32 %87 X87) NYERTICES (XF XA)

NYERTICES (3C XD X8 %A) NREGIONS (X837 Ri4)
FooP 1(%64 EC %32 KD 337 X0 337 3A)) Xind (R87 RPF %04 XA)

{11 TYPE (L (%86 X87))
NE[GHBORS 1382 %31 %37 %97) ar
KVERTICES (30 3A X0 BF) €coR 5.8509000
Faor 1(X02 XC X81 XA XI7 K6 K87 XF)) Yeonr 00000

287 NVERTICES %C %6)

NEIGHBORS (286 %06 X583 X33 X35 X903 X232 282 X314 X34 NREGI0NS (%37 332 %34)

K33 %31) KIND (Xs7 BE 232 AC X34 X6)
KVERTICES (SN XM XL SN X1 3J A& XF 26 RA X8 XD) TYeE (T (XC RF %6 X€ 202 334 337))
FOOP (1x96 XN %56 XM 283 ZL X83 XN X9 %] 188 L3

2J ab-aF-46—-4A—28-xP) (X32 SE xt2 3F X84 3O 284 xA x32 28 x? XCOR $5.6490009

1300 ycon 9,28

™ NVERTICES (XB £F)
xcon NREGIONS (287 B9)

YCOoR K3np (X807 %D %82 XF)
NYERTICES vee L 1%32 %370}
NREGIONS (%87 %36) 1]
King (297 %J 316 XM) xcor 4.8
TYPE 1L 1508 X070) eon 9.1499999
m RVERTICES (28 ¥¢ RE)
RCOR 10.9 NREGIONS t%07 %81 332)
vcoR 9.7000000 KIND (Xs? KB %51 XC %12 3E)
NYERTICES (3N 3K L) Tyee 1ARRON (XC X0 XB X£ %81 %32 X87))
NREGIONS (X807 X858 R03) |
KiND (67 XN X986 XK %33 L) XCOR 4.6000000
TYPE CARROW (XX 3N XN ZL %36 X33 X87)) YCoR 8.8
s NVERTICES (XF XD %A)
xCoR 7.1008000 :::5(0“! {334 Rep 3833
YCOR 00 L (%54 BF %32 XD 3
WVERTICES (3% % TYPE (FORK 3C) il
NREGIONS (%37 %33) 1 1]
KIND (X857 %N %23 3H) xcoR .0
Trer 4 (333 38702 YCOR ‘5.0909099
" ::::‘ICII (% 2D)
10M8 (337 331}
XCOR 10.0 [ d 1507 %A
Ycor 11,000909 M1
MveRtices (3 %N %My w b 1x03 30723
(396 %33 XI3) x
King (X6 1J 315 2M 383 3M) YooR Sigvooem
Teee (FORK 2K) NVERTICES (%8 XC XB)
NREGIONS CX87 K84 X0))
KIND (%87 %0 Xe4 %C 25t X9)
Tree CARRON (2C XA X6 KO X34 383 Xe29)

TABLE

R 3 IN INTERNAL FORMAT
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INTERNAL FORMAT

The program assumes the scene in a special symbolic format,
which basically, is an arrangement of relations between vertices and
regions, which are represented by atoms having adequate properties
in their property-lists.

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

INTERNAL FORMAT )

REGJONS (%36 %25 %23 %222 %31 Xta %37)

Unordered list of regions

composing the scene R3, Orderis immrtﬁl[

VERTICES (XN %M XL XK RJ %1 XH %6 %XF XE XD %XC %B 4A)

Unordered list of vertices
composing the scene R3.

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

Reglons are represented by atoms that start with a colon (:). For instance,
in R3, the surface delimited by the vertices K J N M 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 in
scene R3 formed by the lines DE, EF, FC, CD has ':2' as its name.

In the property 1list of :2 we find:

NEIGHBORS (X34 %37 %37 %21)
Counterclockwise ordered list of
all regions which are neighbors to
:2. For each region, this list is
unique up to cyclic permutation.
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KVERTICES (%F %E %D XC)
Counterclockwise ordered list of
all vertices which belong to
region :2. This list is unique
up to cyclic permutation.

FOOP ((%ed XF %27 XE %387 %D %31 %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:

NEIGHBQRS (%36 %36 X33 %83 %435 %35 %32 X312 X34 %34
%31 X:1)

KYERTICES (XN XM XL %H X[ %2J aE %F X6 %A %B x0)

FOOP {(X36 XN %26 %M %33 %L %83 %M %35 %1 %35

2Jd) (%32 XE %32 xF %34 x6 384 gA %31 %B %31 AD))

e
XEEE—ﬁ 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
YXCOR', '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 (%] %K %N)

Counterclockwise ordered list of
vertices to which J is connected.
Unique up to cyclic permutation.
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NREGIONS (X387 %35 X36)
Counterclockwise ordered list of
regions to which J is connected.
Unique up to cyclic permutation.

KIND (Xs7 %1 X35 XK X36 AN)
Counterclockwise ordered list of
alternating nregions and nvertices
of J. This list is unique up to
cyclic permutation.

TYPE (ARROW (XK XJ X1 XN %35 %36 X37))

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

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

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

NEXTE is a property that appears in certain vertices (none in
gcene 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 in table

'VERTICES' (next page).
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'L'.- Vertex where two 'FORK' .- Three lines forming angles
lines meet. smaller than 180 degrees.
'ARROW' .~ Three lines meeting at .= Three concurrent lines, two
a point, with one of of them collinear.

the angles bigger than

180 degrees. %

'K'.— Two of the limes are 'X'.- Two of the lines are collinear,
collinear, and the other and the other two fall on
two fall on the same side opposite sides of such lines.

of such lines,

=

'PEAK'.~ Formed by four or more '"MULTT' .~ Vertices formed by four or
lines, when there is an more lines, and not falling
angle bigger than 180°. in any of the preceding types.

TABLE 'VERTTICES'
Classification of rectilinear vertices.

69




TYPES 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 always a list of two elements; the first
is the type-name: one of 'L', 'FORK', 'ARROW', 'T!, 'K' , 'X', 'PEAK',
'MULTI'; the second element is the datum, which generally is a list,
whose form varies with the type-name and contains information in a

determined order about the vertex in question (see table 'VERTICES'),

Vertices where two lines meet.

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

the angle smaller than 1809°,

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

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

G has in its property list:
TYPE (L (%:4 %:7))

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

Vertices where three lines meet.

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

TYPE (FORK %K)

The vertices of type FORK present
in R3 are C, K.

ARROW. - Three lines meeting at a point, with one of the angles bigger
than 180°,
The datum of an ARROW is a list like
(E, E, E3 E Eg E6 E.,) where
jE:1 is the vertex at the 'tail’,
E, is the vertex at the center.
E; is the vertex at the left of E1—> E2
E, is the vertex at the right.

4
Eg is the region at the left.

Eé is the region at the right.
E, is the region which contains the angle bigger than 180°.
For instance, vertex H has in its property list
TYPE (ARROW (%K %H %L %I %:3 %:5 %:7)) --fig R3
The vertices of type ARROW present in R3 are A, D, H, J, M.

T. - Three concurrent lines, of which two are collinear.
The datum for a T is a list of the form (E1 % E3 E4 .'El5 E‘,> E7 ), where
E1 is the vertex at the 'tail' of the T.
E2 is the central vertex.
E3 is a vertex such that E1 EZ E3 is
an angle between 90 and 180 degrees.

E4 is a vertex such that El E2 E4 is

an angle smaller than 90 degrees.
X . 1
That is, E3 E, E4 are collinear.

Eg is the region which contains the

angle between 90 and 180 degrees.
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E6 is the
E.? is the

region which contains the angle smaller than 90 degrees.

"central "region (where the 180° angle is).

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

TYPE

(T (%C %EF %G %E %:2 %: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 lines are collinear, and the other two fall in the

same side of such lines, The datum is a list of the form

(E,E, E; E, E

273
E, is the

E; is the
E3 is the

to the
Ey is the
E5 is the
E6 is the
E, is the
E8 is the

5 E6 E7 E8) where
central region. Eg
region having the 180° angle.

collinear vertex which falls

left of El E,. E,
region to the left of El->E

vertex to the left of E1—>E

2

2
collinear vertex which falls to the right.

region to the right of E1—>E2.

other vertex to the right (of El)'

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

X. -~ When two of the lines are collinear, and the other two

fall in opposite

sides of such lines. The datum is a list of the form

(E1 E2 E3 E4 E5 Eé). where

E1 is one of the collinear vertices.

E2 is the

where C is the vertex at the center.

E3 is the
E4 is the
E5 is the
E6 is the

region to the left of E. C,

1

region to the right of E. C,

1
other collinear vertex.
region to the left of E4 C.

region to the right of E,C.
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For instance, we find in the property list of F
(figure BRIDGE):

TYPE (X (QA:26 :22 G :21 :30))
‘The vertices of type X present in BRIDGE are F, only.
The datum for an X may also be in the form (E4 E5 E6 E1 E2 E3).
Vertices of four lines which are not of type K or X are either of
type PEAK or MULTIL

Other types of vertices.

PEAK. - Formedgay four or more lines, when there is an angle bigger
than 180°,

PEAK £

Eq 1 MULT(

MULTI. - Vertices formed by four or more lines, and not falling in any
of the preceding types, belong to the type MULTI., R3 contains
no PEAKS or MULTIS.

The datum for vertices of type PEAK is of the form (El E2 E3), where

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

E, is the vertex before E., and E3 is after (in the ;9 sense).

21
The datum for vertices of type MULTI is of the form El’ where

E, is the vertex itself.

1

NEXTEs or Matching T's, Two T's which are collinear 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; ofa T (see figure) is the background, that

T can not be a matching T.
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4
E
7
E,
Eq
Ey

In the figure, E2 and F, are matching T's because El-E2 is
colinear with Fz—Fl. It is not required of E3_EA to be parallel. to

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

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

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

where a body is occluded by another object and later emerges visible
again.
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For two T's to be NEXTEs or matching T's, it is required that

neither E7 nor F7 be background mrﬂqxdrement lhOuld be extended to

all regions between E, and F7, ‘since a- lins <an not go "under" the

~ m

background region:

Two straight Mnes uuys intersect (wtimy at ) @I

infinity); a way te detect these Bacmqmd tg,iom BN
is to write fuuctxlonl (sub:outines) that find Mt if- two” aemts of
line intersect, ot if ome segpem: 1ntmect.s vith a line.

—

LINES AND SEGMENTS
In the plane, two straight lines always meet.
Two segments, or a line and a segment, may or
may not meet. (& seest i o finle portion of 4 line).
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FIGURE 'M O MO
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THE PROGRAM

We now describe SEE, and how it achleves its goals, by discussing
the procedures, heuristics, etc., employed and the way they work.

We begin with several examples.

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

RESULTS

(BULY 1, 15 32 33 31)

(8UDY 2. IS 215 35 14)

(B0UY 3. IS 323 $17)

(BOLY 4, 1S 36 27 38) i Results for scene TOWER
(80UY 5. 18 310 311 39)

(sULY 6, 1S 313 3814 312)

(800Y 7, IS 318 222)

(8QLY 8. 15 223 219 321)

Example B, Scene "MOMO'. Details of the program's operation are
given. (skip to next page, if you wish).

%z $L SEE 3; Go to DDT and load file SEE 1 (in tape
GUZMAN F), a binary dump of the program
" SEE.
$G Start.
(UREAD .MOMO S1 3) 1Q Read the file MOMO S1 (in tape GUZMAN C)

from tape drive 3.

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

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

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

¢ denotes carriage return.
$ denotes the character "alt. mode". (See alse instrockions inListing)
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SEE 58 ANALYZES MOMo

EVIDENCE

LOCALEVIDENCE

TRIANG
GLOBAL

((NIL) ((338) GOD44 GO043 BOO4L G0040) ((319) GO046 GO04a5 GQete
LOCAL

(LOCAL ASSUMES (317) (39) SAME BODY)

(LOCAL ASSUMES (39 317) (218) SAME BODY)

LOCAL )

CONIL) (NIL) ((36)) (NIL) (NIL) (NIL) ((338 337 339) GOO4d ek
LOCAL

(4183 82 21) GO0OB1 60029 GOO30 GDO2B) ((332 333 327 326) GOek
LOCAL

SMB

RESULTS

(BODY 1, I8 33 32 1})

(80DY 2, 1% 3132 833 327 320)

(BODY 3. 1§ 328 8:1) 0

(BoDY 4, 18 320 334 819 330 829)

(8ODY S, 18 336 335) RESULTS FOR MOMO
(BODY 6, 1§ 324 35 321 14)

(BODY 7., 18 325 3123 322)

(8oDY 8, IS 314 313 315)

(B0DY 9, 1§ 310 3316 311 312)

(80DY 10, 15 8317 318 36)

(50DY 11, 15 &7 38)

(80DY 12, IS 838 137 3139)

NIL

Most of the scenes contain several "nasty" coincidences: a vertex of
an object lies precisely on the edge of another object; two nearly

parallel lines are merged into a single one, etce This has been
done on purpose, since a non—sophisticated'pre-processor will tend to

make thig kind of error .

Example C. R3. Analysis by SEE gives

(BODY 1, IS5 X832 X81 X34)
(BODY 2. IS5 %36 %35 %313) RESULTS FOR 'R3’

The % sign indicates the dextral scenes (cf. page233), The signs
mey be ignored. '
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W The program is straightforward; it does not call

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

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

ted. They are

LINKS FORMATION. An analysis is made of vertices, regions and asso-
ciated information, in search of clues that indicate that two
regions form part of the same body. If evidence exists that
two regions in fact belong to the same body, they are linked
or marked with a "gensym" (both receive the same new label).*
There are two kinds of links, called strong (global) or weak
(local).

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

'local' links or evidences.

NUCLEI CONSOLIDATION. The 'strong' links gathered so far are ana-
lyzed; regions are grouped into "nuclei" of bodies, whith grow
until some conditions fail to be satisfied (a detailed explana-
tion follows later).

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

form a single and bigger nucleus.

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

A lest attempt is done to associate the remaining single

regions to othex bodies.

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

results are printed.

* In LISP, a ""gensym " (generated symbol) is a new Atomic symbol,
previously unused.
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Asx_iliagz Routines

Three functions are used comstantly, ‘and will be described now.

JEROUGHTES “Through a chain of T's." Allows properties or configu-

rations to extend along straight lines; for instamce, the property
: A , A

<«'A' has as neighbor an L »> -—'-"‘7 ‘¢ap be éxtendedl so as

to say &throughtes, 'A' has as neighbor -ax LW.

A_ \ f A | | SV
' N/ I S/ "]
schematically represented as A_.\i__7 !
Strict definition. e—{j——— 18 defingd ae. one 'of

1) ‘. (meaning the two vertices in both sideés of <f}-are in

fact the same).

matching T's

AN
@ S
%) NS
- X Te
Example A g '\ 8 See also-annotations on listing.
of —{—: N7 ¢

"°_‘.’.E'.£ 1f a vertex V is considered a "good T", (GOODT V) ‘is TRUE;
false otherwise.

(GOODT V) = 1f

1f V has aNEKTE
1f v ——
A

ar&ilel‘
¥ 1if )K 1

T otherwise.

F
P if
T
4
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As we see, biis function tries to distinguish between T's originated by occlu-

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

/ o

\ A A

A

N0sABQ "Not same body." Acts as a link inhibitor.

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

tions, the link that vertex V may have created:

 Har—y

1:I.nhi.b:l.t:ed link (prohibited, ignored, forbidden, not

created)
\4
o YN

® ¥
(5) q_“_ N

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

If none of conditions (1) to (5) is met, Nosabo will be False,
indicating no inhibition was found, and it is up to the program that
asked Nosabo's opinion to lay or fail to lay the link in question.
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We proceed now to explain in considerable detail each of the parts
of SEE. This will help the reader to understand the behavior of

the program, its strengths and deficiencies.

LINK FORMATION

Several subroutines are devoted to creating weak and strong
links. See also Listing.

LLEAN Removes several unwanted properties.

.._———-EVER']:ICE’S Each vertex is considered under the following rules:

L.- No evidence iscredted directly by this type of vertex.
' Nevertheless, the "L" is used in many combinations
with other vertices to account for evidence. As we

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

FORK. - == No link iscreted if any of the three regions is
background (but see below).
Example (unless otherwise indicated, all examples
are from figure 'BRIDGE' page 94): Vertex J
does not generate links.

== Otherwise, three links are creded as shown, except

that each one may be inhibited by Nosabo.
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 last rule 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 link js put hefc/;:},?a )

Example: In fig. R19, PA generates links :29-:17
and :35-:17.

This Last heuristic is of help where there are concave objects (Fig. R19).
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ARROW .- == , Link if an L is connected to its central line,
and the region shadeéd contains only that arrow

as a ''proper-arrow,” and no Forks.

Region :1 contains arrow A /l% :3
1 " . 12
as a '"'proper-arrow'; also
region :2, but not region :3. Capisce?
Example. BB links:10 with :4.
Allows "lateral faces" of legs to be properly
identified and agglutinated.

== Otherwise, link except if inhibited by Nosabo.
Example. D lays a link between :26 and :23.

Pewerful and general heuristic,

X.- == No link if the X comes from the fntersection
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.
K.- \(::: == No Iink.

== 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, spec¢ially with pyramids and
Ypointy" objects. ' ’

MULTI.~ == No link.
The reason 1s:

(1) if the vertex is "genuine" (cf. pagevy),
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although itgenenfes 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<¥namtm3 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 two links
while analyzing A and another two at B.
Do not link if the middle region of a 'T' is the
background.
What we are trying to do here is to find places

where a body appears as two disconnected parts.

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

Avoid double links in the following case (link

just once):
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/ 4 Ne bacxground -\
e e

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) 1if 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.

LOCALEVIDENCE

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

indicate, in & feebler way, that two faces or regions may be part of

the same object.

Nosabo can not inhibit local links.

A weak link 18 placed as shown {dotted) if,
Throughtes, an L 18 connected to an Arrow,
and the two indicated edges are parallel.

We call this configuration 'Leg’'.
Exgmple (all examples from figure 'BRIDGE',
except 1if counterindicated). Vertex FA 1is
a Leg (FA -~ QB 1is 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 piaced between :7 and :4,
because EE is a Leg, and L and E are metching T's.
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The heuristics described will sometimes produce a "wrong linkage, "
1inking two regions that do not belong to the same body. These mistakes
are not likely o confuse SEE, since the handling of these links (and
all of SEE, in general) is dome under the sksmumption or knowledge that
the information is noisy and somewhat unreliable.

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

:3
{A) (C)
1
o...
3 >%
(D) (E) (F)

(G) (H) (1)

TABLE 'GLOBAL EVIDENCE'
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TRIANGLE .~

Example,

FIGURE TRIAL
The program analyzes this scene and finds 3 bodies: .

(BODY 118 6 :2:1)
(BODY 218 :11 :12 :10)
(BODY 3I8:4:9:5:7:3 8 :13)

Figure 'TRIAL' receives the
following strong links (full lines) and l‘
weak links (dotted lines)

A Triangle i8 a 3-vertex region, of which

two are intercomnnected T's, the type of the

other vertex being irrelevant.

Two triangles are weakly linked if they are

(1)“fac1ng~each otherz'and

(2) "properly contained", meaning that 'D has
to fall on the gsame 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 is badly obscured. It does not help

much, since it gives only a weak link. On

the other hand, this weakness prevents mis-

takes when the two triangles are not from

the same body.

A poasible improvement j

consists of choosing the closest of two

triangles, 1f several mndidates are poasible.

Example., In figure 'WRIST' (page I36), weak

links are placed between

triangles 5 and 6, and

between 1 and 2,

10 12

——t
v
Vdd
s

1}
/s
R
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The links could be represented as

Figure 'TRIAL - LINKS'

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

SEE prints these links in the following way: (cf. also p. 110):

drerd
~——— :11 has four links emanating from itself.

t(nIk) ((311) GOO14 GO013 G30L1 GOBLO)

($12) GO001S GO014 GOGLI3I GOD12) ((3$13) GO

021) ((39) 60022 GO021 50020 GOGLY GOOLY

60016) ((:10) 60015 600212 60014 GOO10)

(133) G0O034 50025 GOL24) ((24) GuL33 GOO

32 60026 wu02s 60023 ((26) w0031 6003C

GOs29 60027) ((2:5) GGI26 GLI2Y 6GCL22 GO0 ' '
18 GOO017) ({371 &UuU3s sCO32 wOULG GOoO1e orrong Links of TRIAL
GOC16) L1s8) LLIIG LLUJIEG BDO22) ((1t2) GO

035 30031 60029 GOD28) ((314)) ((31) GOO

35 G0G30 GOO28 60027))

Weak links of scene 'TRIAL' are

(182 21) (236 22) (26
13813 39) (33 =28) (29
) (812 310) (311 212)

L’.l.‘here is a weak link between 312 and 310

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

NUCLEI CONSOLIDATION

All the links to the background are deleted, since it can not
be part of any body.

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

GLOBAL

Groups of faces with an abundance of strong links among them
are first found; these "nuclei" will later compete for other faces

more loosely 1linked.

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

regions that has been formed by the following rule.

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

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

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

- —-)(
=e 2

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

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

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

no new nuclei can be formed.
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When this is the case, the scene has been partitioned into
several "maximal" nuclei; between any two of these there is at most

one link. For example, figure 'TRIAL-LINKS' will be transformed into
figure 'TRIAL-NUCLEI'.

e e ="

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 90); they transform figure 'TRIAL-NUCLEI'
into figure 'TRIAL-FINAL'.

Q,

457
3 8
13 g

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

BODY RETOUCHING

Additional heuristics assign unsatisfactory faces to exigting

nuclei, or isolate them. SINGLEBODY and SMB are used for this task.
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§E§EEE§22!- A strong link joining a nucleus and another nucleus composed

by a single region is considered enough evidence to merge the nucleil in
question if there 1s no other link emanating from the single region. A
message is printed indiceting these merges.

Such rules produce no change in fig. 'TRIAL-FINAL', and there-
fore its nuclei will be reported as bodies.

A more complex example shows the retouching operatiom. Figure

'BRIDGE' ‘undergoes these transformations:

Scene BRIDGE Fig. BRIDGE
St ——
e | 5
T | BE.
=
: 43| Ed8
= 59 B8&
._:uV mSn
M Weak and strong links among regions ) Fig. 'LINKS-BRIDGE'
2]
4
pa 3
= 8| 2
< g g o
o 0o o
M Hod O
. JraE-g 4
“  Maximal nuclei
: (2 or more strong links) Fig. 'NUCLEI~-BRIDGE'
o ol
o~ R '
A3, 3
= R Q
. o o O 4! |
& 60
. =z oo
Maximal nuclei enlarged
- by weak link action Fig. 'NEW-NUCLEI-BRIDGE'
° o g oo é
r Y] B
= - E-I Y= Q
o~ o oo - & .
v Hn® b=l D
< wa
= Id. enlarged
o by single undisputed regions Fig. 'FINAL-BRIDGE'
Egb
= <883l g
o0 E S0P
(=] g0 aof v
o g @
L By B
s 3V
Id. enlarged
by good neighbors, ''goodpal. Fig. 'FINAL-BRIDGE'
Final resulct, (no change in this

case).
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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 1if

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.

B Two systems of links 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 regions, 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, g-link,
is placed, eventually forming a network independent of weak and atrong
links, that will collapse, in a somewhat peculiar way. Thus, a great
amount of unnecessary duplication could be‘poﬁsible 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-1links) will, therefore, mainly
study single faces not satisfactorily accounted for.

SMB uses the predicate (GOODPAL R S), which acquires the value T
(true) if R and S are two contiguous "good neighbors" regions.

To satisfy this, their common boundary must not be empty, and must
lack L's, FORKs, ARROWs, K's, X's, PEAKs, MULTIs. In addition:

R == Not good: (GOODPAL R S) = F
S
R\ .. [/ ! == Not good: (GOODPAL R S) = F
S A

"L" or (in general) vertex that makes
(NOSABO R S) to be true.
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== 0. K. otherwise: (GOODPAL R S) = T.

In particular,
l R\
f s \

is 0. K., 1f (NOSABO R S) = F.

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

the region is reported as a body in itself (consisting of a single region)

—»

Oeen® = (1y)

O e does not change becawse :3 has two s-links.

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

Note that

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

b. Two s-links between two regions have the effect of ene.

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

EVIDENCE

LOCALEVIDENCE

TR]ANG

GLOBAL .

(INIL) ((334)) ((36)) ((336)) ((324) 60026 G0025 60023 GOete
0044 G004 GO042) ((317) GO047 GOO4S GDO4S GOO44) ((87))ete..
0041 GO0039) ((321) GOOSO GOO4O GOOI9 60029 G0O28 G0U27) ( .-
0038 G0OJI6 G0Q19) ((226) GUOS4 GOOS3 GDO37 GGO3I6) ((827) ---
0055 60023 60020 GOO15) ((332) GGO057 60056 0034 G003I3)

8 GDO048) ((34) G0OS58 G004d) ((310) GOO59 GO003I2 G003I1) ((s
$119) G0064 GDOS63I 60062 C0061) ((820) G0A64 GHO62 GOOGO GO
330) GO056 G003S G003IJI G0016) ((315) GOO066) ((216) 60066)
CONIL) ((334)) ((86)) ((836)) (NIL) (NIL) (NIL) (NIL) ((8°
019 GO00S3 G0O03I6 GO0%4 G008 60037 GOOL9) (NJL) ({824 222
0040 60039 G0029 G0028 G0027 60024 60022 60055 60023 60062

) (NIL) ((35 34) G0048 GOOS8 GON48) (NIL) ((313 847 214)
$18 319 320) G0O060 G0064 GUO63 GOO6L GOD64 GOO62 GOOS60 GO
$32 331 130) 60033 50037 GOO34 GOOS6 GOO35 GOO03I3 GOO16) (

LOCAL

{LOCAL ASSUMES (211) (312) SAME &apY)

(LOCAL ASSUMES (815) ($16) SAME BODY) o
CINIL) ((334)) ((86)) ((336)) (NIL) (NIL) ((37)) (NIL) (N

019) ((324 322 33 223 321 328 329) GOU20 GO0026 GOO2S5 G004

0055 60023 60020 60015) ((31 32 333) G0052 60051 60017 GO

43 GQ047 GO046 GOO44 30047 GODAS GOOAI 30042) (NIL) ((318
$10 38) 60032 30032 50065 GOOS9 GOO3I) G0030) ((332 331 3.
} OINIL) ((335)) ((212 311) GODG67) ¢NIL))

LOCAL

(((342 311) GOOB7) ((316 315) GOO66) ((332 231 330) GoO33

0065 G00%59 60031 G0030) ((218 219 320) GGOSO GOO64 G006

6 60044 G0047 GOO4S G004 GDO4L2) ((35 34) GQOas GOOS8 60O«

J 321 328 329) 30020 G0026 G0025 GOD49 GOO4y 60021 60050 (

15) ((32%5 326 327) GOOlY GUOS3 GOO3I6 GOOS4 GOO3I8 GOO3I7 GOI

LOCAL

SMB

(SMB ASSUMES 37 36 SAME BODY)

RESULTS

(BODY 1. IS 382 211)

(80DY 2, IS 316 $15)

(80DY 3. IS 832 131 3130)

{30DY 4. IS t9 310 38)

(BODY S5, IS 318 319 320) RESULTS FOR HARD

(BODY 6, 18 813 817 s14)

(BODY 7. IS 35 34)

(BoDY 8, 15 t1 32 233)

(BODY 9, 1S 224 222 13 323 21 328 229)

(80DY 10, IS 325 3126 327)

(BOBY 11. IS t7 16)

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

background, the nuclei are printed as "bodies".

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

E.__-EZ 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 18 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 analytic theory, the behavior of a
heuristic program is best understood with examples. There are
several ways to go about this:
§£EBEE In order to learn what a program does, simple examples, each
one illustrating a single feature or group of features, are very
appropiate.
EEZSEEB&S- 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 sya-
tem advertises. This subset tends to get the highlights in the
descriptions.

Nasty 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
———eeseeee Analysis of stereographic pictures will be found in

the section 'Stereo Perception'.

Finding the background

Examples where the background is not known
in advance and has to be deduced are given in the section 'Background

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

P A G E
Nanme. Comments. Scene (figure). Computer Results.
R17 107 108 109
L3 110 111 112
R3 113 114 115
SPREAD 116 117 118
STACK 119 120 122
STACK* 119 121 122
L10 123 124 125
R10 126 127 128
TOWER 129 130 131
REWOT 132 133 134
WRIST# 135 136 137
1.2 138 141 142
R2 138 139 140
L19 143 144 145
R19 146 147 148
CORN 149 150 151
L9 152 153 154, 155
R9 156 158 157
RIT 156 159 160
TRIAL 161 162 163
ARCH 164 165 166
HARD 167 168 169
14 170 171 172
R4 173 174 175
MOMO 176 177 178
BRIDGE 179 180 181
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8 R17
= The three prisms are found. In scenes like this, the

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

Small errors in the coordinates of vertices X, 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 113). 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

t
BN, giving a good estimate of 1t8 true ghape. The SUGGESTION

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

more reliable. Deeper analysis is found in section 'On Noisy Input’'.

The preprocessor should consider the hypothesis SUGGESTION

that BKLN are colinear -- or SEE should propose it
for confirmation (see 'Division of Work in Computer Vision', p. 60 ).

!!ELE&EEEE& In the printouts of some scenes, such as Rl7 (see 'RESULTS
FOR R17' in page 109), a % sign appears as part of the name of every
region and vertex; that 1s, %t3 instead of :3. This will be the case
in all scenes having names starting with the letter R, differentiating
the "right regions" from the "left regions'. This will become clear
in the section 'Stereo Perception', page 233 ; until then, disregard
the %'s.
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RI7

FIGURE 'R 1 7'

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

that a not-too-satisfactory preprocessor
will tend to provide.
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Scene L3 Without difficulty, two bodies are found. Each region

contains four strong links relating it with other regions (see
'RESULTS FOR L3'). LOCAL is not needed to form nuclei; neither
SINGLEBODY or SMB.

Explamation of the printout produced by the program In page 112 , a

printout of the results appears. The format is the same for every

scene. It starts by saying
SEE 58 ANALYZES L3

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

EVIDENCE
LOCALEVIDENCE
TRIANG

GLOSAL

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) 0009 GO0OO7 GOOOS GOOO4) ((35) GOO10 GOOO8
60007 G0004) ((34) 60010 GOOO9 60008 G000S) ((31) 60015
G0013 60012 60011) ((32) 60016 G0Ol4 GOO1J GOOL1)

(¢(33) 60016 GpULS 60014 G0012) ((37)))

This list contains the nuclei and the links (strong links); the first
nucleus that we see 18 ((36) G0Q09 GO007 60005 G0O0O4), meaning
that from nucleus (or region) :6 ememate four links, namely G0009,
G0007, GO005 and GO004. We can represent this gtaphiéallyl

R

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; finally, we see "RESULTS", and then 2 bodies, follo-
wed by NIL, meaning the end of the program. (See page 112).

110




111




¢Il

SEE 58 ANALYZES LI

EVIDENCE

LOCALEVIDENCE

TRIANG

SLOBAL .

(ENILY ((86) CO0O09 GO0007 GO000S GOODA) ((85) G00L0 GOO08 GOOO7 G0004) ((84) GO010 CO009 CO008 CDOO5) {(81) GOO1S GO0013 GO
012 60011) ((82) GOOL6 60014 GOOLJI G004 ((33) GOO016 0015 GO0L4 GOOL12) ((87)})

CENLL) (NLL) (NIL) (136 35 t4) G0OOS 60008 60007 GO0004 GOO0L0 GOODP GOO08 G00O05) (NIL) (NIL) ((8f 82 23) G0012 GOD14 GOO}
3 0013 GO016 GOO01S5 GOOL4 GOOL2) ((37))) -

LoCalL

CINIG) (NIL) ((86 35 34) GOOOS GOOOS GOODy GDOO4 60030 60009 GOODS GOOOS) (NIL) ((ss 32 #3) GOO12 G0014 CO01J GOO13 GOO%

6 G004S 60014 GO012) ((37)))
LBCAL

(131 32 t3) 60012 60014 G003 GOO1l GOOL1e GOOLS COOLa GOOL2) ((36 85 84) GOOOS GDOOS GO007 GOOO4 600910 GobO9 Go0OE G000
$))

LOCAL

SMB

RESULTS

(BODY 1, I8 831 12 )

(80DY 2, I8 36 33 34) RESULTS FOR 1. 3

NiL



S
-2222-52 Two bodies are found in this scene. Vertex F 1is

clasaified as of type 'T', hence only one link there exists between
22 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,
te discomnect a separate component
of the graph into two components,
we have to remove (delete) at least
two edges, The graph above is
"{llegal" as input to our program,
since the criterion is not met:!
removing edge E will disconnect
the graph (cf. page 37 ).
Incidentally, some optical
illusions are "recognized" or rejec
ted because they come from illegal
scenes of the type just deseribed
{cf. section 'Optical Illusions').

See 'Illegal scemes', page2!7, im section 'On noisy input,'
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EEEEE_.EEEEﬁB Body 341-42 was found; also :8-18-19. In the first

case, there was one strong link between :41 and :142, because of the
heuristic (g) of table 'GLOBAL EVIDENCE®' (page87), and SINGLEBODY
completed the object. In the second case, heuristic (g) could not
be applied, and SMB had to joinm :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 4s found.

Body 121-6-25-20 41s found as one body. An older version of
SEE {Guzman FJCC 68} used to report two: 16-21 and :5-20. The
change is as follows: one link 1is pleced between :6 and :5 because of
the matching T's, the other link is a weak one placed because :5 and 120
form a LEG; a weak link is also ptaced 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 isg the
reason which joined :41 and :42 in one body, instead of two, which
is another possible correct answer. That is also true of : 19-18-8,
interpreted as one parallelepiped with a vertical face (:19) and an
horizontal face (:18-8).

The background of SPREAD is also computed (see page 226 of section
'"Background Discrimination by Computer').
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BPREAD

41
“]\43 0\ 36

42
I I K 78

[
13 4

2 21
12

j= T 2
8 _
9 ”15 21\ 33 2

N
18 l' 16 29 ‘3"

3

L m 3

FIGURE 'SP READ
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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Scenes STACK and STACK*

identified by our program, which is written in LISP. In both cases
the body 14-15;16 i1s found.

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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In both cases all the bodies were accurately




STACK

zZ0 t oa
13 W .
4_ 2

. 18
\/
19 2

T~

FIGURE 'S T A CK'

Every body is correctly identified. Compare with scene STACK*.
This pair of drawings 1llustrate 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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8TACK -

19

FIGURE 'S T A CK *' )
Every body 18 correctly found. Compare with scene STACK.
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cgl

SEE 58 ANALYZES 11 (STACK , STACKX)

EVILENCE

LOCALEVIDENCE

TRIANG

GLOBAL

((NIL) ((3201 50047 GOO46) ((519) GOO47 GOU4B) ((35) GOOI6) ((3$13) WUUSL wOU40 LUO36) ((19) GOOS6 GOO54 GOO53 GOO3I9) ((8
7) G0D57 6UOS2) (($8) G056 GOD5S GOOS4 GOUIS) ((311) GOOGU GLODY GuLD2 GUOS0) ({86) GOOSY GOUSS GUO57) ((210) GO00S5 60O
$3 40039 GOD38) ({312) GOD6O GUOSS GOPBO) t(84) GOOGL 60049 GOUM2 GOG41) ((314) LOOS] GODEO) ((324)) ((31) GOO62 GOO44)
((318) GOUGS GQU6I GUOAS w0044) ({t16) 5000) GUU4S LOUML 6OD37) ((32} LUOLE GDD64 GUDOI GOO062) ((831 G)O66 GOO4B) ((115)
60049 GUD43I 60042 GUO37) {(817) GOO6D 60064 LOOAS LOO4S))

(ONILT (NJL) ((820 219) GO046 s0VA7 GOO46) ((35) GOGI6) (NIL) (NIL) (437) G0057 L0D0S2) (NIL) (NIL) (NIL) ((19 38 310} GG
053 60056 L0054 GUU55 60053 GOVIY GLOJE) ((816 311 212) GOUSE LUUS7 GUISY GOUS2 GUOGL GGO58 GOD5SD) (NIL) ((213 814} G0OC4D
wD0D3b6 L0051 G0O04D) ((52i)) ((H{) GOOb2 G004a) (NIL) (NIL) (NIL) (NIL) ({34 316 $1{5) GO0O42 GUOO] GOD4] GDO49 GOO43 GIO042
W0037) ((33 32 E48 B17) 0048 GUOKO w0062 LOO6I LOU44 GOUGS 30064 WOD4s 0045))

(INIL) ((820 8319) GOUAG GUU4Y GNO4A&) ((BS5) GUO36) (NILJ (NILI (NIL) ((Fy 38 B10) GOUS3 GOG56 GUOS4 GADSS 60053 G603y GOO
38) ((17 16 311 112) GOOS2 60057 LNO5Y GOUD2 GUOGU LOGSS GOUSC) (($13 $14) LUO4D GUOI6 GOGSY GCOAD) ((321)) (NIL) (NIL)
(NIL} ((34 316 115) 60042 GOUO] GUNAl SUOMY LDOAY GLOAZ GUOJS7) (81 83 $2 118 317) LOU4S GOOGO GODO2 GOOS3 GOD4s GDO6S &

0064 GO048 GQO45))

LOCAL

(LOCAL ASSUMES (35) (813 $314) SAME BOUY)

LOCAL

CINIL) ({320 319) GOD46 GUOA7 GNUAR) ((313 114 35) GOU36 GOUSL GUDAU GOLIG) (NIL) ((1Y t8 510) GOO53 60OOSt GOO54 GOOSS G
0053 GGO3Y L003IB) ((37 216 811 312) GUO52 LUDS? GOGSY LOUSZ GOObGU GOUDS $0056) (NIL) ((£21)) (NIL) ((8a 356 i15) GOO42 GO
061 GOO4! GOD49 GODA3 0042 GNOI7) (41 83 32 318 $17) GOUda GOUSE LYD62 WDOB3 GDOM4 GUOGS GOO6A GOO4E GNO4S))H

LOCAL

(((3] 13 32 118 117) 0044 GOO66 GANGZ GOULI G044 LOOLS LDOGE LONAS GOD4A5) ((24 316 815} GO04? GOO61 GOD41 GDO4® G004d

60062 GOO37) ((37 16 841 312) GOUS? GGUS7 LOUSY L0052 GUDOL GOOS8 GOOS50) ({89 86 810) G0OS3 LGOS6 GODS4 GODSS GOO53 GOOJ
9 LUO3IB) (1313 514 35) L0036 GONS] G00AO LUNIG) ((120 319) LOU4L GOUA7 GOUMS))

LOCAL

sMy

RESULTS

(6OLY 1, 15 81 13 52 118 317

(80DY 2, 15 34 816 315)

Y . 3 316 3

M AR T RESULTS FOR STACK AND STACK*
(BODY 5. I5 13 314 85)

(B0OLY 6, 15 229 #19)

NIL



Scene LIO The concave object :11-15-14-7-6 pregsents 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, mnor convex. Their vertices could
have errors in their two-dimensional position. Table

'ASSUMPTIONS!' (page 255) specifies the suppositions that
our program obeys.
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L 10

FIGURE 'L 1 0'

Singlebody had to join :2 with :13.
All four bodies were happily identified.
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§2225.:El2 Pour bodies are found by our program im R10.

The scene is a good example of a "noisy" scene, in which edges that
should be straight look crooked. This is because the coordinates
of each vertex are "imprecise'"; the vertices have some error in
their coordinates. Other 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) 1insensitivity of heuristics to displacements of the vertex.
For instance, vertex V will inhibit the link that Z proposes,
either when V 1is of type ‘Arrow' or when it is of type 'T'

(but not when 'Pork'): z yA
b4 v X
v

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

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

S

Nevertheless, it 1s possible to "straighten" these vertices,

cement .

by following the suggestion in the comments to scene R17.

The section 'On Noisy Input' deals with these matters.
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FIGURE 'R 10"

The scene contp;ins "noisy" verti.ets, ‘hence, some
edges look bent. ' SEE ha: resourees to eoye with these
probleams.

Figures LI0 and R10 form a stereo pair. Im Figure
'L10 ~ R10' in page 247,  informmtien from both gcenes
is combined to find the mition of thege objects 1o
three-dimensional: gpace.-- Bee leg:ém 'Stireo Per.’heption'

- % &
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e,
fcene TOMER mere 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.. :18422 and :17-23 get links thanks
to the heuristic that analyzes vertex of type "X".
There are several ''false" vertices, formed by coindicences of
edges and "genuine" vertices: the vertex common to :9, 11, 12 and 13;
the one common to :2, 4, 5, 6. They do noﬁ 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 regiong :2, 4, 5, and 6,
it is an "X" that will establish one link between :4 and :5 (which
is correct), and another between :2 and :6 (which will do no
harm, since we need two "wrong" or misplaced links to cause a
recognition mistake).

Compare with scene TREWOT' .
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FIGURE 'TO W ER'

A "wrong" llnk is placed between :2 and :6,
without serious consequences. Results for
this scene are in "RESULTS FOR TOWER'.
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1€1

SEE 58 ANALYZES TONER

EVIDENCE

LOCALEVIDENCE

TRIANG

GLOBAL

[(NIL) ((%20) GOO19 G0018 GDO17 GODI6) ((s19) GUO22 G0O020 GDO019 GQOO16) ((221) &0022 G0020 GOO18 GOOL17) {((318) GOO2I GOO2
1) ((322) 60023 C0021) ((823) GNO26 GOO24) ((¥10) GOO4i 60029 60028 60025) ((313) GOO#L GOO028& GOO27) ((313) 60042 60032
G0O03ID) ((t14) GOO43 60042 GOOI2 GOOIL) ((36) G0046 GOOA4 L0036 Q0I5 GOOII) ((22) GOO47 GO046 C004D GO003I8 GOOI7) ((312)
0043 60033 GOOJIO) ((37) 6DOI6 GOOI4 GOOII) (i39) GOO29 60027 GOO25) ((88) LOD44 GOOIS COO34) ((85) GOO45 GOOI4 GOOLI) |
(836)) ((317) G028 GOO24) ((31%) GOO48 GOUYS GOQI4) ((t4) GOU4B GOO4S CG0015 GO0013) ((33) GOO49 GO047 S00IP GOOIB) ({324
}) ((8)) GOO049 GOO4Q GAOI9 GOO3I7)) )

CENIL) (NILY (NIL) (320 319 321) GOOL7 60020 C0019 GO0O016 G0022 G0020 GOOLS8 GOOL7) (NIL) ({358 322) GOD21 50023 GoO21) |
NEL) (NILDY (NIL) (NIL) (NEL) CNTL) (NIL) (€383 214 312) GOOJID GO042 G00I2 GOO4I GOOJI1 CO030) (NiL) (210 211 39) GOO25 &
0041 G0028 GOO29 GO027 GO002S) ({26 37 28) G046 60035 GO003I6 GOOII GOUA4 GOOIS GOOI4) (NIL) ((316)) ((323 3t7) GOO24 GCO2
6 G0024) (NIL) ((315 2S5 t4) GOO!S C0014 $0048 G0045 60015 GOOI3I) (NIL) ((824)) ({32 33 31) 60046 GOO3I7 50047 GOO3I8 GO049
G004) 60039 60037))

LOCAL

INIL) (NIL) ((%20 519 ©21) G0017 GDO20 GOO01% G006 G0022 G0020 GOOId GUOL7) (318 322) GUD21 G023 GDO21) (NEL) (NIL) |
NIL) ({813 314 332) GOOJI0 GOD42 GDOI2 G004 LOOJY GOOJI0) ((330 5§) 89) GO025 GO004] ©OG28 GO0O20 S0027 S002%) ((38 7 18}
C0048 CO0JS GOO036 GOO3J GOD4d GDOJIS GOOI4) ((316)) ({823 317) GDO24 L0026 GDO24) ((315 5 24} CO01S C0014 GO048 GO04S 6O
015 GOO0L13) ((324)) ((82 33 81) GOGAS GOOI7 GO04? GOUIS GO049 GOC40 GOOI9 60037))

LOCAL

(1132 33 83) GO046 GOO3I7 GDO4Z7 GO03IB 0049 GOO40 GOGIP GOOI7) (815 &S 24) GOO1S COO14 GOU4Ss GOO4S GOOIS GOO1I) ((323 3}
7) 60024 GD026 S0024) (86 17 18) GOD46 GO03D GO0O3I6 GOOII 60044 GOOIS G0O034) ({830 311 39) GUO25 GoO4Ll Goo28 60029 60027
2002%) ((313 214 312) GO0030 G0042 GO0I2 6004 GOO3Y GOOID) (838 122) 60021 GDO02I GO021) ((320 319 321) 60017 G0020 GOO
19 60036 60022 GO020 GCOlA GOO017))

LoCAL

[1.1]

RESULTS

(80DY 1.°ISs 32 13 11

(80DY 2, IS 115 35 14)

(B0ODY 3. IS 323 117)

(BODY 4. IS 36 37 38} RESULTS FOR TOWER

(80DY 5, 18 310 211 39)

(BODY 6, I8 313 114 312)

(B0ODY 7, 16 818 2122)

(8oDY 8. I8 320 319 121)

NIL



Scene REWOT
Soemmemem. Thig scene (see figure 'REWOT') is the same as the

scene TOWER (see figure 'TOWER'), but upside down. The program
obtains identical results for both scenes (see 'Results for Tower'
and 'Results for Rewot'), because SEE does not use information about
a body supporting or leaning on another body. For instance, it
was not assumed that body 11-2-3 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' (page 255) for suppositions that the
program makes or presumptions that it does net need.

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

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

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

X replaced by 100. - X 1 it is upside
down. SEE still finds eight bodies.
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SEE 58 ANALYZES REWOT

EVIDENCE

LOCALEVIDENCE

TRIANG

SLOBAL

CINIL) (¢320) GO134 GO133 60432 60131) ((319) GO137 GOLI3IS GO0134 6
03131) ((8%23) GOL137 GOL13S GOL133 GO132) ((338) G0138 LO1I6) ((322)

GO138 GO136) ((223) GO141 GO139) ((330) GQLB6 GO144 GOL43 GO140)
((811) GO156 GOLI43 GO142) ((513). 60157 60147 GO14S5) ((%34) GOyS8
GO157 GO147 GO146) ((26) GU161 GO159 Q151 GO150 GO348) ((32) 601
62 60161 50155 GO01S3 GO152) ((312) GO158 GO146 GO145) ((37) GO15}
GO0149 GO0148) ((39) GOL44 GD142 GO140) ((23) GO159 60150 CO149) |
(35) GOJ60 50129 GO128) ((216)) ((817) 60143 GOI3I®) ((315) GO163

60430 G0129) ((34) GO163 60160 CO130 60128) ((83) G0i64 GO162 GO
S4 GO153) ((324)) ((31) GO164 GOLI5S GO0154 G0152))

(CNIL)Y (NIL) (NIL) (%20 319 32%1) GO0132 GOI35 60134 G013 0137 ¢
0135 GO133 GO0332) (NIL) (¢318 322) GOL36 GU138 GO136) (NIL) (NIL)
(NIL) (NIL) (NIL) (NIL) (NIL) ((313 2314 312) GO148 GQ157 GO0147 &

0158 GO146 GO143) (NIL) ((310 311 39) GO$40 GO156 GUI43 GO144 GOI
42 G0140) ((36 37 38) GO0161 GO1%0 GO151 GO0148 GO159 GO0IS0 GO149)
(NIL) ((316)) ((823 317) GOL3P GUL141 GO13P) (NIL) ((345 35 34) GO
130 GUl29 w0163 GO160 GO130 GO128) (NJL) ((824)) ((32 33 31) GOL6
1 G0152 60162 GO153 0164 GOLDS 60154 C0152))

LOCAL

CINIL) (NIL) ((320 $19 321) 60132 G015 G0l34 60132 GU13” 0135 6
0133 G0132) (318 2322) 0136 GO138 GOL36) (NIL) (NIL) (NIL) (8313
$14 312) 60145 G017 60147 GO158 G0146 G0145) ((310 311 39) GO14

0 60156 C0143 GO144 G0142 60140) (86 27 38) 60161 60150 GO151 GO
148 GO1S9 G0150 GO149) ((216)) ((323-317) 0139 G014 GO139) ((3})

5 85 34) 60130 60129 GO163 GO160 GOLI0 GO128) ((324)) ((32 33 9})
60161 60152 60162 GO153 60164 GO155 U154 ¢U0152))

LOCAL ‘

({132 83 31) 60161 G0152 60162 GO153 GO164 GOIS5 G0I154 60152) ((3
15 35 34) G0130 60129 60163 G060 GOL3I0 G0128) ((323 317) GOLYY G
0341 GOL3V) ((34 37 38) GU161 GOISO 60151 Goles GOL59 GOISO GO1a9
) ((310 311 89) 60140 GO158 GOL4I GO144 GD142 GO140) ((813 314 3}

2) 60145 GU1IS7 GO147 GO158 GU1468 GO145) ((338 322) LO136 GO138 GO
136) ({820 319 321) 60132 GO13S GO134 GO131 GOLI3I7 GO135 GO133 GO}y

32))

LOCAL

SM8

RESULTS

{80DY 1., }& 32 33 11)

(80Dy 2, 18 315 35 14)

(80DY J. I8 323 817,

(BODY ¢, IS 36 37 38) RESULTS FOR REWOT

(BODY S. I8 310 811 19)

(BODY 6. [5 313 214 812)

(BODY 7. 1S 318 322)

(800Y &8, 1S 220 219 321)

NIL
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Scene WRIST The concave objects are properly idemtified. W places

a link between 323 and :4, and another between 130 and :4. CC does
not inhibit the link between :17 and :19 ordered by the Arrow NA,
because NOSABO was nevet'éalled, since the first rule of 'ARROW'
(page 8% ) was applied. :

The only mistake was that objects :9-7-6 and 110-5 should be
fused and reported as only one. There 1s a link between :9 and 310
put by heuristic {g) of table 'GLOBAL EVIDENCE'. It is not enough.
There is also a weak link between 'Triangles' 5 and :6.. OB 1is not
a 'Leg', so there is no weak link between 110 and :5. The situation
is as follows (see chains of links in 'RESULTS FOR WRIST*; how to
read these chains is explained in page 1|0 , 'Explanation of the print-

t10 and :5 will get joined later by SINGLEBODY.

Almost the same thing occurs with ;1-2-22-21, but in this case
vertex A produces one 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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WRIST -

33

27

24

22

FIGO(RE 'WR IS T %’

Instead of one, two bodies were found in :9-7-6
Ingufficiency of links was the offending reason.

objects were correctly found,
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Scenes L2 and R2

Two objects are found, as expected.

These scenes form a stereographic pair: two pictures taken from
the same scene from slightly different locations, mantaining parallel
the optical axes of the cameréa, and the same magnification. A pro-
gram, not yet completed, is designed with the folloﬁing ideas:

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

R2 in this example. The answers are
ANALYSIS QF L2 » ANALYSIS OF R2
(BODY 1. IS :2 :4) (BODY 1. IS %:1 X:2 Z:4)
(BODY 2. IS :1 :5 :3) (BODY 2. IS %:3 Z:6 %:5)

The question is now: 1Is body :2-:4 the same body as 2%:1-%:2-%:4,
or is it %:3-%:6-%:5 ? It is required, after decomposition of the
scene into bodies, to match the left bodies with the right bodies.
1f this is accomplished, one could then locate the figure in three
dimensional space, from the two-dimensional coordinates of the figure
in the left and right scenes. ) ) S

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

This "matching" mentioned above is complicated as follows:

== It is possible that the number of objects observed in one view
is different f£rom the number in the other.

==  On a glven 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 plamne, 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

ZI in R2. Other known relations exist, derived from the relative
position of the axes of the camera, magnification, etc. See section
'Stereo Perception'.
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%1

FIGURE "R 2n

Two briekg are foung.

139



TN

24 Y04 SLINST (S1X 9ty £tx SI *Z2 AG0@)

(rex 23% T1x 81 °1 AQ0®)

$1n8J

NS

M 30"

_ (ty

0008 <0003 90009 07008 §0009 60009 90008 (g¢¥ 9¢X £1X)) (21008 £1009 1009 01008 11009 »100S 98008 21008 (psX 22X -”“wwu
(((£8%)) (21009 £1008 S100% 9

1809 11003 91009 S1008 23009 lveX ZsX 3aX)) (1In) (90008 (0009 90008 01009 g0008 80003 0009 (SsX 93X £eX}) (Iw) .u"uw“

(0 Z1%)) (21009 €£1009 S1008 91009 11009 7
1009 S1009 23009 (¥PeX ZsX 3aX)) (TVINY (IN) (90008 £000® 90009 07009 S0008 600US POOO0D (GtX 9¢X C2X1) (INY (TIN) (TIN))

tleza%)) (21009 £1009 ST009 91009 (veX)) (1100 »1009 ¢1009 91009 t2s%X)) (11009 21009 ©

1009 »10C8 (TeX3) (70009 20009 90002 07008 (Gs%X)) (CO009 Z0009 80009 01008 (9¢X)) (¥0009 G0003 20009 60009 (LX) “4~z“~
va079

ANYINL

IINIALIAIIVO0T

IINIATAI

2% SIZATYNY 96 338

140




L2

FIGURE 'L 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 I{mperfect
information.
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Scene L12 e small triangle :15 just could not get joined with

the remainder of the body :16-20-19, and two objects were found.
There is a weak link between :15 and :19, but it did not help since
there is no link between :15 and :16, What happens is that 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

t11 was joined with :4, but isolated from 312-27-5. 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 'L 1 9'
It was easy to find :6~7-8-9, the hexagonal prism.

:15 was reported as a gingle object: a mistake. The two big
concave objects were appropiately identified.
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Scene R19
e LN

As in L19, here the triangle :27 is detached from
:5-32-33, two bodies being reported. There is no strong link between
:27 and :33. There is a weak link between :27 and :5, because both
are 'triangles' facing each other, but that is not enough. A weak
link is never enough.

All other bodies are properly found, including ;10-16—2?3.

Vertex RA, of course, contributes with no linké. The situation
could change if we discover that RA is a false vertex, SUGGESTION
that is, one composed by the merge of two genuine ones.
There is enough enformation, I thinks 8ince 134 and ;37 are bakgound,
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 regioms to join some other
body, a task performed now, notAcoo satisfactorially, by SMB.

Compare with L19 and WRIST%.
See '"merged vertices', page22l.
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Scene CORN The pyramid :8-9-10 was easily identified because a vertex

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 '"C".

SINGLEBODY was needed to join :4 with :2-3-1, the only link
being placed by heuristic (g) of table 'GLOBAL EVIDENCE.'

The pogram 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: :1l=2=3=4 and :11=12=}13.
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S_"ﬁ_lﬁ Here the tolerances SINTO and COLTO that allow for

"sloppy parallelism'" have made T's out of NA and PA. Therefore,

these vertices do not contribute any links for :1. Moreover, the

"t pA  inhibits the link suggested by QA between :1 and :8.

That being all, 3l gets reported as a single body (see next page).
By decreasing the tolerances, correct identification is possible

(see the correet identification in page 1557).

See 'Tolerances in collinearity and parallelism', page 215 .
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FIGURE
"Four bodies are identified.

'L 9"
Body :1-8-9-7-5-6 gives some problems,
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SEE S8 ANALYZES L9

EVIDENCE See also next page.
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Scenes R9 and R9T Four bodies are found inR9, five in R9T. The
difference is that Y and JA (see figure at bottom of this page) are not

"matching T's"in R9T. The strong links among :12, :3, :10, and :16 are:

LINKS FOR R 9 " LINKS FOR R9 T

In R9, the two strong links (GOO30 and GOO2l) 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 having Y and JA as matching T's, a link
between :10 and :12 dis appears; 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 R9.

Are Y and JA matching
T's or not? Different
answers produce different
analyses of the scene.

These scenes show that the analyses can be quite sensitive to

the '"right" definition of parallelism and colinearity.
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LG1

SEE 58 ANALYZES R9

EVIDENCE

LOCALEVIGENCE

TRIANG

CLOBAL
(INIL) ((x320) 60018 GOO17 GOO16 GOC14 GOOL3 GOO12) ((x319) GOO20 GOOI9 60018 GOOI6 60015) ((x313) G0OO23 60022 600201 (!

x115) G0026 GO025 G0G23 60022) ((x110) 60031 GOO3D GOO28 &0025) ((%X346) GOO3I1 €0D29 GOO28) ((Xx38) &0027 50019 GGOIS GOOL

4 60012) ((X317) G0G3I2 GO027 G0O26 60025 G0024) ({(X37) GO0UI2 GOO24 GOO17 wOOI3) ((X39) GOO3I6 GOOI4 COO3I) ((X314) GOOIG

60035 G003 ((X36) GOOIS GGO37) ((x318) GOOI?) ((X85) GOOID GOOI4) {(X111) GOOM4 GO042 GOOAL GDO3IV) ((X31) GODAI 50042

GUO38) ((X312) GOO045 GOOIU 60021} ((X3J) GOO4D GOD2Y) ((X32) GOU46 0044 L0043 LGUOAOD GOOIP) ((X3d) L0046 GOD4L GOO4O) (!

%3211}

CONTLY ONTLDY INILY enIL) UNILD INFL)Y ONELY (NILY ONEL) ((X820 X8iv X34 X313 X315 X837 X17) GOOI3 60018 GOOI6 GOO1® GOOIS
60014 40012 60020 GOO23 L0022 GOU27 0026 GUOS GO0JI2 GOU24 GOOLZ7 GLOII) (NILY (NIL) ((X36) GOO38 LOO3I7) ({X318) G0G3I7)
((239 %814 X35) GOOJI6 LOUII GOOIS GOOI4) (NIL) (MIL) (NIL) (ix340 %310 X312 X33) GUO31 GOO28 G0O3U GOO2) GOO4S GO0O029) |

NIL) (18] X811 %32 X84) GOO0YS G0042 wOUMS6 GUOAd GOUGY SO0V GOU4MS 004 GOD4D) ((x321)))

LGCal

(LOCAL ASSUMES (X%36) (%31 XB11 %32 x34) SAME 8OUY)

CENTL) (NIL) (NJL) INIL) INIL) ((x22p X819 %38 X833 X315 X817 X37) GQQJ3 GQULd 60016 G019 GOOLS GoOlé G012 GOG20 GOO23
50022 60027 ©0026 GOO02% G0032 GOOU24 GOUL7 GUDLI) (NJL) ((Xe] X31]l X832 Xt4 X36) 60042 GOO44 CO04I GO0IP GO046 GOOD4) GOO4

0 L0038 60037) ((x218) @0037) ((Xt9 X3i4 X35) LOO0I6 GUOII GUOIS w0034) (NILJ) ((X330 X516 %212 X33) GOO31 $0028 60030 GO0

21 GOO4S 40029) (NJL) t(X321}))

LOCAL )

(SINGLEBODY ASSUMES (%81 X314 Xt2 xI4 X86) (Xx318) SAME BOLY)

(((x310 X316 X812 X83) LOOJI) GpO28 GOOJID GUp2) GOO4d 6po2y) ((X39 X314 X1D) GOOJI6 G0O3I3 GOO3I5 w00J4) (NIL) (ex3g Xzyy X3

2 X34 436 X318) 60042 GOO44 GOO4AJ GOOID 40046 G0041 GOOA0 GOOIS GOOIZ)} ((X320 X319 %38 X313 X315 X217 X37) GOO13 GOOia &

0016 GO0019 GOOL1S G00ie GO012 GOD20 GOU23 LOOZZ 60027 GOO26 GOO2S G0032 60024 GOOL7 GOO3I)

LOCAL

SME

RESULTS

(BODY 1. IS %310 X816 X112 X33)

(B0DY 2, IS %39 X314 X35])

(BODY J, IS %31 X233 X32 X34 X836 X3i8) RESULTS FOR R9

(300Y 4, 1S X320 X519 X388 X333 X81S X317 x37)

NiL



FIGURE 'R 9'

The four bodies were found.
SINGLEBODIES was needed to join :18
with :6-11-1-4-2.

158




ROT

FIGURE 'R 9 T'
SINGLEBODIES joins :18 -with ‘the
other portion of that body; ~LOCAL
" is needed to join :6 to that 7@
portion, and it6 with :10.
Neverthelese, since :12 and :10 were-

" not found to be the same face, body

R :16—]._0 is f‘.°““4’ and;ﬁ‘ogl'y“ :}.2;_-3.

159




N

(otsx Olsx §1 *S§ AQ08)

(48X 218% ETsX CVsX gtX 67X 022X S§1 °» AQOR)

164 ¥0od SITnsmd (012X Osx P2 Z2X Tl:eX Tex 81 °¢ aAqO@)

(Gtx eIty 61x §1 °Z A0d)

(212 £3% 81 °1 AMO€)

€17nS 3y

(ABOR 3IWVvS 2Trx CsX SIWNNSSY BWS)

NS

“vaoI

(162009 CLO009 92002 10Tex oTeX)) (921000 €1009 #2009 1p009 200" 92009 [200n 220049 £2009 12009 £1009 100

9 931009 02009 L1009 61009 #1009 (fsX LTsX ST:X CTeX 93X AVeX .02:%)) (9Fr009 ££009 65009 OVOO0Y Se0NY 6£009 29009 Cv002 (90
08 (812x 93x p2X 2% 11X Tex)) (VIN) (20008 »000s 20009 60009 (S3X »ItX &3%)) (62009 ve00a (213%)) (2009 »y009 (C2x)))
(A008 3INVS (OT3%) (93 X 23X 11:% 12X} S3IWNESY ANOBIONTS)

Tva0"

tEeTZeX)) (TINY (02009 vr009 (£eX)) (62009 »p

009 (TTeX)) (TIN) (£L009 »£009 ZLOO0O SO0 {(GeX »yieX 82%X)) (9f00H (Q13X)) (QENDY ££00H AC009 Or00S SY009 €009 29009 090

09 Tr009 193X PsX Z:X TTsX TeX)) (FIN} (vyI009 91002 v2009 12009 §2004 92009 LZ009 22004 2009 12009 £1009 S1004 91004 02
009 L1009 63009 P1009 (23X L32X STsX CTsX ©:%X 672X 0Z2X)) (TIN) (TIN) (62009 NCOO0S 2009 (OTrX 9T2X)) (TVIN) (VIN) (TIND)
(ATNE IHYE (0Tex) (0T2x) S3WNSSY¥ Tvan)

tA009 IWYS fre¥ 2eX TTeX TeX) (91X) SIUNSSY IWI0T)

wana

(CLT2¢X)) (42007 0r00S Sp00% ALO0S ZyN0S CoNDY Sv009 Tp00% /0009 (veX Z3¥ T1sX TeX11 (1IN} (920

09 #P009 (£eX)) (62009 #9009 (21s%)) (TIN} (HN) (£L009 vL00H ZL009 Sc00a (S1X p1aX 82%)) (90009 (GT3X)) (00009 £2009 (9
X)) (INY (IN) (vEDO9 ©5009 #2009 1L00M 2009 92009 L2004 22009 £210% 1Z002 £1009 61009 51008 AZ009 /3009 61009 »in0Y
(20X LTeX SleX £TsX 91X 6Te% 02¢2})) tIIN) (TIN) (@2000 00009 (0leX)) (42009 00008 (OT¢X}) (TIIN) (TIN) (FIN) (TIND {INY)
({122%)) (62009 Ov002 SPOOM (P2X)) (90009 A4L009 29909 £v009 Sp009 (Z3X)) (D09 yr00S (£3X)) (62009 »»

009 (2T3X)) (L£009 1y009 29000 (ls%}} (9C009 Ov0O0S tvDOS £¥009 (TTeX)) (CL009 P00 (§3%)) (90009 (9T3%)) (90009 £C009
9:X)) (20009 »L009 S£009 (PIsx)) (Z£009 £L009 SCO09 (S:x)) (P1002 QY009 »2009 1£009 (21X)) (92009 §2009 92009 /2009 TL00
9 (L13%)) (L1009 S1009 91009 02009 22009 (91%)) (AZ009 OF009 (9¥sX)) (62009 0CO04 ¢OYeX)) (22009 £2009 §2009 92009 (GI:X
)) (12009 22009 £2009 (£13%)) (91009 L1009 61008 02009 12009 (61:X)) (L1009 PI009 ST1009 L1009 21009 61009 (02:eX)) (IIN})
TyasTs

ONYINL

3INIATAZ VIO

J3ON3OLA3

Ley S3ZAIYNY 95 33§

160




EEEEE-EEEéE This scene has been analyzed in great detail in the

section that describes the program SEE. TIts links are found in

graphic form in figure 'TRIAL - LINKS', or in written form (lists)
in "RESULTS FOR TRIAL".

LOCAL had to join :13 with the remainder of that body,

Ak 1968
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€91

SEE S8 ANALYZES TRIAL

EVIUENCE

LUCALEVIDENCE

TRIANG

GLOBAL ,

LINIL) ((311) Ga0id4 60013 LOOIL GUOL0) {¢312) LOOLS GOO14 GOOLI w0O12) ¢(213) ©0021) ((89) GOO22 GOO21 GOO2p 60019 60017
S0016) ((330) w0D15 60012 GOOi1 GNOIU) ((33) w0OJ4 6025 GUO24) ((84) GOUSI LOVI2 6OU26 60025 60023) ((35) 60031 G000

G029 GUO27) ((85) 60026 60023 FO0?2 w0018 GUOLZ) ((37) GUO33 GOOI2 WOULY S0LIB GOUIL) ((56) GGOI4 GOD24 G0020) ((32) 6O

035 GUO3I! LOD29 LU028) ((8314)) ((81) LOOID GOOJ0 6OL2Y GOU27))

CINIL] INIL) (NIL) ((313) w0021) (NIL) ((3is $12 $1U) GOO)3 GUO1S GOOle GUOLI GOOIS GUOL2 GOO13 GODAN) (NIL) (NIL) INIL}
(NIL) (NIL) ((854 39 15 87 3 BA) GUO25 GUUZ) LUOI6 0026 LUOZ3 w0022 LODA7 GDOJII GDOY2 GODI9 GOO1S8 GOOle £0025 0034 Lo

024 GOO20) (NIL) {(814]) ((3o 82 1) GOD27 GUOJIL GOU29 GOOGIS 0030 ©0026 w0027)) '

LOCAL

(LUCAL ASSUMES (313) (34 89 35 37 33 28) SAmME BOLY)

LoCaL

CCNIL) (NIL) (84 19 85 £7 33 1A 313) G021 LOU26 Guu23 60022 U017 “OUII 60032 L0OLIY LOO1S GOOI6 GOO25 G0OI4 60024 G002

0 G0C21F (1311 $42 110) GOUIL GDUIS GOUL4 LOOI3 GUOLS 60012 GUOIL G0OLO0Y (MILI (NIL) (NIL} ¢1F34Y) (36 32 1) GOO27 Goo

31 60029 LOO3IS GO03I0 G0U28 GOO271) '

LOCAL

((136 12 t1) 60027 GOO31 60029 GOO35 L0030 GUO2S WOUL27) ((Pl1 $12 $10) GOULl OD1S 0014 60013 GDOIS 60012 GOOKL GOOtC)

(14 39 35 87 83 38 313) w0021 GU026 G002 GDOZ2 GOOL7 GOO3I3 GOUI2 «0019 wAOLE GOO016 GOO25S GODI4 GCO24 GOO20 &OO21))

LOCAL

sMB

RESULTS

(80MY 1, 1S 16 32 31}

(80LY 2, IS 311 %12 310}

(HOLY 3. 1S 34 89 35 87 33 18 133) RESULTS FOR TRIAL

NIL




Scene ARCH s analyzes scene ARCH (see figure 'ARCH') with results

displayed in 'RESULTS FOR ARCH'. This is an scene composed of many
degenerate views of objects. It is an ambiguous scene (see section
on Optical Illusions), in that several good interpretations are po-
ssible.

The program reports :7 and :17 as one body, which could be plau
sible. :16, :9 and :10 get reported as independent objects. In
the scene from where this picture or line drawing was taken, :7, :17
and :16 were the vertical face of an object. :10 was the vertical
face of another, :9 being its horizontal (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. GOODT
could stand some improvement.

The body :22-23 was identified correctly.
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ARCH

FIGURE "A R C H"

Ambiguous scene that could be correctly interpreted in
several different manners. :7-17 was reported as a single
body (see table 'RESULTS FOR ARCH'), and also :9.

The body :5-4-19-18 was split in two: :5-4 and :19-18,
but not :3-8-29-31, which was counted as one body.
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991

SEE 56 ANALYZES ARCH
EviUENCE
LOCALEVIDENCE

_ TRIANG

GLOYAL

LINIL) TO33) 60022) ((38) L0025 L0N2JI 600221 ((231) 60029 GOO025 GO024 GGO23) ((14) 600I2) ((326) GOOI& GODI? GOO3IS Go03a
) ((324) OUIY UOSH 50035 GODIL) ((82%) GUO3S GOUIL GDUI7 GOOIGY ({323) wDC4D) (($17) GUOII) ((r13) GO04S G004 GOOe2 G

0041) ((832) 63046 GLOMA w0043 GUDA2) ((331)) ((2836)) ((314) GOULS LUOES wO04I LOOAL) ((39)) ((816)) ((315)) ((310)) (3

33) GDOS0 L0049 VD47 GOO30) ((154) GUOSO GQO04H GOOEZ) ((832) GOOED GDU4S GUOSO) ((35) GOD3I2) ((219) 60031) ((37) GOO3II)
(08611 ((320)) ((%22) WOU4O0) (€321)) ((3271) ((320)) ((32) GOUOD2 GDOS1 GOO27 C0026) (11f) GOD5HI C0052 G028 GLO27) (¢33

0) 50053 w0051 SUU28 GO026) ((329) GOU2Y GuN24) ((335)) ((218) GOUSL))

CENIL) 1332 G0d22) (NIL) (NIL) ((24) L0OD32) (NIL) (NIL) ((2326 124 323) GUOUI7 600I9 GO03I5 G003I4 GOUI9 CQGI8 GUNIZ G0N0}
((323) 60040 ({217} GOO3II) (NTL) (MILD CCELT)) ((8308)) ((213 212 314) S0042 GO046 GOO44 GOU42 GOPMS6 GDOES GONAJ GOdal)
(13901 ((336)) ((315)) (1810)) (NTL) (NIL) ((333 234 332) GOO3IU wOUBO GUU4? GOU4Y GOUES GDO3D) ((2S) 60032) ((219) GDOJI

11 (0271 LUOII) ((36)) ((220)) ((222) 6ONAUY ((2283)) ((327)) «(328)) (NIL) (NJL) ((32 81 330) G006 G0052 GOO27 GUGH3 GU

051 GOO2E G00G26) ((38 31 329) L0022 G025 GLO2JI 6O0G2Y GOO024) ((335)) ((218) 60031))

LOCAL

(LOCAL ASSUMES (819 (318) SAME BODY) .. .

(LUCAL ASSUMES (33) (88 131 129) SAME bdLY)

LICaAL . i :

CINEL) (38 331 129 33) GUU2S L0023 GO029 wOU24 GUOZ2) (N1L) ((84) 60OQJS2) (NIL) ((226 324 325) G0037 60039 G003 GNols G

0039 6003E 60037 GUOJI6) ((323) GuodD) (1217) LOO3II) (NIL) ((314)) ((330)) ((813 312 314) GOO04Z COD4O GUOM4 GUO42 GOO46 6

0U4S 0043 GOGAL)Y ((33)) C(216)) ((319)) ((BL10}) (NIL) ( (333 134 332) &u0J0 60090 GOD47 .GOO49 GOD4Bs 6003N) ((35) 60032}

((318 319) GOO031) ((37) GUOSI) ((58)) ({8201)-4(822) GOUAU) ((321)) ((327)) ((828)) (NJL) ((32 31 330} 60U26 GOUS2 wQO27
@0053 U051 60028 G0026) (NIL) ((335)) (NIL))

LICaL

(SINGLEBUDY ASSUMES (123) 1122) SAME HUJY) : . .

(SINGLEBOLY ASSJUMES (237} (87) SAME BULY) -

(SINGLEgOLY ASSUMES (84} (15) SaAME BOUY) : . ‘

((e2 23 330) ©0026 L0052 LDO27 wOBN53 GO051 0028 G0O026) ((328)) ((2127)) C{321)1) (wiIL) ((320)) (NIL) ((818 319) LOO31) (
NIL) ¢(333 234 332) LOOJIO LOOS0 CO047 GOOEY LOUAS GGOION ((330)) ((815)) ((810)) ((B9)) ((313 332 $14) GOU42 GOO46 GO044
wbLU42 L0046 LOD4ET GOD4I L0041 ((811)) ((317 87) GGOIDI) ((323 322) GOOAD) ({120 224 325) GQUI7 GOLIP GUO3IS GO034 CUO39

GUOJId GO037 L0N3I6) (134 33) LDUSZ) ( (34 BJ1 829 3J) 6OU2D LOOZI LOUZY U024 -GOD22))

LOCAL ’

SMB

RESULTS

(TRE FIRST 9, dUDIES ARE ((128)) ((827)) (1821)) ((320)) ((810)) (E815)) ((E30)) (¢89)) ((311)))

(BOLY 10. IS 82 31 330, '

(8GLY 31, 1S 818 319)

(uQ0Y 12. 1S 3335 334 332)

(300Y 13. 1S $13: 312 114}

(o0DY 14, 1S 217 37) ’

1804Y 15, §S 823 22) RESULTS FOR ARCH

(30DY 16. IS 3206 t24 3295) . .

(BQWY 174 1S 34 135)

(g0DY 18, 1S 38 331 129 1)

Nio




i‘ﬂﬂ—.—mum This scene consists of objects of the same shape, namaly

triangular prisms, All are correctly tdentified s including the long
and twice occluded 33-21-22-23-24-28-29. :1-2-33 was also found.
LOCAL had to be used to join 315 with 316, and also :11 with :12,

In an older version of the program, 17 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 16 and :7,
because both are "G)OD?AL:". See "Operation of the Program; SMB'(page
99). '

. These scenes are sometimes obtained from a picture, so that
the>y are the result of a perspective transformation. Some other
scenes are drawn more or less in an orthogonal or isometric projeetion.
SEE does not depend huvilj “in the t:fpe of projection; there are only
a few heuristics that use notions of pa_rall_elim.. o
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HARD

FIGURE 'H AR D'

All the bodies were correctly found.
The most difficult was :6~7, since SMB
bad to join both regions, which do
not have "useful" visible vertices.
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SEE 58 ANALYIES HArD

EVIDENCE

LOCALEVIDENCE

TRIANG

GLOBAL

CINILY ((834)) ((36)) ((336)) ((324) GO026 GOOD2S GO02Y GUO21 60020) ((3123) 50028 60027 C0024 60022 S002L) ((813) GO046 G
0044 GO04I GOO42) ((317) GOO47 GOD46 0045 GOO44) ((57)) ((822) GDO4® G041 GO040 G0029 COG28& &O02%) ((33) GOO50 G000 &
0041 GOOJO) ((521) GOOS0 GCO40 GOOJI9 GOO29 G008 G0027) ((s1) GOOS2 60051) ((82) 60052 GO0SL C0018 COOL7) ((325) COOSI &
0038 60036 G0019) (1726) C0054 GOOS3I G0037 GOO0I6) ((327) GO0Se GODI8 COOJI7 GOOIP) ((9128) GOOSS 50024 GDO22 GOOIS) ((229)
C00SS 60023 60020 GOO015) ((332) S0057 GO0Se S0034 COOII) ((#JI) C00L8 GOOL7) ((B3)) GUOS7 GPOIS G004 GOOI6) ((35) GOOS
8 C0048) ((34) GOOSS GOO48) ((310) C0G59 G00I2 COO0I3) ((214) GOO47 §0045 60043 G0042) ((518) GODOI G0081 GOOGO COOL4) ((
319) G0064 GO063 T0062 GD061) ((320) GOOS4 GDO62 GOO6D GOOLe) ((39) LOOGS GO0I2 G0OJIO0) ((28) GOO6S GOOS9 0031 60OI0) (!
130) GDOS6 CO03IS G0OJII 60016) ((115) S0066) ((116) L0066} ((135)) ((Bi3) GOLLY) ((112) GDOGY))}

CONIL) ((334)) ((36)) ((836)) (NIL) (NIL) (NIL) INTILY ((871) INTL) ANIL) (NIL) ENIL)Y CNIL)Y (NJL) (NJL) (325 326 327) GO
019 G0OSI 60036 G00S4 G0038 G0037 C0O039) (NJL) (1824 822 #3 12) 921 528 829) 60020 GO026 GO02S GO0049 G004y CO0021 GOGCSO ©
D040 G00JI9 0029 GO028 G0D27 COD24 GO022 S005S G0023 60020 GO015) (NIL) ((21 82 333) GOO%2 GOO%1 GOOL”? GODIS GOOL7) (NIL
) (NIL) ((3S 04) G0048 GOUSS GON48) (NIL) ((013 817 314) 60040 GO047 60040 GOD44 GOO047 COO04S GOO04I G0042) (NIL) (NIL)Y ((
918 119 320) .G0060 GD064 GOOSY COCSL GO064 GODO2 CO060 GOC14) (NIL) ({39 210 88) GUOI2 GOO3I2 G0O6S L0089 60031 GOOIO) (¢
332 831 330) 60033 G0057 GOOJ4 CUOBO COO3IS G003 $0016) ((8185) GOOG6) ((816) GOLGO) (1835)3 (851} GODO67) {(312) GOO67))

LOCAL

(LOCAL ASSUMES (%i1) ($12) SAME BODY)

tLOCAL ASSUMES (%15) (816) SAME B0ODY)

CENILD (€3349) ((86)) ((836)) (NIL) (NILY ({37)) (NIL) ONIL) (NJL) ((025 326 327) GOO19 GOOSJ 60036 CO00S< C00I8 GOO3I7? 6O
019) (4824 3822 33 323 3121 828 $29) G0020 GUO2e G002V GOO4Y GOD41 60021 GO0USU GO040 CO0IQ GOO29 C0028 CGO027 GOO24 G0O22 ¢
0055 G0023 0020 G0015) t(3) 32 833) COOS2 GOOS: G00317 G066 GOCL7) (NIL) (135 14) 600a8 GOOSS G0048) ((313 317 314) GOO

-43 GOD4T7 50046 GOD44a G004 GOOAS GO043 SO0042) (NJL) (1818 319 520) GQO6D GO0G4 G003 60061 GO064 GOD62 GOOBO GOO0L4) ((39

$10 881 GO0J2 60032 GOO6S GAOSY GOO3L S0030) ((332 831 330) GO0II GDOBY7 GOOI4 GOOS6 G00IS GO0I3 GOOL6) ((T16 s15) GQOOS
1 (NfL) C(8TS)) (6352 8183 G0067) (NILD)
LOCAL
L1812 311) GDOG7) (816 215) GOO66) ((332 131 130) GOOI3 G0057 60034 G0056 GOOIS CO0I3 60016) (($9 3110 38) GOO32 60032
S006% S0059 G0031 G0030) ((s18 339 320) GOUGO GO064 GDO6I COO6) GO064 GOU62 GOCAO COD14) ((F1J 317 $14) GO0 GOO47 GpO4
6 0044 GO047 GOO4S G004) G0042) (85 34) 60048 COO58 G0048) ((31 32 23) GOUS2Z GO0S1 0017 S0018 GOOL7) ((r24 822 3 22
J 125 328 129) G0020 60026 CO02S GO004P GOO43 GD023 GOO50 CO0040 S00IP G0029 CO028 COO27 GOOD24 &0022 COOSS GOO23 G0D20 600
A1SE (825 826 827) GOOL9 GUOSI GOOIO GOOS4 GOOIB GOOI7 GO0 ((327)) (i(86))}
LeCAL .
N8
tSN0 ASSUNES 37 16 SANE BODY)
RESULTS
¢800Y 1. 18 8§12 311)
[¢ [:]:) g. 18 8;; l§5l 3
(gopY 3, I8 3 131 8J0)
tagoY 4, 18 39 810 38) RESULTS FOR HARD
(80DY S, 18 138 139 320)
(80DY 6, IS 8313 317 814}
(80DY 7, 18 15 34)
(80DY o, I8 83§ 32 83J)
{80DY 9, I8 824 822 33 323 831 128 329) '
(B0DY 310, 18.928 326 127)
(BODY 11, 18 17 136}
NIL




EEEEE—Lﬁ The body :10-9 was reported isolated from :13-2-3,

due to insufficiency of links. See comments to figure RLl7, 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 1173 will lessen, but not suppress, these ''mistakes”.
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cLl

SEE 58 ANALYZES L¢

EVIDENCE

LOCALEVIDENCE

TRIANG

SLOSAL

(CNIL) ((32) GOOIJ) ¢{811) GDO1S GDOL7 GOpie GOOL4 60012 G0011) ((*13) G0021 GOO020 GOO13) ((3J) S0021 GOO20) ((312) GpO2

2 G0019 GDOI7 GOO32) ((89) GOD2I) ((+7) €p02% G0DO24 GOO1S GOO14 GOOL1) ((38) GOO27 GOO26 G0024 GO022 GOOI9 COOLS GOUIG &

0015} ((851) 60027 0026 GOD25) (($30} G0023) ((84) GOO3L GD020 50028 G0010) ((2%) GOO032 GOOJI1 0030 G0029) ((16) G0OI2 &

0030 GOO28 G0010) ((¥14)))

CINIL) ((82) GOOLJI) (NIL) (NIL) ((313 33) 60020 60013 0021 SO020) (NIL) ((39) GQO23) (NIL) (NIL) ((241 312 $7 38 $1) GO

022 GO017 €0012 GOOL5 S0054 GD0L1 G0026 Co024 €0022 G0019 C0018 S0016 GOO01S 60027 G0026 S0025) ((3310) 60023 (NIL) (NIL)
((s4 35 36) 60028 G0O3I2 GOO31 GOO29 GOO03I2 GOOI0 GO028 GOGOIO0) ((tid)))

LOCAL

(LOCAL ASSUMES (19) (310) SAME BODY)

1(ng) CE32) GoOid) (NIL) ((333 83) G020 “p013 S0021 Gp020) ((S10 39) GpO23) (NIL) ((331 2312 87 &8 81 60022 Cp017 GOO1

2 60015 60014 G001l GOO026 GO024 60022 G0Oy9 GO0OI& GOOI6 CODIS 60027 GOO26 G0025) (NIL) (NIL) ((se 35 16) G0028 G0O0I2 GOO

31 60029 60032 G0030 GOO28 GOO010) ((314)}))

LacaL .

(SINGLEBODY ASSUMES (813 $3) (82) SAME a0pY)

(((s4 35 t6) Gpo28 G002 Gpol3) Goo2® 60032 So0J0 G028 Goo10) (1315 312 87 88 31) Gpo22 0017 Gpp12 60015 Gp014 Goo11 Go

026 60024 60022 G0019 60018 GO016 GOOLS Gp027 GO026 GOO2B) ((310 89) GOO2I) (113 83 32) G0020 GOO13 €0021 C0O20) (NIL))

LOCAL

5MB

RESULTS

(BODY 1. I5 34 15 886)

(80DY 2, 15 833 2112 87 18 81) RESULTS FOR 14

(80DY 3. I8 t10 39)
(800Y 4. 18 313 33 12}
NIL



§2225—J¥t 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 1is inhibited by Z (a Corner),

and :2 gets disconnected from 13-4,

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.

Suggegtion Lines like the one below should be ISUGGESTION
"gtraightened" either by SEE or (better) by the preprocessor; for

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

Input'.

d
Conservatism and Tolerance More strict tolerances do not make the

program more conservative in all cases: the link in (a) fails to be
placed if the program has too loose (large) tolerances, because A
will be transformed into a "T" (it will be considered to be a "T"),
losing the link; the link in (b) fails to be laid if the tolerances

are too strict, because the T-joints will not be colinear.

a b

In (a), links disappear if tolerances are
too big; im (b), 1f they are too small.
In both cases, conservative behavior (cf.
page 212) appears.
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FICURE: - 'R 4"

Either three ot ¥ive bodied are’ foulld| qusm!m of:
certain parameters. These scenes are "noisy” ia uau that
the caordinates of the vertices depart from their " position
by as i ‘one i ter, or about 1 % of the! coul size of

the inge iich is “one decimeter. This cm not large
enough to affect lopg lqiu“"bu&,it may subs pretia the
direction of shortimegments. WE '
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Scene MO The long body 129-30-34-20-19 gets identified as followss

129 and 130 get two links, and 130 with :19 also, so we have the
nucleus 329=30-19., Two links (because of matching T's) join :34 with
120, to form nucleus :34-~20. Regions :30 and 3134 receive a strong
link, by heuristic (g) of table 'GLOPAL EVIDENCE', and :19 with :20
by the same reason. That completes the body.

The fork that is common to :12, 13 and 14 puts a link between
212 and :13, but it is not enough to cause mis-recognition. A link
is put by that same Fork between :13 and :14, ae 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% .,

176




FIGURE 'M 0 M 0O'
All bodies are correctly identified.
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w Region :10 gets a strong and a weak link with 4, and that

is enough to join them. The same i8 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 97 ), and 'FINAL-
BRIDGE' (page98).

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 weé 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" 125-24-21-27-9-12 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=x
hibits the link (through NOSABO) between :8 and :9, and the link between
:5 and 19 gets inhibited by S, because it is a T (cf. NOSABO, page82).

The concave object 17-6-5-4-8-10-11 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 migtake was made by SEE on BRIDGE; its eight bodies were co=
rrectly identified (see 'RESULTS FOR BRIDGE', page (81),

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

in page 230, section 'On background discrimination by computer',
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FIGORE 'BRIDGE'
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DISCUSSION

We have 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 soene as a set of regions (sur-
faces), then SEE partitions the set into appropriste sub-
sets, each subeet forming a three-dimensional hody or
object.

The performance of SEE shows to us that i is possible ,
to separate a scene into the objects forming it, without need-
tng lo know in detail these objects; SEE does not need
to know the ‘definitions’ or deseriptionsof a pyramid, or
& pentagonal prism, in order to isolate these objecta i ina
scene oontaining them, even in the case where they are
partially occluded.

The basic idea behind SEE is to make global use of in-

" formation collected loeally 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) Repreeentation as vertices (with coordinates),
lines and regions

(2) Typesof vertices.

(3) Concepts of links (strong and weak), nuelei md .
rules for forming them.

ThecunentvemonofSEEmrutnctedtompre-
sented in gymbolic form.

Since SEE requires two strong evidences to join two
nuclei, it appears that its judgments will Lie in the
‘safe’ sitle, 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 “oonserv-
atively,” especially in the presence of ambiguities.

Divisions of the evidenoe 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 reinforoe evidence from more re-
linble clues. Indeed, the weak links that give extra
welghttonenlypudlelhnesareucanmon 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 t0o.
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CURVED OBJECTS

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

Introduction and Summary Most of the heuristics that establish links

at each vertex are unconcerned if the edges are gcurved or straight; a

few heuristics get affected: those that use the concepts of collinea-
rity and parallelism.

Thus, it is necessary to redefine and broaden these concepts.

1. A slight generalization is obtained {f 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 lime Joining two vertieges
is a straight or curved line. The information
about the segment A-B that is relevant to SEE is:
(a) There is a line between vertex A and vertex B.
(b) The coordinates. of A and B.

(c) The segment A-B separates region :1 from 32.

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 definitiom].
A gquasi-rectilinear object has faces, vertices and gently
bent edges or segments; it is expected that SEE v:lll work
well for them. We should try some scenes. snou

PaNa

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 segient.
All slopes fall in an intexval around the mean
slope., Gently bent segments form quasi-rectilinear
objects.
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Quasi-rectilinear objects. It is expected
that SEE will work well for them.

(b) partition of a non-gently bent gegment 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 away 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

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

®
tw
o

Here, the introduction of
additional vertices has to IS

be accompanied by 'artifi- —> PN -
cial' or reinforcing links, - :
to preserve the individua- i’

1lity of the body (of the
owner of such vertices).

3. More complete consideration of the shape of the segments is obtai-
ned as follows:
(a) For parallelism, by requiring that two segments be parallel
only 1f one is a translation of the other. Generally, this
is a comparison that takes a time proportional to the length
of the segment. Chain encoding {Freeman} {Conrad} is suggested.
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(b) For colinearity, by discovering properties or features that
"ecarry through' or are common. Among these are:

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

2. Heuristic properties: there must exist properties which

will seleet with high probability the "right" continua-
tion.

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

b

d
Cc
¢ d
(o
3 The same line dissappears at b and appears
at c¢, making b and ¢ "matching Ts", but to
discover this fact it is necesgary 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}.

Fig. 'SUITCASES!'

Heuristic properties of segments (yet to be .
determined) could select a "correct" match
for endings a, b, ..., k,1.
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4. Bodies with no edges and vertices are in principle easily identi- .
fied by SEE. See fig. 'FRUIT'. :

The bodies have no curved edges, and no vertices. The entire
surface is smooth; no sharp edges or pointy corners. 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 stereo perhaps,
at the points where the 3-dim curvature is large, and then postu-
late lines between such vertices. This looks bad.

Or we could reason as follows: - gince these objects do not
have vertices or edges, then the only vertices appearing in the
gcene must geparate two hodies. They will be mainly T -joints,
(cf also pag page 46)

In principle, separation into bodies looks prormstng, but
recognition (the answer to "what is 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 falling water, an
amoeba, the surface of the sea (?).

At some point, we have to know what we want

- As the complexity
increases, the concept of "body" depends less and less in-géometdcal
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 necelufy again. '

See also 'Do not use over-specialized assumptions. . ', page 252.
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APPENDIX TO SECTIOR ON CURVE OBJECTS

This appendix may be omitted in a first reading.

Requirements for the preprocessor

The preprocessor that feeds data

to SEE has to find only:

REQUIREMENTS
1. The lines of the scene. FOR THE
2. The vertices. PREPROCESSOR

3. The local slopes at each vertex.
4. See also comments to figure R17.
5. Illegal scenes (page 2(7) should be detected by the preprocessor.

How bad will curved objects be In objects

where the curves edges are gently bent, SEE
will work fairly well. The more an edge
departs from its rectilinear equivalent,
the worse SEE will work; T-joints will be
difficult to find, a FORK may transform
into a 'T', etc. (I am talking about the
current SEE, described in the listings).

Additional information could be used So far, we are trying to iden-

tify objects on the basis of form alone, 1. 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 it would be
to identify bodies if each one of them is of different color (and we
could sense that fact).

Paychological evidence Knowledge of the algorithms uged by human

beings for shape continuation (page {88) is relevant. Wé quote from
Krech and Crutchfield {1958}:
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Grouping by Good Form. Other things
being equal, stimmuli that form a good figure
awill bave a tendency to be grouped. This
is a very general formulation intended to
cmbrace 2 number of more specific variants
of the theme, traditionally classified as fol-
lows.

1. Good continuation. The tendency for
clements to go with others in such a way as
to permit the continuation of a line, or a
curve, or a movement, in the direction that
has already been established (see Fig. 37¢).

2. Symmetry. The favoring of that
grouping which will lead to symmetrical
or balanced wheles as against asymmetrical
ones. '

3. Closure. The grouping of elements in

such a way as to make for a more closed or
more complete whole figure,

4. Connnon fate. The favoring of the
grouping of those elements 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 consider 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 see that a difficulty
with this general proposition regarding
grouping centers on the crucial phrase
“good figure.” How can we know which

M

FIG. 37. Examples of grouping. In 4, the dots
are perceived in vertical columns, owing to
their greater spatial proximity in the vertical
than in the horizontal direction. In b, with
proximity equal, the rows are perceived as
horizontal, owing to grouping by similarity, In
¢, the principle of good continuation resv.zs in

| L

NN I
N NN A TEA N

seeing the upper figure as made up of the two

arts 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-
deed of any number of other combinations of
two or more parts. (Adapted from Wertheimer,
1923.)
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0 40 80

figure will be, the subject starts by guessing
the square in the lower lefr corner. When
he hes correctly identified the color, he -
moves on to guess the next square to the
r?h. He continnes this process to the end
of the row and thea stares on the left ‘end
of the next row shove. In this manner he
succemsively ‘guesses each of the 4000
squsres.

On the aversge, Avmesve's subjects made
only 15 to 20 wrong guesses for-the entire
figure. How was this pemible? The answer
‘MM“’.:f ’“pf 6
oo thet ku ‘ f parte of the fignre
was sufficient o ensble the subject to mike

BOX 21
How to Measure “Gooduess”

tours separating the ‘white, black, and gry

areas are simple and regular. Where the

tapers, it tapérs--in a regular way.
crv: after explor

aspects of

ATpiaan; F. § "Some ilormations]
: mm’%;aﬂ Rev, €1, 18390,

to this; for instance, in the case of “sym-
metry” there are objective rules we can
apply to determine the relative symmetry
of various figurcs, The same is true of sim-
ple cases of “closure.” (See Box 21 for a
relevant experiment. )

189

M ——

But we are far from being able to staré
such criteris when we deal with the highly
complex configurations of our normal per-
stems from the fact of individual differ-
ences among perceivers. One man’s mess
may be another man’s order. And this may
reflect the important role of learning and
past experience in the genesis of “good
figure.”
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ON OPTICAL ILLUSIONS

being in deceived or misled
uu:'mmsm @) "an instance of such é‘e A ?M lllndombﬂﬁ
doocplion '8 8 (1) 1'a miskending image fongtt; 55, B either
presented 10 the 2)3 side @ or sidc b may
deccives or misleads dy B (1) : per- the obe
cep! of something objectively existing AP . C: @ may
n & way is 10 cies B ardea ss either
of its actual pature (2) 3 MALLUCINATION 1 N the near or the far
() 2 & patiem cape O Jeverable pet- 2/ 8- comer of the block

Given the nature of SEE, we will restrict the meaning of 'optical
illusion'’ to illusions formed by tolida, that is, ambiguities or
inconsistencies when we (or- tha prom- SI) try to find 3-dim bodies
in a scene; thus, the Mixller-Lyer illulion (A" in the topmost figure)
is not comsidered.

Ihree kinds of 1llusy Aeeording to thi,t. m may elementarily

classify the “ncem thnt are unlikely to mut" (that 18, those
that are not ":uuhxd" or - "normal") :l.n m tm:

==  Possible but. no "good" interpmaxibn. ‘

== Ambiguous -- several good 1utetpnt;giqm.

==  Impossible: without Lnt.erpretation. ol

Like POLYBRICK {Gumn}. SEE 18 not oopcciﬁctuy ‘designed to
handle optical illuc:l.onl It was priurﬂ.y dnlgn.d to analyze "real
world" scenes; "hence, an 1nput scene that produces an 11llusion (in
a human) is not likely to occur as input to SEE, Nevertheleas, in
the same way that we may overtest a program fc;r squai:e robta by asking
for the square root of 'APPLE' ,W » we may test SEE with some
ambiguous scenes. Let us see what happens. |

POSSIBLE BUT NO "GOOD" INTERPRETATION

because they violate rules that most objects obey. Nevertheless, it
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Some  objects do not 'make asense'
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ACTUAL IMPOSSIBLE TRIANGLE was constructed by the author and his colleagues.
The only requirement is that it be viewed with one eye (or photographed) from exactly
the right position. The top photograph shows that two arms do not actually meet. When
viewed in a certain way (bottom), they seem to come together and the illusion is complete.

(From Gregory).
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One of the strong rules used by humans is that objects whose pic-
tures show straight lines have indeed straight edges; another strong
rule is to assume the corners to be like the corners of a cube (faces
meeting at right aﬁgles) ti) . Under these rules, the above triangle
does not make sense and people will classify it as an "impossible"
object ( 'yARTANT'will be an "imposaible" 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 a
pilcture from a special direction, so that the free ends a and b

seem to touch:

2 C

fig. ' VARIANT'

These rules (faces meet at right angles; straight lines mean
straight edges) are deeply ingrained into people, but nature does not
need to follow them always. The Penrose Triangle can be obtained by
photographing a 3-dim triangle with curved edges and skewed corners,
where each side touches the other two. ‘

SEE finds three objects in figure 'Penrose Triangle.'

Other examples follow.

Figure 'B L A C K'

@ People assume that faces meet at
right amgles, and this object

violates that rule, making it
"{mpossible" or odd-looking.
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It is possible to construct object 'BLACK' with planar faces. See
figure 'TEST OBJECTS' page 209. SEE finds one body in 'BLACK'.

The object at right looks
impossible if we aasume all
faces to be flat, If face aeb
is curved, object is plausible
R 1s its reflection on mirror
M, andGQ a. smoother version
of R. ® looks "normal'; by
deforming (R we could obtain R.

Unlike humans, SEE does not
hold these "very common rules"
as inviolable; SEE does not
have any special problems with
these "strange but true"
objects.

A misleading suggestion of
superiority should not be concluded
from these rare cases; in other
situations SEE makes mistakes
that a human being does not
(see figure 'SPREAD').

Of course, SEE holds its own
rules (for example, those of
table 'Global Evidence') as inviolable; hence, given a "rare enough
scene'" it will make mistakes (cf. assertion in page 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.
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Figure
' STAIRCASE'

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)

The "always descending staircase." {Gregory, in {Foss}}
The caption is wrong, this object could be constructed 1in*real world,
if some surfaces are curvedand/or the faces at the corners do not meet
at right angles. Example of an object "possible but without 'good’
interpretation."” See also Metatheorem on page 39 . Again, the "impo-
88ibility" or oddness of 'STAIRCASE' comes from assuming the rules
'straight lines in the drawing correspond to straight edges in 3-dim'

and 'faces meet at right angles, like corners of a cube' inviolable,

AMBIGUOUS - TWO GOOD INTERPRETATIONS

These are scenes that can be
interpreted in several correct (non-paradoxical) manners, which are
also "sensible" (as opposed to the Trivial Solution of page 4! ).
For instance, an scene like

AN

that can be interpreted as
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N @)
Q =,

or as

x (B)
& >

SEE will generally give one of the possible answers, although

not necessarily the one preferred by humans. In this example, SEE
chose ( B ).

The following scene, locally ambiguous, is correctly parsed by

our program.

Sometimes, the conservatism of SEE and its partial
insufficiency to make very global judgements will leave a body
unconnected; for instance, the three faces of one cube below will
be reported each one as a separate object, due to insufficient

links.

197




(Y
AN
N

\J
\
.t

IMPOSSIBLE: WITHOUT INTERPRETATION

Images that can not be product
of photographing (projecting) a 3~dim scene, These objects do not

have physical existence.

This scenme is without
interpretation, meaning

no 3-dim scene (with 3-dim
bodies) could have
produced 1it,

In figures like the above one, men are unaware of the extension
of the background, and < makes sense even if B is back-
ground, SEE is unable to make this mistake, and its analysis of
the scene will reflect the fact: the preprocessor will complain that
one region, the background, is neighbor of itgelf, 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?" Whatever answer SEE (or anybody
else) gives, it is wrong.
Nevertheless, according to our meta-theorem (page 33), there is
an extremely easy way to discover and reject these imposible scenes:
all of them are necessarily illegal scenes (q.v., page 217). And we know
how to detect illtgal scenes. SEE (or its preprocessor, rather) already does that,

SEE detects all impossible scenes, by refusing the data as an
illegal scene.
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A PROGRAM TO DISCOVER HUMAN OPTICAL ILLUSIONS

Some scenes get classified by our metatheorem as 'possible but
not "good" interpretation', and likewise by SEE, which 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 1f we teach him
the solution obtained by SEE (figures ‘Penrose Triangle', 'Black’,
'Staircase', 'CONTRADICTORY').

Figure 'CONTRADICTORY®

One object is found by SEE: (:1 :2 :3 :4).
As such (since it is a legal scene), SEE
clagsifies it as ‘possible but not '"good"
interpretation'. A person will classify
it as "not making 3-dim sense'": a human
optical illusion., 1Is it possible to
reconcile these views?

Of course, the metatheorem (page 39 ) 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 1s wrong. Also, the theorem of page 50
insures that any system (human or computer) that uses too '"local"
rules (see fig. 'MACHINE') will make at least ome mistake, no matter
what rules he (or it) uses.
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H-optical 1llusions There is thus a disagreement between SEE and our

fellow subject, because SEE has classified the scene as 'possible but
no * good  interpretation' and our man has said 'contradictory as a three-
dimensional scene'. Let us call these human optical illusions (such

as 'Contradictory', 'Staircase', etc.) by the name h-optical illusions.

What to do in these disagreements? Who 1s 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 1s desirable) our subjects to "understand", racionalize
and make sense out of these h-optical illusions. Indeed, that 18 what
is tried in figures 'Black',A'Penrose Triangle', etec. Different
people may show different degrees of (Hwoptical) illusion before
training and after training (see Box). This training is possible
(see Box).

In other words, if SEE is right, the computer scientist has
nothing to do, 1t 18 all up to the psychologists and educators.

Man is right ye pay hold the view that the human answer 1s still
preferable., Then, to our relief, man is right and SEE is wrong.

It is necessary (perhaps) to modify and correct SEE, go as to emulate
personal behavior. * We suggest a way to do this.

A program to discover h-optical illusions It is possible to enable
SEE to detect these h-optical illusions, so that it will classify the legal

scenes into "possible" or "h-optical illusions."”

SUGGESTION

As the problem of discriminating between background
and objects (see section 'On background discrimination by Computer'),
this is an interesting project from the "peychological” point of view
but, as in the background case, it is not essential at the moment

for our vision-robot work,

*
Strictly, there is a third possibility: both are wrong.
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BOX

There is generally a wealth of available information—though none entirely
reliable—for settling the size and distance of external objects, with sufficient
precision for normal use. As is well known, the visual system makes use of
a host of ‘depth cues’, 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 Helmholtz (1925), who fully realised their importance, and
they have been the subject of many investigations since, especially by
J. J. Gibson (1950). Whatever the richness of depth cues, however, the visual
input is always ambiguous. Though the brain makes the best bet on the
evidence—it may always be wrong.

The kind of mistakes which occur when the bet is on the favourite though
the favourite is not placed, is shown most dramatically by the demonstrations
of Adelbert Ames (1946). The most impressive demonstration is given
simply with a room which is non-rectangular, but so shaped that it gives the
same retinal image as a rectangular room to an eye placed in a certain
position. Now clearly this room, though queer shaped, must appear the
same as a normal rectangular room, for it gives the same image to the eye.
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 seen 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 see the
objects in it correctly in distance and size. This is a matter of very real
importance. It shows that when we are transferred to an alien or bizarre
environment, where our filing cards are inappropriate, we interpret the
images in the eyes according to principles found reliable in the previous,
familiar world—but now they may systematically mislead and then percep-
tion goes wrong. Space travellers beware! {Gregory, in {Collins

and Michie}}
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A possible way to attack the problem is
(1) To identify each link with whoever proposed it.
(2) To set up systems of simultaneous "symbolic" equatioms.
(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. 'FINAL-BRIDGE')
and ignored by the current SEE. Instead, one could see what
kind of links they are, and one has in this way more informa-
tion about the type of contradictions in the scene.

(2) 1Introduce a 'conditional' link: regions :1 and :2 belong to
the same body if region :3 does not. An OR link is now possi-~
ble by use of the conditional, since a =»b ‘=- b V ~ a.

(2.3) Introduce a 'NOT' 1link: :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
18 an equivalence relation so I use the = sign:

:l=:2 OR :3=:5

3¢ :2 =D :1=:4 (E)

/
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. Pamiliar, "clear", possible
scenes will fall in this case.

== More than one solution is found consistent with our equationms.
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All are reported. This is the case 'Ambiguous -- several good

interpretations.”

== No solutionvis found. This is a genuine keptical illusionm,

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

How to solve the equations (E) p,y the solution to (E) we mean a division of
the scene (:1, :2, ..., :n) by means of a partition of the form
(:1 = :5=:7 = :6),
(:3 = :2),
(:4)
which is consistent with (E).
In the current SEE,
(a) The equations are only equalities: :1 = :2,
Also, equations of the type :1 #¥ :2 are taken into
account by inhibitory mechanisms, such as NOSABO.
No conditional links exist.
(b) Since all equations are of the type :2 = :3, the solu-
tion is obtained by applying transitivity, that is,
l=2
2=3

Red — ©

Except that we require two antecedents for application
of transitivity (two strong links):

= o parentheges
, A=2=3) indicate nuclei.

1=2
2=1__$(1’2)
1 =3 1=3 =D (1=2=3)
2 =3 2=3
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An exhaustive search (which successively tests each possible parti+
tion) of the solution to (E) is impractical except in very small
scenes, and heuristic methods are needed.

I suggest to start from the equalities such as 1 = 2

2 =3

and to form nuclei?@ith the current SEE, except that at each step
we check to see if our current nuclei satisfy all of (E); for
disjunctive equations such as " 4 =5 OR 6 #7 OR 4 =6"
we try each branch of the OR in turn, rejecting those who conduce to
no solution (this may be pretty combinatorial, too).

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

theorem proving,

Conclusions and conjectures

The similarities between SEE and people
(see also 'Human perception vs. computer perception, page254 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 18 reticence to abandon them, and
mistakes or impossibilities are produced.

It is possible that, like SEE, people use primarily local clues,
and with less frequency more global information to disambiguate
interpretations. I think that, in the presence of objects (in 2~dim
line drawings, such as 'MOMO', for instance) not seen before, humans
follow general rules not unlike those used by SEE to distinguish
or decompose a scene into bodies. Rules that apply to all polyhedra
have to be invoked, since in presence of previously unseen objects,
humans can not use a model of the object.

The more familiar an object is (or 1f we have reason to suspect it
or expect 1it), the faster we abandon the general rules and propose its
model as a possible explanatinn of part of an scene; we then jump to
a model matching routine (g la DT {MAC TR 37}) that tries to fit the
model to part of the scene (to a gemi-isolated body); general rules
a la SEE prevent us from overflowing with our model into other bodies,

and help us to deal with partially occluded bodies.
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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 'Analysis of Many Scenes' contains results of SEE
when applied to imperfect scenes.

Swmary 1¢ is easy to predict the operation of SEE when the two-
dimensional data supplied is clean, in the sense of being an accurate

representation of the three-dimensional scene.
In practice, of course, errors will occur in the data and it be-
comes important to know how sensitive our program is to them.

SEE has some serendipity. Many of the imperfections in the
data do not cause mistakes in the linking procedure, or the link
misplacements are not enough to cause erroneous identification.

But mistakes are made.

Here is how different types of imperfections are handled:

== The assignment of types to vertices is highly insensitive to errors
in the position of each vertex, except T'S that become Forks of
Arrows. Two cures to the exceptions were found, only the first
of which is implemented:
(1) Allow tolerances in concepts of parallelism and colinearity.

(2) Allow a long but slightly twisted rectilinear segment to be
“gtraightened", as indicated in comments on scene R17.

=z Missing edges are subdivided in three classes (discussed below);
two of them produce recoverable or detectable errors (hence,
susceptible of correction or prevention). It will be difficult to
detect if a segment of the third class is missing; these will pro-
duce 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 diminution in the number of useful links, thus some-
cimes causing too conservative behavior -- i.e., proposition of too

many bodies.

= Whole faces may be missing. Ordinarily (see scenes L2, L9T).
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the remaining part of the body gets correctly identified.
OBIAINING THE DATA

The scenes analyzed by our program in this thesis were obtained

by one of two methods:

By free drawing , 1ine drawing representing threé-dimensional objects

was made; the coordinates of each vertex were accurately measured {or

computed) and the information was put in the 'Input Formap' £fomm
previously described. Also the regions belonging to the background
were indicated as such.

These scenes have mmemonic 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 pot assumed that "we are dealing
with prisms, with faces of a body meeting at right angles (like the
corners of a cube) ,"°51:h convex objects. Neither the drawings nor
the program make any assumption of this type. If the reader wishes
to adopi: the assumption gspecified above in quotation marks, then the
drawings will correspond to orthogonal projections ,of t:hree-‘dirﬁensiona.l
scenes. L ' -

No support hypothesis {8 needed: if necessary, the objects could
be floating in a transparent fluid having their same density.

M&t_"‘.‘.“_&i&‘.‘. 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
pici:ures of this thesis) in different positiéns and combinations,
three~-dimensional scenes were created (see figure 'TEST OBJECTS').
Pictures were taken with high contrast film slightly under-exposed
80 as to render black everything but the lines. Diffuse illumination
eliminated shadows {Great help was received in the pictbrial task
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80¢

Figure 'TEST OBJECTS'

Some of tne objects used to
produce many of the scenes
for our programs. objects abeut 10 cm lony




60¢

Finure 'TEST OBJECTS' (Cont.)

Some bodies analyzed by SEE.
Tue arrow indicates a body that

produces an optical ilusion. It
is unfamiliar, but real.



from Messrs. William H. Henneman, Devendra D. Mehta and David Waltz,
and i{s here acknowledged]. The photographs were taken with a depression
angle from 45° to 90° (that is, looking dowmn), 50 focal length

lens, 35 mm camera (standard equipment).

The size of the prints is approx. 8%' by 11 inches (21.5 by 28 cm).

If some lines were not clear, they were retouched with white ink,
Xf some lines were missing, they werxe 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
¥ormat®' form. The thickness of each line is about 1 mm (see figure
'TEST OBJECTS'); typically, the size of a scene ig 10 or 15 ems 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. Aluo‘, if two vertices are too close
together (about two millimeters) they are merged and codified as ome.
We are simulating the kind of mistakes that are likely to occur.

Also, some bilas is introﬂuced » no doubt), by the human operators.
[{By reading the coordinates in most of the scenes, immense help was
given by Misas 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 thé imperfections
of the data that SEE had to analyze, |
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MISPLACED VERTICES

The coordinates of a vertex may contain a small error or ‘noise'.

How does this affect the type of a vertex? Does the type change?

L. : — f Not affected
]

Not affected

:
)
L

____} Not affected
K Trqnsforms into MULTI.

7\
|

Transforms into MULTI.

L
J\ |

Transforms into FORK.

|

Not affected.

K

Y

_—; Transforms into ARROW
__{

2

PEAK. %
MULTI. >é —_ >é 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
(though 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)

(b) ()

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
1l In (b), the same mis~classification
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 cases. In some
sense (see "Desirability
Criterion') this is tolera
ble.

What other perils does
the misclassification of
the T's bring? We should
worry 1f, due to errors cau-
sed by T's, the occluded
bedy joins the occluding

one.

DESIRABILITY CRITERION.

(1) We would like a SEE that never makes
mistakes. Sincethis is not possible,
then

(2) We would like it to make mistakes of
only one kind, either join: two
bodies that should be left separateed
(intrepid, cavalier behavior), or
leave unattached two nuclei that
should be reported as a single ob-
ject (conservative behavior).

(3) Among the two, we prefer a conserva-
tive SEE, because its errors will
be easier to correct (cf. Stereo
Perception).

-~

4 3

The T's should not originate

the reporting of :1-2-3

as

part of one body

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

&

unperturbed; (L) "left", E, moves towards El’ . becoming
;' a FORK, or (R) "right'", when E2 moves away
N
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from Ep, & e, 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 41v 1 3

mis-links joining 1 with 3 or 2 with 3 I

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

regions 1s necessarily background) ? 111
vI

None.

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

or an L inhibit the link shown below,
e /e

f ‘
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'. (f%9c 2/4).
(b) A Fork in position (I) [or (III)] suggests
(1) linking 1 with 3. Inhibited because of the T or
arrow in vertex II.
(1i) 1linking 1 with 4. Inhibited because of the L in IV.
(1ii) linking 4 with 3. Depends on outside considerations.
Discussed below.
Example: L R L.
(c) An Arrow in position (II) suggests linking 1 with 2.
Inhibited or allowed according to vertex V. Example: RRIL.
(d) A Fork in position (II) suggests
1) linking 1 with 3. Link inhibited by the T or arrow
of I.
(ii) 1linking 2 with 3, Inhibited by the T or arrow in IIIL,
(i1i) linking 1 with 2, Inhibited or allowed according %o
vertex V.
Example: R L N.
Thus, no link 18 possible, even under these '"moisy" 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 betweem 4 and 3 in this

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

P
Two links originate (TR

the joini f 4
and é‘l}. e e —
T

Rather than get involved in this sub-problem, we will point
out two solutions to the misplaced vertices: (1) by allowing some
tolerance in 'parallel' and 'collinear'; (2) by 'straightening out’

crooked or twisted segments. We explain.

Equal within epsilon (definition) a 1is equal within epsilon to b,
€
written a =b, 1ff |a - b| < |€]. Generally, €>0.

Tolerances in collinearity and parallelism

Two lines are parallel if
the sine of the angle formed by them is smaller than SINTO. (sine s-i:—':'o)
Currently, SINTO = 0.15 D T Py
Lines ab and bec are colinear if b
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').

Fig. 'CROSSED'

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

See also on section 'Analysis of many scenes' comments to L9 and R9T.

(P2 152, 15C).
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St ht i
raightening twisted segments The definitive cure is simple:

reassign the slope of bec tc be that of ad, if bc is small, ad large
a

d

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 R4.

Probably the preprocessor will automatically take care of this
rectification, since it may prefer to give a long segment ad instead
of three almost collinear shorter segments ab, bc, cd.

Since the straightening of a segment replaces some known vertices
(which we suppose inaccurate) by other idealized vertices, we may be
introducing uncertainty, in the form of non verified hypotheses, to our

data. The object in the scene could really be '"crooked'"or twisted.

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.

If the information is very bad

Throw it away and read the scene
again. A simile indicates that the issue becomes one of allocation
of resources: if you receive a written message cantaining a few

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

216




to deduce the omitted portions (by employing the redundancy, for in-
stance). If the dispatch is very garbled, you might as well request
a new one.

S I It 1is known how to handle small inaccuracies in the position

of the vertices.

MISSING EDGES

From time to time, an edge will fail to show up in the scene,
and the questions are (1) how much harm will be produced, and (2)
how can we detect and correct the anomaly. An example appears in

page 141,
Illegal Scenes

Lines that end abruptly produce illegal inputs,

N

=H B

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.

suggesting that segments are missing.

)

Also (Figure 'ILLEGAL', (b)) a region can not be a neighbor of
itself -- another irregularity that points to deficient data. Cf.
comments to scene R3. (pege U3),

These constraints can be nicely exploited by a preprocessor.

Line proposer and line verifier

A line proposer is a program that
suggests places where a line can be missing; a line verifier is es-
sentially a precise line finder that searches a line in only a small

portion of the scene, as told by the line proposer.
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In the body of this section we will develop several heuristics for

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

]
Blum's line propoger An algorithm has been designed by Manuel Blum

{1968}, that will detect many places where lines are possibly missing.
o
It suspects concave regions. An angle bigger than 180 originates a

search for the omittedline in directions parallel to the neighbor
A' IB‘ .z
. i 4

Figure 'B L U M'

Region :2 is suspected to contain undetected lines,
because it is concave. Vertex v 1is 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 sgearched.

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

Internal edges If a missing line ‘s totally internal to a body, and

1s not detected by the line proposer, its absence will at most cause
conservative ¥ehavior in SEE. In some cases their absence does not
confuse SBE (figure 'MISSING').

The majority of internmal edges cause concave fegtons to appear
(fig. 'BLUM'). They will be detected by a line proposer.
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Fig. 'MIS5S ING

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.

w Edges that separate two bodies are called extermal.

If undetected, their disappearance will cause ‘intrepid' errors by
SEE, which are undesirable (see 'Desirability criterion' in page 212).
Two cases result: (1) Only part of the edge disappears; there is possi-
bility of correction. (2) The whole edge is both external and mis sing
(and the scene is still 'legal'): 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 L

(b) the region has internal angles big =
ger than 180° where a line 'goes d

through'': ab is colinear with cd.
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Figure 'EXTERNAL EDGES'

A segment separating two bodies may disappear.
(1) If that segment is part of a larger segment,

it is possible to semnse 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, and
creates an illegal figure.

Case (2) The complete edge is missing. Then (b) of case 1 fails,

and detection is difficult.

SPURIOUS EXTRA LINES

They are lines that "should not be the're", such as those

caused by edges of shadows.

v
dl

Fig. 'LIGHT AND SHADOW'
Each body becomes two; each one is recognized
independently by SEE. Four bodies are found.
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Shadows of rectilinear objects travel in planes that (in theory)
part an object in two (or more): the illuminated part, and the dark
one. Each is a separate object by itself, according to our definition
(see 'Several 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, Ri7, L4, etc. The program does
well in them, when not too many coincidences are present).

It is possible to analyze the vertices of type ]} SUGGESTIOR

MULTI and try to decompose them in simpler types (compare figure
R19 with WRIST*),., Read comments to R19 and L19.

CORCLUSION

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 projram 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.
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BACKGROUND DISCRIMINATION BY COMPUIER

A program déetermines 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.

Need 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 by the user,
as described in sectioms '"Internal format' (page (¢ ) and 'Input
Format' (page (3 ) 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 thesis). But
in more realistic scenes, there will be a great demand for a background

finding program.

Therefore, it i8 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 1s, we will uge in this task only
"geometric" 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',
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Example. Scene 'HARD'. The results obtained are

{SUSPICICUS ARE NIL)

THE BpCKGRAUND OF HARD IS
(334 236 :395)
(334 236 335)

Three regions are found to be part of the background: :34, 136,
and 335. That is correct.

We now proceed to describe the gubroutines that make such

identification possible.

EEEEEEESEE 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 18 not a part of the background.

R

(1) (1) (zz1) (v)

FIGURE 'BACKGROUND'
In an idealized situation, :R ean not be part of the
background: it is clean, or free of suspiciousness.
tR will be called 'LIMPIO' (clean).
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(I) means that the background [almost] never 1s the internal
part of an 'L' (the region containing the angle smaller than
180 degrees).

(II) means that the background does mot contain FORKS.

(I1I) 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:

:3 is not the background.

We reinterpretie 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.
¥or instance, K 18 clean for :1 and for 12,
since (III) indicates that :1 and 12 are LIM-
PIO. K 1is not clean for :3.

These heuristics are not 100 per cent infallible; also, in a
moderately complicated sceme, coincidences of vertices are bound to
occur, originating violations to I-IV. For instance, in figure CORN
(page 150), vertex UU is a Fork belonging to the background, in con-
tradiction with (II).
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For completenegs, we present a violation to each one of rules I-IV:

/
===

2200

(1en) (1V)

FIGURE 'VIOLATIONS'

311 is the background. In all 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 is done.

The vertices of each reglon 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 1s 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-1IV 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 L 19 (page 144);
(b) Otherwise, it is only LIMPIO (normal case).

‘== If it i3 not bigger than L/9, then it is SUSPICIOUS. Also,
(a) If L is large (bigger than 25), the region
18 BACKGROUND,
(b) Otherwise is only SUSPICIOUS (normal case).

225




That is, a region LIMPIO has to have at least <

1 4+ [one vertex of each ninel

""clean" vertices.

Example. Region 13 has four 'clean'
vertices (four vertices indicate that :3
is LIMPIO) =--- It can not be SUSPICIOUS.

c &%
Figure ‘EQUILYBRIUM'

(This scene is correctly analyzed by SEE)
All the three vertices of :1 are not cleanj
11 will become Suspicious (a candidate for
background). Five of the seven vertices of
:2 are clean, so 12 is LIMPIO. Note that
vertex C' 18 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: 135 118 134 32 13 112 Il 133 137
147 148 346,
Background: :48.

Su_gaﬂ By analysis of its vertices, each region is either LIMPIO or
SUSPICIOUS. The suspicious regions with more than 25 vertices are
classified right away as BACKGROURD: a suspicious region with many
edges is probably background.

The selection {s done entirely using ''local" properties: a
region 1s classified according to information supplied exclusively

by its own vertices.
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More §lobll indications

FIGURE 'S PR E A D'

Bach region is.cleassified e m.
SUSPICIOUS or BACKGROUND. .

Our goal ts.to decide viieh of the suspi-

cious regions are LIMPIO, and which:ones:are BAGEGEDUND,

Since two backgtound regions ‘can not’ be coa‘éig‘m"( the back-
ground can mot be ne:lgh%or of 1&-‘1!‘7‘, Mie!.dus tesim that
are contiguous with the 'Iuckgrmmd nre e‘lenimf nl&' pnt "in ‘the
LIMPIO status,

In our example, 148 is background aad thereéfore itu sus=
picious neighbor :18 gets cleaned #nd’ Botties” LIIQIO. .

Links are established through the mstching 1"5. Ue c.all then
b~1links.

Ideally, a suspicious region*li.dmd to a I.IHPIO regiml
gets cleaned, a suspicious regi.aabunktd to the hck;round gets
converted to bagkground too. . T
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Idealizing, suspicious region :1
becomes LIMPIO, and suspicious
region :2 becomes background.

A more complicated proceduxre is
actually used.

In practice, we allow for small errors as follows:

For each suspicious region, we notice if it is b-linked
to background (BA), suspicious (SU), or Limpio (LI).

BA == == Jf it isllinked to background regions, we
change it to Background, except if it has a
background as meighbor, in which case we do
nothing and continue.

() SO LI If notblinked to background, but¥linked both
to Suspicious and Limpio regiomns,

(1) Xf LY < SO, continue, do nothing.

(2) If LI » SO, classify this region as
limpio (LI {s the number
of LIMPIO regions b-linked
to the current region un-
der consideration).

() SO () Iftlinked only to suspicious, continue, do
nothing,

() ( LI Ifulinked onlj to Limpio, change it to Limpio.
Note: Sometimes I write Limpio, sometimes LIMPIO,
they mean the same.

O O (O If notliinked, continue, do nothing.
We keep applying these rules until no change 1s observed. In
this way, we have eliminated several suspicious regions.

In SPREAD, the suspicious regions were 35, 18, 34, 2,‘ 3,
12, 11, 33, 37, 47, 48, 46. 148 is known to be the background
(that was done in page 22¢), 80it is no longer suspicious. :18
is a neighbor of the background (:48), and got cleaned in the
page before this one.

111 isblinked with the LIMPIO :9 and with the suspicious :3.
Therefore, :11 changes to LIMPIO,

13 isilinked with the Limpio :11, so the suspicious :3 be-
comes Limpio.

112 1sblinked to the Limpio :10, and gets cleaned.
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146 is belinked o the background :48, and gets made
background, since :46 is not, at this moment, a neighbor of
background.

134 igblinked to the background :48, and gets made
background, since :34 is not a neighbor of background.

137 {sblinked to the LIMPIO region 34, and transforms
into LIMPIO.

135 isblinked to the region :34, which is background,
so that the suspicious region :35 becomes background instead Sinious.

12 ig a suspiclous regionblinked to the regimn :35, which
is part of the background. According to our rules, :2 becomes

part of the background. :z:is abko bhinked L the baatarowul 148.

At the end, only regions :33 and :47 remain suspicious:
(SUSPICIOUS ARE (133 147))

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 exceptio_n in

SUGGESTION

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.

If no region is background at this point, make eme of the "big-

faces" background. There 18 room here for improvement.

If no background yet, make background the region with most
vertices. This is not yet implemented.

In our example, the (final) background regions are:

133 347 135 3134 12 148 146, <— BACKGROUND OF 'SPREAD'.
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Other examples of background finding.

Scene CORN
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cene MOM0  one mistake (:31) is produced here.
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The problem is ambiguous yiy. jn 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 there exists a preferred one,

which is "the'" standard (common, familiar) interpretation chosen
by people.
Our program tries to choose also, among the many solutions,

the standard one.

u 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' (cleaﬁ, no back~
ground) or 'BACKGROUND', a system of b-links is introduced. These
b-links provide more global information about the scene.

Members of the suspicious set are assigned to one of the other
two sets (lmpio“brgount) while the algorithm tries to minimize the b-links
between Background and Limpio regioms.

w Fair results are obtained with the algorithm just
described. Sometimes, regions are obtained as Background that
are genuine components of a body ("Limpio") and vice versa.

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.
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STEREO PERCEPTION

EEEEEEZ 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 gtep 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
THEOREM S-1

If both cameras are identical, their optical
axes parallel and the films or sensgiti-
ve surfaces or retinas 1lie in the same
plane,

tly decompose the left then a simple necessary condition for two

image points, one in each retina, to

have come from the same 3-dim point,

234 express criteria
for this "stereo matching'.

SEE can independen-

and right scene into the

bodies forming them, leav- is that both image points (left and
. right) have the same y-coor
ing as a problem to de- -

8 P dinate,
termine which of the ob- measured in the direction perpendicu-
lar to the line joining the optical

jects in the right scene centers,

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'" consgisting of these two numbers.

Further disambiguation can be achieved by the use of the function
(WHERE XL YL XR.YR)’ which determines the (x, y, z) 3~dim position
of a point of which its two 2-dim locations (XL’ YL) and (XR, YR)

are known, {Griffith, AT Memo 143}.
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Figure 'PO I R T 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, ¢, d) X (e, £, g, h). It is
desirable to have an algorithm that avoids an
exhaustive search on this product.

Genuine Pair (definition). A pair of points (PL, PR) 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.

' int P
THEOREM S-2 The left image PL and the right image PR of a poin
have associated with them a variable, computable from
(XL, YL) or from (XR, YR), that will acquire the same

value on PL and on PR. It is invariant under change
of scene,

For the case where the optical axes are parallel,
this variable is simply the y-coordinate (YL = YR) or
height of the image.

For the case where the optical axes meet, this
variable is v, an angle that plsne P

L
with [' , the plane containing the optical axes.

-CL-P-CR-PR makes

Any monotonic function of Yy will be just as good.
(cf. figure 'GENUINE PAIRS').

From the theorem, the algorithm (referred to in fig. 'POINTS') that
we may use to establigh correspondence between points in the two

views is:
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Compare only points with the same Y
(or the same y=-coordinate).
Points with different Yy 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 body', for a

different approach.

‘4'30' 20° 20 pe¥
L R
A" “'h\\\\§\\li‘~.
A . ] el
|4=0 P e ——— R it B
. - [
¥=-15° ¥e-5"

Figure 'Y ~PARAMETRIZATION

From geometrical considerations and the coordinates of a
point Py, in L, it is possible to attach to the line A-Pp
an angle y. Similarty, an angle is obtained for lines of R.
It can now be said that a genuine pair (P, Pp) must
have the same vy's for P; and Pp.

Y is a physical quantity, namely the angle that
the plane passing by the image Py, 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 Pgp. This is a necessary
condition 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 g right image PR with the same value of vy
(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 cemputational efficiency, it may be advisable to store the

points of the scenes into arrays according to the vaiue of their y'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 situgted in the line of sight of P.. The right images
of P, P', P", ... all fall in a straight line  which is the intersection

of the shaded plane [called plane I’L-CL--P-CR-fR in fig. 'Genuine Pairs']
and the right retina.
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When the optical axes are parallel

like

L

R

20.

40.

40.

So that, given a left image point P

this case).

Y¥=0.

In this case, points A and B on
1ine CL-CR (fig. 'Genuine Pairs') travel to infinity, and lines PL-A
and PRfB become horizontal (parallel to

CL-C Y. The situation looks

R

fa

A genuine pair (P,, P ) will
have the same y-coordinate for
both of its elements (10.0 in

L

» we have to search only

among the points of R with its same height, to find "the" PR that
will make a genuine pair (PL’ PE).

USE OF SEE IN STEREO PERCEPTION

§-2 to locate objects in three dimensional space, from a pair of ste-

But several genuine pairs may be found. Because on each hori-
zontal line on R, many points may lie.

We can use the invariance of the variable described in Theorem

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

(2)
(3)

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 not.

In this way we reduce each scene to a set of intervals (see
figure 'INTERVALS').
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closed
-
closed
n
L
clc#‘
L
Cpen

Each body is reduced
to an 1nterval.

(4) Use these intervals to select which left body will go with what

right body. The answer is aimple (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.

A 4
.
Y
9
S

Quite easy: reduce some faces to intervals and compare them.

(b) A body is 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 "open" 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-body 2 or right-body 5 "], one can use

242




(1) the WHERE function of Griffith (op cit),

(2) as in (a) above, the intervals for each face of the
objects, 80 as to chose as "genuine pair" those two
objects with more agreement in the intervals of their

faces}

(3) perhaps a face 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,

O ees

summary

In summary, I 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 yet 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 Joms, Dalamation Nov 68). .

Also, the reader is referred to other
articles on the same topic.
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FIGURE "R 1 2"

For the pair L12 - Rl12, caution
# should be exercised, because an
hexagonal prism disappears from
L12 and a brick appears in R12,
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Scene L10 - R10 gpp analyzes independently (pages 125 and I13) the left

and right scenes, obtaining the following bodies:

(80DY 1, 15 35 &) 34 312) 1EFT SCENE (L10
(BODY 2, 18 36 315 37 311 .314) (110
(300Y 3. 18 38 39 $10 33)

(BpDY 4. 15 32 813)

(BODY 1, IS %33 %35 %36 X814)

RIGHT SCENE (R10) (BODY 2. IS %213 X31 X311 %39 X215)
(BODY 3, IS %28 %32 %310) '
(BODbY 4. 1S %24 %27 %312)

¥Yor each of the eight bodies, we compute its minimum height and its
maximum height, obtaining the following intervals:

.10 R10

35 1 24 312 —[66,105)

36 315 37 11 s14+1[79,120]
18 39 210 33 _,[68,152]

© 32 813 —» [21,82)

[67,154)« %33 %25 %36 %314
[78,119] %313 %31 X311 %29 %215
[65,103) «— %38 %22 %310

[22,82) «— %24 %37 X312

These intervals are compared (left with right), trying to find
pairs- with discrepancies between their values tolerably snail [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:

$5 81 4 512 corresponds to %38 %22 18-10

36 315 37 3y $14 corresponds to %113 %31 X311 %39 %215
$8 39 510 33 corresponds to X33 %35 %36 %14
22 813 corresponds to %34 %37 %212

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.

246




*ssoy3yeod -Ioullu?t.-ﬂ 23943 put3 o3 sn Jpuied {Cy] oweil IV 'YITIITAD eeP) suoye suo} ‘umowy S} STY3 waug

‘Z18=L3-95 N3N C1-7 pue 3-.8.3.3 WA §=01=6-8  ‘JII-6S-T8-TIE~CTS WA $T-TI=(~61-9 ‘OW®-I3-9% WA ZI-1-5 193 .iES g3 ‘seusds zo aywd
8343 304 *sejpoq Suoww TUOITE oq3 93007puT €17 eeeYl °SpES W43 I SUNTRA 2Yeq3 U] TP IEET W3 GIJA STPAIIN] FO Fupasauod sxjed
u} P 1 pus pesndmes wab 9] uit..lg uiul Lodal and 3 ¢ (S T4 UF seuyy 1 Aameq Lq p ) sleqEmn oa3 jo Suja
-:.So S1SAININ] 03 POSNPEL S GOTPOY BRI JO WO IS ‘wayy M s M ‘013-220 ninﬁ..zu-ﬂu Su.ou =C3-C$ 1897p0q W07 BMpAcIloy wq3I o
Tieled uy 018 wOd STIONEY, 999) suees IWOEE 43 SeAIVES Ti§ ‘BORL CT-Z PEP 'C=01=6-8 ‘¥1~1I-L~61-§ ‘ZI-4=1~ 1897poq awoj (,0T1 0K STINSEN, * §1)

--._ 8 %uou»& SpuT; pus ‘susds 3381 oy3 SeSAINES TS ‘I6aTL IMACTIOF OF DEsd0ad ma 'e09ds U S9FPOq WYY JO WOTITEOd TEUCTAESEIP-SMINI W43 PUTF 03 2epI0 W

1 018-0171, 110011

TR o

247




C ONCLUSTIONS

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 1s concerned) with a

program that finds bodies without having a model of them.

But that is good.

We did not know at the beginning that this could be domne.

LOOKING AHEAD

a. Suggestions for further work

b. Comments

All these matters are
normally encountered
d.  Summary grouped in a chapter
at the end of the work

C. Recommendations

e. Conclusions
f. Evaluation

g. [Extensions and Implications

I can only partially lump all these important matters in one
final section; many times I cite them in context, that is, next to
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
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partially unsolved or partially formulated problem, and/or its

partially outlined or partially new solution.
(2) 1In page 250 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 conclusgion.

(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,
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General notation

To put, remove, etc., links, we SUGGESTTON
may develop a notation that will look like

(VHEN A (Y A) (B :1C 13D 32)

D (K(APF.,)) (AI3E 34 F 32)
THEN

PUT LINK KIND 3 3 14

NO LINK 1 32 )

"When A is a vertex of type 'Y', and
D is a vertex of type 'K', and
A and D are joined as specified,
then
put a link of kind 3 between region :3 and :4, and
do not put a link between :2 and :1."

The general notation is
(WEER P E E')
"when predicate P 1is 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 configurgtion, and the expressions E and E'b 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 the execution to
some extent.

Use 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 (WHEK 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 f » & more am-

bitious project would be to use the light pen and draw this configuratiom,
and then have our interpreter or compiler produce the LISP program.
This may look a little like AMBIT~G {Christensenl.
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Assigning a name to an 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 i1dealized 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 situatioms.

One could, of course, bypass SEE and-look for particular abjects,
as it is done by Polybrick {Hawaii 69}, a program that finds paralle-
lepipeds.
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Do not use over-specialized assumptions. Use more information In

trying to solve a problem, people will apply quite different methods.
They may also suppose quite different assumptioms, 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, etec; 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 is a general property, and rush to write a

—//T

Fig. '"HOLES'
The 4idee that objects a, b, ¢
have to be interpreted by all
men, and hence by a program, as
holes in the larger box, is
dangerous. {cf. AL Memo 163}

subroutine to find such orifices., Perhaps other sectors of our
population would simply say, with respect to a, b, ¢, of figure
'HOLES' that "there is not enough information to make a decision'

(see also section 'On optical illusioms'). Or they may come with
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different answers, using their set of assumptions which may be
different from ours, since their experience is different too.
The Ames'! Room (see Box, page 20!) and Gregory (see Box) warn us
of this.

Ooth -
er example of over-specialization For people familiar with

Descriptive Geometry, it is easy to see that figure 'DESCRIPTIVE' (I)
shows a straight line in the firat 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 gigure, 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

especialized knowledge, their mind were trained, figure (I) was

\:

familiar to them, etc.

(11)

Figure 'DESCRIPTIVE'

Conclusion Before looking for heuristics and shorteuts, before making
assumptions, deductions, etc., let us be sure that there is enough

data to solve our problem.
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Human perception versus computer perception Given a two-dimensional

line~drawing of a three~dimensional scene, the problem of finding
bodies in it is inherently ambiguous: many 3-dim Bcenes can generate
the same 2~dim scene.

Multiple solutions are possible. More over, the metatheorem
of page 3y 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 solutiona, human beings select
one, which is * different from the trivial, and call it "normal"
or "common" or "standard" or "reasonable" interpretation of the
scene,

Our program SEE also selects one of the many solutions.

How does its selection compare with the human choice?

== When the scene 18 "clear", in the sense of evoking human
unanimity, SEE will * also select that same answer. Example:
Figure 'TOWER'.

== Ag the scene or drawing gets complicated or ambiguous, mortal
behavior deteriorates; opinions split, optical illusions may emeye
(indicating contradictory evidence perceived), several
plausible answers are emitted.
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
"{mpogsible",
But SEE also errs. It sometimes succeeds where people fail,

more often it is the other way around.

In an overvhelming majority of cases.
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TABLE "ASSUMPTIONS"

ASSUMPTIONS MADE BY THE PROGRAM

These assumptions have to be obeyed for SEE to give good regults:

1

The objects are three-dimensional solids formed by planes .

No needles or cardboards allowed.

They produce a two-dimensional image or projection where all

lines are straight(z).

Faces have no drawings, marks, labels, etc., imprinted on.

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 pfisms are allowed.

The scene is 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'),

I repeat, these assumptions are NOT obeyed by our program.
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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€ 1is enough) or to understand
what it does (it is explained in 'SEE, a program that finds bodies in
a scene', page$§); these things are put here -ereiy for completeness
and to make easier the understanding of the inner workings of SEE.

A listing is a formal description 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 di_d‘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 18 not foreed to explain his work always in na-
tural language, but rather he is allowed to employ abstract notations,
symbolisms, formslizations 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
i 68}) and force his readers to use the ambiguous channels

of his natural language communication.

And this brings another point. Not only a programmer should neot
hide the listing (unless there are':g\:ga or incomplete subroutines),
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. ACM March 67}.
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(FUNCTION

(LAMBDA (J) (MEMQ (CAR V) (CAR J)yy)))
(NCUNC (CAR K) (CAR 18}) Marge beth, by incrtmsing (car &)
(PLALY K

(COMPACTIFY (APPEND (COR K} (COR $8)1))
(RPLACA 13 (1) }cu Pi. Ty alie affsctr R, becamge
:RPL‘CU N ZZL:Ior\ﬂ:i R. '
IER]
{GEIW (CAR V) SLNK)}))))
(GETW (CAAR K) SLNK})I}1)
SMB )

RESULTS Wi art almest done | ¢4 contams vuclei which were (ncremonted by fontly regions
(PRINT (QUOTE RESULTS))
15618 v 0y febody  forms o cbady’ frem cach nuclius.

(COND {33 (PUTPROP §
{NCONC (MAPCAR (FUNCTIUN (LAMGUA (w) (FOBODY (CAR wW)})) 33) (GETQ § BODIES))
{QUOTE BODIES))
(PRINT (QU {IHE FIRST (EV U) BOUIES ARE (Eve S83)11)11})
(MAPC (FUNCTIGN
(LAMBUA (J)
' (OR (NULL (CAR J))

(SINGLET {LAR J)) cimadi- resion bodies are
(GETG (CAAR J) BACKGROUND) The  non- fing 45
(AN, (CPRCP § (FOBOD! (CAR J)) (QUOTE BODIES)) ()) ados  amnsunce

(PRINT (@u {90LY (EV U) 18 (EVe (CAR J2))21I))
R
EXPR)

(DEFPROP FOBOLY (LAMBOA (1)
(LIST (SETQ U (AUDL U}) {QUUTE BREGIONS) B )

EXPR]

{QEFPROP DIPl (LAMBDA () . ; clisns are 1'n  core
(wETL (WUOTE QIA) (QUOTE (EXPR FEXPR SUyK FSUBRIY) ) T 4 the display  fir

EXPR)

(SETu LIN® T) T for sdow display
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Sgecmp 57
(SPECIAL Ys Ae D)

Thw funclione  ant “ready b bt conpilid*; dimes Wt mawne .

) ] . s Al Teac | ver, PR
(BEFPROP BREAK (LAMBDA (W) (PRINT W)) FEXPR) roak o definad wore wtemsiely s Fl Twac | Ve W/v"‘r-"“ d

(BEFPROP GETE (LAMBDA (L)

(DISPLACE L (QU (GET (EV (CADR L)) (QUOTE (EV (CADDR LI})))))
NACRO}

{DEFPROP 1F (LAMBDA (L)

QU (COND ((EV (CADR L)1 (EV (CADDR L)))(T (EV {CEDOR L)))))}
MACRO)

(DEFPROP DG (LAMBDA (L}
(DISPLACE L
(PROGZ (COND ((ATOM (CADR L)) (SETQ ¢
{CONS (CAR L)
(CONS (LIST (CADR L)

-...(M”—,

b with the acond "7"““‘!4““27“‘7‘1

(4 £ gy — (eond (p $) (¢ nv))

‘—rrruu,k-.w

P e u-u-‘v:,] [FJM&?] [7:;;21] Loty ef )

pe -

Ametiand

(COMS (LIST (CADDR L)) (CONS (LIST (CADDOR L)) (CDDDOR L}))))dd)
(U C(LAMBDA (EV (CADR L)) .
(PRGOS (

(EV (9ETQ 33 (GENSYM)))

(COND ((EV (CAR (CDDDDR L))) (RETURN (LIST (EVe (CADR LI)II))

(EV* {CDR (CODUDLR LI))

{EVe (PROG (VARL)BT STEPFN CSTEPFN SETLIST)
(SET0 VARLIBY (CADR L))
{3ETY STEPFN (CADDDR L1}

A
(COND [INULL VARLIST) (RETURN SETLISTH
CONULL STEPFN) (SETO CSTEPFN (QU (ADDI (EV (CAR VARLIST))))) (60 @8)))

{SETY CSTEPFN (CAR STEPFN))
(SETu STEPFN (CDR SVEPFN))

8 .
{SETO SETLIBT

{NCONC SETLIBT (LIST (WU (SETG (EV (CAR VARLIST)) (EV CSTEPFN))))))

(SETO VARLIST (COr VARLIST))
{60 A D)
(6D (EV 18 ))
(EVe (APPEND (CADDR L)
{PROG (B A)

(SEY0 A (DIFFERENCE (LENGTM (CABR L)) (LENSTH (CADBR L))))
[

(COND {(GREATERP A 8) (SETO B (CONS © 8)) (SETU A (SUBL A)) (60 C1))

(RETURN 83311300090
WACRS)

(BEFPROP BU (LASOBA (/oge/e1) 2f
“(LIST (BUBTE QU (CONS (QUOTE SUOTL) (COR /ede/=1))})
nACRS)

(DEFPAGP BISPLACE (LAMBDA (A 8)

as (L2 3)
thaw (QU( A b c (W a) d ¢ (W* a)f))=

=(a bc(iazrde 123 F). "Anet fine Qierg.

(PROGE (APLACA A (CAR 8)) (RPLACD 4 (CBR g3)) ) Roplacie ({ P ar) by (cad (£ 4) (£0), dlowing ffiivey Sve
EXPR) the Macres are interpreted.
displ - bists
(BEFPROP QUe (LANBDA (/=5\15) (displace o v)< 4 $ s e plact of A, (rplaca, mbeed)
(COND ((ATOM /e3\83) /e=3\1)1}

CLEQ (CAR /=3\1)) (QUOTE EV)) (EVAL (CADR /=3\13)))
COAND (NOT (ATOM (CAR /=3\08))) (EWU (CAAR /=3\33) (QUOTE EVe)))
(APPENG (EVAL (CABAR /=3\21)) (QU® (CDR /=3\13))))
(T (CONS (BUe (CAR 7=3\15)) tuUs (CDR Z=3\831})3))
Exrn) {16C &)

A disaspears
Evtry body  pointing & A mey points -z
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(SETQ CHENEGASY T) ches

(DEFPROP LLENA (LAMBDA (A)
(PROG (B R V) ™M [(COND ((INULL A}

mva(m guccessors (pred.te.u_o,fs).

(PUTPROP SBCENE R

(PUTPRQP (CAR A) (TADR A)(QUOTE XCOR)) (PUTP
(PUTPROP (CAR AM{CADUDR A} (QUOTE KiINUD)

{8ETQ 3
(CONS (LIST (CAR 4}

(PROGY (PUTPROP (CAR &) (CU
(PUTPROP {CAR Al (CV

8
{CLNK (CADDDR A)) (SETR v
(MAPC (FUNCTION (LAMEBDA (A)
(60 M1
ExPR)

{DEFPROP CULL (LAMBDA (A)
{COND ((NULL A} a) [INULL (CDR A}
EXPR)

(DEFPROP CLNK (LAMBDA (B}
fCOND ((OR (NULL B){NULL (CDR ®))

CINULL (CDDR 8)) (CPROPM (CAR B) (CaAUR B)

(CONS (CAR A} V1)
(OR (MEMBER A R)

) A) (T (CONS (CaR

P} ]

(TPROPM (CAR (C2DDDR A)) {CA

1uNK {CAR

CLLNK (CAR @) {(CADUR B) {QUOTE NEjGHBORS))

EXPR)

{DEFPROP BLINK (LAMBDA (A B} (LNK A

(CADODR &)} (CAR B

Ao o scene in ingud format. Transforms it upts internad Formad’ Ae (M st Ny (S 6 ripe)..

CQUOTE REGIONS)) (PUTPROP SCENE V (PUDTE VERTICES)) (RETURN H)))
ROP (CAR A} (CADDR A)(QUOTE YCOR))
value guewvd & ¢ty (G E €)) ... )

Tbs mawy propalis, i emul petic
LL (CADDDR A)} (QUOTE NREGIONS)) awd tack regiva .
LL (CDR (CADDDR Ad)) (GUOTE NVERTICES)I))

(SETWU R (CONS A R)jy))) (CULL (CADDDR A))) (SETQ A (CDDDDR A))

A)ICULL (CDDR AX1)))) Makes o bt with e odd. feoe 2bpsnit;

(QUOTE KVERTICES))

DR B) (QUOTE KVERTICES))
} (QUOTE NEIGHWORS)))

(CPROPM (CAR 8) (CADR u) {QUOTE XVERTICES))

(CPROPM (CADUR 8) (CADR 8) (QUOTE KYERTICES)) (CLNK (CDDR B)}1))

8 (QUOTE BLINKI))

Q &
Exenr bt | At ]

bk — (b...) bfine om (A}

{DEFPROP SBLNK (LAMBDA (A H) (LNK A 8 (QUOTE SLNX))} EXPR) Lnk with  indicatw suwk. (Por the s lamies) .

(DEFPROP LNK (LAMBDA (A B N)
(OR (€D A B) (AND (CPROPM B A N)
EXPR)

(DEFPROP LINK (LaMBDA (X Y:N)

(CPROPM A B NI} }

tots o~

{OR (EQ X Y) {AND (CPROP X Y N) (CPROP Y X N}))}

puts & bi-direchonad Rink bowetu ¥ snd y, wik hawe n. N, repebihons allowed.

pidirsctiond i between X and y, with name n. x,y, n, aloms.
Allews repetitions.

EXPR}
(OEFPROP CPROP (LAMBDA (A B %) o pare wa cPropm Lt alless repeetilins.
(PUTPROP 4 (CONS @ (GET & C)) C)) EXPR)
(DEFPROP CPROPH (LAMBOA (A 8 C) & Yo Nf%w“'”""‘/-
(OR (MEMBER 8 (GET A C)) [CPROP A 8 C)}) EXPK) € e (o)
. 1 dete wat r*, b‘{ 41~‘Jy [ V¥
(DEFPROP LASFI (LAMBDA (L)
(COND ((RPLACD (LAST L) Ls: (&b c de)
(LIST (CAR L))y 4
(COR L1y Lases vwlie = ( be de &) ,
EXPR) widifite Lt (ebe dea
(DEFPROP NEGASUCC (LAMBDA (4 R) a i vertex; R i refiom
;sgo’m C(GET (CONS {1 (GET2 A KINDI} R)) (T (GREAK L NEBASUCC) 1)) yofiy o0 & welix o7 () e
E v.Lau_m,«m«au'w&‘Ammwk%R‘_m(_,g.mgq][glﬂ-g g~ 5
(DEFPROP FOOP (LAMBDA (J R) i yikautad At ot ansewer R s
TCOND ((NULL 3} O)) io puaritle . : \’J
(T (CONS (SETQ $3 (gomnce & )2 b o d @ T A ox

4
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(DEFPROP COMPACTIFY (LAMBDA (A} Lowarts veprutid  slorss )&m b W r«»&%’» il uclize .

(MAP (FUNCTION
(LAMBDA 1A)
(COND ((OR (NULL a) (NULL (CDPR A))) )
CIMEMBER (CAR A} {CDR 2)) {(RPLACA A {(CaDR A)) (RPLACD A (CODDR a;) ¥}
[}
EXPR}

(SETO RPAR (QUOTE /3)) (SETQ LPAR (QUQTE /{31 ){SETg BTET (QUOTE STETII(SETH 7/ » (QUDTE / »)) } Geedits for PRINTE
(SETO PREC (1))

(DEFPROP PRINTF (LAMEDA (A} (PROG2 (TERPRI) A (PRINTP A)(PRINC (QUOTE / ,)))) EXPR) Dfinte A o
(DEFPROP PRINTP (LAMBDA (A) Printes A wiltowt partheses. Ne spae before ov After. Mo D.
(COND (INULL A)) The value of /o (nermatly /) i printed afler €ack atom,
(CATOM A) (AND PREC (PRINC PREC)) (PRINC A) (PRING 7 ,1 A) The vadue of FREC (marmally c), i this €Ant mething  gots privted ) <o
((EQ (CAR A) STET) (PRINC (CADR A)) (PRINTP (CDODR A))) prmted  befove emch mtou
PRINTP (CAR &)) (PRINTP (CDR A))) : L )
exeny ‘ ‘ v SF As (stet P o) them Pi peated a5 St o (with parentics, o),
and  withewt s  space after it
. p
(DEFPROP PBACK (LAMBDA (F) = (a2  car of Fos ghboming  Cht Incicgremst -
(COND (INULL F) ()) ~{P‘~"""r"-"f ke re s th

CLAND (GET (CaR F) BACKGROUNDI {MPARA X 'L A (SLOP A (SEYQ A (CADR F))2)1)
AT (PBACK (PROG2 (SET@ A (CADR F2) (CDDR F))3 i)}

ExpPR}
(DEFPROP SINGLEBODIES (LAMBDA (A) Au a mudeus ( Co:2) w3 ooy )
(AND (NULL (CODR A))
INULL (CDAR A)) o
(SETQ 3t {CADR A)} ”“‘U /‘“ e
(SEVQ 32 (FHAVING (FUNCTION (LAM@DA (X3 (AND (NOT (EQ X A)) (MEMBER 33 (CDR X)))j) R)) Lleor su R ﬂro—u“‘f mmcllaso A"““'y*
(SETQ 82 (CAR 123)) e st ink .
(PRINT (QU (SINGLEBODY ASSUMES (EV (CAR ) (EV (CAR A)) SAME 90DY)I))
(NCONC (CAR 13} (CAR A1) Merge (hum
(RPLACA A ()) Y loie A
(RPLACD & ()11
s the Tin Fiio £
A o
iy B T e dvad
(DEFPROP PELIN (LAMBDA (A L1} L203 oy ey 24 1) wegion THIE
(COND C(NULL L) T) tuype (froe vaciabla)
((OR (EQ A TYPE) (EQ (CAR L) TYPE)) (PELIN (CAR L) (COR Li)) o
(T (OR (NOSABO V Vv (GET (GETO Vv KIND) A)) {GEV A (CAR L))} (PELIN (CAR u tCOR LI M) “rvee’
EXpR) Tt Ts
Is ~
= o5l ane &)= v a kcqf 7’
(DEFPROP TRIANG (LAWBDA (r) —» 85" (e &2 (a o o) o “A— and A o anyliing
(COND ((AND (EQ 3 (LENGTM (SETW £3 (GET@ R KVERTVICES)I)) () otherwise.

(EQ 2 (LENGTH (SETQ $8 (MAVING (FUNCTION (LAMBDA (K) (EQ (QUOTE T) (CAR (GETO K TYPE))I))) $31)))
{SETQ R (CAR (COMPLEMENY 53 t3)))
(QR (NOT (Eg R (CADR J3))) (SETo 88 {REVERSE $13)))
(SUME (CAR 831) EF)
(SUME (CADR s1) EB)
(EQ (EF 1) ®)
(EQ (E6 1) Ry
(LIST R (CAR 01) (CADR 38) K))))
[21.4.3]

(DEFPROP TRIALINK (LAMODA (L}
tMAP (FUNCTION

ILANBDA () @



6LC

(MAP (FUNCTION
(LAMBDA (K)
(AND {(PARALLEL{CAR J) (CADR J) (CADR (SETQ K (CAR X))) (CAR K1)

(PARALLEL (CAR J; (CADDR J) (CADDR K} {(CAR Kj)

(NOT {(OPPUSIDE (CADDR J) (CADDR X3 {(CAR J) (CaDR Jj))
(NOT {(QPPCSIDE (CADR J1 (CADR K) (CAR J) (CADDR J)})

{LEV (CADDER J} (CADDOR x)}1))

(COND (J IPROG2 (3 (COR J) (SETQ J (CAR J}) )i}
Lh)
EXPR)
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