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ABSTRACT

Methods are presented (1) to partitiom or decompose a visual
gcene into the bodies forming it; (2) to position these bodies in
three-dimensional space, by combining two scemes that make a
stereoscopic pair; (3) to find the regions or zomes of a visual
scene that belong to its background; (4) to carry out the isolation
of objects in (1) when the input has inaccuracies. Running computer
programs 1implement the methods, and many examples illustrate their
behavior. The input is g two-dimensional line-drawing of the sceme,
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 separateta picture
or scene into the comstituent objects exclusively “Ye basls of
monocular geometric properties (jd basis of pure form); .in -fact,

successful methods are showm. o the
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== This thesis explains how a computer can fin;i, identify and
recognize objects in a visual scene. For instance, when

analyzing the following scene,
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[image: image12.png]1£ the machine is asked to separate the bodies, it must say

(BODIES ARE AS FOLLOWS :

{189)

{2.7) (3 58) (10 15)
(413 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 is noisy, some lines

aze miseing, ete?

How can the computer separate the background from the objects

forming the scene?

Bow should shadows be handled?

How can stereoscopic vision be used?

What about ambiguities and optical illusions?

This thesis also discusses some related aspects of human

visual perception

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

artificial intelligence

body

backgiound

background diserimination

classification of images

CONVERT

cybernetics

feature recognition

geometric objects

geoumetric processing

graphic processing

graphical conmumnication

graphical data

heuristic procedures

heuristic programming

identification

image

intelligence

line drawing

LISP

List proceasing

machine aided cognition

machine perception

mechanization of visual
perception

object identiffcation

optical

optical {liusion

pattern

pattern matching

pattern recognition
photography
photo-interpretation
picture

plcture abstraction
picture processing
picture transformations
pictorial structures
polyhedra

recognition

robot

scene

scene analysis

solids

stereoscopic

symbol manipulation
three-dimensional
three-dimensional scenes
three-dincnsional solids
two~dimensional patterns
viston
vigual
visual
visual
visual
visual

information processing
object recognition
perception

scenes
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[image: image13.png]—  Computer Review (A. C. M.) index mumbers: C.R. 3.61, 3.63,
4.22, 5.20.

Why t! k. h th L
y this vork vas chosen as a thesis tople o pregent 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 ox mechanical

manipulator has been constructed, consisting of 2 PDP-6 computer,

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

TMAGE DISSECTOR CAMERA

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

An image dissector
silently vatches

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

12.





[image: image14.png]The work was naturally divided {mto yigual imformation processing
(computer vision) and manipulation and gontrol of the
Thus, when I came 2s a graduate student from the Politéenico de México

to M. I. T. (Sept. 65) and became associated with the AT Group, I
found a great interest there in graphical commmication with compulems.
Moreover, it was felt that symbol manipulation techniques would be
relevant to this area. 1 was fortunate enough to have had some con-
tact with the LISP language in some of its implementations:
MB - LISP {McIntosh 1963} * and Hawkinson-Tates- LISP {Havkinson 64}*
at the Centro Nacional de Cdlculo of the Politdemice; in fact, I
became interested in the area becauge I felt that it would be possible
o handle two-dimensional structures much in the same fashion as one
handles lists (that is, oune~dimensional structures or strings of
symbols) in a pattern-driven language such as CONVERT {1965}, recently
finished at that time.

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

™) the parentheses { } always indieate a reference to the
bibliography at the end of this thesis, where the complete title,
date, stc., of the paper can be found.
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[image: image15.png]SIMPLIFIED VIEW OF SCENE ANALYSIS

TO THE BUSY READER

This section presents a gemeral 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 gection 'Analysts of many scemea’,
and observe how the computer perceives them.

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

Scene anslysis is the result of imteraction between
optigal dara coming from the Eye, and kr

dedge about the visual world
stored in the programs. In all that follows, the optical data enterimg
through the Eye is reduced to a lime drawing; this pass is called
pre-processing, and ic will be only briefly skerched here,

After preprocessing, such @ | qpg peylized preseatation that

line draving is analyzed in order | follows is only-an exemple; in
particular, scene analysis does
not need to follow the sequence:
objects in it. The process is pre-processing —» recognition.
See 'Division of work im
Computer Vision' in page 4o .

to discover and recognize given

called recognition.

This thesis is concerned

with recognition.

We now give a simplified exposition of both processes. Recognition
W11 be discussed abundantly in the Temainder of this thesis, since
it is the main topic; readers who wish for more informstion on pre-
processing or other approaches should consult the references, for
instance {my MS Thesis} and [A C Shaw FICC 68}. See also page 6O .

14.





[image: image16.png]The picture shows a sceme containing two light objects on a
dark table.

This scene could be entered into memory as a bi-dimensfonal
array of numbers (logarithms of light intemsity, to make the programs
insensitive to changes in general light level). Since our camera is
a random-access device [each point (x, y) on the visual fleld can be
accessed in roughly the same timel, we prefer to read the point each
time we want to know the light level at it, instead of reading it

once at the begloning and keeping the numbers in memory. In one way

or another, we effectively have a large bi-dimensional arriy of numbers

Tepresenting our scene.

The next step is to reduce this arTato a line drawing. In one of

several possible approaches, a coarse grid of about twenty squares per

side is laid on top of the array, and the program ignores th

"homogeneous" squares  —-those squares whose corners have nearly the

same intensity values.——
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is divided in four [ , 4gnoring

again the homogeneous sub-squares.

Each inhomogeneous square

e, 4

The process is repeated a few times more.

16.





[image: image18.png]The squares are now reduced to lines and vertices.
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[image: image19.png]The resulting analysis gives us the first chance to start
working abstractly now, instead of comtinuing im "picture-point

space.” Preprocessing ie finished.

This and the next page
descrfve proposed, but still
Recognition wnEinished, parts of the
system.

What follows is merely a brief summary of the processes
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 (this shadow program is not yet finished):

18,





[image: image20.png]A Mueproposer program studies the abstract or “syabolic" scene and,
using some hourfstics and general principles, proposes places where
it {s quite probable that a line is missing:

These places are searched by & line-verffying program, vhich is an
specially senaitive test that uses fine measurements from the ori~
inal acene, and often it will pick up a boundary that vas missed
in the less-intelligent homogeneity phase. Here it can be practical
to apply a very strict and semsitive test, because the program
knows very accurately where the line should be, 1f it really extsts
et all. For example, even 1f the two faces have almost oqual {llu-
mimation the Eye can pick up a thin, fatnt highlight from the edge
of the cube. It would have been hopelessly expensive to Lok for
such detailed phenomena over the whole plcture at the start.

Finally, the scene has been reduced to a line drawing. In this
dissertation, these line drawings are entered by hand (as explained in
Page 63), to bypass and simulate the action of the unfintahed prograns.

19.





[image: image21.png]At this stage our program SEE (page 58) comes

{nto action. This progrem treats different kinds of local
configurations as providing different degress of evidence
for 'lmking' the faces. This evidence s obtained malnly

at vertices, and at boundaries between regions.

A vertex is in gemeral a pofnt of imtersection of
two or move bowdaries of reglons. These reglons might ox
might not be faces of a simgle body. SEE examines the
configuration of lines mesting st the vertex to obtain
evidence Which suggests whether or not the regions involved belong
to some object.

For imstance, in the vertex configurations "ARROW' and
‘popx(a complete classification of vertices can be found in
p. 49 4o table 'VERTICGES'),

b

o

“FORKY TARROW"

20.
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[image: image23.png]the’roRe” suggests linkfag face a to face
The "ARROW' links a with b. A '

b, b to e, ¢ to a,

3 (which depends on nearly
parallel lincs) would add & weak link, fn addition to the ordinary

'LEG' Marching T's,
(ieak Link shown dotted) (two strong links)

(ér stiong) link placed by its TARROW' ; 5

"I" looks for a matching
s

» and if found, two strong links arc placed as shown.
"T" counts against ({nhibiting, that is) linking a with
b with ¢, <

b
These Links, for our example, are

Also, a

e, or

Arrow

Arrow

and may be represenced as

lweak 1links are dotted]

21,





[image: image24.png]fndicating two groups of linked faces, that is, two bodies:

(sopY 1. 18 124)
(BODY 2. 1§ 356}

If 4n addition we give at this point to
the computer the definition or concept
of a 'triangular prism’, through an ab-
stract podel of it {my M5 Thesis}, we

can get

(L2 4 TS A TRIANGULAR~PRISM)
(356 13 A CUBE)

Recognition is finished.

Analysis of scveral examples

A larger variety of kinds of cvidence is uvsed in more complicated

scenes, making the program more intelligent in its answers:

(1) Some links suggested by a vertex are ishibited (i.e., never placed)

@)

by conditions or configurations at the neighbor vertices and faces;
for instance, a "FORK" suggests threc links , but any of them
may be luhibited by a neighbor of the fom -—— , iy OF

. Below, we indicate with an arrow the place where &
link has d).sappezread (has been inhibited):

S

The links to the background are ignored [complete descriptions
of conditions for producing amd camcelling links are to be found

in the section 'SEE, a program that finds bodies in a sceme’l.

22,





[image: image25.png](3) A& hiorarchical schome is used that first finds subscts of faces
that are very tightly linked (c. g., by two or more links).
These “nuclel” then compete for more loosely Linked faces
(faces linked through one weak Link and one strong link (55 ,
or one face completely unlinked, except by one strong liak——p).

By not considering  single link, weak or stromg, as enough

evidenca for assigning two faces as part of the same object, this
algorithm requires two "mistakes” (that s, two careless place-
ments of links between reglons that should not be considered as

forming the same body) to meke an identification error.

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

Note that of the strong links available to the "PORK" marked with
n arrow, tvo vere prohibited or inhibired and only one is produced
by SEE.

23.
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[image: image27.png]In the folloving figure, the "FORK" of the big object is missing.

Statepent of RaloE 1 1111 ve-grate the rules under (3) of page 22 .

Reglon (definition). Surface bounded by slmply closed curves.
We will comsider the outer background (:16 in fig 'LLO’, page 59

to be also a reglon.
Mucleus (definition). A nucleus (of a body) is a set of reglona.
Liked nuclei (defimition). Two muclel 4 and B are linked 1f

vegions 2 and b are linked where ae A and b e B,

Eirst rule: If two nuclei are linked by two or more strong links,
they are merged fnto a laxger nucleus.

For instance, reglons :8 and :11 are put together, because there
G’ = Qo
exist two stromg iinks among them, to form the nucleus 18-11,

Yaxipal muclef: Starting from nuclei containing fndividual reglons,

e let the nuclet grow and merge under the First rule, until mo new
nuclei can be formed. When this 1s the case, the sceme has boen
partitionsd into several “maximal" nuclel; between any tyo of these
there 1s st most one strong link.

For inatance, regions :8 and :11 are put together by the First
rule; mow we sce that region 4 has two links with nucleus :8-11,
and therefore the new mucleus :8-11~14 1s formed. This last is a

maximal mucleus.

Tp—a®—-©

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

25,





[image: image28.png]The Pirst rule is applied ngain and agsin, until all nuclel are
maxinal muclel; then the following rule is applied:

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

1ink they are merged into a mew mucleus. ®
> ()
The Third rule is applied after the Second rule.
Thizd Rule: If mucleus A consists of a single region, has ene link

with nucleus B and no 1inks with any other mucleus, 4 and B are merged.

O-° — L6

(10 11) does nof Join the bigger nucleus because (10 11) does mot
comsiat of a single reglon. Below, 9 does not join (7 8) or (4 5)

because 9 has two Links:

Fhe Third rule tends to avold proposing bodies consiating of a
single region.

The next example shows how three "false" Llimks (indicated by
arrows i ) failed to lead SEE into error:

Here three links were erroneously placed byt SEEidid not get
confused by them.

fn complicated scenes, coincidences cause two objects to lime up.
As a result, vertices of different ocbjects are merged, two objectively
different lines sppear as ome &nd 80 on. The next example illustrates
these phenomena (indicated with arrows ') and shows how SEE copes

with the problem:
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[image: image30.png]COMPUTER RECOGNITION OF THREE-DIMENSIONAL
OBJECTS IN A VISUAL SCENE*

Abstract

Methods are presented (1) to partition or decompose
a visual scene into the bodies forming it; (2) to locate
these bodies in three-dimensional space, by combining two
scenes that make a stereoscopic pair; (3) to find the re-
gions of zones of a visual scene that belong to its back-
ground; (4) to carry out the isolation of objects in (1)
when the input has inaccuracies. Operational computer
programs implement the methods, and many examples illus-
trate their behavior. The input is a two-dimensional
line-drawing of the scene, assumed to contain three-
dimensional bodies possessing flat faces {polyhedra);
some of them may be partially occluded. Suggestions are
made for extending the work to curved objects. Some com-
parisons 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.

*This report reproduces a thesis of the same title
submitted to the Electrical Engineering Department
Massachusetts Institute of Technology, in partial
fulfillment of the requirements for the degree of
Doctor of Philosophy.
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[image: image32.png]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





[image: image33.png]ALl the bodies in "BRIDGE" axe adcquately found. A new heurigtic is

\%—,__

three parallel lines comprising Tegions that are not background, and

used here:

baving the background as a meighbor, and a 'T' in the center lime,
originate a strong link, as shown above.

The local links allow correct idemtification of the following body:

- -

If the lateral faces do not have parallel edges,

a mistake occurs
(conservative behavior, page 212):

O~ O -

Another mistake occurs in the following scene:

"4‘ At left, the above mistake is not produced

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

29,





[image: image34.png]features can take many forms, and the system has to be able to deal

with all of them. : once identified,

It works both ways, of cours:
the appearance can give valuable information about the object's
orientation, size, and even (under some conditions) its absolute

spatial locations {Roberts 1963}.

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

shape and location can have very different visualpresentations
because of their surface textures and markings. We need to
distinguish these two-dimensional "decorations" from real three-

dimensional spatial features.

Other projects

Here are the main robot groups at a pamel discussion.
We should also mention the work being deme at the 1968
Dept. of Machine Intelligence and Perception, at ©.
U. of Edinburgh, fall joint

computer
conference
% DECEMBER 9-10-11

Parel Members o francisco.

MR. L. CHAITIN civic center

Arifcial nteligence Grouo

Stanford Research Insttute

ROBOT STUDIES AT STANFORD RESEARCH

Chaimer INSTITUTE

DR. BERTRAM RAPHAEL
Stanford Research Institute
Menlo Park. Caiifornia

problems in the

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

THE ROBOT PROJECT
AT STANFORD UNIVERSITY

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, heurlstic pro

gramming, neural networks and computer systems. Thus,

the discussion which will be conducted at a fairly tachnical

lovel should be of interest to engineers and scientists con

cerned with the problems of interfacing a varlety of disci-
plines, as well as to those interested i learning about the
nature of current embryonic “robot” systems.
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Dec. 11th. will be available at this session

DR.T. SHERIDAN

Dept. of Mechanical Engineering

MIT

HUMAN CONTROL OF REMOTE COMPUTER
MANIPULATORS

MR.R.J. LEE

Air Force Avionics Lab.

Wright-Patterson AF8

GENERAL PURPOSE MAN-LIKE ROBOTS
PROF. S. PAPERT
Artificial Inlligonce Pro
MIT, Projoct MAC

THE MIT HAND-EYE PROJECT

MR. L. SUTRO

Dept. Aeronautics and Astronautics

MiT

ROBOT DEVELOPMENT AT THE

MIT INSTRUMENTATION LABORATORY





[image: image35.png]*
Problems in analyzing a visual scene

The problem of taking a two-dimensional image (or several such
images) , and constructing from it a three~dimensional interpretation,
requires many operations that have never been studied,
or belng realized on a computer. We shall 1ist some of these here;

& more complete list is found fn 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,
1. e., where are the background, the "table" or working surface,
and the mechanical hand(g)?

b) Einding visual objects, and localizing them in space with raspect
£o the eye-table-background-hand model.

) 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 mew objects.

d

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

for the purpose of task-goal analysis.

Anong the important factors are the effects o

1. Both the camera's focys and its depth-of-focus,
2. Illumination of the oblects. Light affects the appearance of

objects in obvious and subtle ways ~- fa scenes with multiple
objects and lights we get complicated shadows, which have to

be detected or rejected. The boundary between two faces may
disappesr {f they get equal illumination from a diffuse light source,
3. Perspective and distance effects, Even for geometriec objects with

flat surfaces, the two-dimemsional projection of their surface

* pdapted from Status Report II {Minsky 67}. See also Project MAC
Progress Report {1967, 1968}.
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[image: image36.png]The following locally ambiguous scene is correctly parsed by

our program:

1€ we add another block to the right, the program makes a mistake and

fails to see one of the {nner cubes (shoe, ec A gornles ton fings, bobo, gersraler nenc 32

Complicated scenes (£ig. 'MOMO') usually get accurately decomposed:

{many complicated
scenes are found in
pages 104-182].

Figure "HOMO"
Conclusion

The performance of this program shows that it is possible to
separate a scene into the objects forming it, without meeding to know
the objects im detatl; SEE does not need to kaow the
\definitions' or deseriptions of a pyramid, or a pentagonal prism,
in order to isolate these objects in a sceme containing them, even in
the case where they are partially oceluded.

The program will be fully analyzed in the following pages.
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[image: image37.png]RELATED RESEARCH

Previous work by the author

CONVERT

A programming language i described opplicable fo
problams conveniently described by transformation rules, By
this is meant that patteras may be prescribed, coch being
associaied with o skeleton, 5o that o series of such poirs may
be searched uafil o pattern is found which matches on expres-
sion to be transformed. The conditions for @ match are governed
by a code which alsa allows subexpressions to be (dentified and
eventuclly substituted info the corresponding skeleton. The
primitive poftems ond primitive skeletons ore described, as
well as the principles which allow their elobarction into more.
complicated potterm and skelotons. The advantoges of the
language cre that it oflows one to opply transformation rules
1o lists end arroys as easily as strings, that both patterns and
skelefons may be defined recursively, and that as o consequence
programs may be stated quite concisely.

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

Because it is easy to urite and modify a program in Convert,
the langusge has been extensely used to quickly test 'good’
and "
the LIS of the PDP-6 computer (A.I. Group), in the TEM-7094
(Project MAG-MIT}; in the CDC-3600{Uppsala University, Sweden),
in the S5DS-940 (Univ. of California, Berkeley). A paper in the

reat' {deas, new algorithms, etc. It is embedded in

A. C. M. and {MAC M 305} describe the language; examples of
siwple programs written in Comvert are in {MAC M 346}; a book
article {Patterns and Skeletons in Convert} 1s oriented
tovard the Lisp consumers. For our Spanish readers, two
Bachelor's Theses {Guzman 1965} {Segovia 1967} describe the

language and processors, and give cxamples.

SCENE ARALYSIS

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

perallelepipeds in it.
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[image: image38.png](2) We would like to be able to specify in some suitable notation
models of the classcs of ohjects we sre interested in (such as ‘cube’,
‘triangular prisn’, 'chair'}, end make a progrom look for ell imatan=
ces of any given model in & given scene or figure. Two arguments
ould have to be supplied to our program: the model of the object

e are interested iu, and the geeme that ve vant fo analyze-

Progrems to do this are described in {AFCRI,-67-0133} and {MAC M 342}.
In these early programs, partially oceluded objects get incorrectly |

i{dentified. They are also written ia Comvert. The programs
cransform of ¢ om p i L e the model, written in a picture descrip-
cion langusge, into a Gonvert pattern, which searches the sceme for
instances of the model.

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

(4) It is importamt to be sble to find the bodies that form a sceme,
without knowing their exact description or model. SEE is a program
thet works on & scene presumably composed of three-dimensional
rectilinear objects, and analyzes the scene luto a composition of
three-dinensionat cbjects. Partially occluded objects axe usually
handled properly, This program ls discussed in {MAC M 357},
{Guzmén PICC 68} and {Pisa 68}, and this thesis discusses a later
version.

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

figure-background discrimination, and a few other sublects.

Ganaday
prni A

Rudd H. Canaday in 1062 analyzed scenes com-
pozed of two-dimensional overlsppiog objects, “straight-
sided picoes of tandboard.” His programbreakstheimage
into its component parts (the pieces of cardboard), de-
acribes each one, gives the depth of each part in the
Srasge (or scene), and states which parta cover which,
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[image: image39.png]Roberts

The problem of muthing recognition of pictorial data s long been a
challenging woal, but has seldom been attempted with anything more com-
plex than alphabetic characters. Many people have felt that rescarch on
character recognition would be 2 first step, leading the way to & more gen-
eral pattern recognition system. However, the multitudinous attempts at
character recognition, ineliding my own, luwve not led very far, The reason,
[ feet, is that the study of abstract, two-limensional forins leads s away
from, not. toward, the teehniques weecssury for the recoguition of three-
dimensionn] objccts. ‘T pereeption of solid abjeets is a process which can
be based on the propert cee-dimensional transformations and the
laws of nature. By carel ng these properties, a procedure has been
develaped which not orly identifics objects, but also deterniines their orien-
tation and position in space.

Three main processes have been developed und programed in (his report.

The input. processs produces s line dmwing from w photogmpli, ‘Then the
three-dimensional consteuetion progrum produces a three-dimensional obe
jeet list from the Jine drwing. Wheat this is completed, tie three-dimen-

sional display progran: can produce a two-dimensional projection of the
objects from any point. of view. OF these processes, the juput program is the
most restrietive, whereas the two-dimensional to three-dimensional and
threc-dimensional to two-dimensional programs are capable of handling
almost any array of planar-surfaced objects.  { from Roberts b

Roberts  in 1963 described programs that (1) con-
vert a picture (a scenc) into a line drawing nd (2) pro-
duce a threo-dimensionsl description of the objeets
shown in the drawing in terms of models and their
transformations. The main restriction on the lines is
that they should be 8 perspective projection of the sur-
face boundaries of . set of threedimcusional objects
with planar swfuces. He relics on purspective and
numerical computations, while SEF uscs o heutistic and
symbolic (ie., non-numerical ) appronch. Also, SEE
does not need models to isolnte bodics. Roberty’ work is
probably the most important snd elosest to ours.

Mechanicel Manipulator Groups (sec also page 32 ).

Actully, several rescarch groups (ut Massichusetts
Jostitute of Technology, ** at Stanford University, 4
a4 Stanford Research Institute #) work actively to-
wards the reslization of s mechsnical manipulator, i.e.,
snintelligent sutomata who could visually perccive and
sucoessfully interact with ts enviomment, under the
control of a computer. Nuturally, the mechanization of
isusl peroeption forms part. of their research, and im-
portant work beging to emerge from them in this ares,

35.





[image: image40.png]THE CONCEPT OF A BODY

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

The criteria are that they should agrce in general with tne commou use
of the word 'body’, and should be capable of Implementation by &

computer program.

Introduction

Our ultimate {nterest Ls to examine a two-dimensional sceme (a
picture, line drawing, or painting), presumably a representation
(projection, photograph) of a three-dimensional sceme (a subset of
the "universe" or "real world") and to £ind im it objects or bodies
contained in the real sceme. More specifically, the aim is to find
the two-dimensional representations (projections, photographs) of
the different three-dimensional bodies present in the sceme.
The phrase "two-dimensional representation of s three—
dimensional body" will be shortened to “two-dimensional
body" or even to "bady”, when no confusion arises.
That 1is, we have to analyze a two-dimensional scene into collections
of two-dimensional emtities (surfaces, regions, lines), each of which
nakes “three-dimensional sense” as a two-dimensional projection

of a three-dimensional body.

The problem is ipherently ambiguous

1f a scene is considered to be a set of surfaces (faces or reglous),tben
a body belonging to that sceme 1 5 en "appropiste” subset of this
collection, Therefore, the problem of finding bodies in a sceme is

equivalent to the problem of partitioning the set into appropiate

subscts, each of them represemting or forming a body (sceme ''CHURCH
The problem is inherently ambiguous, since different collections
of three-dimensional bodies can produce the same 2-dim sceme. A glven scenc

can therefore be partitioned in many ways into bodies.
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[image: image41.png]It 1s desired to make a
"natural partition or decompo-
sitfon of the sceme, matural in
the sense that will agree with

human opinion.%

To define a three-

Figure 'CHURCH'

dimensional body is no problem

Set of eight elements, Adequate
[2 philosopher may disagree, subsets (bodtes are 12 410"
perhaps {n singular cases]: [135678]. Inamore com
plicated example, people may
differ in their parsing of scencs.

Three-dimensional body (definitfon):

continuous, two-sided surface composed of

A connected volume Iimited by a

portions of planes.
Restriction: The above definition covers only polyhedral bodtes,
that is, thosc having flat faces.

Restriction: No holes are allowed.

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

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

Iwo~dimensional body (definition). Figure formed by the projection of
@ three-dmenstonal body. Generally, the projec-
tions is fsometric or perspective.
Thus, this fs the tuo-dimensional appearance of a solid bady,
vhen seen from some particular point of view.
Unfortunately, a two-dimensional body could come 1n this way from
any of several different 3-dim bodies or, vhat 1s worse, two 3-dim bodies
togethes can give rise to a single 2-dim body. For imstance, in fig. “BENT",

*Without such a requirement, the problem has a trivial solution
(see Metatheorem in page 39).
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Figure
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[image: image43.png]Figure 'BEN T
Two blocks, or a bent brick.

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

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

we are confronted with am inherent ambiguity.

1 by M
Sibelfus’ Momument , ..rc striking cxample s given in Fig. 'SIBELIUS',

which could be the reprusentation of 365 cylindrical bodies, or the
pleture of a sculpturc (ome body) in Helsfnki.



[image: image44.png]Such colorful contradictions point towards the need to lay down
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 (see fig. 'PARALLELEPTPED' {n
next page), that could be the case.

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

Legal 5¢CRS yyue 2-aim scenme in which each line iz boundary of some

AR TR

Legal scene. Illegal. Illegal.

See also comments to scene R3, and 'Illegal Scenes' (page2!7), in
section '0n noisy fmput'.

Metatheorem ..y legal scene can always be the projection of ome or
more three-dimensional objects.

To prove it, it suffices to note that each legal scene is composed
of regions {17/ , and each of them could be imterpreted as the
basts of a pyramid, all the faces meeting at the cuspid occluded by
the basts.

Therefore, each legal scene can be obtained by projecting or
photographing an adequate arrangement of such pyramids.

We can always comstruct a
Legal sceme by photographing
(or projecting) suitable

3-dim polyhedra. /
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[image: image46.png]Trivial partition 5. 1. yse of the metatheorem, ve can alvays find

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

But the metatheorem points out that “impossible scenes” are
never found among the legal scenes (see section 'On Optical

Illusions'); these always have at least ome interpretation.

Criteria We are trying to give criteria for proposing bodies that
will suit our goal, which is to define a “reasonsble” or “standard”
body. This will permit us to judge the performance of a program
designed to find objects in a scene.

Several criteria are possible:

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

2. Ledley {1962} would propose: in terms of suitable primitive
components (arcs, legs, etc.), with the help of a grammar,
nake a syntactic analysis of the scene, in such a wey that
the models of the object you want to identify are formed
recursively from these primitive components and (perhaps)
other bodies. Narasimhan {1962}, Kirsch {1964} and A. C.
Shaw {PhD. Thesis} would agree on this linguistic spproach.

3. Guzmén {1967} suggests: prepare models which specify a fixed
topology but where other relations (length of sides,
parallelism of tuo lines, equality of angles) are specified
through the use of open variables (UAR variables, in CONVERT).
Evans {1968} would agree with this.

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

object (or a class of them). These approaches enswer more than
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[image: image47.png]was asked, saying not only “yes, 1t 1is a body”, but also
"it is a pyramid." The current question is more genexal.

It is desired to know if something 1s a body, any body,
even one which has not been seen before.

That is, given a subsec or portion P of a scene, we vant to
answer the question "is P a body?" without resorting to definitions
{models) of different kinds of bodles: cubes, pyramids, bricks, etc.
Analogy: there must be a way to find if an animal is o fioh, other
than by finding if it is haddook, or mackerel, or shark.

A progran implementing an answer to this question would be a
working definition of a body. SEE is a program which comes close to
this goal, so that it may be pragmatically stated:

2-dim body "a la SEE" (definitfon): A& body 1s a set of regions
recognized by the program SEE as a body.
This definition allows the following
Criticism: A perfect way to humt lions is to
capture any entity E, and to call
that a lion, by definition.

That is, although this definition is precise, SEE may make
decisions "contrary to common sense"; also, for purposes of judging
the behavior of the program, this definition is useless, since SEE
will be perfect 100 per cent of the time, irrespective of its answers.

We are, finally, tempred to conclude that 'common semse,’ or
better, "human common sense” plays a role in the definition of a body,
since what we are trying to characterize is a usval bedy, normal body,
common body, etc. But even people differ in parsing scenes. We could,
of course, give a scene (such as 'MOMO' in page 77) to 100 subjects,
ask them to identify the different bodies in it, and come up with some

sort of 'average' or ’general consensus’':

2-din body (statistical and human-behavioral definition): Each ome of
the subsets into which a scene is partitioned by many subjects.

It is understood that, in this spirit, the humans should satisfy a

Simplicity criterion: Of the several '"reasonable"” interpretations
(decompositions) of a scene, the one which contains the smallest number
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[image: image48.png]is preferable. That fs, an explanation or decomposition is simpler

{and preferable) if it can be done with fower parts.

Stnplicity is not to be achieved st any cost, since the parsing
of the scene has to produce 'plavsible’ bodies, since "simplicity”
could be alvays achieved if each ncene is reported as a single,
gigantic body, obtained perhaps from more familiar ones through l{beral
use of adhcsives (cf. also Sibelius’ Monument).

The chief choices are sutely:

To choose a parsing, or

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

If we select the first alternative, further choices are

== to have a natural parstng (human).

" to have a canonical parsing, in the sense of minimizing
some variable (the minimization of the number of bodies
leads us to Sibelius' Monument, its meximization to the
Trivial Solution of the metatheorvem [page 41 .

Other kinds of

Iz J8T8 e have been discussing identification of

3-dim bodies (through their 2-dim projections) in a 2-dim scene,
purely on the basia of geometric regions, Many other kinds of {ufor

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

Nevertheless, 1t is interesting
to see how far the identiffeation
of bodies can go 1£ only geometric
properties are used.
SN pinaing bodies tn & 2-dim scene 1a & task not yery precfsely
deftned, because of the ambigutties inherent in asy projection process.

Onthese grounds, the concept of "body' 1a best described through
familferity, human opinfon and consensus. We ate forced to this because
any scene could be partitioned in several vays (cf. fig. 'PARALLELEPIPED )
only some of which may be considered plausible or ‘semsible’ (natural,

comnon, standard) partitions in regard to the bodies forming ic.
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[image: image49.png]TCTAL ANALYSIS OF VERTICES
$ynOPS1S pore a seene is considered as formed by several regions;
bodics are adequate collections of reglons. The problem of identifying
bodies is restated as the problem of finding whether two reglons
belong ox do not belong to the same body. This question is snswered
by examining the vertices of the sceme.

It fs shown that a single vertex never conveys conclusive
cvidence, 5o that at lemst a palr 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

A11 faces of polyhedra are bounded
by edges.

411 edges terminate in vertices.

This thesis deals with the analysis of visval scenes composed
mainly by three-dimensional planar objects

These are limited by flat surfaces

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

two planes [faces] meet (bur see page 57 ). I

Wherever several edges or faces meet, a vertex appears. This is

algo a common feature for all the bodies.

‘ L.

A body is formed by vertices with edges comnecting some of these.
When a 3-dim body 1s projected into a 2-dim body, its 3-dim vertices
(which ve will call gesuine 3vdim vertices) are transformed intn
genuine 2-dim vertices, known =s {meges of the 3-dim verticea, as
tigure 'GENUINE' (in next page) indicates.

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

vertex, Some 2-dim '

alse” vertices appear too; they do mot come
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[image: image50.png]Twoe 3-dim
bodies, one

of them

with

1ts genuine
3-dim

vertices labeled.

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

Three false
vertices also
sppear.

Figure ‘GENU I N

4 genuine vertex (such as G)') 1s one whose counterimage
(G) in this case) belongs to some body; a false vertew
much @s F', 1s & virtual intersection, and generally
has no counterimage in the 3-dim world. See fig. 'NODES'.
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[image: image51.png]£rom genuine 3-dim vertices, but rather from the partisl occlusion
of parts of opaque bodies [transparent objects give rise to different
wind of false vertices; Guzmén [MS Thesis} deals with them by using
transparent models, and a mode of operation of the recognizer program,
that re-interprets or ignores certain types of vertices. {AFCRL-67-0133}1.
False vertices do not belong to amy object.
Genutne and false vertices gy, classification of vertices into
categories " genuine® and "falset will allow isolation of objects in a
pleture; ia g, 'GENUINE', elimfnation of vextices Fy', F,', and Fy'
divides the genuine nodes of the network (see fig. TNODES') into two
non-connected components, /> snd [0, correctly separating the two bodies .

Figure 'NODES'
False vertices arise from the intersection of two
projected edges, one of which 1s typleally oceluded
In part by = face bordered by the other. Elimination
of “the false nodes ¥;', Fp' and F3' disconnects
The network in two separate components, which axe
the bodies sought for.

This suggests the following
J-dim body (First approx. to defimition). Set of regions possessiug
only gemuine vertices, and separated from othew bodies
by false vertices.
In this vay, the problem of identifying bodies 1o equivalent to the
problem of identifying genvine vertices, segregating the false ones.
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[image: image52.png]Eroblens to be golved .. separation of genulne from false vertices

1s challenged by several problams:
= The distribution aad position of bodies may be guch that false
vertices look Like genuine vertices (f1g. 'CAUTION').

Fig. 'CAUT IO N*
That vertex looks genuine, but is false,

Global {nformation (aalysis of more than one vestex) is needed
in general to distinguish them. In other words, although falae
vertises are those which separate two bodies, and 2-din gemuine
vertices originate from 3-dim genuine vertices, segregating

them requirea more than the simple analysis of their shape.

=% Some genuine vertices look like false vertices,
“"M

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

may be supplanted by false vertices.

&
™= Contimuation is not clear; some doubta arise 1f the object in

the foreground covers one or two bodies (fig. *CONTINUATION') ;
the simplicity criterion prefers the single body interpretation,
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[image: image53.png]Fig. 'CONTINUATYON'
Continuation is not clear.

In brief, difficulties axe of two kinds:

== Genuine and false vertices cannot be distinguished

Locally (see Theorem below).

Even when they are completely classified, the problem of

continuation remains.

The solution of these problems will have to make use of more global
information.
Classification of Vertices .y, y.pje 'VERTICES' 4n next page classi-
fles vertices sccording to their form, mumber of lines and amgles
among the lines. It contains the most common types; vertices having
more edges could have been included.

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

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

[ @ M1

I 3@y
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[image: image54.png]A

‘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 lines are 'X'.- Two of the linmes 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,

=

'BEAK'.~ Formed by four or more 'MULTI'.~ 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 'VERTILCES’
Classification of rectilinear vertices.
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[image: image55.png]procedure that, by looking at an Arow tries to decide how its faces
are grouped into bodies, will alvays make mistakes.
The generalization of the above amalysis to all other types of

vertices proves the following

“Iheoren". There does mot: exist a set of local decision procedures
l,1, cach one Lookiag or getting tnformation from one verkex
and establishing b-equivalences among some of their faces
(two faces 2 and b are b-equivalent, {ndicated a=b, if
the u decides that they belong to the same body; this ia
an equivalence relation), using information only from that
vertex (it does mot look at the other vextices or at the values
of the p's at the other vertices), which will partition all

scenes correctly.

That s, the following machine will mot work for all sceves:

Figure "M A CHINE
The dectsion procedures  , represented as 'cyes’ here,
decide by processing inforpation at exactly one vertex;
the box in the right accepts all these decisions and passes them as
cesulta. No matker what set of p, we choose, there exists a sceme
that induces am incorrect partition by our machine.
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[image: image56.png]A stronger sssertion s that, in viev of inherent ambiguity,
there 1s not even any global procedure! h (cf. p. 40).

ALL the different groupings of reglons of a vertex into bodies
are possible; this s {llustrated by the following complete set of
scenes, each one of them showing a different pactitioniug of a type
of vertex. These examples are useful also in giving an ides of
unususl, as well as familiar scenca; we will have later occasion to
use them, when searching for heuristics to form bodies,

Generation of partitions
=2 o paptitions

conps ( (12) ) set of two clemonts.

1) (29
z ;(1 2))

There are only twa partitions of a2

Partitions of a set of L‘,

elements «,
, co'gna( (1234
Partitions of a set of3 z f(i’zfzzs?fﬁ?”
[elemen:s 3 (\13) (23 (4))
4 €1 4) (2) (3))
5 (1) (2 3) (u))
compo ( (1 2 3) ) < (€12 3) ¢4))
' (1) (2) (3)) 7 ({1 u) (2 3))
2 ({1 2) (3); $ ) (2 4) (3))
3 (2 3) (2)) 1 (1 2 4) (3))
4 ({(1) (2 3)) o (1 3) (2 &)
5 1 23 (1) (2) (3 4))
5 ((12) (3 43)
3 (013 4) (2))
M(1) (23 4))
B((1 23 4))
15

Figures in tie next few Pages are
numbered according to the numbers
in the leftmost column in these
tables,
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[image: image62.png]Digression 1. An alternate approach SUGCESTION

As an alternate approach, ome could try to use the faces as a

basis for idemtification. For instance, use two scemes (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. Now it is
possible to detcrmine, using 3-dim geometry (c.g. see {Roberts}) the
spatial position of such peculiar feature or point. Having found a
few points in both images in this mevmer, determine the plane of the
face, in 3-dim space. * When several faces are thus identified,
compute, if desired, their iutersection and obtain the cdges (lines).
It may generally suffice to ignore the edges and rely on the faces.
Since it 1s reasonable to expect considerable difficulty in finding
lines and in differentiating lines caused by edges from those caused
by shadows, an approach which avoids the lines altogether looks
promising. However, this method requires two images and sevoral
correlations (possibly), a generally time-consuming and error-pronc

task.

* Here we use the heuristic that 1f several points close to each other
are in the same plane in space (remember, we know the 3-dim coordinates
of each point), the plane is a solid face [mo holes or slots] and
intermediate points will also lie on that plane; this is true for

4 points and also for o points, but is not true for O ,
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[image: image63.png]$EE, A PROGRAM THAT FINDS BODIES IN A SCENE

Synopsis

How SEE works.

Algorithns znd heuristics implemented in the progrem called SEE
are presented. These analyze a sceme into a composition of three-dimen-
sional objects. Only the two-dimensional representation of a three—
dimensional scene is availshle as input, and is described as a collection
of surfaces, lines and vertices.

SEE looks for three-dimensional objects in these two-dimensicnal
scenes,  The program does not require a pre-concelved idea of the form
of the objects which could sppear in the scenes. It assumes only that
they will be solid objects formed by plame surfaces. Thus, SEE can
not find “pentagonal prisms” or "houses” in a scene, since it does ot
know what a “pentagonal prism” is. On the other hand, it will usually
isolate the pentagonal prisms (or any other regular ox irregular solid)
in a scene, even if some of them are partially occluded: it does this
swithout having a description of such objects, by paying attention to
configuration of surfaces and lines which would make plausible three-
dimensional solids. In this way 'bodies’ are identified.

The analysis that SEE mskes of the different scenes gemerally
agrees with human opinion, although in some ambiguous cases the judg—
ments tend to be conservative, The most interesting thing about the
progran 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 the effects of inmaccuracies introduced

in the data.
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[image: image65.png]INTRODUCTION

e describe a program, named SEE, that locates objects in a two-
dimensional view of a sceme that is most likely composed of three-dimen-
sional solids. These perhaps occlude ome to amother, so that some of
them may not be totally visible. 4 line draving is used as the repre-
sentation of the scene.

The analysis of sceme L10 (see Eigure 'L10' on previous page) by

our program produces

(BOOY 1, 18
80Dy 2, 18
(30DY 3. 18
(BODY 4. 1S

Division of work in computer vision

A simplified view of some analysis was given in pp.14£f; problems

in analyzing a visual scene ave found in pp.31-3

here we present some
tools for such tasks.

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

Pre-processing converts the image from a 2-dim array of intensities o

a sybuolic representation or

nternal format' (page 66), in terms of
vertices and lines conmecting them.
Homopenelty predicates decide if areas of the picture are in—
homogeneous, and hence require further analysis (page 16).
Color predicates are used because boundaries of different color
suggest lines.
A Line finder locates lines of points having certain property (such
as being inhomogencous, or having a large light Intensity gradient).
A Vertex finder merges concurrent lines, or creates a vertex at

their meeting point.

A Comsolidator eliminates the false lines and finds more lines, incre-

menting in this way as much as possible the reliability of the system.
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[image: image66.png]An 11llumination program discovers where the main light sources are.
A Shadows program detects shadows so 8s to elimimate them.
A Missing lines program suggests places where faint lines can
remain undetected, from gemeral shape considerations.
Body recognition partitions the scene into appropriate subsets, each
one being a body or object. Thus, SEE is a body-recognition program.
Object identificarion. 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 ome. In the process, certain
parameters may acquire values: the height of the pyramid is cbserved.
Positioning. Having analyzed the sceme, the Televant objects are positioned
in three-dimensional space, and additional relations among them are dis-
covered (support, obstruction, etc.). Lnough Lnformation is obtained
to allow the mechanical arm to manipulate the objects and achieve its
goals.
Stereo. More than one view are analyzed (page 233) and from them,
3-dim spatial positions arc found.
Focussing. The computer, by adjusting the focus of its lens,
acquires knowledge of how Far the objects are.
Feedback among the processes described above is mote necessary as the

complexity of the scene and of the desired goals increases.

Recognizer. The task of body recognition and body identification wvas
formerly accomplished by a single program (for instance, BT or TD {my
¥S Thesis]) that compares the symbolic description of the scene against
the symbolic or ahstract descripcion of a model of the desired object.
This is a kind of two-dimensional matching, whose goal is to isolate

instances of that object in the scenc.

Technical descriptions of SEE

1. Aonotated listings. The primary source of information is the listing
of the programs. It appears couplete in this thesis, amnotated. The
programs are writtea in Lisp. The programs themselves, examples, test

data, results, instructions, etc., are in the DEC-magnetic tape "GUZMAN P
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[image: image67.png]at Project MAC (AL group). Instructions for their use are given ou.
page 78.

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

the different algorithms and procedures used.

3. Published papers that cover part of the material at somevhat less
depth, and therefors are more readable, are also available [FJCC 48]
(Pisa 68]. Except for some different examples, they contsin no other

information not covered here.

4. A internal report [MAC M 357] described an earlier version of SEE.

1

PIGURE 'R 3'
A scene.
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[image: image68.png]INPUT FORMAT

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

to be described now. All the scenea analyzed by SEE have bsen written

1o inpur format.

Example. R3 . The input format of scene R3 is
(DEFPROP R3 (X37) BACKGROUND)
(NOT (SETQ RI (QUOTE (

%A 4,3 4.5 (%27 XA Xtd XC X1l XB)
X 4.0 5.7 (Xe7 %A X3l xDy

%C 4.8 8.5 (X34 IF %52 XD %21 %A)
X 4.5 915 (X217 XB X21 %C %32 iE)
%€ 5.65 9.25 (%37 Xl Xi2 2F)

AF  5.85 6.5 (X¥7 XE X312 XC %14 %6)
% 6.6 5,2 (237 3F %14 XA} R3 TN INPUT FORMAT
XM 6.9 15.4 (X837 XL X313 IK %35 XI)
%l 8.5 16,0 (x27 XH %35 x4}

XJ 11,8 12,6 (X317 21 XI5 XK X6 AN)
%% 100 11.9 (436 zJ %35 zH x13 aM)
AL 1822 (237 M %33 %H)

XM 10,0 V.7 (%37 N %36 K XII xl)
IN 11,65 10.3 (X357 xJ %36 x+)
1y

The first line declares :7 to be the background.* We have to
tell SEE which regions belong to the background. If this informatiol
1s 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, each line of the imput description associates with
each vertex its 2-dim coordinates and a list (which will later be called
KIND'), in counterclockwise order, of regions and vertices radiacing
from that vertex.

The function PREPARA (see listing) comverts the sceme as just given
to the "internal format" form which SEE expects. It does this by establish-
ing certain property lists of the atoms representing vertices and

regions (property lists in Lisp get explaimed in mext page).

*For the moment, ignore the Zsigns. They are used to distinguish
Tight from left scenes.
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[image: image69.png]Property liats 1nLiep * g0 seomic empression 1n Lisp has &

property 1ist, which, roushly spesking, 1s a place where facts can be stored.
1£ 4t 1s desired to represent the fact that Jobu is a 69 years

o1d male, has a wife called Jacqueline, aud  height of value 1.77 m,

we could proceed in Lisp as follows:

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

(2) In the property list of 'JON' wa will store several properties
ot Indicators snd their values, using the function PUTPROP, that
stores information in the property lists thus
(Putprop (quote JORN} (quote JACQUELINE) (quote WIFE))
will add, under the indicstor or property 'Wife', the valua

WIFZ JACQUELTNE

\
|
i *Jacqueline’: J0mv

(3) EHence, the representation of our facts in Lisp i3

‘ JORN
?EX -=  MALE
Ace 69.0
WIFE JACQUELINE

HIGE -~ (.77 m)

(4) In fact, the property list of 1JOBN' , which 1s the CDR of 1 JOHN'
in Lisp 1.6 {MAC M 313}, 1s
(SEX MALE  AGE 69.0 WIFE JACQUELINE HEICRT (1.77 m) ...)

(5) If later we want to know the age of John, we will sk
(Get (quote JOHN) (quote AGR))

and the value will be 69.0

* Inia paragraph, shich can be skipped if it is known whet a
property list iz, will meke the mext section clearer.
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[image: image71.png]INTERNAL FORMAT

The special symbolic format used by SEE is an arrangement of
relations between vertices and regions of the sceme. These are re-

presented by atoms having adeauate properties in their property-lists.

A scene has a name which identifies it; this nsme is an atem
whose property list contains the properties 'KEGIONS', 'VERTICES',
and 'BACKGROUND' . For example, the scene R3 (see figure R3) has the
name 'R3’. In the property list of R} we find (see also table R ™

INTERNAL FORMAT )

REG1ONS (%36 %15 XT3 %12 XT1 Kia %87

Unordered list of reglous
composing the scene R3. Orderés mnaderel
VERTICES (XN M XL XK xJ X1 ZH %6 XF XE XD XC %8 &A)

Unordered list of vertices
composing the sceme R3.

BACKGROUND 1%27)

Unordered list of regions
composing the background of
scene R3.

Region A region (which does mot include any other region) corresponds
to a surface limited by simple closed curves. Regions are represented
by atoms that start with a colon (:). For imstance, in R3, the surface
delimited by the vertices K J N M is a region, called :6, but
DEFGAC ismot.

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 regiom in
scene R3 formed by the limes DE, EF, FC, CD hes ':2" as its mame.

In the property list of :2 we find:

NEIGHBORS (X368 17 %27 xL)
Counterclockwise ordered list of
all regions which are neighbors
to :2, repeated if necessary.
For each region, this list is
unique up to cyclic permutation.
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[image: image72.png]KVERFICES (3F XE %0 %C)
Counterclockwise ordered list of
a1l vertices which belong to
reglon :2. This list is unique
wp to cyclic permutation.*

FuOP t(X34 XF %27 XE %27 XD %z) %C))
Bach sublist 1s a counterclockwise
ordered list of alternating
neighbors and kvertices of :2.
Each sublist is unique up to cyclic
permutation, and indicates a
simple boundary.

EBach sublist of the FOOP property of a region is formed by a
man who walks on Lt 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 ve find:

NEIGHBDRS (%86 X36 X33 X3 %35 X35 XI2 X:2 X34 X4
%11 230

KVERTICES (XN XM XL XM XI %J XE 2F %G 4A XB %I)

FoOP L1%36 XN X326 xM 23 AL 23D AN %35 %1 X35

#J) (%32 xE x22 xF 384 36 374 zA 231 8 %3l xB))

ZEESX 4 vertex 1s the point where two or more lines of the scens

meet; for instance, 4, G, and K are vertices of the scene R3. Each
vertex has as name an atom which possess additional properties dess
cribing different attributes of the vertex in question. These are
'XCOR', 'YCOR', 'NVERTICES', 'NREGIONS', 'KIND', 'TYPE', and 'NEXTE',
Por example, vertex J (see scene R3) has in its property lisc:

XCOR 11.799999
x-coordinate

YCOR 12.600000

y-coordinate
NVERTICES (X1 %K %N)

Counterclockwise ordered list of
vertices to which J is connected.
Unique wp to cyclic permutation.
*for the moment, igmore the
% signs.
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[image: image73.png]NREGIONS  (X37 %35 %16)
Counterclockwise ordered list of
regions to which J s connected.
Unique up to cyclic permutacion.

KIND (X387 X1 %35 IK %36 ZN)
Counterclockwise ordered list of
alternating nregions and nvertices
of J. This list is unique up to
eyclic permutation.

TYPE (ARROW (XK %J %1 %N 255 X386 %2703
List of two elements; the first is
an atom indicating the type-name
of J; the second is the datum of J.
This will be explained in the 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 & man who stands at
the vertéx and, while rotating counterclockwise, takes note of the
regions and vertices which he sees. NREGIONS and NVERTIGES 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 (mome in
scene R3); it will be explained in mext section.
The property TIPE is also established by the funcrion PREPARA; it classi-

fies each vertex into one of several types, as described in table

I'VERTIGES' (next page).
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[image: image74.png]A

'L'.- Vertex where two 'FORK'.~ Three lines forming angles
lines meet. smaller than 180 degrees.
'ARROW' .- Three 1lines meeting at *.~ Three concurrent lines, two
a point, with one of of them collinear.

the angles bigger than

180 degrees. . %

".~ Two of the lines are 'X'.- Two of the lines are collinear,
collinear, and the other and the other ewo fall en
two fall on the same side opposite sides of such lines.

of such lines,

=

'PEAK' .- Formed by four or more ‘MULTI'.- Vertices formed by four or
lines, when there is an mote limes, and not falling
angle bigger than 180°, in any of the preceding types.

TABLE 'VERTICES'

Classification of rectilinear vertices,
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[image: image75.png]TYPES OF VERTICES

The disposition, slope and number of lines which form a vertex
are used to classified it, This task is performed by the function
(TYPEGENERATOR L), which them scores the vertex's type in its
property list.
The TYPE of a vertex is always a list of two elements; the first
is the type-name , which may be 'L', 'FORK', "ARROW', 'T', 'K', 'X', 'PEAK', of

"MULTE second element is the datum, which generally is a list,

whose form varies with the type-name and contains information in 2
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  type 'L'.
Two angles exist at the vertex, one bigger and the other smaller than 180°. The
datum is a list of the form
(Ej Ez), where E is the region which contains
the angle smaller than 180°.

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

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, 1 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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[image: image76.png]Its datum is the vertex itself
at which the fork occurs. For inatance,
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; E; By E; Eg E;) where
E, is the vertex at the "tail',
EZ is the vertex at the center.
Ey is the vertex at the left of E -~ E,
E, is the vertex at the right.

E, is the region at the left.
E is the region at the right.
E, is the region which contains the angle bigger than 180°,

For inatance, 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 (E] EZ E; E4 ES E, E,), where
El is the vertex at the 'tail' of the T.

E, is the central vestex. 3

Ej is a vertex such that E| E, E, is %5
an angle between 90 and 180 degrees.

4 is a vertex such that EI E2 L":‘1 is
an angle smaller than 90 degrees.
That s, E; E, E, are collinear.

Eg ts the region which contains the

angle between 90 and 180 degrees.
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[image: image77.png]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 (B4 E; E¢ E| E, Eg).
Vertices of four lines which are not of type K or X are either of
type PEAK or MULTL.

Other types of vertice:

PEAK. - , Fouror more lines, when there is an angle bigger
than 180°,
E
2
PEAK 3
E
1
E3 MULTL

MULTI. - Vertices formed by four or more lines, and not falling in any
of the preceding types.  R3 contains
no PEAKS or MULTIS.
The datum for vertices of type PEAK is of the form (E| E, E,), where
E, is the region that contains the angle bigger than 180 degrees;

E, is the vertex before E,, and E; is after (in the 3’ sense).

1
The datum for vertices of type MULTI is of the form E, where

E| is the vextex itself. *

NEXTESs or Matching T's Two T's which are collinear and facing each othex
(see figure) are called "matching T's, and cach one is the "nexte"
of the other. The indicator "NEXTE "is placed in such vertices,

1f the region B, of a T (see figure) is the background, that

T can not be a matching T.

¥In general, the choice of what to put in the Datun depends on
the intended use of the information; hence such variety of Datums.
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[image: image78.png]In the figure, E, and F, sre macching T's because B)=f, Lo

colinear with F,-F). Tt is not required of Ei-E, to be parallel. to

F,oF,. 1f several pairs of T's ave oossible, the closest is chosen:

3

p - Q are matching T's,
and not ® - Re

¢ @
8 —% /= e, B are matching T's; also A-D.
The matching T's will get involved in the determination of places

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

again.
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[image: image79.png]For two I's to be NEXTEs or matching T's, it is required that
nelther E; nor ¥, be background . ™ requirement should be extended to
sl regions between E, and F , since a line can not go “under” the

background reglon:

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

Two straight lines always intersect (possibly at SUGGES TTON

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

line intersect, or if one segment intersects with a line. [See H.N. Mahabala,

AL Memo 177.]

LINES AND SEGMENTS
In the plane, two straight lines always meet.
Two segments, or a line and a segmént, may or
mAy DOt meet. (& semed 53w fiale portion of aline).
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[image: image82.png]THE PROGRAHM

Ve now describe SEL, and how it achieves its goals, by discussing
¢he algorithms and heuristics employed and the way they work.

We begin with several ezamples.

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

HESULIS
(BuuY 1.
taguy 2.
(BUUY 3.
(BubY 4.
(d0uY 5.
(aubY 6, 1§ 12)
(30LY 7. 2
(BubY 8. 4 21

Results for scene TOWER

Example B.  Scene 'MOMO'. Details of the program's operation are
glven. (skip to next page, Lf you wish). After Loggin in the PDR6
Az $L sen 15 Go to DDT and ioad File SEE 1 (in tape

GUZMAN F), a binary dump of the program
SgE. loutput of the computer not shown]

$G Seart.

(UREAD MO¥O S1 3) 1Q Read the Eile MOMO Sl (in tape GUZMAN C)
from tape drive 3:

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

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

Notes: 1Z (control Z) is keyed by striking the Z key while holding
down simultancously the CONTROL key. (A.I. Memos 161, 157, 147)
D denotes carriage return.

$ denotes the character "alt. mode”. (See alsc instructions in
listing)
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[image: image83.png]SEE 58 ANALYZES MQMQ
EVIDENCE
LOCALEYIDENCE
TRIANG
GLOBAL
TANILY ((358) 50044 Gugad G041 6GOAC) ((:19) G004 50045 60 ecte
LOCAL
[LOCAL ASSUmMES (217) (39) SAME BODY)
(LOCAL ASSUMES (2% $17) (218) SAME BODY)
LOCAL
CINIL) (NI (¢300) (WIL) INILD ONTL) (U238 307 T39) 600AY ekc
LUCAL
(4083 32 21) boowsy Gu029 LLOSN GLoZb) ((:3z 338 327 326) wvlets
LOCAL
sHB
RESULTS
(80DY 1, 1§ 53 2 31
B0DY 2, 1S 232 133 127 126)
(90DY 3. I 328 531y
(8pDY 4, 15 120 234 519 130 2129}
: 1BODY 5, 15 336 135) RESULTS FOR MOMO
; (BODY 6, 15 124 15 123 34)
! ©(80DY 7. 15 125 123 s22)
L (BODY 8, Is 514 £13 $15)
| AB0LY 9. 1S 110 316 111 s12)
i (BODY 10, 15 317 518 s9)
i (§0DY 11, 1§ 17 8)
| (800Y 12. 1S-%38 #37 139)
; NIL

HMost of the scenes contain several "masty" colncidences: a vercex of

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

patallel lines are merged into a single one, etc. {indicated by arrows in p.77).
This has beendone on purpose, since a non-sophisticated pre~processor will tend to

ke this kind of error,

Example C. R3. Analysis by SEE gives

(BOOY 1, IS X352 %31 X14;
(A0DY 2, IS X6 %25 X33 RESULTS FOR 'R3'

|
i
J
i
|
|

The %6lgn ‘Indicates the dextral or right scenes (cf. p.233).

The sigas
‘ may be ignored.
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[image: image84.png]The Parts of SEE The pxogram is straightforward; it does mot call itself

recursively; it does
1t is formed by sevel
planation of each pa:

not do "pattern matching”; it does mot do tree search.
ral main parts, sequentially executed (a detailed ex-

rt follows later):

LINKS FORMATION. An snalysis is made of vertices, regions and associated

information, in

search of clues that indicate that two regions form

part of the same body. 1If evidence exists that two reglons in fact

belong to the same body, they are linked or marked with s “gensys"

(both receive the same new label).* There are two kinds of links

strong (also called global) or wesk (also called local).
Some features of the scene will weakly suggest that & group of

reglons should be considered together, as part of the same body.

This part of the program is that which produces the 'local’ links

or evidences.

NUCLET CONSOLIDATION. Using the 'strong' links gathered so far, reglons
are grouped into "nuclei” of bodies, which are enlarged uatil some

condition fails

to be satisfied.

Weak evidence 1s then taken into sccount to declde which of che

unsatisfactory global links should be comsidered satisfactory, and

the corresponding nuclei of bodies are then moined to form a single

and bigger mucleus.

BODY RETOUCHING. 1If a single reglon does not belong to a larger mucleus,

but is linked by one strong evidence to amother region, it is incorporated

into the nucleus of that other region. If necessary, more muclei

consolidation could be done after this step.
A last attempt is made to associate the remaining single reglons

to other bodies.

Ihe reglons belonging to the background are screened out, and the results

are printed.

*In LIS?, a "gensyn" (generated symbol) is s mew Atomlc symbol, previously

wmused.
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[image: image85.png]Auxiliary Routines

Before explaining the functioning of the main part just described,
we will explain three auxiliary functions used by the main parts.
DU imhrough a chatn of T's." Allows Properties or configu-
rations to extend along straight lines; for {nstance, the property
A
<'A' has as neighbor an L > can be extended so as

to say gthroughtes, 'A' has as neighbor ax L%).

schematically represented as A_\ /

serict definition. w—{f—s 1- defined as one of

ay *  (meaning the two vertices in both sides of 4}are in
fact the same).
® =\ 4
matching T's

G N

@) ..A_A_\ —

Example A + See also anmotations on listing.
of - =\ g
SO 1f & vertex V 1s considered a "good TV, (GOODT V) is TRUE;
false othervise.
(QODT V) = ¥

T if V has a NEXTE,

lrallel
¥ if ﬁ

T otherwise.

81.





[image: image86.png]As we ser, bhe function tries to distinguish between T's originated by occlu-
sion, such as 0, and T's originated by accident (A).
2

\.

"Not same body."

0
NOSABO

Acts as a link inhibitor.
1f consulted, (NOSABO .. V ..) will ichibit, in the following condi-
tions, the link that vertex V may have created:

[$5) ‘i—)—\\__/

i
Uinhibited Link (prohibited, ignored, deleced, forbidden,

not created)
o
@ '-)—n;/m
o Gr—Y
® "—)_.“__AIL

Nosabo tries to find conditions indicating thet two regions should
Dot be considered as part of the same body; hence, 1f consulted,
Nosabo may forbid a link among them. Some heuristics place links
without asking Nosabe's approval and Nosabo camnot "erase “a link
placed without its euthorization.

1f nene of conditions (1) to (5) is met, Nosabo will be False,
indicating no imhibition was found, and it is up to the program that
asked Nosabo's opinion to lay or fail to lay the link in questionm,
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[image: image87.png]We proceed now to explain in comsiderable detall cach 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.

LM penoves several unvanted properties.

EVERTICES  Strong Links arc created here. Jiach vertex is considered
— under the following rules:

L. No evidence iscrded divectly by this type of vertex.
Nevertheless, the "L" is used in many corbinations
witn other vertices to account for evidence. As we

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

FORK.- == No liuk iscested 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 ave ceded as shown, except

that each one may be inhibited by Nosabo. (q.v. page 82)
Example. Vertex JB only produces link :5-:8.

Link :5-:

is inhibited because $ is a 'T'; Nosabo
also forbids link :6-:9 because KB is an arrow’.

This last rule is the most powerful of the heuristics,

Two links arecwsted as shown, without asking Nosabo,
if the fork is connected to the central line of
an arrow, (N b s pot hers 3571 )

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

Tuis Last heuristic is of hclp where there are concave objects (Fig. R19).

83.





[image: image88.png]ARROW.—

MULTI.

—= . Link if an L is conmected to its central lime,

and the region shaded contaims only that arrow
as a “proper-arrow," and no Forks.

Region :1 contains arrow A

as a "proper-arrow"; also
region 12, but mot region :3. Capisce?

Example. BB limks:l0 with :4.

Allows "lateral faces" of legs to be properly

identified and agglutinated.

In other words, an arrow is a "proper-arrow”

of the regions that are mext to its shaft,

but is not a "proper-arrow' of the region that

contains the obtuse angle.
Otherwise, link except if inhibited by Nosabo.

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

Powerful and general heuristic.

No link if the X comes from the intersection
of two limes.

Otherwise, Link as shown except if Nosabo disagrecs.
122 and :21-:30;

Example. G originates links :26
this last ome will later be erased or disregarded,
since :30 is the background.

No link.

Links are established between contiguous reglons,
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.

0f certain use, specially with pyramids and
"pointy" objects.

No link.

The reason 16t

(1) if the vertex is "genuine" (cf. pagevd),
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[image: image89.png]although itgameats 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
avolded by abstaining of generating 1inks.
This is generally the case.
An improvement is possi-
ble, by allowing MULTL

vertices to place links.

If macching T's, link as shown, without consulting
Nosabo, Avoid linking to the background,

Fach 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 mot link if the middle region of a 'T' 1s 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 comsent) 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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[image: image90.png]Table 'Global Evidence'

'LOCALEVIDENCE

o bocng/rund
o bnaegrand

Exemple. TA links :21 with :27 (F=G,
RA-T4 and JA-IA are parallel).

Favors occluded bodies with parallel faces.
Algo, see "STUDY" in listing, still an
experimental feature.

Two links are placed as shown (without asking
Nosabo) 4f the central lime of the T is
connected to the central line of an arrow.

It 1s of help where there are concave objects.

shows compactly the main rules just discussed.

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

iIndicate, in a feebler way, that two faces or reglons mey be part of

the same object.

Nosabo can not irhibit local links.

A wesk 1link fs placed as shown ‘dotted) 1f,
Throughtes,an L is connected to an Arrow,
and the two indicated edges are parallel.
We call this configuratfon ‘Leg'.

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

In a Leg, if there are two matching T's as
shown, a weak Llink is placed correspondingly.
Example. In fig. 'TRIAL' (page 88 ), a weak
1ink or evidence Lz placed betveen :7 and :4,

because EE is a Leg, and L and E are mihing T's.
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[image: image91.png]The heurtstice described will sometimes produce & "wrong linkage,
Linking two regions that do not belong to the same body. These mistakes
ace not likely to confuse SEE, since the handling of these links (and
all of SEE, in general) {s done under the apsumption or knowledge that
the information 1s noisy and somewhat uarelisble.

Strong 1imks are shown dotted; weak links are not shown.

(A) (c)

{F)

(G) {H} (1)

TABLE 'GLOBAL EVIDENCE'
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[image: image92.png]Example. Figure 'TRIAL'

following strong links (full lines) and

weak links (dotted lines)

A Triangle is a 3-vertex region, of which

two are interconnected T's, the type of the

other vertex being irrelevant.

fwo triengles are weakly linked 1f they are

(1) “facing each other’, and

(2) "properly contained", meaning that D has
to fall on the same side of AB as C does,
and similarly for the other vertices, and

(3) AB 1s parallel to EF, and AC to DE.

The heuristic helpa with faces of a prism

that is badly obscured. It does mot help

much, since it gives only a wesk link. On

the other hand, this weskness prevents mis-

takes when the tuo triangles are not from

the same body.

4 possible fmprovement

conststs of choosing the closest of two

triangles, 1f several andidates are possible.

Example. In figure 'WRIST' (page 136 ), weak

tinks are placed between |
triangles 5 and 6, and

between 1 and 2.

receives the "
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[image: image94.png]e 111 has fou"links emanating from itself.

CinIL) ((311) 50014 §0013 6IQLL GDOIO)

(1121 GOOLS GOO14 G0CL3 6012 ((:13) 60

0211 ((39) 60022 GIG2L BOLZY LOGLY 50017

60016) ((#10) 6001% 6Q0G)22 609011 GO010)

(153} 60034 50023 50024) (18a) Fursd 500

32 60026 wuu2% 605234 ((:6) $993) 60030

GG5S29 60027) ((25) GGU26 SLILI ALe22 500 1 .
18 GO017) (1371 wudds wLudZ wUel9 GOig Strons Links of TRIAL
GOOL6) ((3B) 67004 GuJed BOU bolerey GO

035 G331 60023 600285 ((414)) ({2i) GBI

35 0030 GCO2ZB 59027))

Weak linka of sceme 'TRIAL' are

(36 223 126 11)
281 (29 :8) (%4
1t s121)

LThere 1s a weak link between :12 and 110.

Weak links of 'TRIAL'
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[image: image95.png]The links could be represented as

Figure 'TRIAL - LINKS'

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

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





[image: image96.png]The next stcp {s to gather all this evidemce and to Form tentative
bypotheses of objects as assemblages of faces with many links among
them.

NUCLEL CONSOLIDATION

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

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

GLOBAL Groups of faces with an sbundance of strong links among them
are first found; these "nuclei” will later compete for other faces
more loosely linked.

Definition: = nucleus (of a body) fs either = reglon or a set of
regions that has been formed by the following rule.
Rul

they are merged into a larger nucleus.

1f two nuclei are comnected by two or more strong links,

More detailed rules appeat in page 25 , in section 'Simplified
view of Scene Analysis’

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

\v 0"" Q'

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

together, because there exist two links emong them, to form nucleus
:1-2. Now we see that region :3 has two links with this nucleus :1-2,

and therefore the mew nucleus :1-2-3 iz formed.

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

no new nuclei can be formed.
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[image: image97.png]When this is the case, the scene has been partitioned into
several "maximal" nuclei; between any two of these there is at most
ome link. For example, figure 'TRIAL-LINKS' will be transformed iato
figure 'TRIAL-NUCLET'.

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

LOCAL ¢ (ome strong link joining two "maximal" nuclei is also
reinforced by a weak link, these auclei are merged.

The weak links of figure TRIAL are ahown 28 dotted lines in
figure 'TRIAL-LINKS' (page 90); they transform figure 'TRIAL-NUCLEX'
into figure TTRIAL-FINAL'.

457
3 ]
134

Figure 'TRIAL - FINAL'
Nuclel of sceme TRIAL after merging
suggested by Local Iinks.

BODY RETOUCHING

Additional heuristics assign umsatisfactory faces to existing
aucled, or isolate them. SINGLEBODY and SMB are used for this tagk.
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[image: image98.png]SINGLEBODY. 4 44 rong 1enk Joining a aucleus and another nucleus composed

by & single region 18 considered enough evidence to merge the nuclef in
question {f there is no other link emanating from the single region. A
nessage is printed indicating 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 operation. Figure

'BRIDGE' wndergoes these transformations:

[Scene BRIDGE] Fig. BRIDGE

Fl @
31 &g
2| 28,
X 2E ] g88
= eV 535 -
= Eak and strong links among Teglons}) Fig. 'LINKS-BRIDGE'
w " »
it .
= nE ~»
- ! FE~E-] =3 . B
o ;7883 RN ’
- 523 ;|
E @ T MaxIwal fuclel
: © (2 or moxe strong links)| - Fig. "NUCLEI-BRIDGE'
s = @l
a .
ER- R
ST . g
wo ruds |8
T ERE |3
= “ & 0 e
= W R S, ]
b Maximal nuclef enlarged] %
- g by weak link action = Fig. 'NEW-NUCLEI~BRIOGE’
s
SE .iaed]d g
9 ; -
“eiwsE 5 - a
B 2nessl g
Syasd] 2.
o 2RV N o E
= 14, enla
% |bv single undisputed regions| - Fig. 'FINAL-BRIDGE'
~ .
g fo
“ w8®
= ;B0
o -5 3o
9=
A a35
3 5
Td, enlarge
by good neighbors, "goodpal Fig. 'FINAL-BRIDGE'
Final resulct. (no change in this

case).
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[image: image102.png]25
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12
21

FIGURE
or moro links
*BRIDGE' chos

FIGURE 'NUCLEL - BRILGE'






[image: image103.png]FIGURE 11—NUCLEL' After joining sll nuclei having two

or more links in common, the representation for the sceme

'BRIDGE’ changes from thst shown in Sgure 10 ‘LINKS' to the
one shown here.






[image: image104.png]113

FIGURE

' NEW-NUCLE T-BRIDGE '






[image: image105.png]FIGURE 12—NEW NUCLEL' The figure shows the scea
‘BRIDGE, after LOCAL transforms it from the representation
in Figure 11 ‘NUCLET' to the one shown here.
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[image: image107.png]FIGURE 13—FINAL. SINGLEBODY jointa the lonely re
fon 116 with the nucleus :18-19.





[image: image108.png]We see that in figure 'NEW-NUCLEI-BRIDGE', nucleus :16 is merged
by SINGLEBODY with nucleus :18-19 (see flgure 'FINAL-BRIDGE'). Micleus
:28-29 18 not joimed with :26-22-23 or with :24-25-27-12-21-9. Even {f

nucleus :28-29 were composed by a aingle region, still will not be
merged, since two links emerge from it: two nuclei claim its possession.
This rule joins single regfons having only ome possible "owmer

nucleus.

S, 740 systems of Iinks are used by SEE, One consista of weak and

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

The second system constitutes a different network of limks; SMB
works in the second system. It is motivated by the desire to collect
evidence mot easily  available through the vertices, Tt gathers
evidence from the lines or boundaries separating two regions, in an
effort to amswer the question: Are two given neighboring regions patt
of the mame object, or are mot they? That is, are two contiguous reglons
"good neighbors® ("good'pals®)? If they are, a special link, g-link,

1s placed, cventually forming a metwork independent of weak and atrong
links, that will collapse in & somewhat peculiar way, Thus, a great
amount of unnecessary duplication could be possible in the information
carried by both systems of links. To reduce it, the s-links ate designed
to complement and extend, rather than to re-do, the agglutination
produced by weak+strong links. They (the s-links) will, therefore, mainly
study single faces not satisfactorily accounted fox.

SMB uses the predicate (GOODPAL R S), which acquires the value T
(true) 1f R and S are two contiguous "good neighbors" reglons.
To satisfy this, their commou boundary must not be empty, and must
1sck L's, FORKs, ARROWa, K'e, X's, PEAKs, MULTIs. In sddition:

R = Not good: (GODDPAL R §) =T
B
R\ ... /2 = Not good: (GOUDPAL R §) = F
$ /.

"L* or (in general) vertex that makes
(NOSABO R S) to be true.
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[image: image109.png]0. K. otherwise: (GOODPAL R §) = T.

1In particular,
IL_’R_A\
s
is 0. K. if '(NOSABO R §) = F.

SMB analyzes the muclei formed under weak+strong links that, after
SINGLEBODY actuation, scill remain formed by & single face ot
region. The steps are:
1. A network of s-links is formed by putting & s-link between regions
forming a mucleus 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 rogion gets absorbed by the nucleus; otherwise

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

Oren® — (D)

G G does not change because :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 join bigger
structures.

b. Two s-links between two Tegions have the effect of one.

Example. In figure 'HARD', regions :6 and :7 get joined by SMB.
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[image: image111.png]SEE §8 ANALYZES HARD

EVIDENCE

LOCALEVIDENCE

TRIANG

GLOBAL

(INILY ((334)) {136)) ((336)) ((224) GOO26 50025 GOV23 Goele
0044 GDO43 GOU42) ({117) GDOD47 60046 G045 §0044} {(87))ete
0041 G0039) (($21) GDOSO GOO4D GOD3IY LAY 60028 G0O027) (
0038 60036 $0019) ((126) GUOS4 GOOS3 GUU37 GODI6) ((¥27)
60055 GDO23 0020 600151 ((332) 60057 60056 60034 0033}

8 GD048) (134} GOOSS G0048) ((310) G00%Y 60332 GOOI1Y ((#
119) 60064 60063 60062 GDQ61) ((320} 60064 GLOS2 GOU6D GO
$30) 60056 GDO3S5 G003 GDO16) (($16) GOO6E) ((P16) LDOGE}
CINIL) ((334)) (036)) ((286)) (NIL) (NIL) (NIL} (NIL) t(t
019 GOOSI G0O3IS GOOS4 G003s G0O37 G0O19} (NIL} (324 222
0040 G0O3I9 0029 60028 60027 60024 60022 G055 GOO23 5062

) (NIL) {(35 14) GDO4B GOUSB GDDAB) (NIL) (($13 317 3141
118 119 320) GOG6D GDO&4 GGI63 GOOEY GUV6A GDO62 GOO6Q GO
$32 131 $30) GOO033 0057 GOO34 GOGS6 60035 50033 GOCIGH

LOCAL

(LOCAL ASSUMES (311) (712) SAME BDDY)

{LOCAL ASSUMES (3153 (£16) SAME BODY

CINILD ((8341) {€36}) ((£361) (NIL) (NIL} ({3711 (NIL} (N

0193 ((324 122 13 323 121 328 129) G020 GOp26 G025 G004

0055 G0023 60020 GOOIS) ((¥f $2 133) GOOS2 GOO051 60017 GO

43 60047 GO046 G0D44 GDO47 GON4S GOOA3 50042) (NIL) ((318
410 38) 60032 30032 30065 GOOSY GOOIL GDOIGr ((#32 331 1
) ENILY ((335)) ({512 $11) G0O067) (NIL))

LOCAL

(C1312 11} GOO67) (316 115) GOO6E) ((332 131 330) 50033

60065 G0O59 50031 G0O30) ((218 219 $20) GGUSD GOD64 50063

6 60044 GDD47 G045 GO043 GNOAZ) ({35 $4) Gp048 60058 GO

3 321 128 $29) $0020 60026 GO025 GDD4Y 5G04y G0021 6OOSO |
15) ((325 $26 327} GOOl9 GUUS3 GOO36 GUOS4 GUOIB GOOI7 GOt

LOCAL

sMB

(SMB ASSUMES 17 36 SAME BOUY)

RESULTS

{BODY 1. IS 312 311}

(80DY 2, IS 316 115)

(8ODY 3. IS 332 31 130)

{BODY 4, IS 39 110 18}

(BODY 5, IS 518 319 i20) RESULTS FOR HARD

(BODY 6, IS $13 217 $14)

180UY 7. IS 15 14)

(BODY 8. IS ¥t 12 233}

(HODY 9, 18 324 122 33 323 $21 328 129)

(BODY 10. 1S 325 226 £27)

(BODY 11, IS 87 16)

NIL
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[image: image112.png]RESULTS.  After having screened out the regions that belong to the
background, the nuclel are printed as “bodies."

In this process, the Huks which may be joining some of the
ouclel are ignored: RESULTS comsiders the links of figure "FINAL~BRIDGE' ,
for instance, as non-existent. These links are the result of imperfections
in the heuristics, mistakes n the placement of links, and may point out
different parelngs.  SEE might be improved by its trying to "explain”
these residual links.

Summary  SEE vses a variety of kinds of evidence to link together regions
of a scene.  The links In SEE are gemeral enough to make SEE an object~
anslyais system. Each link s @ piece of evidence that suggests that

€90 or more reglons come from the ssme object, and regions that get tied
together by sufficleat evidence are considered as "amclei" of possible
objects.

Examples and discussion are in next section.
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[image: image113.png]ANALYSES OF MANY SCENES

Untdl ve have an adequate snalytic theory, the behavior of &
heuristic program is best understood through examples. Thexe are
several kinds of examples:

S1mple 11 order to learn what a program does, simple examples, each
one {llustrating a aingle feature or group of featurea, axe very

appropiate.

Favorable , oo fupression of a set of routines is obtained by
presenting 'favorable! cases, designed to emhance the characteristics
of the program in front of the unsophisticated obsexver.

o0f course, of all possible imputs, there s & subset that will
produce outputa very pleasant in terms of speed, easiness of pro-
geenming, generality, acouracy, oF whathever other feature that sya
tem advertises. Thls subset tends to get the highlights fu the

descriptions.

NISEY pinples in which the program does particulerly poorly are
useful, if well chosen, to {llustrate the weak points and pitfalls
of the techniques used, the restrictions and comstraints f{n the input,

atc. They mey polnt out improvemente or extensions.

S111Y g inples heving very vesk connection uith the purpose or
{atention of the routines or algorithms discussed sexve no useful
end, except perhaps to polnt 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 pleture and ask SEE to

work on it.

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

They are not in that order.

A discussion is found at the end of this section.
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[image: image114.png]S£8220 509068 \iyats of steveographic plotures will be foumd fn

the section 'Stereo Pereeption',

Finding the background b .)os where the background 1s mot known
in udvance and has to be deduced are given in the section 'Background
Discrimination by Computer',
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[image: image115.png]LIST OF SCENES ANALYZED BY SER IN THXS SECTION

P AGE
Name. Comments. Scene (figure). Computer Results.
R17 107 108 109
L3 110 111 112
B3 113 114 s
SPREAD 16 17 18
STACK 119 120 122
STACK* 19 121 122
110 123 124 125
RLO 126 127 128
TOWER 129 130 131
REWOT 132 133 134
WRIST* 135 136 137
L2 138 141 142
R 138 139 140
119 143 144 145
R19 146 17 148
CORN 149 150 151
19 152 153 154, 155
B9 156 158 157
R9T 156 159 160
TRIAL 161 162 163
ARCH 164 165 166
HARD 167 168 169
% 170 171 172
R 173 174 175
MO 176 177 178
BRIDGE 179 180 181
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[image: image116.png]s 17
52000 BT he three prisws ave found. In scenes like this, the

position of ome or two vertices may alter the amalysts made by SEE,
by chenging radically the slope-direction of a small segment (such
as KL 2nd GH, figure 'R17'), killing several T-joints and separating
regions :1-2 from 15-6.

Small errors in the coordimates of vertices K, L, G, H, and few
others will drastically change the slope of seguents of short length.
This will transform G and K to be Arrows or Forks, so that G and K
will 6o lomger be matching T's (cf. also 'Conscrvatisw  and Tolerance'
Page i73). As 2 comsequence, body 12-1 will be disconmected from body
13-6. This annoying problem fs mot difficult to correct, at preproces
sor level, since there is good tnformation about the slope of the
(long) line BN : the alope of KL has to agree with the slope of
BN, giving a good estimate of 1ts true shape. The
rule seems to be that these short segments should be
"re-oriented” 1f necessary, to agree with the longer omes, which are
more relisble. Deeper snalysis is found in section 'On Noisy Inpat'.

The preprocessor should comsider the hypothesia
that BEIN axe colinear —- or SEE should propose it
for confimmation (see 'Division of Work in Computer Viston’, p. 60 ).
The % olgns g he priatouts of some scenes, such as Rl7 (see 'RESULTS
FOR R17' in page 199), a % sign appears as part of the name of every
reglon and vertex; that is, $:3 fuetead of 13. This will be the case
in all scenes having names starting with the letter R, differentiating
the “right regions" from the "left regfons". This will become clear
in the section 'Stereo Perception', page 233; until then, disvegard
the %'s.
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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 tead to provide.
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Sceme L3 L.iyoue difficulty, two bodies are found. Each region

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

Explanation of the printout produced by the program y. ,.coyiz , »

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

SEE 58 ANALYZES L3
which identifies the name of the program (SEE), its mumber (version
aumber 58), and the sceme to be amalysed (L3).

EVIDENCE
LOCALEVIDENCE
TRIANG

GLOBAL

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

(such as GO009):

((NIL) ((36) GOOO9 GOOO7 GDOOS GOODA) (t¥5) 60010 GoOUS
'S0007 GUD04) ((14) 60DIC GOOO® GOOOS 600DS) ((il) 60015
©0043 60012 60011} {{12) G0O16 GODi4 GOOI3 GOOL1)

((53) GUO16 GOU15 60014 60012) LI37))

This List contains the muclei snd the links (stromg links); the first
nucleus that we see s ((36] §0009 60007 60005 G00D4) , meanvy
that from nucleus (or region) $6 cmamate four limks, namely 0009,
50007, GOODS and GOOO4. We cam represent this grephicallyt

We then see “LOCAL” (when this fumction is entered, it primts its

neme) , then the 1ist of nuclei again, this time shrunk somewhat by

LOCAL; finally, we sec "RESULTS'| and then 2 bodies, follo-
wed by NIL, meaning the end of the program. (See page 112).
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FIGURE 'L 3'

Two bodics are found in this scene
by our programs.

In the input data it is
indicated that region :7 is the
background.
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[image: image122.png]Sceme B3 1o bodies ave found fn this scone. Vertex F s

claesificd as of typc 'T', hence only ome link there exfsts between
12 and 4,

A1l scenes have reglons, vertices and lines (edges) joining
vertices and separating regions. We gemerally omit the names of the
vertices from the drawing (figure 'R3'); we are also omiting the
coordinate axes.

Since each region has an {nside and an outside, the following

ave invalid or illegal configurations in a scene:

A line ending nowheres; illegal.

Our scenes should be such that,
to disconnect a separate component
of the graph into two components,
we have to remove (delete) at least
two edges. The graph above is
"illegal" as imput to our program,
since the criterion in not mer:
removing edge E will disconnect
the graph (cf. page 39 ).
Incldentally, some optical
illusions are "recognized’ or rejec
ted because they come from 1llegal
scenes of the type just described
(cf. section 'Optical Illusions').

See 'Illegal scenes’, page217, in section 'Om moisy input.’
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A scene analyzed by the program.

114.





[image: image124.png]eI

SEE€ 35 ANALYZES R
EVIDENGE

LOCALEVIDENCE

TRIANG

GuoasL

4417 [(x48) 60009 GoDOS GOOOS GOOOSI ((x#S) GODID GOODY GODO? GOODS) ((xi3) 50010 50048 GO0OT GOOOSH (%2} GOOLI 0O
2 500111 1ix11) GDO15 60014 GOOL3 GOO11) ((xt4} GODIS GOOI4 GOOLZ) CIXA713F)

fehie) (KIL) (NIL) ((X16 %15 X33) GOOUS Go0OP $00US G001 GOOOA C0007 GODOS) (NIL) (NIL} I(X*2 X311 Xid) GODLS G001 00
3 G005 G001 B0012) (1x37)1)

Locar
LiNLLy (WILD §1X36 X35 X13) GODDS G000S Gp0O6 G010 GOOUS GOOG7 S0005) (NIL) ((X#2 %35 x14) GOG1S €063 GOOI1 GOOIE GO0,
4 60121 11317311

LocaL

€0ex12 131 3342 GOOI5 GOOLI GO0TL GOULS GoO1s BOOK2) ((x18 XI5 XI3) GUDOS GOOOS GOOOS GOOLO GO0DS EO0O? GOOOS)

LocaL’

sng

RESULTS

HODY 1, 1§ ¥32 131 Xie)

(B0DY 2, 16 Xré 318 X3} RESULTS FOR R 3

ui





[image: image125.png]SPREAD

1
u\ 43 40 16

42 R

28
By

4
13 46

3 21
12

= U
8
35 14]5 21 | g bs

40

18 V54 16 298
JJ3

FIGURE 'S PR B A D
Bodies i10~9-1i-12-3 and :6-24-5-20 are properly found. Also is

correcely identified the body :19-18-8, vhich is a parallelepiped
with a vertical face (:19) and an horizoutal face (:8-18).
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[image: image127.png]*
Scenes STACR and STACRK 7\ ot cases o1l the bodies vere mceurately

idemcified by our program, which is written {n LISP. In both cases
the body 14-15-16 1s found,

These seencs show that 1n mamy Instances ome could drastieally
alter the position of a vertex, without modifying the output of SEE

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

Other examples would show that the vertices of type 'L' can be
arbitrarily displaced, oo long as their type remafns 'L’ aud 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 'VERFICES', page 69) for placing and

inhibiting links. Read 'Misplaced vertices' in page 21l , in section
'0n notey imput.'
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Every body {s correetly Ldemtified.
This pair of drawings Lllustrate the fact that it is often

STACK
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191120

FIGURE 'S T A CK'

ra

Compate with scene STACKH.

possible to disturb the coordinates (the position) of s vertex,
without introducing errors im the recognition.
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[image: image129.png]Eg is the region which contains the angle smaller than 90 degrees.
E, is the "central " region (where the 180° angle is).

For instance, vertex F (fig. R3) has in its property list
TYPE (T (%C %F %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| B, Ey B4 Eg E¢ E; Eg) where

E, is the central region. Eg
E, is the region having the 180° angle. 2 By
E3 is the collinear vertex which falls

to the left of E)| E,. & B

E, is the region to the left of E\~E,
Eg is the vextex to the left of E[~E, g,
Eg is the collinear vertex which falls to the right.

E; is the vegion to the right of E;+E,.
Eg is the other vertex to the right (of E ). 3

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
(E, E, B; B, Bg E¢), where

E, is one of the collinear vertices.

E, is the region to the left of EpC,

2
where C is the vertex at the center.

£, is the region to the right of EC,

E4 is the other collinear vertex.

Eg

E, is the region to the Tight of EzC.

is the region to the left of EZC.

72,





[image: image130.png]Sceme SPREMD 304y 141-42 was found; also :8-18-19. In the firat

case, there vas one strong link between 41 and 142, becausc of the
heuristic (g) of table 'GLOBAL EVIDENCE' (page87), and SINGLEBODY
completed the object. In the second case, heuristic (g) could mot
be applied, and SMB had to join :19 with :18.

Bodies 129-30-31-32 and :25-26-27-28 are adequately found.
Also the badly occluded long body :10-9-11-12-3 {s found.

Body 121~6-25-20 is found as ome body. An older version of
SEE {Guzmén FJCC 68} used to report twor 16~21 and :5-20. The
change is as follows: one link is pleced betueen :6 and :5 beceuse of
the matching T's, the other link ia a weak one placed because :5 and 120
form a LEG; a weak link is also pfaced between :6 amd :5.

124 gets reported lmolated, instead of together with :22-23,
because mo Leg is seen; but see comment (page 30) fn section 'Stm-
plified View of Scene Analysis'.

SEE tries to find a "minimal" snswer; minimal in the sense
that it will try to explain the scene with the minimum possible num-
ber of bodies (cf. section 'The Coneept of a Body'). That ia the
reason which joined :41 and 142 im ome body, imstead of two, which
is another possible correct answer. That is also true of : 19-18-8,
interpreted as one parailelepiped with a vertical face (:19) and an

horizontal face (:18-8).

The background of SPREAD is also computed (see page 226of section
'Background Diserimination by Computer').
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[image: image131.png]FIGURE 'S T A CK *'

Every body is correctly found. Compare with scene STACK.

121.
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[image: image133.png]Sceme BI0 mne concave object :1115-14e7-6 prescats mo

problem, since there are plenty of visible vertices
(figure 'L10'), and SEE makes good use of them.

STNGLEBODY is necessary to join regions :13 and

The bodies of & scene do not nced to be
prismatic in shape, nor convex. Their vertices could
have errors in their two-dimemsional position. Table

'ASSUMPTIONS’ (page 255) specifies the suppositions that
our program obeys.
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singlebody had to join :2 with :13.
Al1 four bodies were happily identified.
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[image: image136.png]Scene R10 pour bodfes are found by our program in RIO.

The scene is a good exsmple of a "noisy" sceme, in which cdges that
should be straight look crooked. This is because the coordinates
of each vertex are "imprecise”; the vertices have some exxor inm
their coordinates. Other scemes also show this tendemcy; they
sccurately represent the data analyzed by SEE (the scemes in thelr
final form were drawm by program, then inked manually), and sghould

not be considered as “sloppy drawing jobs”.
SEE has several ways to cope wirh these imperfectiomst
(1) ctolerent definitions of parallelfsm and colinearity.

(2) 1nsensitivity of heuristies to displacements of the vartex,
For instance, vertex V will inhibit the link that 2 proposes,

either when V 1s of type 'Axrow' or whem it {s of type ‘T’

(but not when 'Fork’): 2 z
z v -
v

(3) Large variations in the coordinates of a vertex are possible
before that vertex chsnges type. Vertex of type 'I' are an

exception, chenging into & Fork or an Arcow by a small displa-

KT

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

cement.

by following the suggestion im the comments to scene R17.

The section 'On Noisy Input' deals with these matters.
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FIGURE 'R 1 0"

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

Figures L10 and R1G form a stereo pair. In Elgure
'L10 - R10' in p-ge 247, information from both scenes
is combined to find the position of these objects fa
threc-dimensional space. See section 'Steres Perception.





[image: image138.png]Zeene TOWBR Tnere is no need to make use of LOCAL or SINGLEBODY

1o this scene, since there are plenty of global (strong) links
among the different regions. :18-22 and :17-23 get links thanks
to the heuristic that amalyzes vertex of type "X".

There are several "false" vertices, formed by coindicences of
edges and "genuine” vertices: the vertex common to :9, L1, 12 and 13;
the one common to :2, 4, 5, 6. They do mot cause problem, because
(1) in the case of the vertex common to :9, 11, 12 and 13, it is of

type "MULTI', and no link is laid.

(2) In the case of the vertex shared by regions :2, 4, 5, and 6,

that will establish one link between :4 and :5 (which
is correct), and another between :2 and :6 (which will do mo
harm, since we need two "wrong" or misplacea links to cause a
recognition mistake).

Compare with scene 'REWOT!.

129.





[image: image139.png]8zl

SEE 56 ANALYIES R3O

E£vITENCE

LOCALEVIDERCE

TRIakG

GLoBAL

GLOMAL 16 GO0IS 40017 GOG16) ((01) G90Z3 0022 GOOZ1 GO0Z0) Cixed) G026 €0024) (131) GO030 G029 G027 CCLE) Llx
e S0t 800 3 b0012y Tixis) Go032 Goo2s GQo2g S00a7) Lexer: 0026 60025 G002} (lx112) G0028) ((x12) G003 B0
D O Ol 0 Tes Faass GODyo C0017). ((AI11) GODSS GOOSS G031 CDEZ3 G022 GOOLY) ((xiv) COO3e G034 G021 G00201
L O s to014 000121 1(x13) G0038 00371 ((X314) GDOJe 60037 GUISZ SOUID GOOZE OULT) I(k316)))

T ey aiLy (NILr (NIL1 (WIL1 1(X34 X17) GoOZ4 00z GOOZB T00Z4) ((X¥1Z) GO0%) (NIL) ([X18 112 X110 G007
L ab1s 0003 30619 0a37) {81L (RIL) §ERILT 311 X111 310 3iis) G001z C00dS G031 G0023 caagz GO0l G003: Bas2: 2
S L e a0r4 600521 (NILY §1z43 135 R4S ¥14} G037 G003Z G029 $0027 GUGIs G007 S0032 0030 G0028 00k [t
stein

LoCAL

LOCAL ML) SNELI (WILD (1x46 %575 GODZ4 GUoZ6 COU2S GO024} ((x#12) GOUZE) {(X18 §13 X150) L00] LOo1d GCOLE G0033 B0
N i 13'x31 3611 49 xt181 GOo12 G003 GOO3L S0023 GIO22 GOGL3 G038 LONZ1 80026 60033 G004 GOOI4 COOLZ)
s his sa1) Gosd7 Zoo3z vaoZs 50027 G0036 G003 GUOSZ S0A3D G00EE GOOISI CrxI1E))

LOTAL

LSTNELEGODY ASSJNES 1314 x47) (x112) SAME BODYV)

e ivie: 5003) G003 £0029 (0027 G0D3S 50037 60032 80030 Guvad EOTISI (X113 X1l kil 119 keis) 50212 G003k
L e  e0ss 8005 90036 Gnuzs <0020 50035 GIUI6 GO014-500323 11X38 K12 X3(A) $0033 CODIA CODLE GUOII 600D EO0I7Y
GnIC} (1394 317 %3121 G00Ze G026 G002S GQ0241)

LochL

e

RESULTS

15007 1, 18 313 115 116 K134)

{a0DY 20 16 X113 %01 111 Xep 2113

160Dy 3. i3 518 X12 3310)

1300y 4, 18 334 x17 xi12) RESULTS FOR R1O

i





[image: image140.png]FIGURE 'T D W ER'

A "wrong" link is placcd between :2 and :6,
without serious consequences. Results for
tuis scene are in "RESULTS FOR TOMER' .
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This sceme {s the same as the scene TOWER,
but with Y replaced by 100, - Y, and

X replaced by 100. - X

down.

it is upside
SEE still finds eight bodies.
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[image: image144.png]*
Scene WRLSTE . concave abjects are properly identified. W places

@ Mok betueen 123 and 14, and another between 130 and 14, CC does
not Labiblt the link betveen 517 and 119 ordered by the Arrow MA,
because NOSABO was never called, since the first rule of *ARROR'
(page 24 ) vas applied.

The only mistake was thet objects :9-7-6 and 110-5 should be
fused and roported as only ome. There is a link beeween 19 and :10
Put by heurlstic (g) of table 'CLOBAL EVIDENCE'. It 4s not enough.
There 15 also a weak link between ‘Triangles’ :5 and 16, 0B {a aot
2 "leg’, 50 there 15 no weak Link between :10 and 15. The situation
is as follous (sec chains of links in 'RESULTS FOR WRIST*; how to
read these chains is explained in page 110 , 'Explanetion of the print-
out produced by the program'):

10 and :5 will get joined later by SINGLEBODY.

Almost the same thing occurs with 11-2-22-21, but 1a this case
vertex A produces one strong link between 22 and 21, and vertex R, by
heuriatic (g) of table 'Glabal Evidence', also links 22 with 21, This
1s enough.

135.
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FIGIRE 'WRISTHX
Instead of ome, two bodies were found in :9-7-6 and :10-5
Insufficieucy of links was the offending reason. All other

ebjects vere eorrectly found.
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[image: image147.png]Scemes 12 aud RZ o, ghjects are found, as expected.

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

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

R2 in this example.  The amswers are
ANALYSIS OF L2 ANALYSIS OF R2
(BODY 1. IS :2 :4) (BODY 1. IS %:1 %:2 )
{BODY 2. IS :1 :5 :3) (BODY 2. IS %:3 %:6 X:5)

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

If this Ls accomplished, ome could then locate the figure in three
dimensional space, from the two-dimensional cooxdinates of the figure
in the left and right scenes.

In this way it will be known where these objects ave located in
the “real world".

Tuis "matching" mentioned above is complicated as follows:

== It is possible that the number of objects observed in one view
is different £rfom the mumber in the other,

== 0a a given object, it is possible that SEE will make a mistake
in the left view, but not in the right view; as a comsequence,

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

1f the two axes of the camera are on &n horizontal plane, a vertex
in the left scene and its corresponding vertex in the right scene
(if visible) will have the same y-coordinate, such as H in L2 and

%I in R2. Other known relations exist, derived from the relative
position of the axes of the camera, maguification, etc. See section
'Sterec Perceptiom'.

138,





[image: image148.png]R2

!

FIGURE "R 2"

Two bricks are found.
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[image: image150.png]FIGURE 1, 2'

Even if (possibly) a face of object :4-2 1s missing,
in this case SEE makes the correct identification.
Section 'Ou Noisy Input' deals with imperfect
Anformation.

141,





[image: image151.png]Tyl

SEE 58 ANALYZES L2
EVIDENCE
LOCALEVIDENCE
TRIANG

GLoEAL

. ((11) 50009 G0OQB G000 GO0DT L(15) GOOID 60009 G0003 GOO6I (43} L2010 66007 GOUOS CDODL) ((#4) GOOILT (1A} ©

Qall) 1618101

Ga 01T IMIL) 1451 15 L3) G007 vOD10 GU0DF GODOB GOG10 GOD7 0006 SEOOAY (141 CORLL 1321 600110 64
wocaL

[LOCAL ASBUNEE {141 (121 8ANE RODYH

e 41" 18 13} Go007 Guoio Goous 9900 GoDIo 40007 G006 G0004) 1112 84) B0DIL) (LIS TITISE
Lacat

% 14) 600141 (14 15 §3) GOOOY 50030 G009 $0008 GOD10 G0UOY 53008 £00041)

1

RESULTS

0V 1. 13 12 341

1:0" 2, 16 3 1513 RESULTS FOR L2
ML






[image: image152.png]Scene W9 e small triangle :15 just could not get jolued with

the remainder of the bedy :16-20-19, and two objects were found.
There is a weak link between :15 aud :19, but Lt did not help since
there is no link between :15 and :16. What happens is that regioms
:1, :15, :13 and :22 all meet formimg a vertex of type MULTI; this
vertex should (in some future version of SEE) be split into two, sin
ce both :1 and :37 are the background- The rule for this splitting

seems to be

111 vas joined with 14, but isolated from :12-27-5. There are
no T-joints betueen these two muclel that could give 'himta' (i. e.,
linka) for their wmification.

The two large concave objects were properly lsolated.

Compare with R19 and WRIST*.

See 'Merged vertices', page <2/ in section 'On noisy fnput.’
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FICURE 'L 1 9’
16-7-8-9, the hexagomal prism.

It vas casy to find :
115 was reported as a single object: a mistake. The two big

concave objects were appropilately idemtified.
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[image: image155.png]Scene R19 o 54 119, here the triamgle :27 is detached from
15-32-33, two bodies being reported. There is no strong link between
127 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
ligk is mever enough-
Al1 other bodies are properly found, including :10-16-2-3.
Vertex Ra, of course, contributes with no links. The situation
could change if ve discover that RA is a false vertex,
that is, one composed by the merge of two genuine ones.
4 and 137 are bakgound,

There is encugh enformatien, I thinks since
and this will suggest a way to "divide" vertex RA into two simpler
ones. This idea of dividing vertices of type NULTL into simpler
ones should be applied with caution, since there will be geauine
Jertex of type MULTL (which should not be splic). The main use of
this technique will be for helping single regions to join some other
body, a task perforned mow, not 0o satisfactorially, by SHE.

Compare with L19 aad WRISTH.
See 'merged vertices', page221.
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FIGURE 'R 19’

327 was separated from :33-32-5 ALl other
objects were correctly found.
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[image: image158.png]Scene CORN 5 pyvamid :8-9-10 was easily identifled because a vertex

of type PEAK produces many iinks. In the bottom, bodles :l-2-3-4 and
:12-13-11 vere separated, becausc tie fork between :4 and :12 has the
background as a region, and did not contribute with any links. Cer—

tainly, this is a pssible interpreration. Another interpretation is

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

of a

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

The mogram knows that :22 is the background.

1f we could see the hidden vertex KK (if it indeed exists),
tuo Links would be put and we will have had one body:
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FIGURE 'C O & N

The pyramid at the top was identified
properly. Tvo bodies were found at
the bottom, which is a plausible
interpretation: :l=2=3=4 and :11=12=13.
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[image: image161.png]Sceme L9 pore the tolersnces SINIO and COLTO that allow for

aloppy parallelisn” have made T's out Of A and PA. Therefore,

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

mr pA fohibits the link suggested by QA between :1 and
That being all, il gets reported as a simgle body (see next page).
By decreasing the tolerances, correct idemtification is possible

(sce the correct identification in page 155 ).

See 'Tolerances in collimearity and parallelisa’, page 215 .
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FLGURE
Four bodies are identiffed,

Lgre
Body :1-8-9-7-5-6 gives some problems.
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Seailer velues for STNTO and
COLTD, tha patameters for

saraiielisn and colinearity,
Produce correct anavers for 19,

aLC 5o AwaLYZER L9 Compare with previous page.
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[image: image165.png]Scenes R9 and R3T Four bodies are found inR9, five in R9T. The
difference is that Y and JA {sce figure at bottom of this page) are not

mmatching T's"in R9T. The strong links among :12, 13, :10, and :16 are;

LINKS FOR R 9 LINKS FOR R 9 T

In R9, the two strong links (GOO30 and GOO21) between :12 and :10
were put by the matching T's Z-EA aod Y-JA; of the two stromg links
between :10 and :16, one was because DA is an arrow; the other,
because EA is a "I" for which heuristic (g) of table 'GLOBAL EVIDENCE'
applies.

But in scene R9T, not having ¥ 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-
12 and :16-10 instead of one

des to report two bodies there:

as In scene R9.
24

Are Y and JA matching
T's or mot? 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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[image: image167.png]FICURE 'R 9"
The four bodies were found.
SINGLERODIES was needed to join
with :b-1l-1-4-2.
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FLCURE 'R 9 T'

SLNGLEBODIES joins :18 with the
other portion of that body; LOCAL
is needed to join :6 to that
portion, and 46 with :10.
Nevertheless, since :12 and :10 were
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[image: image170.png]Scome IRIAL 11y gesne has been analyzed in great detail in the
section that describes the program SEE.

graphic form in Figure 'TRIAL - LINKS'
in "RESULTS FOR TRTAL".
LOCAL had to join

Its litks are found in

> Of in written form (lists)

:13 with the remsinder of thet body,

Ak 1968
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[image: image173.png]Sceme ARCH cop onalyzes scene ARCH (see igure TARCH') with results
dtsplayed in 'RESULTS FOR ARCH'. This is an scene composed of many
degenerate views of objects. It is an ambiguous scene (sco section
on Optical Illusions), in thut several good interpretations are po-
ssible.

he program Teparts :7 and :17 as one body, which could be plan
ible. :16, :9 and :10 get reported as independent objects. In
the scene from where this picture or line dreving was caken, i7, :17
and 116 were the vertical face of am object. :10 was the vertical
face of another, :9 being its horizontal (cop) face. In cases like
this, ia order to choose the "right" one of several possible inter-
pretations, more information has ¢o be supplied Co the program, such
as lighting, textures, color, etc.

No Link was put by A between :3 and :29, or by UB between :5 and
119, because b and W are GOOIs. 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 mot supply amy limks, and that
body is split in two: :5-4 and :19-18. This is a wistake of GOOT,
who accepts W as a gensine T. If this were mot the case, the arrow U3
would establish a link between :5 and :19, avoiding the mistake. GOODT
could stand some improvement.

he body :22-23 was identified correctly.

164.
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FIGURE “A R C #"

Ambiguous sceue that could be correctly lnterpreted iu
several Gifferent manuers. :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 oue body.
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[image: image176.png]Scene BARD his scenc consists of objects of the same shape, namaly

triangular prisms. All are correctly tdemtified, facluding the long
and twice occluded :3-21-22-23-24-28-29,
LOCAL had to be used to join :15 with :16, and alse :11 with :12.

-2-33 was also found.

In an older version of the program, 17 was identified as a sin-

gle body, and i6 as another, because they have no visible "usefu
vertices to place links {Guzmin PISA 68). Now SEE joins 16 and 17,
because both ere "GOODPALS". See "Operarion of the Program; SMB"(page
99).

These scenes are sometimes obtained from & plcture, so that
they are the result of a perspective transformation. Some other
scenes are drawn more or less {a an orthogonal or isometric projection.
SEE does not depend heavily in the type of projection; there are only

a few heuristics that use notioms of parallelism.
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[image: image177.png]HARD

FIGURE 'H A R D'

ALl tie bodies were correctly found.
The most difficult was :6-7, since SMB
had to join both regions, which do
not have "useful" visible vertices.

168.
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[image: image179.png]Scene L4 gy pogy :10-9 was reported isolated from :13-2-3,

due to insufficiency of links. See comments to figure RL7, also.
Ine algorithm that locallzes motching T's could stand {mprovement.
Lt sometimes produces "bad links” such as between :4 ond :13, and
between :6 and :3, because it found two T's that looked like they
were matching (¢his mistake d1d mot happen, actually, because vertex
R is mot a T, but a fork!), EA and R in this case. The suggestion

in page 193 will lessen, but not suppress, these “mistakes".
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[image: image180.png]FIGURE 'L 4'

Body :2-3-13 was reported separated
from body :i0-9.  Too few T-joints.

171.





[image: image181.png]5433

STE 58 ANALYZES L4
EVIDENCE
LOCALEVIDENCE
TRIANG

GLOBAL

L8 1421 63013 ((31{; GODIB GoO17 GOl GODi« G001Z GOOILI ({113} G002i C0020 0013 L% Gop21 600201 11312) 8O
L 2, 0heh, 1115y Coo231 (1471 Godzs G0024 GODIS GOJE4 GOOL1) ({18} B9027 0026 COCH( CO0CE G001 3CL8 G016 i
O O 9 Ea0se o005+ (1210) S00331 L(141 GOO3| GOUZP GU0ZE $0T10) (4IS) §00I 0031 CO03 co02o1 ((18) $0632
0030 GDO28 G0OIDI 1Citell}

B 2 O oeiss (ML) (WIL1 11113 &3) Guo2p 60013 GUT2] §00ZD) iNIL) {1131 GOOZE) (KL, AMILE Cir1y 112 17 18 4 §
Teh015 $0013 90015 SUOL4 SCO11 $0026 Go0z4 SOO22 0019 GOUYB E0OIS LODIS $0027 GO0ZE 200251 (03401 G0023s (AlL} (NI
103708 161 co026 Gond2 €0031 GGO29 G003z GOS0 G028 COOLO) H1ML4N

LacaL

LDCAL ASSUKES 119) (1101 SAME BODY)

L A ei%) (NIL) (4113 33 Goozo w0013 G002l GaoZo) (131 19) S0023) (NILl (feiy A2 07,40 113 G022 §0217 GOD
N i ioara 30611 ca0zs Goo2e Conzz 6009 EODIE GOTI6 G015 $OOZ7 G00Z6 GGO2S) (NIL) (NILY ({1e 15 36) 50028 G0O3Z GO
31 60029 $0032 S0030 GOO2B GOULD) ((1id))

Lokl

SINGLEBODY ASSUMES (113 131 (123 SAME 30nY)

e ols) Gaoae Ggodz Goo3i Goo2? G003z Goo3e Go028 Ggoiod (il 112 17 18 11l kool Cggi7 G012 G015 50014 B0013
et oeas ch032 50010 G014 au0s6 C0013 G027 GUOZS GOOZS) (110 F91 G003} (1413 43y 56020 G013 50021 €020 (NIL

LocaL

sH3

RESULTS

(BODY 1, IS 14 35 361

(B0DY 2, 18 143 132 17 18 11} RESULTS FOR L4

oDy 3118 110 191
(900 4. Es $13 33 a3}
ML





[image: image182.png]Scene B4 e table "RESULTS FOR R4' shows vhat happens when the

tolerances arc too laxge. Five bodies are found. Vertex B L
considered to be a "I, and inhibits the links suggested by the Arrows
Rand A. As a result, :l gets cat off :7-9-5-10.

The wey :2 gets isolated is as follows: T and A4 claim to be
macehing T's, the link suggested by U 1is tohibited by % (a Corner),

and :2 gets disconnceted from 13-4.

The correct solution 1s obtained after veducing the values of
COLTO and SINTO to 0.05 and 0.005 (see listings; COLTO decides if two
tines are colinesr, SINIO if they ave parallel), respectivaly. The
results appear also in 'RESULTS FOR R4', and we can sec now that only
three bodies (the correct oncs) are fdemtiffed.

Suggestion Limes like the one below should be
"straightened” either by SEE or (better) by the preprocessor; for
example, BR LN and DG RO in figure RL7, See section 'On Nolsy
Topuz'.

Conservetton and Tolerane yore sergee polerances do no ke the
Program more conservative in all cases: the link {n {a) fails to be
placed 1f the program has too loose (Large) tolerances, because A

will be transformed into a "T" (it will be considered to be g Ty,
lowing the link; the Link in (b) fatls to be laid 1f the tolerances

ore too strict, because the T-jofnts will not be colinear.

a b

In (e), links disappear 1f toleramces are
oo big; in (b), if they are too small.
In both casca, conservative behavior (cf.
Page 2(2) appoars.
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[image: image183.png]FIGURE 'R &'

Either taree or five bodies are found, according to the values of
certain parameters. These scemes are "moisy” in the sense that
the coprdinates of the vertices depart from their "ideal" position
by as much as one millimeter, or sbout 1 % of the toral size of
the image, which is about one docimeter. This errer is not large
cnough to affect long lines, but it may subscantially change the
direction of short segments.

174.





[image: image184.png]75

1€ 20 swres e

S1RIGH 1ugie) soctr csels coots sucd can ssetes wizer Soate Sobss conss @
2'30021 €80191 (11u10) bonte 613433 woo2s uoons so:
MR R

FOniLT Gl (ML (0 (08
i

vacay
FIIL) INELY (4308 3111 Q020 60622 GU021 BODITY (ERTZ1 ((X111)) ((3EV X87 K10 $05) 60013 EOBLE $003 GODIO G0DEZ GOOT
1 0018 Gag1? Ga0le o014 Sa0K3N 113041) (1333 1043 G0ass ERbES Gobss Fosenr)

totac

$0iaE year Ganzy sopaa canao o
9911 GoB13) (eRedi1 Tiaed Beas o
ety

i

s

CIni'7inaT 2, eo0len arr tizas) wtmiz

R T T T RESULTS FOR R4
105y 31 16 10 R0k
e

0101 (13083 0022 R
SFOHER AR IR ]

350020 w0 9} (ML) SEEZID ANIL) (G141 10339 347 Xal0 KISH 00033 G001
TR AR e A TR I S LR TR R L

TRURURT
HNEH P A

210 3455 63813 Sosts v

1890830 96012 03041 £0018 AO0LY G

(SranGEs Ta BINTO anD CoLtos P
(XTI

o.see2

Ltn

Fior

Trrtcavematon
gy

rid

135

256 50 awacrzrs e
o

Lnnnsz:-:(

T

o,

s %2, 44117} S002 So0Ls Soous conta) suutes Gooas) soutay Goeens cixiigy ¢
R T HeT 1) soazs snd Lahin Goear caedi'Sear

852019 Goo17 G014 58010 G oss soois i
CINILLONIL) (HIL) (3101 600323 114301 CO0R21 SNILY GALLY XLLD (1B1A00) abky UB® a4 Ein
3'50013 Soo14 90627 'heal evezd

Gaoizn

3 17 80024 Goo1s Gons
6049 B0017 8016 3008 6A0ZT SO023 43041 LORlo) | IiE 103 2Ee1 So02s 4008 SOvEs Soehe

(LGE, assemes 1y1e: (x1s) sane daor)
SISt el fecken el i oty e e o xes snus epn cons 3013 cons saose Gacar ot 6o
226 50018 Gooi7 Sob1s G008 aua) SO0 G001 SBALS) iRz XER M1 Sous SHOSS Lavss SO0EE Looiat

1Y
Y105 303 141 cooae cooas sanas avaas $9012) traee 217 3iso 112 5100 So0m) waons 5
5033 30017 $o0is Gasas SaGar OGRS Ga)( GRUII (130 e} SL0dEH

e

12 60013 0are 60027 b0zt Staze ¢

v
OB 1 18 12 s
2

for 50 i b 2 nu s 2010 RESULTS FOR R4

o7 3. 14 1






[image: image185.png]Scene MOMO .y j,ng hody :29-30-34-20-19 gets identified as followss
129 and 130 get two links, and :30 with :19 also, so we heve the
oucleus 129-30-19. Tuo links (because of matching T's) join :34 with
120, to form nucleus 134-20. Regioms 130 and 134 receive a strong
link, by heuristie (g) of table 'GLOBAL EVIDENCE', and :19 with :20
by the same reason. That completes the body.

The fork that is common to :12, 13 2and 14 puts a link between
112 and :13, but it 1s not enough to cause mis-recognition. A link
1a put by that same Pork between :13 and :l4, as it should be, but
the 1link between 312 and :14 is ichibited Dy NOSABO.

There is a program thet finds regions of a scene belonging to
the background, vhen mot {ndicated as such in the fnput. For HOMO,
the results of this program appear im page [
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[image: image188.png]Scene PRIDOE  Region (10 gets o strong and a wesk Link with 14, and that

1s eaough to join them. The same is true for

The links of scene BRIDGE (see 'RESULIS FOR BRIDGE') are discussed
and displayed in pages 5-98 , figures 'LINKS-BRIDGE' (page 95 ),
'NUCLEL-BRIDGE' (page 36 ), 'NEM-NUCLEI-BRIDGE' (page 97 ), and 'FIRAL-
BRIDGE' (page98).

Because RA and SA ave matching T's, two wrong limks are placed:
one between :22 and :28, and the other between 121 and :29, This is
nor enough to cause an crror, because we nced two miatakes (two rein-
forcing each other), two wrong strong links, to fool the program. But
that could happen.

It is interesting to mote the way in which the long "horizontal
table" :25-24-21-27-9-12 was put together. To this effect, see figures
'LINRS-BRIDGE' and 'NUCLEI-BRIDGE'.

Vertex JB prodeces only one link betueen :5 and :8, Vertex KB im-
hibits the link (through NOSABO) between :8 and :9, and the link between
i5 and :9 gets inhibited by S, because it s a T (cf. NOSABO, page82).

The concave object :7-6-5-4-8-10-11 gets properly {dentified.

We may say cthat, in generel, the more "crooked" or complicated an object
1s, the easier will be for SEE to isolate it, becsuse there will be
many vertices contributing with valuable links.

Wo mistake was made by SEE on BRIDGE; 1its eight bodies were com
rrectly fdentified (see 'RESULTS FOR BRIDGE', page 181).

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

in page220, section 'On background discrimination by computer’.
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[image: image191.png]DISCUSSION

We have described a program that analyzes a three-di-
‘mensional scenc (presented in the form of & line draw-
ing) and splits it juto “cbjects” on the busia of pure
form. If we considor a scone s & 5ot of regions (sur-
faces), then SELL partitions the set into appropriste sub-
sets, each subset forming a threedimensional body or
object.

The performance of SEE shows to us that it is possible
t0 separale a scene inio the objects Jorming il without need-
ing to knotw in detail these objects; SKE does not need
%0 know the ‘definitions’ or descriptions of a pyramid, o
& pentngonal prism, iu arder to isolu cabjectxina
soene containing thom, even in the case where they are
partially occluded.

The basicides behind SEE is to make globsl useof in-
formation collected locally st each vertex: this informa-
tion is noisy and SEE has ways to combine many dif-
ferent kinds of unreliable evidence to make fairly re-
lisble global judgments.

The exsentials urc:

(1) Representation as vertices (with coordinates),
lines and regions

(2) Typesof vertices.

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

The current version of SEE is restricted to scenes pre-
sented in symbolic form.

Since SEE requires two strong evidences to join two
Duclei, it appears that its judgments will fie in the
“safe’ side, that is, SKE will almost ncver join two re-
gions that belang to different hodies. From the analysis
of scenes shown above, its errors sre almost always of
the aame type: regions that should be joined are left
scparated. We could say that SEIS hehaves *conserv-
atively, cxpecially in the prescnce of ambiguities.
istons of the evidence into two types, strong and
weak, results in a good compromise. The weak evidense
is considered to favor linking the regians, but this evi-
dence is used only to reinforee evidence from more re-
lisble clues. Indeed, the weak links thet give extra
weight to nesrly paralle] Tines are a concession to ob-
joct-Tecognition, in the sense of letting the analysia ys-
tem exploit the fact that rectangular objects are com-
mon enough in the ren] woeld to warrant special stten-
tion.
Most of the ideas in SEE will work an curves too.
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[image: image192.png]COURVED OBJECTS

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

Introduction and SUMMATY \oot of the heuristics that establish links
at cach vertex are unconcerned 1f the edges are curved or straight; a
fow heuriatics get affected: those that use the concepts of collimeac
xity and parallelism.

Thus, it is necessary to Tedefine and broaden these comcepts.

1- 4 slight generalization is obtaimed if each segment Ls represented
as having two slopes (initfal and final). The functions PARALLEL and
COLINEAR of SEE are alveady modified for this (cf. listings).

SEE docs not care Lf the linc foining two vertices
s a straight or curved line. The information
about the segment A-B that 1s relevant to SEE is:
(a) There is a lime between vertex A and vertex B.
(b) The coordinates of A and B.

(¢) The segment A-B separates reglon :1 from :2,

2. Attempts to take limited account of the ghape of the seguent carry
us to
(a) zently bent segmeats (definition) are those wich bounded slope
[Bounded curvature will lead to another deffnition],
4 guagi-rectilinear object has faces, vertices and gently
bent edges or scgments; 1t 1s expected that SEE will work

well for them. We should try some scenes. SUGGESTION

A

2, b: gently bent segments. c: non-gently bent
segment. A gently bent segment has a slope that
at any point of the segment does not differ more
than epsilon from the mean slope of the segment.
A1l slopes fall {n an interval around the mean
slope. Gently bent segments form quasi-rectilinear
objects.
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[image: image193.png]Quasi-rectilinear objects. It is expected
that SEE will work well for them.

(b) partiticn of a mon-gemtly bent segment into several gently

bent. Many of the bodies have vertices and curved edges,
Tut the bodies are not quasi-rectilinear (a plece of chewed
gun, leaves of a tree). By breaking the edges into gemtly
bent sub-gegments, they become quasi-Tectilinesr bodies.
The breaks will oceur in points where the curvature is large.
A way has to be devised for breawing a segment in a unique
manner. To avold breaking a body inEo two by the introduc-
tion of these artificiel vertices, we propose to introduce
also artificial links between regions, to account for the
artifiefal vertex.

™

The non-gently bent segment ab
gets broken into gently bent seg-
ments ak, kl, lm, mb, by the
artificial introduction of "new™
i3 vertices k, 1, m.

[N
=
P

Here, the introduction of
additional vertices has to

be accompanied by ‘artifi- —>
cial' or reinforcing Links,
to preserve the individua-

lity of the body (of the
ouner of such vertices).

3. More complete consideration of the shape of the segments is obtai-
ned as follows:

(a) For parollelism, by requirisg that two segments be parallel

only if one i a tranalation of the other. Generally, this

is a comparison that takes a time proportiomal to the lemgth

of the segment. Chain encoding {Freeman} {Gonrad} is suggested.
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[image: image194.png](b) For colineariry, by discovering properties or features that
“earry through” or are common. Among these are:

1. Mathematical “regularity” of the segments. Both segments
are deseribed by the same or similar polynomials, etc.

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

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

/\/7/!7 c
a

d
b ¢ d
< &b \KR

d
O The same 1ine dissappears at b and appears
at ¢, making b and ¢ "matehing Te", but to
discover this fact it 1s nocessary to have a
concept of "good contimuation” or "good cone
tour".

Altematively, we may forget these properties here and fmclude

them into models of our curved objects, but them we are for-

ced to make searchs in our scene like those made by DT or T
{my M.S. Thesis}.

-

Fig. 'SUITCASES

Heuristic propertics of segments (yor to be
decermined) could select a "corrvet™ matel
for endings a, b, ..., k1.

185





[image: image195.png]4. Bodies with no edges and vertices are in prineiple easily fdenti-
fied by SEE. See fig. 'FRUIT'.

Pigure '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 Martificial' 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: since these objects do not
have vertices or edges, then the only vertices appearing in the
4cene must separate two bedies. They will be mainly T-joints.
(cf also page 46)

In principle, separation into bodies looks promising, bu
recognition (the answer to "what is the name of this object?")
seerns difficult. Nevertheless, it is not clear that with such a
simple set of heuristics we could work successfully with objects
as complicated a5 a human face, a blob of falling water, an
amoeba, the surface of the sea (?).

At some poiut, we have to know what ve WARE . yyo complexity

inereases, the concept of "body" depends less and less in geometrical
properties (disposition of edges, vertices, ...) and more and more
on purpose (15 a skeleton an object? Or perhaps the femur bone alone?
The answer varles with our intention ~- with the gomtext).

Thus, models sre necessary again.

See also 'Do not use over-specialized assumptions. . .', page 252.
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[image: image196.png]APPENDIX TO SECTION ON CURVE OBJECTS

This appendix may be omitted in a firet reading.

Requirements for the preprocessor

The proprocessor that feeds data

to SEE has to find only: REQUIREMENTS
L. The lines of the scenc. FOR THE

. The tices.

2. The vertices PREPROCESSOR

3. The local slopes at each vertex.
4. See also comments to figure R17.
S5+ Illegal scencs (page 217) should be dotected by the preprocessor.
How bad will curved objests be oo
vhere the curves edges ave gently bent, SEE
will work fairly well. The more an edge
departs from its rectilinear cquivelent,
the worse SEE will work; T-joints will be
difficult to find, a FORK may transform
into a 'T’, cte. (I am talking about the

current SEE, described in the Iistings).

Additional information could be used

So far, we are trylng to fden-
tify objects on the basis of form abng, 1. e., geometrical considera
tions. This is asking a machine to do more than a humen being doca.
Ambiguous line drawings, such as ARCH, become inambiguous when we
introduce shading, lighting, texture, color, ete. ALL of these pro-
perties could be used by SEE. In fact, consider how casy. it would be
to identify bodics if each one of them is of different coloz (and we
could sense that fact).
Zoychologteal ovidence yoladge of the algorithms used by human
beings for shepe continuation (page 188) is relevant. We quote from
Rrech and Crutchfield {1958}:
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[image: image197.png]Grouping by Good Form. Ocher things  such a way 3s to malc for a mors closed or
Vg cxual, st tat form a good figre  wore complete whale figure.
acill bave n renduney 10 be gronped, 4 Conpmon fate. ‘The favoring of the
s 2 very genennl formulation intended o grovping of those clemnts (hat 1woss ¢
B bt s mamber of more specific variaars  change in & common dircction, as disin-
o the them, craditiomally claiiod as fol-  guished from chass having other dircorions
fows. of movement ar ehange in the ficld.

. Good continuation. The tendency for Tt seams plausible to consider that the

ctoments to go svith others in such a way as  percepts resuling from all of che sbave
‘o permit the continuation of o line, or 1 dsterminants would be such & 10 meet the

et movamcnt, in the dircction that  criterion of 2 gond figure. that is, ong chat
s already been established (soe Fig. 37¢)-  tends to be wore conrinuows, Wore sym-
2. Synaetry. The favoring of that  mewieal, more closed, more unified,
grouping which will Yead to symwerricsl | Now the readec will sec that 2 diffieuly
B oaameed wholcs 35 agaiast asymmerrical  with this general proposition regarding
ones. grouping cemers on the crucial phrase
" Closure. The grouping of clements in  “good figure.” How can we now which
)
a b

I L A

FIG. 37, Exomples of grouping. In 4, the dots  secing the upper figure a made up of the o
ate perecived in vertical iusins, awing 1 S s e i efe below, even_chough
their greater spatial proxiniiy in the vert fogically ic maght jasc as well be composed of
e P ronial dicecdon. In b, with  the twa parcs shown co the right below, of i
ity cqual, tho fows sre perecived a5 dood of any mumber of wher con s of
Pevionish, owing (o groaping by Smilarry, ]n o or wose parts. (Adapied from Werhelmer,
£, the principle of gond continvation results in 1923}
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[image: image198.png]Avncave has made an ingenious experi-
mental atrack on che problem of measuring
the “goodness™ of a figure. The subject is
given & sheot of graph paper composcd of
4000 tiny squares (50 rows by 80 columns).
His task is to guess whedher the color of
esch successive square is black, white, o
gray- The experimenter bas in mind what

the’ complezed figare will Ioak like (fig. 4).
%0, =
wl

g %k

Without knowing whar the complesed
figure will be, the subject starcs by guessing
the squarc in the lower lefe comer, When
he has correctly idenciied the color, he
moves on to guess the next squace to the
right. He continues this proeess to the end
of the row and thea sars on the lofc end
of the next row above. T this mannee he
succesively guesses cach of the 4000
squaees,

On the average, Attneave’s subjects made
anly 15 t0 20 Wrong gucses for the entire
figure. How was this possible? The answer
is that the figure was deliberarcly designed
50 that knowledge of parrr of the figure
was sufficient co enable the subjeet to make
fairly valid predictions about the remainder
of the figure. This was accomplished by
making al} the white squarcs contiguous
with one another, and simvlarly the black
and the gray squases. Morcaver, the con-

BOX 21
Tlow to Measre “Goslness”

tours separating the white, Ulack, and gray
areas are simple and regubr. Where the
figurc tapers, & wpers in a regular w:
And i las symmecry; after exploring une
side, it is cusy 1o peedict the other sde.
‘Thus, the subject having dscovered that the
fiest few squares are white eontinues to guos
white, and he is corrcet undl he hits the
geay contout at the zarh cohumn. After one
ot two errors, he then confinues 1o gacss
gray. On the pext fow abore, he tends 1o
fepeat che pattem of the firs.

All these facrars of compactncss, symme-
ury, good continuation, tc, are aspeets of
st s implicd by  “good fgure.” Thus an
objective measure of the “guodness” of a
figure is the cse with which the subjece
can predict its toral form from minimat
information about 3 parr.

Other figures can be similarly ccsted. For
example, figure  would prove to be a Jess
“good” figure becausc the numher of rrors
in gucssing would be harger,

Auncave’s particular methad will nor, of
course, apply to all Kinds of figurcs or all
kinds of perceptual organiations. Bue it
doos demonstrate thac there are ways in
which “goodness™ can be objecrively deser-
‘mincd.

AToNBusE, B, 1950, Some Informatlonal aspects of
1 perecpilon. Fiychot. Reve 61, 1555,

configuration of stimuli i “better” chan
another?

To escape from this difficulty, we need
to have independont criteria of what is @
good figure. Some approach can be made
€0 this; for inscance, in the cas of “sym.
metry” there are objcctive rules we can
apply to determine the relative symimetey
of various figures. The same is truc of e
ple cuses of “closure” (Sec Box 21 for a
selevant cxperiment,)

we are far from being able to stae
h eriteria when we deal with the highly
comple configurations of our narmal per-
ecprual expericnce. Part of the difficulty
stems from the face of individual differ-
cnees among perccivers. One man's mess
may be snother man's order, And this may
reflcce the important role of learning md
past experience in the gencsis of “good
figure”

s
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Given the nature of SEE, we will restrict the meaning of 'optical
{1luston' to 11lustons formed by solids, that fs, aubiguities or
{nconsistencies when we (or the program SEE) try to find 3-dim bodies
In a scene; thus, the Miller-Lyer {ilusion ("A" in the topmost figure)
15 not considered.
Three kinds of i1lustons According to this, we may elementarily
classify the "scenes that are unlikely to occur” (that is, those

that are not "standard” or "normsl") in three types:

Possible but no "good" Interpretation.
== Ambiguous ~-- several good interpretations.

== Impossible: without interpretation.

Like POLYBRICK {Guzmin}, SEE 1s not especifieally designed to
bandle optical fllusions. It was primarily desigued to amalyze "real
world™ scenes; hence, an {mput seeae that produces an 1llusion (in
& human) 1s not likely to occur as input to SEE, Nevertheless, tn
the same way that we may overtest » program for aquare roots by asking
for the squate raot of 'APPLE',A{(S ", we may test SEE with some
ambiguous scenes. Let us see what happena.

POSSTBLE BUT NO “GOOD" INTERPRETATION

Some objects do not 'make sense'

because they violate rules that most objects obey. Nevertheless, 1t
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[image: image202.png]1s possible to have "real" three dimensional objects that, when pho-

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

Over a small region the figure looks normal; the figure
makes sense locally. But when we want to incorporate that
region in a global picture, conflicts arise. The figure

does not make 'global' sense, but each subpart makes 'local’
sense, or it can make global sense but not the same sense

as the local sense, hence conflicts arise. Reasoning by the
subject does not alleviate totally the situation {Penrose 58}.
Mere geometrical considerations do not suffice.

A Dutch artist, Eschen , has greatly exploited this psycho-

logical human property.

Figare 15. Another *impossible objeet. This triangle cannot exist. (From
Peorose, L:S. and Penose, R. (1958). Drit. J. Psychol., 49, 31)

(caption by Gregory {1966}).
Figure 'PENROSE TRIANGLE'. "IMPOSSIBLE TRIANGLE'

First caption is wrong: there are at least two ways to construct
an object that when photographed from certain direction, it will pro-
duce this image. One is explained by Gregory in the next page; his
object follows quite popular rules and its extremes do not close;
another way, this one with a triangle where each side touches the
other two (56 that the extremes close) is to use curved edges, which
mevertheless will look straight from certain direction. See also
Metaheorem in page 39, section 'The concept of a body.'
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[image: image204.png]one of the strong rules used by humans is that objects whose pic-
tures show straight lines have indeed straight edges; anothex strong
ule s to assume the corners o be like the corners of a cube (faces
meeting at right angles) {J . Under these rules, the above triangle
does not make sense and people will classify it as an "impossible"
object ( yARTANT™ILL be an "impossible" object; Pemrose's Triangle
111 be "3 sticks forming an impossible configuration or scene;

rmounted in a fuany way'; can mot be seen as representing a simgle

object lying in space). For instance, Gregory {Sclentific American}
trfes to explain that the trisngle has a real 3-dim object as origi-
nator, by constructing a body consisting of three rectangular
parallelepipeds ("bricks") joined at right sngles, and then taking a
pleture from a speeial direction, 8o that the free ends a and b

seem to touch:

b

Fig. 'VARTANT'

These rules (faces meet at Tight angles; straight lives sean
straight edges) are desply Ingrained into people, but nature does not
weed to follow them alvays. The Pentose Triangle can be obtatned By
photographing a 3-dim triangle with curved edges and skewed corners,

where each side touches the other two.

SEE finds three objects 4n Figore 'Pemrose Triangle.’

Other examples Eollow.

Figure 'B L A C K'
@ people assume that faces meet at
right angles, and this object

violates that rule, making Lt
"impossible” or odd-looking.
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[image: image205.png]Tt is possible to construct object 'BLACK' with planar faces. See
figure 'TEST OBJECTS' page 209, SEE finds ome body in 'BLACK'.

The object at right looks
impossible 1f ve assume all
faces to be flat. If face aeb
ia curved, objoct 1s plousible
R i its reflection on mirror

¥, and@® a smoother version

of R. R looks "normal; by

deforming (R we could obtain R.

Unlike humans, SEE does mot
hold these "very common rules”
as inviolable; SEE does not
have any special problems with
these "strange but tzue"

abjects.

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

Of course, SEE holds its gwn
rules (for example, those of
table 'Global Evidence') ae inviolable; hence, given a "rare emough
acene’ it will make mistakes (cf. assextion in page 5! , after the
Theorem). This is a similarity of behavior, I think, between people

and SEE w-  each one follows rather rigidly 2 small set of rules.
(see also conclusion at end of section).
Bestdes, often humans will see the ‘impossible' oblect as an

gbiect, doing SEE's job just as well,
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[image: image206.png]Figure
' STATRCASE'

ﬁmﬂ i

Figure 19,
“Smpossitie

Obje
drawn, but i corresponds j]

o no posible physical cbjoet,

R.(1958) B,
(caption by Gregory)

The "aluays descending stairease." {Gregory, in {Fosa}}
The caption is wrong, thia object could be comstructed 1r*real world,
i€ some surfaces are curveland/or the faces at the corners do not meet
at right angles. Example of an object "possible but without 'good’
intcrpretation.” See also Metatheorem on page 39, Again, the "impo-
selbility" ox oddness of 'STAIRCASE' comes from assuming the rules
\straight lines in the drawing correspond to straight edges in 3-din’

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

AMBIGUOUS - THO GOOD INTERPRETATIONS

These are scenes that can be
{nterpreted in several correct (non-paradozical) manners, which are
also "sensibla" (as opposed to the Trivial Solution of page 4i ).
For instance, an scene like

that can be interpreted as
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or as

(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 sceme, locally ambiguous, is correctly parsed by

our program.

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

Linka,
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[image: image208.png]IMPOSSTBLE: WITHOUT INTERPRETATION
Inages that can not be product

of photographing (projecting) a 3-dim scene. These objects do not

have physical existence.

This scene is without
interpretation, meaning
no 3-dim sceme (with 3-dim
bodies) could have
produced it.

fn figures like the above one, men are unawere of the extension
of the background, and uakes sense even 1f B 1a back~
ground. SEE is umable to make this mistake, and its saalysis of
the scene will reflect the fact: the preprocessor will complain that
one reglon, the background, is neighbor of ftoelf. See comments to
scene R3, page 113,

of course, in these cases there is mo snswer o the question
nahich are the bodles in the scene? Whatever answex SEE (ox anybody
else) gives, it is wrong.

Nevertheless, according to our meta-theorem (page3%), there 1s
an oxtremely casy way to discover and reject these imposible scemes:
a1 of them are necessarily illegal scenes {q.v., page 217). And we know
how to detect illggal scenes. SEE (or its preprocessor, rather) already does

SEE detects all impossible scenes, by refusing the data as an
illegal scene.
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[image: image209.png]A PROGRAM TO DISCOVER HUMAN OPTICAL TLLUSIONS

Some gcenes get classified by our metatheorem as "possible but
not "good" interpretation', and likewise by SEE, which does not refuse
to analyze any legal scene.

Revertheless, 2 person will stubbornly classify them as 'odd-
locking’ or 'not making semse' or 'imposaible’, even Lf we teach him
the solution obtained by SEE (figures 'Penrose Triangle', 'Black',
'Staircase’, 'CONTRADICTOKY').

4 le

Figure 'CONTRADICTORY'

One object {s found by SEE: (:1 :2
48 such (since 1t 1s a legal scene), SEE
classifles it as 'possible but not "good”
interpretation’. A person will classify
it as "not making 3-dim sense": a human
optical illuston, Is it possible to
reconcile these views?

Of course, the metarheorem (page ®9 ) insurea that there is at
least one solution, so SEE's interpretation is “right" (it has chosen
ome correct amswer, gemerally not the trivial solutfon given by the
metatheorem}, and the mortal is wrong. Aleo, the theorem of page 50
insures that any system (human or computer) that uses too "lLocal®
Tules (see f£ig. 'MACHINE') will make at least ome misteke, no matter
what rules he (or it) uses.
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[image: image210.png]H-optical 11lusions ..o 44 thus o disagreemeat 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 & three-
dimensional sceme’. Let ug call these human optical fllusions (such

a5 'Contradictory’, 'Staircase’, ete.) by the nsme h-optical illusions.
What to do in these disagreements? Who is right?

SEE is right Above comments seem to indicate that the electronic
Sata-processor is correct. The human has used excesively “local”
rules. That being the case, we can teach and train (1f avolding
future errors is desirable) our subjects to “understand", racionalize
and make sense out of these h-optical {llusions. Indeed, that ia what
s trled in figures "Black', 'Penrose Triangle’, etc. Different
people may show different degrees of (H-optical) 1llusion before
traloing and after training (see Box). This training is possible
(see Box).

In other worda, if SEE s right, the computer scientist has
othing to do, 1t is all up to the psychologists and educators.

Man 8 Tight ye may hold the view that the human amswer is still
preferable. Them, to our relief, man fs right and SEE {s wrong.

It 1s necessary (perhaps) to modify and correct SEE, so s to emulate
personal behavior. ¥ We suggest a way to do this.

A program to discover h-optical 1llusions

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."

s the problem of discrimfnating between background
and objects (see section 'On background discrimination by Computer’),
this Ls an interesting project from the "paychological” 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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‘There is gencrally a wealth of avaitable information—though none eatirely
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
2 host of ‘depth cucs’, such as gradual loss of detailed texture with increasiog.
distance, haziness duc (o the atmosphere and neares objcets partly hiding
those more distant. Those cues were discussed in the ninctoenth contury
by the great von Helmholtz (1925), who fully realised their importance, and
they have been the subject of many investigations since, ¢specially by
T.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 b wrong.

The kind of mistakes which accur when the bet is on the favourite though
the favourite is not placed, is shown most dramatically by the demonstrations
of Adclbcrt Ames (1946). The most impressive demonstration is given
simply with a room which is non-rectangular, but 5o shaped that it gives the
same retinal image as o rectangular room (o an eye placed in a certain
position. Now clearly this room, though queer shaped, must appear the
same as a normal rectangular 1oom, for it gives the same image to the eye,
But consider what happens whon 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 objeet placed
at the other far corner. Thesc objects (or peoplc) appear, however, to be
at the same distance—and they are seen the arong size. This is clear evidence
that we assume rooms to be rectangular (becavse they wsually 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 contiave 10 see a bizarrc world. The retinal image is all
right, but the 0dds have produced the wrong internal file cards and then the
human sceing machine s upsct, and gives a wrong answer.

It is interesting that the Ames room s scon correctly by peoples, such as
the Zulus, brougit up in a ‘circular cultere’ of bechive huts where there arc
few reliable perspective features, such as rectangular corners and parallel
lines, in their visual environment. To the Zulus, the odds arc 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 sec the
objcets in it correctly in distance and size. This is a mattcr of very real
importance. It shows that when we arc transferred 10 an alien o bizarre
envitonment, where cur filing cards are inappropriate, we interpret the
images in the eyes according to principles found roliable in the previous,
familiar world—but now they may systematically mislead and then percep-
tion goes wrong. Space travellers beware!  {Gregory, in {Collins

end Michie}}
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[image: image212.png]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' equations.
(3) To solve them by e limination.

We elaborate:

(1) Mark cach link with the nawe of the heuristic that produces It.
After obtaining the 'maximal' muclel by GLOBAL and LOCAL, seve
cal links are left (for example, three in fig. 'FINAL-BRIDGE'}
and ignored by the current SEE. Instead, one could sec what
kind of links they are, and ome has in this way more informa-
rion about the type of contradictions in the scene.

(2) Introduce a "conditional' limk: regions :l and :2 belong to
the same body if region :3 does mot. An Ok limk is now possi-
ble by use of the conditional, since a =b "= b V-~a.

(2.3) Introduce a 'NOT' link: :3 # :5, regions :3 and :5 do not
belong to the same body.

(2.6) s in ordinary algebraic equations, a system of % simulta-
neous equations means that all of them must be satisfied;
the “AND" of all must be true. Thus, AND 1s implicic in our
notation. So far, we have OK, AND, NOT, [MPLIES (conditfonal):

we have more than necessary.

At the end, we have a system of simultaneous equations
like these, where :1 =

means voth belong to same body; this
is au equivalence relation so 1 use the = sign:

L=

OR
3412 =

We now procede to "solve" these equations. Three things could happen:

<= Exactly ome solution is found. This is the normal cose, and
that solution tells what the bodies are. Familiar, "clear', possible
scenes will fall in this case.

More than one solution is found consistent with our equations.
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[image: image213.png]All are reported. This is che case “Ambiguous —— several good

interpretations.™

== Mo solution is found. This is a genuine koptical illusion,

gorresponding to a contradiction in the equations. For instance, fn
£ig. 'CONTRADICIORY', equations set by the T-joints between 12 and
13 would be {nconsistent with those set by the Arrows and Torks.

How to solve the equations (E by the solution to (E) we mean a division of

the scene (:1, 12, ..., :n) by means of a partition of the form
G1=:5=:7 = :6),
G3 =2,
(:4)

which is consistent with ().
In the current SEE,
(a) The equations are only equalities: :1 = :2,

Also, equations of the type :1 # :2 are takem into
dccount by imhibitory mechanisms, such as NOSABO.
No conditional links exist.

(b) Sioce all equations are of the type :2 = :3, the solu
tion 1s obtained by applying transitivity, that is,
1=2

aaa parentheses
223 T A=2=3 indicate nuclei.

o) — ©

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

1=2
z-1ﬁ(1’z)
e 1=23 = (1e2a3
2.3 223

-6-
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[image: image214.png]An exhaustive search (which successively tests each possible partis
tion) of the solution to (E) is impractical except in very small
scenes, and heuristic methods are meeded.

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

2=3
and to form nuclei®dith the current SEE, exeept that at each step
we check to see if our current nuclei satisfy all of (E); fox
disjunctive equations such as * 4 =35 OR 6#7 OR 4=6"
we try each branch of the OR in turn, rejecting those who conduce to
no solution (tnis may be pretty combinatorial, £0o).

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

theorem proving.
Conclusions and conjectuxes py, ginjjarities between SEE and people
(see also 'Human perception vs. computer perception, page25d) atem
from the fact that, like SEE, people seem to use only s small number
of rules (although not necessarily those used by SEE), whieh work in
almost all cases, but when these rules conduct to an ambiguity or
foconsistency ("conflicta"), there is reticence to abandon them, and
mistakes or impossibilities are produced.

It is possible that, like SEE, people use primarily local clues,
and with less frequescy more global iaformation to disambiguate
interprerations. 1T think that, in the presence of objects ({n 2-dim
1ine drawings, such as 'MOMO', for Lnstamce) not seen befoxe, 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 iavoked, since in presence of previously ungeen 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 it), the faster we abandon the general rules and propose its
model a8 a possible explanatinn of part of an scene; we then jump to
a model matching routine (a la DT {MAC TR 37}) that tries to fit the
model to part of the scene (to a semi-isolated body); general rules
a 1a SEE prevent us from overflowing with our model imto other bodfes,

and help us to deal with partially occluded bodies.
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[image: image215.png]48 a future work, I would like to propose a progrem that matches
models to bodies in scenes using both general rules

2 la SEE and particular information in the model g la
D, jumping back and forth smong the DT behavior (or mode of operation)
to the SEE behavior, either to get a new model, to keep mitehing the
current one, or to apply addirional gemeral rules to parts of the scene.
The serial application of s SEE-ltke program first, and then of a DI-1ike
progran (but able to handle partial matehing for partially occluded
bodies), may successfully find the object we describe by its model.
Mistakes that are likely to occur fa the serial (also called "horizontal!)
approach can be eliminated by the suggested "jumping back and forth",

or duality of behavior.

faniliar or
“clear": 'TRIAL!
poasible but no "good" interpretation
(some h-optical {1lusions). "odd-
Scenes Took{ng" scenes: 'VARIANT'

Ambiguous. Several good interpretations.

unfamiliar (example: at bottom of page 196).

some h-optfeal 1llu
sions (bottom of

impossible - rage 198

without inter-
pretation

eiiocen scenesy | 1o iliusion: 0
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[image: image216.png]ON NOISY INPUT

The perfornance of our programs is analyzed when the dsta 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 scemes.

SUNMILY 1 io easy to predict the operatiom of SEE when the two-
dtmensional data supplicd is clean, in the sense of being an sccurate
representation of the three-dimensional scene.

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

SEE has some serendipity. Maay of the imperfections in the
data do not cause mistakes in the linking procedure, or the link
misplacenents are not enough to cause erroncous identification.

But mistakes are made.
Here 1a how different types of imperfectioma are handled:

== The assignment of types to vertices is highly insensitive to erxors
i 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
"straightened”, as indicated in comments on scene RI17.

Missing edges are subdivided in three classes (discussed below);

ewo 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 recagnition mistakes.

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

casily detected as spurious or supexfluous. Their presence mainly

produces a diminution in the pumber of useful links, thus some-

dimes causing too conservative behavior -- i.e., proposition of too
many bodies.

- Whole faces may be missing. Ordinarily (see scenes L2, LIT).
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[image: image217.png]Scene BT this scene (see figure 'KEWOT') is the same s the

scene TOWER (see figure 'TOVER'), bur upside down. The program
obtains identical results for both scenes (see 'Results for Tower'
and 'Results for Rewot'), because SEE does not use informstion about
@ body supporting or leaning on another body. For imstance, it
was not assumed that body :1-2-3 is paxtially supporting (in figure
'TOWER')  body :4-5-15; clearly this assumption fails in case of
figure 'REWOT'. But since the assumprion 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 not need.

The regions :16 and 124 had to be marked as part of the

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

132,





[image: image218.png]



[image: image219.png]the remaining part of the body gets correctly idencified.
OBTAINING THE DATA

The scepes analyzed by our program in thia thesis were obtained

by one of two methodss

By fxec drawing , .0 draving representing three-dimensional objects

was pade; the coordinates of each vertex were accurately measured {or
computed) and the information was put in the *Imput Formag' form
previcusly described. Also the regions belonging o the background
were indiceted as such.

These scenes have mnemonic names such as TRIAL, BRIDGE, ctc.

¥hat kind of projection did you use? Were these fsometric drawings?

Slnce no assumption is made on the rectilimear objects befng drawn,

the drawings are not isometric, or perspective, or projections.

They could be any of them. It {s not assumcd that “we are dealing
with prisms, vith facca of a body meeting at right angles (ifke the
corners of a cube),""With convex objects. Neither the dravings nor
the program make any assumption of this type. If the reader wishes
to adopt the assumption specified above in quotation marks, then the
drawings will correspond to orthogonal projections of three-dimensional
scenes.

o support hypothests {s meeded: if necessary, the objects could
be floating {n a reansparent fluld having their same density.
3By comstruceion Arbitrary but not too complicated objects were cut
from pine wood, with flat surfaces, and painted black. Their cdges
were painted white. By plactng them on a black table (sec first fow
plotures of this thesis) in different positions and combinations,
three-dinensional scemes vere created (see figure 'TEST OBJECTS').
Pictures were taken with high contrast film slightly under-exposed
s0 as to render black everything but the lines. Diffuse illumination

eliminated shadows {Great help was received in the pictorial task
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[image: image220.png]Figure 'TEST OBJECTS'

Some of tne objects used to

tvduce many of the acenes
for our programs. Oy sbeut 10t
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[image: image222.png]Figure 'TEST OBJECTS' (Cont.)

Some bodies analyzed by SEE.
e arrov indicetes a body that

roduces gn optical tlusion, Tt
s unfsmilisr, but real






[image: image223.png]from Messrs. William H. Benneman, Devendra D. Mehta and David Waltz,
and 1s here acknowledged]. The photographs were taken with a depression
angle from 45° to 90° (that is, looking down), 50 mm focal length
lens, 35 mm camera (standard equipment).

The size of the prints is approx. B‘;‘ by 11 inches (21.5 by 28 o

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

Lf some lines were missing, they were NOT added.

The pictures have names like L2 or R3, e 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 plame.

SEE only analyzes ome sceme at the time, so the left picture is mot

consulted when SEE analyzes the right picture, and viceversa.

A transparent millimetric mesh is laid on top of the prints,
and the coordinstes are read by eye and put by hand in the 'Imput
Format' form. The thickness of each line is about L mm (see figure
'TEST OBJECTS'); typically, the size of a scene is 10 or 15 cm: a
minimum error of 4 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. Alse, if two vertices are too close
together (sbout two millimeters) they are merged and codified as onme.
We are simulating the kind of mistakes that are likely to occur.
Also, some bias is introduced, no doubtl, by the human operators.
[By reading the coordinates in most of the scenes, immense help was
given by Miss Cornelia A. Sullivan and Mr. Devendra D. Mehta; the

author acknowledges it.]

Trrespective of the gemeration method, the scenes that appear in
this thesis were drawn in their finsl form by the PDP-6 computer
through & Calcomp plotter, and then inked and finished by hand .
Thus, it is possible to perceive inm many of them thé imperfections
of the data that SEE had to analyze.
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[image: image224.png]MISPLACED VERTICES

The coordinates of a vertex may contain a small error or 'moise!.
How does this affect the type of a vertex! Does the type change?

L. —y Not affected
Not affected

Not affected

.i
!
l<ﬁ

Trausforms into MULTI.

!
N
=

Trensforms into MULTI.

Transforms into ARROW

Trausforms into FORK.

|

Not affected.

Mot affected.

-—

Xy L <7
VAN
Xy [«

Many types ave 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 1inks here, which
makes SEE to behave more conservatively. Also GOODT gets ffacted
(though not much).

The serious change are the T's that get rransformed into ARROWs
or FORKs, vhen these T's are matching T's. Because they are used
for luking otherwise discomnected pieces of a hody, their Loss
generally inplies the partition of a body into two. See figure
) DISCONNECTED' .
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Figure 'DISCONNECTED'

The T's under discussion are marked by
small circles {( ® }. 1In (a), the mis-
classification of these T's into Arrous
or Forks does not break the occluded
body, who retains its unity thanks to

i1, In (b), the same mis~classification

does brede the occluded body, reporting
two objects instead of ome, a possible
but less desirable answer. If the T's
are not matching T's, as in (c), their
mis~clossification 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 {s tolera
ble.

What other perils does
the misclagsification of
the T's bring? We should
worry if, due to errors cau-~
sed by T's, the occluded
body joins the occluding

one.

[¢5)

2y

DESTRABILITY CRTFERION.

We would like a SEE that never makes
wmistakes. Sincethis is not possible,
then

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

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

4 1 3

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

Each T, vhen perturbed, will go to one of these states

unperturbed; (L) "left", E, moves towards E|,

(X) normal,

& becoming

2 YORK, or (R) "right”, when E, moves away
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[image: image226.png]from Ej, /e, becoming an Arrow.
For three T's of an occluded body, 3% = 27 srates are Posaible.
They are shown in next page, in table 'THREE Ts'.

Hov many of these 27 states will produce ‘f" 1

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

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

regions is mecessarily background) ? 11z
None. d

The reason is that (see description of NOSABO) a T or an Arrow
or au L inhibit the link shown below,

LW -_/
Q

[
90 that (a) An arrow in position (I) [or (I11)] suggests Iiaking 1
with 4. This link is tnhibited by the L at IV [or VI].
Example: Figure R L L in Table 'THREE Ts'. (pase 4},
(b) A Fork 1n position (X) lor (III)] suggests
(D) lnking 1 vith 3. Inbibited because of the T of
arrow in vertex IT.
(11) linking I vich 4. Inhibited because of the L tn .
(141) linking 4 with 3. Depends on outside considerations.
Discussed below.
Example: L R L.
(€) An Arrow in position (IT) suggests linking I wich 2.
Tahibited or allowed according to vertex V. Exasple: RRL.
(4) 4 Fork in position (II) suggests
() lnking L with 3. Link fnhibited by the T or arrow
of 1.
" (1) laking 2 wich 3. Iohibited by the T or arrow in TIT.
(111) linking I with 2. Inhibited or allowed sccording to
vertex V.
Example:r R L N,
Thus, 10 1ink i possible, even under these "moisy" eircunstances,
between L and 3 or 2and 3 or 1and 4 or 2 with 4. That ie,
the 27 cases of table "TEREE To' are preated correctly.
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[image: image228.png]A possibilicy of bad linking exists betweem 4 and 3 in thig

case, 1f two T's convert into forks and "help cach other";

P

Two links originate
the joining of 4
and 3.

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

crooked or twisted scgments. We explain.

Equal within epsilon (definition) a is cqual within cpsilon to b,

<
written a=b, 1ff |a - b| < |€f, Gencrally, €30,

Tolerances in collimearity and parallelism

Two lines are parallel if
the sine of the angle formed by them s smaller than SINTO. i o)

Qe e
Lines ab and be are colinear if B

octo
E length ac. Currently, COLTO = 0.05

Currently, SINTO = 0.15

length ab + length be
We have implemented these definitions. Better definitions exist.

These definitions allow most small inaccuracies in the coordimates
of verticcs to pass umioticed. Although they arc giving reasonable
service, they are only temporary, stnce by relaxing too mach the
ertterion for parallelism and collimearity, strange things could
happen (fig. 'CROSSED').

Fig. 'CROSSED'

A too lenient defimition of parallel
and collineax could give the follo-
wing matching T's: a tod, b to f,
< toe.

See also on section 'Analysis of many sccmes' comments to L3 and ROT.
Cpoge 153, 150).

215.





[image: image229.png]; .
Straightening tulated segnents o, gefinitive cure is simple:

reassign the slope of bc to be that of ad, 1f be ie small, ad large
a

4

and the angles at b and ¢ ave close to 180°. See also comments to
£igure R17. This has not been implemented. In this way, all cases of
table 'THREE Ts' will be solved. See also comments to scene Ré4.

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, be, 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. “IWISTED'

The object to the left is really bemt 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
probiems for its identification, when we want to assign a name to it.
But motice that the 'unbent' version or idealization is handier for
SEE.

1f the information {s very bad p .. it auasy and read the scenme
again. 4 simile indicates that the issue becomes ome of allocation
of resources: if you receive a written message comtaining a few

wrong characters and missing words, you may use your brains and time
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[image: image230.png]to deduce the omitted portions {by employing the redundancy, for in-
stance). 1f the dispatch is very garbled, you might as well request

2 new one,

SWATY 1t fs 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,

Illogal Scemes ;. 0o shat end abruptly produce illegal imputs,

EaN
H B

Fig. 'TEIEGAL' 5)
In (a), a vertex has one edge.
In (b), the network can be separated by crasing
Just one edge.
Both are {llegal scencs, indicating missing or
extra lines.

suggesting that segments are missing.

(@

Also (Figure "XLLEGAL', (b)) a region can not be a neighbor of
itself -~ another irregularity that points to deficient data. Cf.
comments to scenc R3. (ege u3),

These constraincs can be nicely exploited by a preproccssor.
Line proposer and Itne vertfier , . proposer is a program that
suggests places where a Line car be missing; a lime verifier is es-
sentlally 2 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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[image: image231.png]In the body of this section we will develop several hevristica for

use in a line proposcr. The verifier is mot discussed.

Blum's lime propodcT .y ,igorithm has been designed by Manuel Blum
{1968}, that will detect many places where lines are possibly missing.
Je suspocts concave reglons. An angle bigger than 180° originates a
scarch for the omittedline in directions parallel to the neighbor

ooz

Figure 'B L UM’

Reglon 12 1s suspected to contain undetected lines,
becausc it is concave. Vertex v ia chogen becau-
se its internal angle is bigger than 180 degrees.
From it, Blun's proposer will suggest to the Line
verifier to look for lines in directions VA' and
VB! (broken lines), perallel to the neighbor edges
A and B. It also scarches (dotted lines) along
the continuation to lines € and D.

edges (fig. 'BLUM'). It also originates searchcs alemg its own
edges. In other conditions, a vertical line is searched.

No harm 1s done by a bad proposer. Only some time is wasted.

Internal odges y¢ o migging iine {s totally intermal to a body, and

s not detected by the line proposer, its abscmce will at most cause
conservative behavior in SEE. 1In some cases their sbsence does amot
confuse SEE (figure TMISSING').

The majority of internal edges causc concave Tegions to appear
(f1g. 'BUBM'). They will be detected by a line proposer.
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Fig. ‘M XSS ING

Cases where the disappearance of an internal
Ine (dotted) does mot separate the bady.

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

Externol edges paces thar separate two bodies are called external.

1€ undetected, their disappearance will cause 'futzepid’ 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 missing
{and the scene is still 'legal'): a mistake will occur, See figure
'External Edges'.

Case (1) Only part of an external edge disappears. Tt can be

detected because *
{a) a concave region 1s generated, and b
(b) the regfon hae internal angles big -

ger than 180° where a line "goes 4

through": ab is colinear with ed.
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[image: image233.png]Figure 'EXTERNAL EDGES'

A segment separating two bodies may dlsappear.
(1) If that scgment is part of a larger segment,
1t is possible to sense and correct the amomaly.
(2) If a whole external cdge is missing, 1its
absence remains undetected, inducing a mistake
in SEE. In (1) an external edge disappears, and
creates an illegal figure.

Case (2) The complete edge is missing. Then (b) of case 1 falls,
and detection is difficult.

SPURIOUS EXIRA LINES

They are lines that "should not be there®, such as those
caused by edges of shadows. e

¥ig. 'LIGHT AND SHADOW'
Each body becomes two; each onc is recoguized
independently by SEE. Four bodies are found.
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[image: image234.png]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 8cence having
Hnes produced by shadows. A conservative behavior, like in figure
'LICHT AND SHADOW', is expccted.

Some shadous 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 dimimution in the mume
ber of useful links they roport, since the resulting vertex will
be of type MULTT. Thus, conscrvative behavior is expectod from SEE
In these cases (sce Fig. L19, LI7T, RU, L4, etc. The program does
well in them, vhen not too many coincidences are present).

It {s possible to analyze the vertices of type
HULTT and £xy to deconpose them Ln simpler types (compars Flgere
RIS with WRISI*). Read comments to R19 and L19.

CONCLUSTON

On scenes obtained from "reel world" data, inaccuracles are
expected, and it is required of SEE to work well despitc  them.
CGurrently, the behavior of the program in these cases is not
discouraging, but is not extremely satisfactory, either. The
additional work needed depends heavily on  obtaining genuine
test data, instead of the faked data used in the experimenta

described.
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[image: image235.png]BACKGROUND DISCRIMINATION BY COMPUTER

A program detemines the regions that belong to the background

of a given scene; that is, the reglons that are mot members of any
of the bodies. Examples are given.
Beed o program SEE requires to know which reglons of the sceme
belong to the background (cf. 'SEE, a program that finds bodies in
2 sceme'). At present, this information is supplied by the user,
as described in sectiom 'Internal format' (page &} and 'Input

Format' (page ¢3 ) of a scenme.

In the current vision experiments, it is not difficult to
determine the regions that form the background, since they are always
black and homogeneous (sce first few pictures in this thesis). But
n more realistic scemes, there will be a great demand for & background
finding program.

Therefore, it is interesting to try to
develop a program to separate the “ground"
in the back from the objects in the
“foreground”, having a limited information
conatsting of the scene as described in
section 'Internal Format', namely, verticea
and edges.

That is, ve will use 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 regiona forming
the background are mot supplied, PREPARA activates our program,
named BACKGROUND, and these regioms are searched for; otherwise,
SEE 1s supplied with the background regions as declared in 'Imput

Format' .
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[image: image236.png]Example. Scene 'HARD'. The results obtained are

(SUSPICICUS aRE NI,

THE BACKGRIUND OF maRa |5
(:3a 336 :335)
€33¢ 36 135

Three regions are found to be Patt of the background: :34, 136,
end :35. That is correct,

We now proceed to describe the subroutines that make such
identification possible.
SuspLelONe 10 4 firer pass, we eollect the regions that "may be
background, and call them “suspicious Tegions", Regions that are
ot suspicious are LIMPIO (clean).

Ideally, if a Tegion !R coutains L's, FORKs, ARROWs or T's in
the position below, 1t {s mot a part of the background.

[x

() (1x) {121) Gav)

FIGURE ‘BACKGROUND'
In an idealized situatfon, :R can mot be part of the
background: it Ls clean, or free of suspiciousness.
SR will be called 'LIMPIO' (cleam).

R
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[image: image237.png](I) means that the background [almost] never is the internal
part of an 'L' (the region containing the angle smaller than
180 degrees).

(II) means that the background does not contain FORKs.

(III) means that the background is mot in the “ingide" of sn ARROW
(the background is mot a 'proper-arrow’).

(IV) means that the background can mot be the flat region of & 'T';
this in turn means that a body can not disappear under the back

ground and then reappear at some other poiat:

13 1s not the background.

We reinterprete rules (I)~(IV) as follows:
(I) A region "inside" an L is LIMPIO (cleanm).
(II) A region containing a fork is LIMPIO,
(IIX) A region “inside" an arrow is LIMPIO.
(IV) & rcglon “on the flat side" of a T 1s LIMPIO.

Clean Vertex (defimition). A vertex fs glean with respect to a re~

gion if it indicates, through rules I-IV, that such reglon is LIMPIO.
For instance, K is clean for :1 and for :2,
since (III) indicates that il and :2 are LIM-
PIO. X 1s not clean for :3.

These heuristics are not 100 per ceot infsllible; also, in a2
moderately complicated scene, coincidences of vertices are bound to
occur, originating violations to 1-IV. Fox instance, in figure CORN
(page 150), vertex UU is a Fork belonging to the background, in con-

tradiction with {II}.
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[image: image238.png]For completeness, we present a violation to each one of rules I-IV:
H |
arn)

(av)

FIGURE 'VIOLATIONS'

tl is the background. In all four cases,
vertex V violates rule specified at the
bottom of figure. They are rare cascs.

The situstion indicates that rules I-IV
provide neisy information, which has to

be dealt with carcfully. That is what is done.

The vertices of cach region are analyced under rules (1)-(Iv).
To allow for coincidences of vertices and rave cases (like thoge in
figure 'VIOLATIONS'), it ie permitted for a suspicious region to
have 2 small number of clean vertices.

The number of clean vertices is compared with a quantity that
is 4 small fraceion of L (the mumber of vertices on the boundary);
currently, that fraction is L/9.

= If the number of clean vertices, that is, vertices satisfylng
1-1V is bigger than L/9, we call that region LDIPIO ("elean").
In addition, (a) If L is latge (bigger than 25, currently),
that teglon is BIGRACE, such ag 121 of
scene L19 (page 144);
(®) Otherwise, it is only LIMPIO (normal case).

"= If it e not bigger than L/9, then it s SUSPYCIOUS. Also,
(=) If L is large (bigger thanm 25), the regfon
is BACKGROUND,
(b) Otherwise 1s only SUSPICIOUS (mormal case).
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[image: image239.png]That is, a region LIMPIO bas to have at least
1 + [one vertex of each nine]
"clean" vertices.
Example. Regfon :3 has four 'clean’
vertices (four vertices indicate that 13
is LIMPIO) --- It can mot be SUSPIGIODS.

Pigure ‘EQUILIBRIDM'

(This scene is correctly amalyzed by SEE)
411 the three vertices of :1 are mot clean;
i1 will become Suspicfous (a candidate for
background). Five of the seven vertices of
12 are clean, so 12 is LIMPIO, Note that
vertex C' is clean for 12 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 onlyr 135 :18 134 32 3 :12 11 133 ¥
47 348 46,
Background: :48.

SummaTy gy analysis of its vertices, each region is either LIMPIO or
SUSPICIOUS. The suspiclous Tegions with more than 25 vertices ate
clagsificd right away as BACKGROUND: a auspicious region with many
edges 1s probably background.

The selection is done entirely using "local" properties: a
region is classified according to imformation supplied exclusively

by its own vertices.
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[image: image240.png]FIGURE 'S P R E A D'

Each reglon is classified as LIMPIO,
SUSPICIOUS or BACKGROUND.

Yore globsl indications Gu: goal 15 to deelde which of the suspi-

clous regions are LIMPIO, and which oucs are BACKGROUND.

= Since two background reglons can mot be contiguous ( the back-

ground can mot be neighbor of ftsclf), suspicious regions that

are contiguous with the background are cleancd and put in the
LIMPIO status.

In our example, :48 1s background and therefore its sus-

picious meighbor :18 gets cleaned and becomes LIMPTO.

Links are vstablished through the motching T's. We call them
b-Links.

Ideally, a suspicious regiontlinked to a LIMPIO region
gets cleaned, a suspicious teglonblinked to the background gets

converted to background toa.
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[image: image241.png]Tdealizing, suspicious regiom :l
becomes LIMPIO, and suspicious
region 12 becomes background.

A more complicated proccdure Ls
actually used.

In practice, we allow for small errors as follows:
For each suspicious region, we notice Lf it £s b-linked
to background (BA), suspicious (50}, or Limpio (LI).

BA == == If it igllinked to background regions, we
change it to Background, except if it has a
background as neighbor, in which case we do
nothing and continue.

() 50 LI If notMinked to background, butblinked both
o Suspiclous and Limpio regions,

(1) If L < 80, continue, do nothing.

(2) If LI 280, classify this region as
limpio (LY is the number
of LIMPTO regions b-linked
to the current region un-
der consideration).

() 80 () Ifilinked only to suspicious, contimue, do
nothing.

O O LI Ifstinked only to Limplo, change it to Limpfo.
Note: Sometimes I write Limpio, sometimes LIMPTO,
they mean the same.

) (O ( If notliinked, continue, do mothing.
We keep applying these rules until no change ts observed. In
this way, we have eliminated several suspicious regions.

In SPREAD, the suspicilous regions were 35, 18, 34, 2, 3,
12, 11, 33, 37, 47, 48, 46. 148 1s known to be the background
(that was done in page 22¢), 8°it is no longer suspicious. :18
1s a neighbor of the background (:48), and got cleamed i the
page before this ome.

111 ieblinked with the LIMPIO 19 and with the suspicious
Therefore, 1l changes to LIMPTO.

+3 1silinked with the Limpio :11, so the suspicious :3 be-

comes Limpio.
112 isblinked to the Limplo :10, and gets cleaned.
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[image: image242.png]146 1a b-linked to the background 148, and gets made
background, simce 546 is not, at this moment, a neighbor of
background.

134 isblinked to the background :48, and gets made
background, since :34 is not a neighbor of background,

137 Lstlinked to the LIMPYO regfon :4, and transforms
into LIMPIO.

135 {sblinked to the regfon :34, which s background,
so that the suspicious region 135 becomes background instead Siiiive

12 i3 a suspiclous regionblinked to the regiam :35, which
1s part of the background. According to our rules, :2 becomes
part of the background. (:2 is also b-linked to the background :48).

At the ead, only regions :33 and 147 remafn suspiciom
(SUSPICIOUS ARE (:33 :47))

We collect all these 'stubborn' suspicious reglons and label
them background, except those which are neighbors of background.
A better procedure may be to make the exception in
those regions that are necighbors of susplclous Te-
glons. That 1s, two neighboring suspleious regloms prevent
each other from becoming background. I have not explored
this possibility.

In the example SPREAD, :33 and 147 sre made background.

If no region is background st this point, make ene of the "big-

facea" background, There £3 room here for improvement,

If no background yet, make background the region with most

vertices. This is not yet implemented. SUGGESTION

In our example, the (final) background regions ave:

333 347 35 134 12 148 346, «— BACKGROUND OF 'SPREAD'.
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[image: image243.png]Other examples of background finding.

Scene CORN

Lieva
Fuor
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[image: image244.png]Joone MO One miseake (:31) 1a produced here.

LENA
FOuP
SLOPGENERA | UR
TYPEGENERAIGR
MATES
NE£1E
SEANCHING FUR HalrGRUUNDS UF Mang
{SUSPICICUS ANE 131

THE BAGKGROIUND OF MOMO 18
{36 331 a0,

FIGURE  —~MOMO."
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[image: image245.png]The problem is smbiguous k. in the case of body Lsolation (section

‘The Concept of a Body'), the problem of determining the ragions that
belong to the background of a scene (regioms that belomg to no body)
1s ambiguous; many solutfons 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.

SUMMATY ) Jenfent algorithm finds regions (by analyzing the types of
their vertices, end their neighborhood Telations) that may possibly
be background, and labels them "SUSPICIOUS". With the idea of
re-classifying the suspicious regions as 'LINPTO' (clean, no back-
ground) or 'BACKGROUND', a system of brlinks is introduced. Theae
b-links provide more global informatfon sbout the scene.

Members of the suspicious set are aseigned to ome of the other
two sets (bpio “hayeunt) while the algorithm tries to minimize the b-links
between Background and Limpio regionms.

Conelusion z.,: results are obtained with the algorithm just
deseribed. Sometimes, regions are obtained as Background that
are genuine compoments 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.

H
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[image: image246.png]STEREO PERCEPTION

SUMISTY So far we have discussed the identification of cbjects in a

scene and ignored the problem of locating them in a three-dimensional

space .

There arc several ways to achicve thia. We will discuss here ome

of them: thc use of morc than one view of the seme scene.

A matural first step is to establish the correspondence between

points in the two views; that is, given a point In one scene (left),

to find the corresponding point fn the other sceme (right). Theorems

$-1 below and $-2 on page
234 express criteris
for this "sterco matehing",

SEE can independen-
tly decompose the left
and right scene into the
bodies forming them,lcav-
ing as a problem to de-
texmine which of the ob-
Jects fn the right scene

THEOREM  $-1

If both cameras are f{dentical, their optical

axes parallel and the filme or semaiti-
ve surfaces or retinas lie in the same
plane,

then a simple necessary condition for two

image points, one in each retina, to

have come from the same 3-dim potnt,

is that both image points (left and
Tight) have the same y-coor
dinate,

meagured in the directlon perpendicu-

lar to the line joining the optical

centers.

corresponds to an object
in the left sceme. This can be done because each object will appear
in both views with the same maximum height and minimum height (highest
and lowest valuea of the y-coordinate of points beloaging to that
object); comparisons are easily made by replacing the objects by
“"intervals" conststing of these two numbers.

Further disambiguation can be achieved by the use of the function
(WHERE X, ¥; X ¥p), vwhich determines the (x, y, z) 3-dim position
of a polnt of vhich its two 2-dim Locarfons (X, ¥;) and (X, ¥)
are known. {Griffith, AX Memo 143},

233,





[image: image247.png]Genuine Pair (definition). A pair of points (P, P) produced by a

Pigure 'PO L NT §'

Given two images of the same scene, before
we can proceed to situate it in 3-dim space,
it {s 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, 2 small subset of the carresian pro-
duct (a, b, ¢, d} X (e, £, g, h). It 18
desirable to have an slgorithm that avoids an
exhaustive search on this product.

real 3-dim point of the scene in consideration.

Theorem §-2 below gives conditions that a genuine pair must meet.

A particularization will produce theorem $-1 above.

THEOREM §-2

The left isage P and the right image Py of & point P
have associated with them a varisble, computable from
(¥, ¥p) or from (X, Yp), that will acquire the same
value on P and on B It ia {nvariant under change

of acene.

Por the case where the optical axes are psrallel,

this variable 1s simply the y-coordinate (Y, = Y“) or

height of the image.

For the case vhere the optical axes meet, this
varisble s v, an angle that plsne F - -P-C P, nakes
with [, the plane containing the optital axes.

Any monotonic function of y will be just as good.

(ef. figure 'GENUINE PAYRS').

From the theorem, the algorithm (referred to in fig. 'POINTS') that

we may use to establish correspondence between points in the two

views is:
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[image: image249.png]Compare only points with the same Y
(or the same y-coordinate).

Points with different y can not
come from a genuine pair.

For each body, the knowledge of the 3-dim location of a few of its
vertices will be sufficient to position that body in real space,
achieving in this way the goal of this section.

See Digression 1 in section 'The concept of a body', for a
different approach.

&
o
(Y o
W =3 ot
5 -5

3

Figere 'y -PARAMETRIZATION

From geometrical consideratioms and the coordinates of a
point Py in L, it is possible to attach to the line A-Py
an angle . Similarty, an angle is obtained for lines of R.
Tt can now be said that a genuine pair (P, PR) must
have the same Y's for Py and Py.

¥ 18 & physical quantity, namely the angle that
the plane passing by the image Py and the optical
centers C; and Cp makes with the "horizontal" plame T .
([ containis the optical axes). Clearly, for P and
Py to be produced by a point P in 3-dim space, the Y
of Py, must be equal to the y of Pg. This is a necessary
condition that is easy to check.

A xeal point P of the scene produces a left image P, (which has
a certain value of y) and a right image By with the seme value of Y
(£igure 'y~PARAMETRIZATION').

Fhus, given a point in one sceme, we
have to search for its genuine pairs
in the other scene among the points
with its game y. They will be found
along an straight line through A or B.

Parametrization of the sceme is possible not only by using v;
a monotonic function of y will do.
Yor cemputational efficiency, it may be advisable to store the

points of the scenes into arrays according to the vaiue of their y'
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[image: image250.png]The function LINE maps points of L {nto lines of R.
An image point P, may have come from different 3-dtm points B, P*, PV, ..
all of them situsted in the line of sight of P . The right images
of P, ', P", ... all fall in a straight line, ‘which 1s the intersection
of the shaded plane [called plane Py -Cy-P-Cy-Bp in £ig. 'Genuine Pairs’)
and the right retina.
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[image: image251.png]When the optical axes are parallel 1 upio coce. potats A and B on

Line G ~Cp (flg. 'Genuine Peirs') travel to tnfinity, and lines P =A
and Pp=B become hortzomtal (parallel to CL>CR). The situation looks
like

[ P 0 | ————
2 40- 10.
-0 4o

e [ Ep—

A genuine pair (Bp, Pp) will
have the same y-coordinate £0T
both of its elemencs (10.0 in
this case).

So that, given a left image point By, we have to search only
anong the points of R with its same haight, to £ind "the" Py that
will make a genutne pair (P, Bp)-

But several genuine pairs may be found, Because on each hori-

zontal line on R, many points may lie.

USE OF SEE IN STEREO PERCEPTION

We can use the fuvariance of the variable described in Theorem
$-2 to locate cbjects in three dimensional space, from a pair of ste
reo views (ue will suppose parallel axes; other case is similarly
treated) as follows:

(1) Make an analysis of the lefr scene with SEE, identifying the
bodies.

(2) Td. for right sceme.

(3) Reduce cach body to an interval formed by two musbers, its
maximum and minimum height, specifying "closed” Lf the absoluce
extremal of the body s known, “open' if mot.

In this way we reduce each sceme to a set of imtervals (see
Figure 'INTERVALS').
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[image: image253.png]FIGRE 'L 1 3'

This picture and the one in next
page represent a stereo pair,
taken with cameras having parallel
’opcical axes. See fig. INTERVALS.
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[image: image255.png]Figure 'R 13’

SEE simplifies stereo perception.
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Each body is reduced
to an interval.

Use these intervals to select which left body will go with what
right body. The answer is simple (because it is unique) even
in moderately erowded scemes.

It ia simple to teke 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:

(2)

(b}

()

Two bodics have the same interval, meaning they have identical

maximm heights and minimum heights. This is pomsible.

Quite easy: reduce some faces to intervals and compare them.

A body is seen in left scene but not in right scene (figures
L12, RI2).

SEE partitions one body in two in one sceme, but not in the

other.

The "oper" and "close" indications will help here.

Also, remember that we are using, when comparing thesc 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 Tight-body 2 or right-body 5 "I, one cam use
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[image: image258.png](1) the WHERE function of Griffith {op cic),

(2) a8 in (a) above, the fntervals for each face of the
objects, 80 as to chose as “genuime pair" those two
objects with more agreement in the iatervals of their

faces;

(3) perhapa a face of wnusual shape 1s enough for diseri-
mination, if it appears both {a left and right scemes,
°F the number of vertices below the cemter of gravity,

or ...

tain, but
mot all, important classes al presentations have heen
treated, and there remain horizons as yet unexplored. Con.
ceivably, the author will attempt, ex nikilo adhil i, o estab
lish  more general perspective i the conrse of & b

AUPIEAICIE (.10 b, petgtion e ), -

Aleo, the reader fs referred to other
articles on the same topic.
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[image: image261.png]FIGIRE "R 1 2"

For the pair Li2 - RlZ, caution
snould be exercised, because an
nexagonal prism disappears from
L12 and a brick appears in RI2.





[image: image262.png]Scene L10 - B10 gy apalyzes independently (pages 125 and (%) the left

and right scenes, obtaining the following bodies:

(BORY 1, 16 15 31 14 312} LEFT SCENE (LLO;
(BODY 2, 15 36 235 17 11(.314) a0
(gopyY 3, IS 18 9 310 3V

(800Y 4. 15 2 1N

{BODY 1. IS %23 %15 X316 %X314)

RIGHT SCRNE (10)  (BODY 2. 1S X&id %ri Xill 349 2115
180DY 3, IS %38 %32 %310)
(BODY 4. IS X314 %37 %312)

For cach of the eight bodies, we compute its winimum height and its
maximum height, obtaining the following intervals:

R10

212 —[66,105) g7 150 453 w25 us6 4314
5 37 t11 241790200 13g 0107 2213 %51 i1
8 :9 310 3 _,168,152] 165,103) «— %38 %2 2310

2 43 =018 ey yeg a7 xsi2

4315

These intervals are compared (left with right), trying to find
pairs with discrepancies betueen their values tolerably emall [1f the
nterval has an open cnd, differences can be larger]. For 'L10 - R10',
these are

[66,105) = [65,103)
179,120] = 178,119]
[68,152] = [67,154]
(21,82) = {22,82)
that corresponds to the following fdentification of bodies:
15 51 14 $12 corresponds £o %:B ¥£2 %:10

1) ty4 corresponds to k313 Arl Kzil %9 %l
10 110 3 corresponds to %33 ¥i5 436 %il4
12 113 corresponds to %:d %27 X2

Once these correspondences between objocts in the two lmages arc
found, the function (WEERE ...) {Griffirh} will position thesc bodies

in three-dimensional space, achieving our goal.
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[image: image264.png]partially unsolved or partially formulated problem, and/or its
partially outlined or partially new solution.

(2) In page 266 there s a list of such suggeation boxes.

(3) The remainfug portion of this sectfon and, in general, the
sections cloge to the emd of this work, abound in statements

of type (a.) through (g.).

(4) I have tried to start each section with a brief, aud end it with

a summary or comclusiom.

(5) The section ‘Introduction' (pege 10 ) specifies the problems
treated in this thesis, and the scction 'Preliminary view of
Scene Analysis' (page |4 ) produccs a general view of available

methoda,

4 discussion of the program SEE appears in page 182.
A deseription of SEF and the heuristics and Tules used appears under
the heading "THE PROGRAM”, iu paven 78-103,
specially pages 80-100.
A flow chart of SEE appears in page 93.
A worked-ouc_exagple appears in pages 88-92; another in PP. 94-98.
A Lable of global links appears in page 87.
Analyses of many scenes appear in pages 104-182; a List is given in p.106.
Suggestions for further work often appear in seccions 'CURVED OBJECTS'
{pp 183-190), 'ON OPTICAL ILLUSIONS' (pp 191-205), and 'STEREC PERCEPTION'
{pp 233-247),
A ligting of the program sppears in pages 260-284.
A magnetic tape containing the program exists (tape GUZMAN F) "frozen";
its file directory appears in p. 261; instructions for its use
in p. 76.
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[image: image265.png]General notation

£, , ete., links, we
To put, remove, etc s SURESTION

may develop a notation that will look like
(WEEN A (T A) (B3l C 3D :2)
D O(R(AF®..)) (A3EHFi2)
THEN
PUT LINK KIND 3

¥o LI 1 32 )

"When A is a vertex of type ‘Y', and
D 1s a vertex of type 'K', and
A and D arc joined as specificd,
then
put a link of kind 3 between region 13 and :4, and
do not put a link between :2 and

The general notation is
(EEN P B E')
“uhen predicate P is satisfied, evaluate exprcssion E (exccute

E), otherwise execute B' (which may be missing)”.

In this notation, the predicate P corresponds to a geometric
pattern or configurarion, and the expressions E and E° to the esta-
blishment or removal of links.

In SEE, this pert is handled by LISP functions (hand-coded),
one for each particular heuristic. The suggestion is to develop this
generxal notation, and sm interpreter for it. This will speed up
programming and checking, but will slow down the execution to
some extent.

USe mhe main use of the new notation or language is for trying
new heuristics. Actually, it is not difficelt ro hand-code the
new heuristic in LISP (see function EVERTICES in listinmgs), because
everything rcduces to calls to NOSABO, THROUGHTES, GEV, SUME, etc.
I think  that a simplc MACRO of Lisp could transform from no-
tation (WHEN ? E E') to LISP functional calls.

Since vhat the motation or language is really doing is expressing
as a linear string a two-dimensional configuration , a more am-

bitious project would be to usc the Light pen and draw this configuratiom,
and then have our interpreter or compiler  produce the LISP program.
This may look a 1fttle like AMBIT-G fChristensen}.
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[image: image266.png]Assiguing a name to an object
SSELIT8 3 name o an objeet

Problen. SEE has scparated a sceme into bodfes. What are they?

Ts there a pyramid among then? Where are the parallelepipeds?

To answer this, informacion can be supplied to the program, in
the form of a symbolic description or model of the object we are
Erying £o fnd. A model is an tdealized account of & class of objects,
a1l receiving the same name, like "triangular pyramid' or "house'.
Models may have parameters that acquire values after a given ingtance
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 objeets
{n a scene are described and discussed in a Master's Thesis {Gazmin}.
There are difficult problems to be solved 1f ve are to make the

system able to recognize occluded objects in many situstions.

One could, of course, bypass SEE and look for particuler objects,
28 1t is done by Polybrick {Havail 68}, s program that finds paralle-
lepipeds.

251,





[image: image267.png]Do mot use over-specialized assumptions. Use more information .

trying to solve a problem, people will apply quite different methods.
They may also suppose quite different assumptions, some of which

may not hold. Due to particular experience, environment, preferen-
ces, cte., some subjects may be using over-specislized assumptions,
instead of requesting more data, more information to solve the
problem, We may bias our views end risk arriving at conclusions

(of the "common semse" type) which arc valid only on restricted

scgments 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, and are interested in graphical

processing and computers,  Yet  may not be considered a repre-

sentative cross-section of Homo Sapicms] perceive "objects" a, b
and ¢ of figure 'HOLES' as holes [Winmston}, we may be tempted to

conclude that this is a gemeral property, and rush to write a

Fig. 'HOLES'

The 4dea that objects a, b, ¢
have to be interpreted by all
men, and hence by a program, as
holes in the larger box, is
dengerous. {cf. AL Memo 163}

subroutine to find much 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 1llusions'). Or they may come with

252,





[image: image268.png]different mswers, using their set of assumptions which may be
different from oura, since their expericnce 18 different too.
The Ames' Room (see Box, page 20t) and Gregory (see Box) warn us
of this.

Othex cxample of over-specialization

For people familfar with
Deseriptive Geometry, 1t is casy to sce that figure 'DESCRIPTIVE' )
shows a straight linc in the first octant. For them, indeed, it

is easy to visualize this line in three dimensions and have a fairly
good idea of its position and orientation in space, fust from

figure (X).

Other persons would need a more conventfonal gigure, such as
figure 'DESCRIFTIVE' (II), to visualize the same line, to get the
same ides.

What happened was that the first group of persons were using

figure (1) was

especialized knowledge, their mind were trained,

familiar to them, ctc.

.

O =

(N

0 Figure 'DESCRIPTIVE' D

Somelusion b core looking for heurfstics and shorteuts, before making
assunptions, deductions, ctc., let us be sure Chat there is enough

data to solve our problem.

253,





[image: image269.png]Buman perception versus COWpULeT PercePLIon o ..o . iio dimensional

line-drawing of a three-dimensional sceme, the problem of finding
bodies in it is ivherently ambiguous: many 3-dim scemes can generate
the same 2-dim scene.

Multiple solutions are possible. More over, the metatheorem
of page 37 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 favarfably find it.

From the mltitude of possible solutions, humen beings select
one, which is * different from the trivial, and call it the "normal”
or Meommon" or "standard" or "reasomsble" interpretation of the
scene.

Our program SEE also selects one of the many solutions.
How does its selection compare with the human choice?

=x  When the scene is “clear", in the sense of evoking human
unenimity, SEE will ¥ also select that same answer. Example:
Pigure ‘TOWER'.
== As the sceme or drawing gets complicated or ambiguous, mortal
behavior deteriorates; opinions split, optical illusions may ewese
(indicating contradictory evidence percelved), 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 mot agree
with the majority.

==  Finally, people make mistakes. They will sce an object that is
not there, or will fail to sec an object, or classify it as
"impossible®,
But SEE also errs. It sometimes succeeds where people fail,

more often it is the other way around.

X an overvhelming majority of cases.
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[image: image270.png]TABLE "ASSUMPTIONGg"

ASSUMPTIONS MADE BY THE PROGRAM

These assunptions have to be obeyed for SEE to give good rosulte:
" The objects are three-dimenatonal solids formed by planes (1),
No neadles or cardboards allowed.

=" They produce a tuo-dimensional image or projection where all

Lines are stratght(?),
— Faces have no drawings, marks, labels, ete., {mprinted on.
=~ Objects do mot have holes in them,

_

' See aection 'on optical {llusions’ for conditions for parcial
lifting of this aesumption.

% See section '0n curved ebjects’ for conditions for pertisl lifeing

Of this assumption.

ASSUMPTIONS NOT MADE BY THE PROGRAM

These assumptions are mot mecesssry for the correct functioning of SEE;
1t will work well with or without them.

== Only prisms are allowed.

== The sceme (s a parallel projection, or isometric drawing,

== The objects are convex.

" The model or description of the obfect has to be known to SEE.

" The objects have o appear unoccluded or wnobstructed n the view,

™ The objects have "weight" {n the vertical direction and will
fall if not supported,

= The background 1s known {n advance (See 'On background diserimi-
nation by computer’).

I repeat, these assumptions aze WT uged by our program.
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== Syntax-dirccted intexpretation of classes of pictures. Comm.ACM
9, 3 166-173. March 1966.

== Labeling schemata and syntactic description of pictures.
Information and Control 7, 151-179. 1964,

Project MAC Progress Report IV, July 1966-July 1967,
Progress Report V. In preparation,
Raphacl, B. Programming a Robot. Proc. IFIPS Edinburgh 1968.
See also {Rosen and Nilason}.

Roberts, L. 6. Machine perception of three-dimensional solids.

Qetical and Electyooptical information processing. pp 159-197.

JT Tippett ot al (eds) MIT Pross 1965,

Roser, C. A., aod Nilsson, N. J. (eds) Application of Intelligent

automata to reconmaissance. Third interim report Stanford Re-
search Imstitute December 1967.

Shaw, 4. C. The formal description and parsing of pictures. Ph D

Thesis Computer Science Dept, Stanford University. Also issued
as Technical Report SLCA 84 (Stanford Linear Accelerator Center)
April 1968.

and Miller, W. F. Linguistic methods in picture processing -- a
survey. Proc. AFIPS FICC Vol 33, pp 279-290. Dec 68. Thompson Book
Co. Washingtor, D,G.

Segovia, R. CONVERT en el disefio de proccsadores. Professional
Thesis (B, S., Electr. Eng.), ESIME, Inst. Politéenico Nacional,
Mexico, 1967. (Spanish)

Winston, P. H. Holes. AI Memo 163, Project MAC"MIT' August 1968

NOTES: Reports with AD numbers (such as AD-652-017, page 286) can
also be obtained as follows:
Government contractors may obtain copies of the report from
the Defense Documentation Center, Document Service Center,
Cameron Station, Alexandria, Virginia 22314. Orders will be
expedited from DDC if placed by your librarian, or some other
person authorized o request documents.

Other U.S. citizens and organizations may obtain copies of the
report from the Clearinghouse for Federal Scientific and
Technical Information (CFSTI), Sills Building, 5285 Port Royal
Road, Springfield, Virginia 22151.

Comn.AM = Communications of the Association for Computing
Machinery,

Broc. PICC = Proceedings of the Fall Joint Computer Conference

Prog. SICC = Id. Spring. (Spartan Books, or Thompaon Books, Co.
Washington, D, C.)
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You do not have to know these things in order to use SEE (rea-
ding "How to use the program' in page 76 is enough) or to understand
what it does (it is explained in 'SER, a program that finds bodies in
a scene', page$3); these things are put here merely for completeness

and to make easier the understanding of the inmer workings of SEE.

A listing is a formal description

There is a stronger reason,
however. A listing of the programs is a formal deseriptiom, an
algorithn, en exact statement in & 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 st some point, or did not understand
some English scatement, can always clarify his doubts in the listing.

To be understandable, the listing has to have annotations, comments.

4 mathematicisn is not forced to explatn his work always in ma-
tural language, but rather he is allowed to employ abstract notations,
this way). A programmer should not hide his listings (he should not
be forced to re-state his algorithms in natural langusge 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 mot
hide the listing (unless there arélbugs or Lncomplete subroutines),
but he should not hide the progrems (unless they are benal); by this
I mean honest and reasonable efforts should be made to facilitate fu
ture potential users the access to these programs. Include:

m— Documentation
== Listings, tape or card deck names, etc.
m— Test data

== Printout of an interaction with such test data,
including loading, compilation, execution, resulta.

== Time spent (by wachine and by man).
See also R. Kain's letter {C. ACM March 67].
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Adolfo Guzmén Arenas was born in Ixtaltepec, Omx., México on
July 22, 1943, Ee emtered the Escuels Superfor de Ingenferia
Mecdnica y Eléctrica (ESIME) of the Instituto Politéenico Naciomal
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For his graduate studies, Adolfo Gusmin entered the Electrical
Engineering Department of the Massachusetts Institute of Technology
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and the Institute of Electrical and Electronic Engineers.
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LOOKING BEHIND

When T started to work on these problems, the idea wes to
describe an object by using a model, and with this model in memory,
to scarch the scene looking for sub-parts of it that would fit the

description.

This work ended (as far es this thesis is concerned) with a
program that finds bodies without having & model of them.

That is good.

Forwe did not know at the beginning that this could be dome.

LOOKING AHEAD

a. Suggestions for further work

b. Comment s

All these matters are
normally  encountered
d.  Summary grouped 1n a chapter
at the end of the work

c. Recommendations

e. Conclusions
£. Evalustion

g. Extensions and Implicationa

I can only partially lump all these important matters in one
final section; many times I cite them in context, that is, mext 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 mear &
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