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ABSTB.ACT 

Methods are presented (1) to partition or decompose a visual 

scene into the bodies fo:ming itJ (2) to poaition these bodiea in 

three .. dimensional ·apace, by combining two ac:euea that make a 

stereoscopic pairJ (3) to find the regiona or zones of a visual 

scene that belong to its background.J (4) to carry out the isolation 

of objects in (1) when the input hu. 1.Daccuraciea. llmming computer. 

programa implement the •thoda, and many ezamples illustrate their 

behavior. The input 1a a two-dilleuional line-drawing of the scene. 

asaimed to contain three .. dimell&ional bodies poaaesaing flat faces 

(polyhedra)J some of them 18Y be parti&lly occluded. Suggeationa 

are made for extending the work to curved object•. Some ca11parisona 

are made with h1mBn visual perception. 

The main conclusion is that it is possible to separate a picture 

or scene into the constituent objects exclusively on the basis of 

monocular geometric properties (on the basis of pure form); in fact, 

successful methods are shown. 

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

(BODIES ARE AS FOLLOWS : {l 8 9) (2 7) (3 5 6) (10 15) 
(4 13 14) ) 

If asked to report the triansular pri .. , it should answer 

( 10 15 IS A ntANGULAB. PB.ISM) 

- This thesis discu.Sses the problems involved in this task. 

What should be done when the information is noisy, some lines 
are missing, etc? 

Bow can the computer separate the background from the objects 
fonning the scene? 

Bow should ahadows 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 •tudy are .. follova: 

artificial intelligence 
body 
backgto'lind 
bJckground discrilllinati011 
classification of images 
CCBVIRT 
cybernetics 
feature recognition 
geometric objects 
geometric processing 
graphic processing 
graphical cominm.ication 
graphical data 
heuristic procedures 
heuristic progranmdng 
identification 
image 
intelliget1ce 
line drawing 
LISP 
liat processing 
machine aided copition 
machine perception. 
mechanisation of vi.ftal 

perception 
object identification 
optical · 
optical illusion 
pattern 

pattern ..uhl.Dg 
pat:tH• -...1uoa 
photop!I...,. 
photo-hanpretati& 
pictqre · · 
pie~ a'la9traction 
picture pJ:aCe .. ~ 
picture t:~-tomatiou 
pictorial Knct""8 
pol,-.J"& 
recognition 
robot 
scene 
ac:ene analysis 
solids 
stereoscopic 
symbol .uipulation 
three-4-..i.oaal 
thne~t.a1 scenes 
three~l solids 
two-clt.lwioqal patterns 
Yisioa 

.Yiaual 
Yiaual illformation processing 
visual °"ject recognition 
visual .,.neption 
visual ..._. 
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Computer Review (A. C. M.) index numbers: C.R. 3.61, 3.63, 
4.22, 5.20. 

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

carried out using the facilities of the Artificial Intelligence Group 

of Project MAC, at M. I. T. Currently, the main goal of the 

Artificial Intelligence Group (AI group) is «to extend the way 

computers can interact with the real world: specifically to develop 

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

{Minsky, Status Report II}. From such efforts, a robot or mechanical 
manipulator has been constructed, consisting of a PDP-6 computer, 

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

IMAGE DISSECTOR CAMERA 

«These "eyes and hands" are eventually to be able to do reasonably 

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

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

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

12 



The work was naturally divided into visual information procesSi.!!8, 

(computer vision) and manipulation !!!& control .£! ~ arm-hand. 

Thus, when I came as a graduate student from the Politecnico de Mexico 

to M. I. T. (Sept. 65) and became associated with the AI Group, I 

found a great interest there in graphical communication with compulerS. 

Moreover, it was felt that symbol manipulation techniques would be 

relevant to this area. I was fortunate enough to have had some con­

tact with the LISP language in some of its implementations: 

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

at the Centro Nacional de CS.lculo of the Politecnico; in fact, I 

became interested in the area because I felt that it would be possible 

to handle two-dimensional structures much in the same fashion as one 

handles lists (that is, one-dimensional structures or strings of 

symbols) in a pattern-driven language, such as CONVERT {1965}, recently 

finished at that time. 

The area also offered a good opportunity to understand and 

evaluate several techniques, computers, equipment, etc. Consequently 

I decided to work in it. 

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

13 



SIMPLIFIED VIEW OP SCENE ARALYSIS 

,__------------------TO TB! BUSY READER---. 

'l:his section presents .a general view of the problems 

in the thesis.and their aolution.aJ if you are abort of time, 

(l) l.ead the ab•~ract ~ this .. ction. 

(2) Choose some acega from section 'Analysis of Mny acenea', 
and observe how the computer perceives them. 

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

Scene Aaalys:l.a Scene analysis is the result of interaction between 

.2P!i.£a1.9.•!!. coming from the Eye, and ~ledge about the visual world 

stored in the programs. In all that follows, the optical data entering 

through the Eye is reduced to a line drawing; this pass ia called 

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

After preprocessing. such a 

line drawing is analyzed in order 

to discover and recognize given 

objects in it. 'l:he process is 

called recognition. 

'l:his .thesis ia concerned 

with recognition. 

'l:he stylised presentation that 
follows ta only an ex.ample; in 
particular, scene analyais does 
not need to follow the sequence 
pre-proceaaiag-+ recognition. 

See 'Division of work in 
C0111puter Via ion' in page 'o . 

We now give a simplified exposition of both processes. Recognition 

will be discussed abundantly in the remainder of this thesis, aince 

it is the main topic; readers who wi•h for more information on pre-

processing or other .approaches should consult the references, for 

instance {my MS 'l:hesis) and {A C Shaw PJCC 68}. See also page (,O. 
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Each inhomogeneous square (!) is divided in four E13 , ignoring 

again the homogeneous sub-squares. 

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

17 
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The resulting analysis gives us the first chance to start 

working abstractly now, instead of continuing in "picture-point 

apace." Preprocessing is finished. 

Recopition 

'l'hia and the next page 
describe proposed. but still 
unfinished, parts of the 
~stem. 

What follows is merely a brief swnmary of the processes in 

recognition. A more systematic presentation and classification of 

processes in recognition is found in 1 Division of work in Computer 

Vision', on page 60. 

A program would check in the original scene, on both sides of 

each line, for continuation across the line, of textures, local cracks, 

etc. On these and other grounds, shadows would be picked up and 

erased: 

18 



A line-proposer prog:cam. atudies the abstract or "aymbolic" scene and, 

using some heuri•tica and general principlea, proposes places where 

it is quite probable that a line is minings 

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

specially sensitive t~st that uses fine measurements from the ori­

ginal scene, and often it will pick up a boundary that was 111issed 

in the less-intelligent homogeneity phase. Bere it can be practical 

to apply a very strict and sensitive test, because the program. 

knows very accurately where the line should be, if it really exists 

at all. P'or example, even if the two faces have almost equal illu­

mination. the Eye can pick up a thin, faint highlight from the edge 

of the cube. It would have been hopelessly expensive to look for 

such detailed phenomena over the whole picture at the start. 
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At this stage our program SEE (page 58) comes 

into action. This program treats different kinds of local 

configurations as providing different degrees of evidence 

for 'linking' the faces. This evidence is obtained mainly 

at vertices, and at boundaries between regions. 

A vertex is in general a point of intersection of 

two or more boundaries of regions. These regions might or 

might not be faces of a single body. SEE examines the 

configuration of lines meeting at the vertex to obtain 

evidence relevant to whether the regions involved belong 

to some object. 

For instance, in the vertex configurations "ARROW" and 

"FORK"(a 

below in 

complete 

table 

classification 

'VERTICES'), 

of 

20 

vertices can be found 

"ARROW" 



the "FORK" suggests linking face a to face b, b to c, c to a. 

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

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

'LEG' 
(Weak link shown dotted) 

Matching T's. 
(two strong links) 

(or st tong) link placed by its 1 arrow' ; a "T" looks for a matching 

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

"T" counts against (inhibiting, that is) linking a with c, or 

b with c. ~ 
These links, for our example, are 

and may be represented as 

[weak links are dotted] 

21 



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

(BODY 1. 

(BOD! 2. 

IS 1 2 4) 

IS 3 5 6) 

If in addition we give at this point to 
the computer the definition or concept 
of a 'triangular prism', through an ab­
stract !!!2.4.!! of it {my MS Thesis}, we 
can get 

( l 2 4 IS A TRIANGULAR-PRISM) 

(3 5 6 IS A CUBE) 

Analysis of several exameles 

A larger variety of kinda of evidence is used in more complicated 

scenes, making the program more intelligent in its anaweraz 

(1) The links themselves are inhibited by conditions or configurations 

at the neighbor vertices and faces; for instance, in the case 

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

(2) The links to the background are ignored [complete descriptions 

of conditions for producing and cancelling links are to be 

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

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

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

22 



These "nuclei" then compete for more loosely linked faces 

(faces linked through one weak link ~ one strong link~ , 
or one face completely unlinked, except by one strong link---O). 

By not considering a single link, weak or strong, aa enough 

evidence for assigning two faces as part of the aa. object, this 

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

ments of links between regions that should not be couiclered aa 

forming the same body) to make an identification error. 

The bodies of the following scenes are found by SD without 

difficulty. 

-

. 
-- - ' 

.. ~_ .. __ ...... _ .. 
' 

I , 

\ 

Rote that of the strong links available to the ''FORK11 marked with 

an arrow, two were prohibited or inhibited and only one is produced 

by SEE. 
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Dotte d 11.nks are weak. 
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In the following figure, the "FORK" of the big object is missing. 

-
Statement of Rules We will re-state the rules under (3) of page '2.2.. 

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

We will cor>s:l.der the outer background ( :16 in fig 'LlO', page 59 )':' 

to be also a region. 

Nucleus (definition). A n~cleus (of a body) is a set of regions. 

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

regions a and b are linked where a £ A and b £ B. 

First rule· If two nuclei are li.nked by two or more strong links, 

they are merged into a larger nucleus. 

For'""""'~'":: ,11 are put together, 

CD=@ 
because there 

exist two .'>trong links among the::i, to form the nucleus :8-11. 

Maximal nuclei: St<Jrting from n•.>clei containing individual regions, 

we let th•.' nuclei grow and merg": under tre First rule, until no new 

nuclei can be formPd. When this is the case, the scene has been 

partitioned into several "maximal" nuclei; between any two of these 

there is at most one strong link. 

For instance, regions :8 and :11 are put together by the First 

rule; now we see that region :4 has two links with nucleus :8-11, 

and therefore the new nucleus :8-11-14 is formed. This last is a 

maximal nucleus. 

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

25 



The First rule is applied again and again, un.til all nuclei are 

maximal nucleiJ then the following rule is applied: 

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

link they ...... ~1-:.,. ~ 

The Third rule is applied after the Second rule. 

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

wi.th nucleus B and no links wi.th any other nucleus A and B are merged. 

(lo) ~ J§) ~ 10 , 2 3 
~~ 11 64 

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

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

because 9 bu two links : 4 S 

rile Third rule tends to avoid proposing bodies consisting of a 

single region. 

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

SD into error: 

....... 

Here tb.ree links were er~oneoualy placed b- SD did not get 

confused by them.. 

In complicated scenes, coincidences cause two objects to line up. 

As a result, vertices of different objects are merged, two objectively 

different lines appear aa one and 10 on. The next example illustrates 

these pheno..na and shows how SD copes with the probl•. 
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SEE transforms the above scene as follows: 

27 



As we see, the nuclei are going to be correctly formed, and SEE will 

also analyze this scene correctly. 

~he bodies do not need to be rectan~ular, prismatic, convex. They 

only need to be rectilinear. As we will s.ee later, even curved objects 

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

Figure 'BRIDGE' 

28 



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

used here: ;:j::;.. 

\-) 
··.·!1·; .. ~P:.:c:·. 

three parallel lines comprising regions that are not background, and 

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

originate a strong link, as shown above. 

The following locally ambiguous scene is correctly parsed by 

our program: 

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

fails to see one of the inner cubes: 

-
Figure 'MOMO' also gets decomposed accurately: 

Figure 1MOMO' 
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The local links allow correct identification of the following body: 

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

(conservative behavior, page 2tZ.): 

Another mistake occurs in the following scene : 

Conclusion 

~f).-
At left, the above mistab is not produced 

because vertex A links :2 and :8, by 

the new heuristic introduced in 'BRIDGE'. 

The performance of this program shows that it is possible to 

separate a scene into the objects fonaing it, without needing to know 

the objects in detail; SEE does not need to , know the 

'definitions' or descriptions of a pyramid, or a pentagonal prism, 

in order to isolate these objects in a scene containing them, even in 

the case where they are partially occluded. 

The program will be fully analysed in the following pages. 
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* Problems in analyzing a visual scene 

The problem of taking a two-dimensional image (or several such 

images). and constructing from it a three-dimensional interpretation, 

involves many operations that have never been studied, to say nothing 

of being realized on a computer. We will list some of these here; 

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

have been side-stepped or ignored by the present recognition system; 

the problems which we did solve are discussed in the text. 

Among the facilities that must be available are: 

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

between the eye(s) and the general framework of the physical task, 

i. e., where are the background, the "table" or working surface, 

and the mechanical hand(s)? 

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

to the eye-table-background-hand model. 

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

position, accounting for partly•hidden objects, recognizing objects 

already "known" by descriptions in memory and representing the 

three-dimensional form of new objects. 

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

for the purpose of task-goal analysis. 

Among the important factors are the effects of: 

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

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

objects in obvious and subtle ways in scenes with multiple 

objects and lights we get complicated shadows, which have to 

be detected or rejected. The boundary between two faces may 

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

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

flat surfaces, the two-dimensional projection of their surface 

* Adapted from Status Report II {Minsky 67}. See also Project MAC 
Progress Report {1967, 1968}. 
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features can take many forms, and the system has to be able to deal 

with all of them. It works both ways, of course: once identified, 

the appearance can give valuable information about the object's 

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

spatial locations {Roberts 1963}. 

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 panel discussion. 

\.' It.· t- 1..• (· ' 41 l • I I I ' e e e e ••••••••••••••• ••••••••••••••••• .................. 
••••••••••••••••• 
·~~ .... 

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

problems in the 
implementation of 
intelligent robots 
This session, the second of three sessions on robotry, will 
consist of a panel discussion among technical people in­
volved in the design and construction of mechanical de­
vices that are capable of significa~t independent "intelli­
gent" behavior, usually by means of computer control. The 
projects represented on this panel have drawn upon state­
of-the-art capabilities in many technologies including 
mechanical engineering, pattern recognition, heuristic pro­
gramming, neural networks and computer systems. Thus, 
the discussion which will be conducted at a fairly technical 
level should be of interest to engineers and scientists con­
cerned with the problems of interfacing a variety of disci­
plines, as well as to those interested in learning about the 
nature of current embryonic "robot" systems. 
NOTE: Tickets priced at $5.00 each (including lunch) for 
the all-day tour of "live robot" installations on Wednesday, 
Dec. 11th, will be available at this session. 
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MR. L. CHAITIN 
Artificial Intelligence Group 
Stanford Research Institute 
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fall joint 
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civic center 
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PROF. S. PAPERT 
Artificial Intelligence Project 
MIT, Project MAC 

THE MIT HAND-EYE PROJECT 
MR. L. SUTRO 
Dept. Aeronautics and Astronautics 
MIT 
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RELATED RESEARCH 

Previous work by the author 

CONVER7 
A programming language is described which is applicable to 

problems conveniently described by transformation Nies. By 
this is meant that pattern$ may be prescribed, each being 
associated ~th. a skeleton, so that a series of such pairs may 
be, searched until a pattern is found which matches an expres­
sion to be transformed. The conditions for a match are governed 
by a code which also allows subexpressions to be .identified and 
eventually substiMed into the correspancfmg skeletcln. The 
primitive patterns and primitive skeletons are described, as 
well as the principles which allow their elaboration into more 
conipllcated patterns and skeletons. The advantages of ·the 
language are that it allows one to apply transformation Nies 
to lists and arrays as easily as strings, that both patterns and 
skeletons may be defined recursively, and that as a consequence 
programs.may be stated quite concisely. 

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

Because it is easy to write and modify a program in Convert, 

the language has been extensely used to quickly test 'good' 

and "great" :ldeas, new algorithms, etc. It is embedded in 

the LISP of the PDP-6 computer (A.I. Group), in the IBH-7094 

{Project MAC-MIT); in the CDC-3600 {Uppsala University, Swe_den), 

in the SDS-940 (Univ. of California, Berkeley). A paper in the 

A. C. M. and {MAC M 305} describe the language; examples of 

simple prograu written in Convert are in {MAC M 346}; a book 

article {Patterns and Skeletons in Convert} i• oriented 

toward the Lisp consumers. For our Spanish readers, two 

Bachelor's Theses {Guzman 1965} {Segovia 1967} describe the 

language and processors, 4nd give examples. 

SCENE ANALYSIS 

(1) Polybrick ..(MAC M 308} {Hawaii 69} is. a Convert proa~a that 

works on a scene or picture, expreaaed as a line drawiq, and finds 

parallelepipeds in it. 
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(2) We would like to be able to specify in SOiie auitable notation 

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

'triangular prism', 'chair'), and make a program look for all instan­

ces of any given model in a given scene or figure. Twe arguments 

would have to be supplied to our program: the ~ of the object 

we are interested in, and the scene that we want to analyze. 

Programs to do this are described in {AFCKL.,.67.;.0133} and (MAC M 342}. 

In these early programa, partially occluded objects get incorrectly 

identified. These programs are alao written in Con~ert , and work 

by transforming or COlllpiling the model, written in a picture descrip­

tio~ language, into a Coqvert pattern, which searches the scene for ,, 

instances of the model. 

(3) A Master's Thesis {MAC TR 37} diacuHea many.ways. t.o identify 

objects of known forms. Different kinds of iDoclela aiid their proper­

ties are analyzed. 

(4) It is important to be able to find the bodies that form a scene, 

without knowing their exact description or model. SES is a program 

that works on a scene presumably composed of three-dimensional 

rectilinear objects,· and analyzes the scene into 8 compodt!on of 

three-dimensional objects. Partially occluded objects are usually 

properly handled. Thia program was diacuseed in {MAC M 357}, 

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

version. 

(5) The present thesis goes beyond these topics to discuss also 

handling of stereo infOrmation (two views, left and right, of the 

same scene), improvements to deal 'With noisy (iniperfect) input, 

figure-background discrimination, and a few other subjects. 

Canaday 

Rudd H. Canaday in 1962 analy.ed scenes com­
pc.ad of two-dimeaaional overlappins objecte, "atraisht­
aided pieces of cudboard." Hie programbreabtheimap 
into it. COIQpOIM!D.t .parts (the .,ieoea of oardboard.). cl. 
ICribea each onia, gi-.. the cl9pt.b of each part iQ. the 
imap (01' --» ........... which ..- oOvs wlaiob. 
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B.oberts 

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

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

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

Mechanical Manipulator Groups 

Actually, several research groups (at Massachusetts 
Institute of Technology, 1• at Stanford U niveraity, 11 

at Stanford Research lllllt.itute 11) work actively to­
wards the realisation of a mechanical manipulator, i.e., 
an intelligent automata who could visually perceive and 
euccessfully interact with its enviornment, under the 
control of a computer. Naturally, the mechanisation of 
vieual perception forms part of their research, and im­
portant work begins to emerge from them in thia area. 

35 

(see also page 32, ) • 



THE CONCEPT OF A BODY 

In this section definitions of a body or object will be prt>Posed. 

The criterion is that they agree !n 1!!.D£r.I! with the cOllllllOn use of 

the word 'body', while at the same time they •hould lead themselves 

to implementation into a computer program. 

Introduction 

Our ultimate interest is to examine a two-dimensional scene (a 

picture, line drawing, or painting), presumably a representation 

(projection, photograph) of a three-diDensional scene (a subset of 

the "universe" or "real world") and to find in it objects or bodies 

contained in the real scene. More specifically, the aim is to find 

the two•dimen81onal representations (projection.a, photoarapha) of 

the different three•dimensional bodies present in the scene. 

The phrase "two•dimenaional representation of a three­
dimensional body" will be alh.ortened to "two-dimensional 
body" or even to 11body", when no confusion arises. 

That is, we have to analyze a two-dillenaioual scene into collections 

of two-dimensional entities (surfaces, regions, lines), each of which 

makes "three-dimensional sense" as a two•dimenaional prqjection 

of a three-dimensional body. 

The problem is inherently ambiguous 

A scene can be considered as a set of surfaces (faces or regioaa), 

a body belonging to that scene is then an "appropiate" subset of dlia 
collection. Therefore, the problem of finding bodies in a sceN b 

equivalent to the problem of partitioning the aet into appropiate 

subsets, each one of them representing or fo~1 a l>ody (scene "CllJICH'1). 

The problem is inherently ambiguoua, sf.Dee clifferent collectiona 

of three-dimensional bodies can produce the same 2-dia aceae, therefore 

a given scene can be partitioned in many ways into bodies. 
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It is desired to make a 

"natural" partition or decompo­

sition of the scene, natural in 

the sense that will agree with 

human opinion.• 

To define a ~­

dimensional body is no problem 

[a philosopher may disagree, 

perhaps in singular cases}: 

Three-dimensional body (definition): 

Figure 'CllURCH' 

Set of eight elements. Adequate 
subsets (bodies) are [2 41, 
[l 3 5 6 7 8). In a 1DOre com­
plicated example, people may 
differ in their parsing of scenes. 

A connected volume limited by a 

continuous, two-sided surface composed of 

portions of planes. 

Restriction: The above definition covers only polyhedral bodies, 

that b, those having flat faces. 

Restriction: No holes. 

No-restriction: Bodies do not need to be convex. 

Roughly speaking, a three-dimensional body is something that does not 

fall apart into pieces when lifted [this may be used as an operaticimal 

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

sary tests]. 

Giftn a .t'hree•diaenaional body, we generate a two-dimensional body 

by takiq a "picture of it, as follows. 

Two-dimeuional bodv (definition). :Jipre foned by the projectt.on:of 

' a three .. dimeuional boclY•,,, :~-~~'if·· *·-'fo.trc-
tioaa la i~dc o:r ~~t.-. · ; , 

• . . . . • . ·, ' '. ''· ' .~. :·' ' . . ·1 

'rhu, this ·is a view in t.we ~f.OQfce:~:;• .. 1~ ~ •. frota ·-re 
particula r point of vie"W. . ·, .· , · .. , · . . '. ( 

. Unfortautely, a tWO-diiieoUonal body cou14 .._ isl ihfs' .....,. f~ 

any o~ .. veral different 3•dia bodies or, Wh&tis.wona~ two3-dbiJ,oc.1ea 

t:>gether can atve dee to a aingJ.9·2"'dia body. J'or ~ •. ia fig. hm11
, 

•Without suCli':.a ~~ulrement; Hie p'l'oblem baa a trivial aoluttob , 
(see Metatheorem in page 39). 
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•i&ure ,_. a.•.T' 
Two blocka, or a bent brick. 

thia ,~-.d~on&1; bQdy_ ~d ·~ generated. t,.;r,;~ -~bflt.. ~K~"'. or. ~1 
two 'b-leeb ad.ftlcellCib> ~'ot:her. We are claaliag with one three­

dimenaicmal w;~ ill ·t:h ·nrat" ~a. .. ~,_,..., tf!t.~-~~!it:~~ .. ~ 
2-ctta ~ttyJ(bailal1', the''d~ of figun •an•) ta the ..... and 

we are cocif&iilfih4 lifttHm ~ ~~.' ~' 

s~uv• ·!m:M · l •ra· ·~~eU0*1~ f.il·:rtt. · •ftllitl.ms•. 
which could be the ~Mi fl!' J6'5 'tl~ IM>diea, or the 

J'1gun 1 l'lm.lb81 
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Such colorful contradictions point towards the need to lay down 

a more careful definition of our task. Por instance, no one would think 

that figure 1CUBE 1 

Pig. 1C U B E' 
No one would think.,. 

contains three bodies. Nevertheless.(•ee fig. 'PARALLELEPIPED' in 

next page), that could be the case. 

These two extremes are to be avoided by an appropiate definition 

of a body and the c.orm..,oncliq computer program.. 

Legal scene 

region. 

That 2-dim scene iii .wbich each line is 

.. a. ... D 

boundary of 

g 
Legal scene. IUepl. Illegal. 

some 

See also comments to scene B.3, aud 'I'li.e.-itr;:enes' (page.217), in 

section 'On noisy input'. 

Metatheorem "A ny legal scene can alwaya. be the projection of one or 

more tbree-dimensional objects." 

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

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

basis of a pyramid, all the faces meettni at the cuspid occluded by 

the basis. ~ . :. .. · 

Therefore~ each legal aeeue can be. ~- by projecting or 

photographing aft: adequate arrangement of, . sudl yyr~ds. 

We can always construct a 
legal scene by photographing 
(or projecting) suitable 
3-dim polyhedra~ 
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Figilre 'P A R A L L E L E p I p E D' 

An i111Probable decomposition of a scene. 
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Trivial partition iM 
By.,,use of the metatheorem, we can always find a 

decomposition of .a visual scene into three-dimensional bodiea; we 

call this answer "trivial". Humans do not split scenes this way. 

Our program should not, either. 

But the metatheorem points out that "impossible scenes" are ne­

ver found among the legal scenes (aee section 'On Optical Illusions'); 

these always have at least one interprel!'ation. [eJ of •r,,.;J ,..rt:t: ... "]. 

We are trying to give criteria for proposing bodies that will 

suit our ends, which are to define a "reasonable" or "standard" body. 

This will permit us to judge the ped'ormance 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 beat through a suitable 

transformation, and accept this •tch if the error is tolera­

bly small. Complicated compositions of elementary bodies 

are considered. 

2. Ledley {1962} would propose: in terms of auitsble primitive components 

(area, legs, etc.), make a s,ntactieal analyais.of the scene, 

with the help of a grammar, in such a way that the models of 

the object you want to identify are formed recursively from 

these primitive components and (perhaps) other bodies. 

Naradmhan {1962} and Kirsch H964} would agree ou thia 

linguistical approach. A. c. Shaw ~Ph. D. Theaia} aHenta. 

3. Guzman {1967} suggests: prepare models which specify a fixed 

topology but where other relations (length of sides, paralle­

lism of two lines, equality of angles) are specified through 

the use of open variables (UAR variables, in CONVERT). 

Evans {1968} would agree with that. 

These approaches require the existence of a model which describes the 

object to be identified; the model specifies a particular 3-dim. object 

(or a class of them). These approaches are answering more than what 
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was askedJ they tell not only ''yea, it is a body''' but abo 

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

It is de aired to know if somethiug · ie a body, any body, 

even one which has not been seen before. 

If it were poaaible to implemnt a program to answer that question, 

then that would b& a working definition oi a bOcly. SEE .ia a program 

Which comes close to this ·goal, 80 t~t if could be pragmatically stated: 

2-dim body "a 14 SEE" (definition). A bqdy 1a .each Mt of regions 

recognt.ed by the p,ropma SU as euch. 

Thia definition a11owe . ti.. fQllowing 

Criticism: A pe~t "-Y to h~ lioua 1a to 

captu:E'.8 any entity E, and to call 

that a, lion, by clefinit.ion~ 
That ia, although this definition is preeiae, ·SEE may make 

decisions "contrary to c~ aense"; alao, for purposes ·of judging 
' ~ . . . - ' . . 

the behavior of the program., thia cl_efiuition ia. uaeleaa, since SEE 

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

We are.£~117, tempted. t.:> c;oW:lude ta~ •c~ aeaae''• or 

better, '~hmmt. COllalm aeaae" playa a rol• tn the Jl~Lnitian of a body, 

af,nce ~ we an tS')'i.ng to character! .. ia a 9ual ,Jaady.- De1'1111 body, 

C!mf'W ~. •"· But even people .a, cli£!ar in their- ·paraihga of 

scenes~ We cou14, of c.ourae, give •-~Jsuc::b. as 1MOMQ1 in page71) 

to 100 1:1ubjects, ask them to identify the different bod:tes.in it, and 

come up with aome sort of 'average' or ' . .general· conaensus': 

Z,:dim body (statistical and hu-.n-behav.1,oral definition). Each one of 

the subsets into which ~ scene is partitioned by many subjects. 

it is u.teri.tood that, in this spirit, the human objects should be 

motivated to satisfy a 

Sim>licity criterionr Of the aeveral "reasonable" interpretations 

(d4'compoaitions) of a scene, the one which 

contains the amal1er nUJll>er of bodies is 

preferable. 
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That ia, an explanation or decompoaition ia simpler (and preferable) 

if it can be done with fewer parts. 

Simplicity ia not to be achieve.cl at any coat, since the parsing 

of the scene baa to produce 'plauaible 1 bodiea, aince '1aimplicity11 

could be always achieved if each. acene 1a repqrted aa a single, 

gigantic body, obtained perhaps from aore famili.4,r ones thrOUgb. liberal 

use of adheai vea (cf. also Sibe liua' Monument) • 

The chief choicea are aurely: 

- To ,s;.h~O.!!. a paraing, or 

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

If we select the first alternative, further choices a~ 

••to have a natural parsing (human). 

•• to have a canonical parsing, ln the sense of minimi•ing 

some variable (the minimiution of the number of bodies 

leads u to Sibelius' Monument, its mmd.miution to the 

Trivial Solution of the iaatatlaeorea (,.ge 41 }) • 

Other kincla of 2-dim data . 
iioiiiiiiii0;;..;;iiiiiiiiiioii._..iii0..iii.ii0iiiiii.lim;.;;;;:; We have been discussing identification of 

3•dim bodies (through thef.r 2-dim projections) tu a 2~dim scene, 

purely on the baaia of g..-etric regiona; Many other kinda of infor­

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

Conclusion 

Nevertheless, it is intereating 

to see how far the identification 

of bodies can go if only geometric 

properties a.re uaed. 

Finding bodies in a 2-dim scene ia a task ao! ~·.II ,aqc,!11,!li 

.!!•!f.Aej, becauee of the •biguitiea inherent in «ny .proj~tion. process. 

Ontheae groun4a, the concept of 'body' ia beat de~ribe4 through 

familiarity, iw.n opinion and conaenaua. We are. forced to thla because 

any aceue could be part:itioned :tn .. ve1:al ways (cf. fig.. 'J?AIALLELEPIPl!:D' ) 

only aome of which may be considered plausible i>r '~ible' (natural, 

cOlllllOD., atalldard) partitiou in regard to the bodies forming it. 
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TOTAL ANALYSIS OF VERTICES 

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

bodies are adequate collections of regions. The problem of identifying 

bodies is restated as the problem of finding whether two regions 

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

by examining the vertices of the scene. 

It is shown that a single vertex never conveys conclusive 

evidence, so that at least a pair of vertices is required to isolate a 

body; familiar and unfamiliar configurations of object• help to under­

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

Vertices are the important feature 

== 

== 

,. .. 

This thesis deals with the 

All faces of polyhedra are bounded 
by edge1. 

All edges terminate in vertices. 

analysis of visual scenes composed 

mainly by three-dimensional planar objects ~ 
These are limited by flat 1urfacea 

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

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

=- Wherever several edges or faces meet. a vertex appear•. Thia is 

also a common feature for all the bodies. 

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

When a 3-dim body is projected into a 2-dim be4y, its 3-dim vertices 

(which we will call senuine 3""'im vertices) ne tranafc.naecl into 

genuine 2-dim vertices, known as illlllge! of the 3•dim '9'ertices, as 

figure 'GENUINE' (in next page),indicatea. 

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

vertex. Some 2-dim "false" vertices appear to.o; they do not come 
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Figure 1 G E N U I N E1 

Two 3-dim 
bodies, one 
of them 
showing 
its genuine 
3•dim 
vertices. 

scene 
contai­

ning two 
2-dim bodies, 

one of them 
showing its 

genuine 2-dim 
:vertices. 

Three false 
vertices also 
appear. 

A genuine vertex (such as G1
1

) is one whose counterimage 
(~ in this caae) belongs t 0 some body; a false vertex 
SUCh as F2

1 , is a virtual intersection, and generally 
has no counterimage in the 3-dim world. See fig. 1NODES 1

• 
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from genuine 3-dim vertices, but rather from the partial occlusion 

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

kind of false verticeaJ Guzman {MS Thesis} deals with them by using 

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

that re-interprets or ignores certain t71Je.• of vertices. {AFCRL-67-0133}]. 

False vertices do not belong to any object. 

Genuine and falae vertices The classification of vertices into 

categories "genuine" and 11 false"will allow isolation of objects in a 

picture; ln fig. 'GENUINE' , elimination of vertii:ee F 
1 

• , F 
2

' , and F 
3

' 

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

non-coDJJected components, C::,,, and 0 , correctly aaparating the two bodies. 

Figure 'N 0 D E S' 
l!'ahe vertices .ariae from the interHction of two 
projeeted edges, one of which 1a typically occluded 
in pa~ by a face bordered by the other. Elimination 
of t!Ut ;'. aMle.:· ..... -11·' ;e 12J ':u4,J3' ·llli•-...ct:.a 
the network in two separate components, which are 
the bodies sought for. 

This suggests the following 

2-dim body (first approx. to definition). Set of regions poaseasing 

only genuine vertices, and separated froa other bodies 

by false vertices. 

In this way, the probl• of identifying bodiH la equivalent to the 

problem of identifying genuine vertices, segregating the false ones. 
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Problems to be solved. The computation of this equivalence is challenged 

by several problems: 

=- The distribution and position of bodies may be such that false 

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

= 

I 
Fig. 1 C A U T I 0 N1 

That vertex looks genuine, but is false. 

Global information (analysis of more than one vertex) is needed 

in general to distinguish thetll. In other words, although false 

vertices are those which separate two bodies, and 2-dim genuine 

vertices originate from 3-dim genuine vertices, to segregate 

them requires more than the simple analysis of their shape. 

Some genuine vertices look like false vertices. \ ~ 

ct>-~-
Genuine vertices of a body may not be present in the scene, or 

may be supplanted by false vertices. 

A single body .. y have to~~ted aectiona (portions). 

Continuation is not cleari some doubts arise if the object in 

the foreground covers one or two bodies (fig. 1CONTINUATION 1); 

the simplicity criterion pre.fer& the single body interpretation. 
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Pig. 'CON'?INUATION1 

Continuation ia not clear. 

In brief, difficulties are of two kindat 

-- Genuine and false vertices can not be distinguished 

locally (see Theorem below). 

Even when they are completely classified, problem of 

fig. 1 CONTINUATION 1 remains. 

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

information. 

Classification of Vertices The table 'VERTICES' in next page classi-

fies vertices according to their form, number of lines and angles 

among the linea. It contains the moat common types; vertices having 

more edges could have been included. 

Let ua consider one of these types, ARROW. Three regions called 

1, 2, and 3, form it. The st:..-dard, motJt comaon 
3 
f( 

AIUWW configuration ia a body with facea l and 2 , · 2 
seen apinat aome ~ther object 3. We indicate 1 
thia by [ (1 2) (3) ]. However all other con£i1urationa are po .. ible: 
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< 
'L'.- Vertex where two 

lines meet. 

'ARROW'.- Three lines meeting at 
a point, with one of 
the angles bigger than 
180 degrees. 

'K'.- Two of the lines are 
collinear, and the other 
two fall on the same side 
of such lines. 

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

'FORK'.- Three lines forming angles 
S111aller than 180 degrees. 

'T'.- Three concurrent lines, two 
of them collinear. 

'X'.- Two of the lines are collinear, 
and the other two fall on 
opposite sides of s~ch lines. 

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

TABLE 'v E R T I c E s I 
Classification of rectilinear vertices. 
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'lhus, for an ARROW, all the groupings of its facea are possible; any 

procedure that, by looking at an Arrow tries to decide how its faces 

are grouped into bodies, will alwya make mistakes. 

The generalization of the .above analysis to all other types of 
vertices proves the following 

"'lheorem"• There does not exist a set of local decision procedures 

[µi], each one looking or getting information from one vertex 

and establishing b•equivalences among some of their faces 

(two face a a and b are b•equiva lent , indicated a = b, if 

the µ.i decides that they belong to the same body; this is 

an equivalence relation) , using information only from that 

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

of the µ'sat the other vertices), which will partition all 
scenes correctly. 

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

Figure 1M A C H I N E'' 
The decision procedures µ.i , represented as 'eyes' here, 
decide by proc ... ing info~tton at exactly. one vertez; . 
the box in the right accepts all these decision11 and passes them as 
results. No matter what set of µi w choose, there eziata a scene 
that inducu an incorrect partition by our machine. 
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A stronger assertion ia that, in view of inherent ambiguity, 

there is not even any global procedure! 

All the different groupings of regiona of a vertex iuto bodies 

are possible i this 1a illuatr.ated by the following complete set of 

scenes, each one of them showing a different partitioning of a type 

of vertex. These examples are useful alao in giving an idea of 

unusua1., as well as familiar scenes; we will have later occasion to 

use them, when ae.arching for heuristics to form. bodies. 

Generation of partitions 

I 
z 

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

{ 
Partitions of a set of ~ 
elements 

compo C Cl 2 3) 
I ((1) (2) (3)) 
% ((1 2) (3)) 
3 CCl 3) (2)) 
4 ((1) (2 3)) 
5 ((1 2 3)) 

5 

There are only two partitions of a2 
set of .two elements. 

Partitions of a set of ~ 
elements "\& 

compo C Cl 2 3 4) 
((1) (2) (3) (4)) 

2 ((1 2) (3) (4)) 
3 (ll 3) (2) (4)) 
~ ((1 4) (2) (])) 
5 ((1) (2 3) (4)) 
' ((1 2 3) (4)) 
7 CCl 4) C2 3)) 
' ((1) (2 4) (3)) 
'f ((1 2 4) (3)) 
~ ((1 3) (2 4)) 
II {(l) (2) (3 4)) 
12. ((1 2) (3 4)) 
13 ( ( 1 3 4 ) ( 2 )) 
.... ((1) (2 3 4)) 
15 ( ( 1 2 3 4)) 

15 

1 
Figures in the next; +.w f!A9e6 are. 
numbered according to the numbers 
in the leftmost column in these 
tables. 
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CODD. 

1 2 

e 
ARIOW 

3 4 5 
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FORK 

1 

3 
4 

1 

5 

2 

5 
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6 
13 

2 
4 
7 

10 

3 

8 

1 

9· 

15 

14 

55 



7 
12 

3 
8 

15 

PEAK 

1 

not 
repr&se.!! 

ted 
here 
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Digression 1. An alternate approach 
Suggestion 

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

basis for identification. For instance, use two scenes (left image, 

right image) or pictures, localize a sharp feature in one of them 

(vertex, crack in the face, peculiar texture, etc.) and by correlation 

or some other method, find it also in the other picture. Having 

found a few points in both images in this manner, determine the plane 

of the face, in 3-dim space. When several faces are thus identified, 

we can compute, if desired, their intersection and obtain the edges 

(lines). It will generally suffice to ignore the edges and rely on 

the faces. Since it is reasonable to expect considerable difficulty 

in finding lines and in differentiating lines caused by edges from 

those caused by shadows, an approach which avoids the lines altogether 

looks promising. But in this case, in addition to requiring two 

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

a generally time-consuming and error-prone task. 
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S E E, A PROGRAM THAT P'INDS BODIES IN A SCENE 

Synopsis 

How SEE works. 

Algoritbm8 and heuristics are presented, implemented in a 

program, that analyze a scene into a composition of three-dimensional 

object&. Only the two-dim.enaional representation of the three­

dimensional scene is available as in.put,and is described by a 

collection of surfaces, lines and vertices. 

SEE looks for three-dimensional objects in. two-dimensional scenes. 

The program does not require a pre-conceived idea of the fo1:91 of the 

objects which could appear in the scenes. lt is only a .. uaed·that 

they will be solid objects formed by plane surfaces. Thus, SEE can 

not find "pentagonal pr1811l8" or "houses" in a scene, since it does 

not know what a "pentagonal prism" is; but it will uually iaolate 
the pentagonal prf.ama (or any other regular or irregular solid) in a 

seem, even if some of thea are partially occluded, witbout bning 

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

to configuration of surfaces and lines which would make plausible 

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

The analysis that SEE makes of the different scenes generally 

agrees with human opinion, although in some ambiguous cases they 

tend to be con&ervative. The most interesting thing about the 

program is how well it deals with occlusions. Many examples in 

the next section 'Analysis of many scenes' illustrate the features 

and peculiarities of the program, Jlnd also illustrate the effects 

of inaccuracies introduced in the data. 
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INTRODUCTION 

Here is a program that locates objects in an optical image of a 

scene most likely composed by three-dimensional solids, perhaps 

occluding one to another, so that some of them may not be totally 

visible. We use a line drawing as our representation of the scene. 

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

our program, named SEE, produces 

CiODY 1. IS 15 11 14 112) 
CBOIJY 2. IS 16 115 S7 • 11 114> 
C80DY J. IS 18 19 110 1 J) 
CBOOY •• IS 12 '13) 

Division of work in computer vision 

In trying to construct a program for seeing, several approaches 

are possible; most of them require some of the following set of 

modular programs or subroutines. 

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

to a symbolic representation or :'.internal format' (page 66 ) , in 

terms of vertices and lines connecting them. 

Homogeneity predicates. They decide if areas of the picture are 

inhomogeneous, and hence require further analysis (page '" ) • 

Color predicates. Boundaries of different color suggest lines. 

Line finder. Locates lines of points having certain property 

(such as being inhomogeneous, or having a large light intensity 

gradient). 

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

at their meeting point. 

Consolidator. Eliminates the false lines and finds more lines, 

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

system. 
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Illumination program. Discovers where the main light sources are. 

Shadows program. Detects shadows so as to eliminate them. 

Missing lines program. General shape considerations suggest places 

where faint lines can remain undetected. 

Body recognition. Partitions the scene into appropiate subsets, each 

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

Object identification. These objects are compared against abstract 

descriptions (models) of cubes, pyramids, etc., so thit a classification 

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

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

Positioning. Having analyzed the scene, the relevant objects are 

positioned in three-dimensional space, and additional relations among 

them are discovered (support, obstruction, etc.). Enough inforuation 

is obtained to allow the mechanical arm to manipulate the objects and 

achieve its goals. 

Stereo. More than one view are analyzed (page23~) and from them, 

3-dim spatial positions are found. 

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

acquires knowledge of how far the objects are. 

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

scene and of the desired goals increases. 

Re9ogn!zer. The task of body recognition and body identification was 

fo1.11lerly accomplished by a single program (for instance, I1r or TD {my 

MS Thesis}) that compares the symbolic description of the scene against 

the symbolic or abstract description of the model of the desired object, 

in a kind of two-dimensional matching, to isolate instances of that 

object in the scene. 

Technical descriptions of SEE 

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

is the listing of the programs, that appears complete in this thesis. 

They are written in Lisp. If, despite my efforts, some of my explanations 

are not clear, consult it: it is annotated. The programs themselves, 
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r- -----·----~--------- ·----.-------------- ------ ------------ -----:--· ----~----- -----

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

magnetic tape "GUZMAN F" at Project MAC (AI group). Instructions 

are given in page 78. 

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

of the different algorithms and procedures used. 

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

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

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

included here, they contain no other information not covered here. 

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

E 

B 

G 
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INPUT FORMAT 

Eventually, several preprocessors will be able to receive data 

through an input camera and reduce it to the "internal format" of a 

scene, in the form required by SEE, For testing purposes, the scenes 

are entered by hand in a simplified format, called 'input format', 

to be described now. ~ ~ scenes arualyzed ~ ~ ~ ~ written 

~ input format. 

Example. R3 • The input format of scene R3 is 
CDE~PROP RJ CXa7> BACKGROUND) 
CNOT <SETQ RJ CQUOTE C 
XA 4.J 4.5 CX17 x; X14 XC Xll XB> 
X8 4.0 5.7 CX17 XA Xll XD> 
xc 4.8 a.5 CX14 XF x12 XD x•1 XA> 
XU 4.5 9.15 IX17 XB X•l XC X'2 XE> 
XE 5.65 9.25 IX17 XO X12 Xf > 
XF 5.85 8.6 CXl7 XE X&2 XC X14 XG> 
XG 6.6 5.2 C i•7 XF 114 XA) R3 IN INPUT FORMAT 
XM 6.9 15.4 CXl7 X~ X&J lK Xl5 XIJ 
%1 8.5 16.0 CX17 XH Xl5 XJ) 
XJ 11.8 12.6 1%17 Xl XIS XK X16 XN) 
x~ 10.0 11.9 IXl6 ~J Xl5 XH x•J XM> 
x~ 7.1 1J.2 cx:1 XM XIJ XH) 
XM 10.0 ~.7 IX17 XN Xl6 XK XIJ X~) 
xN 11.65 10.J IX17 xJ Xl6 XM) 
) I >l 

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

tell SEE which regions belong to the background. If this informatiot· 

is missing, a program is called that will compute the regions that 

belong to the background (see section 'Background discrimination by 

computer') prior to other calculations. 

After that, the lines associate with each vertex its 2-dim coordi­

nates and a list (which will later be called 'KIND'), in counterclock­

wise order, of regions and vertices radiating from that vertex. 

The function PREPARA (see listing) converts the scene as just given 

to the "internal format" form which SEE expects. It does this by putting 

many properties in the property lists of the atoms representing vertices 

and regions (property lists in Lisp get explained in next page). 

*For the moment, ignore the % signs. They are used to distinguish 
right from left scenes. 
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Property lists in Lisp * 
Each at~ic e~~~~~ion in Lisp has a 

property list, which is a place where facts can be stored. 

If it is desired to represent the fact that John is a 69 years 

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

we could proceed in Lisp as follows: 

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

(2) In the property list of 'JOHN' we will store several properties 

or indicators and their value~, using the function PUTPROP, that 

stores information in the property list1 thus 

(Putprop (quote John) (quote Jacqueline) (quote Wife)) 

will add, under the indicator or property 'Wife', the value 

'Jacqueline 1 : 
JOHN 

I 
WIFE JACQUELINE 

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

JOHN 

I 
SEX MALE 
I 
AGE 69.0 
I 

WIFE JACQUELINE 
I 
BEIGirl' (1, 77 m) 

(4) In fact, the property list of 'JOJBI', which is the CDR of 1JOBN 1 

in Lisp 1.6 {MAC M 313}, is 

(~MALE AGE 69.0 WIFE JACQUELINE BEIGRr (l.77 m) ••• ) 

(5) If later we want to know the age of John, we will a•k 

(Get (quote john) (quote Age)) 

and the value will be 69.0 

* This paragraph, wh~h can be skipped if it is known what a 
property list is, will '114ke the next section clea~@r. 
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'00, 
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lllH IK 116 IJ 117 111 1117 1111 II 

Ill, 1117 11• llSI 
lllL 1111 1• IHI 
C 1111 IL 117 Ill 11• IK 11• IHll 

llU 117 117 1111 
llf 111 ID ICI 
I llU If 117 II 117 18 Ill ICll 

111U 111 117 1171 
CIC II U IAI 
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R 3 IN IN':rERNAL FORMAT 
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I N T E R N A L FORMAT 

The program assumes the scene in a special symbolic format, 

which basically, is an arrangement of relations between vertices and 

regions, which are represented by atoms having adequate properties 

in their property-lists. 

A scene has a name which identifies it; this name is an atom 

whose property list contains the properties 'REGIONS', 'VERTICES', 

and 'BACKGROUND'. For example, the scene R3 (see figure R3) has the 

name 'R3'. In the property list of R3 we find (see also table~~3 IN 

INTERNAL FORMAT') 

REGIONS 

VERTICES 

oACK~ROUND 

(X16 x:s x:J Xl2 x:1 X&4 X17J 
Unordered list of regions f 
composing the scene R3. OrJer is i111111•~fi« · 

CXN XM XL XK XJ XI XH ~~ XF XE XD XC X~ I.Al 

C X:ll 

Unordered list of vertices 
composing the scene R3. 

Unordered list of regions 
composing the background of 
scene R3. 

Region A region corresponds to a surface limited by simple closed curves. 

Regions are represented by atoms that start with a colon(:). For instance, 

in R3, the surface delimited by the vertices K J NM is a region, 

called :6, but DEF GA C is not, 

Each region has as name an atom which possess additional proper­

ties describing different attibutes of the region in question. These 

are 'NEIGHBORS', 'KVERTICES', and 'FOOP'. For example, the region in 

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

In the property list of :2 we find: 

NEIGHBORS (X14 x:7 x:1 Xiii 
Counterclockwise ordered list of 
all regions which are neighbors to 
:2. For each region, this list is 
unique up to cyclic permutation. 
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KVERllCES CXF XE lD XCJ 

FOOP 

Ceunterclockwise ordered list of 
all vertices which belong to 
region :2. This list is unique 
up to cyclic permutation. 

ClXl4 XF x:J XE x:7 ID X11 lC)) 
Each sublist is a counterclockwise 
ordered list of alternating 
neighbors and kvertices of :2. 
Each sublist is unique up to cyclic 
permutation, and indicates a 
simple boundary. 

Each sublist of the FOOP property of a region is formed by a 

man who walks on its boundary always having this region to his left, 

and takes note of the regions to his right and of the vertices which 

he finds in his way. 

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

NEI~HBQRS (Xl6 X16 x:J XIJ ll5 xa5 Xl2 X12 X14 X14 
Ul Ull 

KV~RTICES IXN XM XL XH Xl XJ XE Xf XG ~A XB XD> 
FOOP (CXl6 XN x•6 XM x•J iL X13 XH x•~ XI x•5 

xJ» (Xl2 XE 1•2 xF i•4 x~ Jl4 lA x•1 xB x•l XU)) 

Vertex A vertex is the point where two or more lines of the scene 

meet; for instance, A, G, and K are vertices of the scene R3. Each 

vertex has as name an atom which possess additional properties des• 

cribing different attributes of the vertex in question. These are 

'XCOR', 'YCOR', 'NVERTICES', 'NREGIONS', 'KIND', 'TYPE', and 'NEXTE'. 

For example, vertex J (see scene R3) has in its property list: 

XCOR 11.799999 

YCOR 12.600000 

NVERTICES CXI XK XNJ 

x-coordinate 

y-coordinate 

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

KJNJJ 

Tfpf 

(NEXTE) 

(%17 us Xl6) 
Counterclockwise ordered list of 
regions to which J is connected. 
Unique up to cyclic permutation. 

CX17 Xl Xa5 XK X16 XN> 
Counterclockwise ordered list of 
alternating nregions and nvertices 
of J. This list is unique up to 
cyclic permutation. 

CARROW CXK XJ XI XN x•5 x•• 117)) 
List of two elements; the first is 
an atom indicating the type-name 
of J; the second is the datum of J. 
To be explained in next section. 

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

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

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

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

easily derived from KIND, by taking its odd positioned elements, and. 

its even positioned elements, respectively. 

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

ecene R3); it will be explained in next section. 

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

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

'VERTICES' (next page). 
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< 
'L'.- Vertex where two 

lines meet. 

'ARROW'.- Three lines meeting at 
a point, with one of 
the angles bigger than 
180 degrees. 

'K'.- Two of the liaes are 
collinear, and the other 
two fall on the same side 
of such lines. 

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

TABLE 

'FORK'.- Three lines forming angles 
smaller than 180 degrees. 

'T'.- Three concurrent lines, two 
of them collinear. 

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

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

'V E R T I C E S' 

Cl•••ific•tion of rectilinear vertices. 
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TYPES OF VERTICES 

The disposition, slope and number of lines which form a vertex 

are used to classified it, task performed by the function 

(TYPEGENERATOR L) by storing in its property list its corresponding 

type. 

The TYPE of a vertex is always a list of two elements; the first 

is the type-name: one of 1 L', 1 FORK', 1 ARROW', 1 T', 'K' , 'X', 'PEAK', 

'MULTI'; the second element is the datum, which generally is a list, 

whose form varies with the type -name and contains information in a 

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

Vertices where two lines meet. 

L. - A vertex formed by only two lines is always classified as of type 1 L'. 

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

datum is a list of the form 

(E 1 Ez), where E 1 is the region which contains 
the angle smaller than 1800, 

E'2. is the region which contains 
the angle greater than 180°. 

For instance, in scene R3 (see fig. 'R3 1 ). 

G has in its property list: 

TYPE (L (o/o:4 %:7)) 

The vertices of type L present in R3 

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

Vertices where three lines meet. 

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

180° form a FORK. 
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Its datum is the vertex itself 

at which the fork occurs. For instance, 

vertex K has 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 1 E 2 E 3 E 4 Es E 6 E 7 ) where 

E 1 is the vertex at the 'tail', 

E 2 is the vertex at the center. 

E 3 is the vertex at the left of E 1- E 2 
E 4 is the vertex at the right. 

Es is the region at the left. 

E 6 is the region at the right. 

E
7 

is the region which contains the angle bigger than 180°. 

For instance, vertex H has in its property list 

TYPE (ARROW ( %K o/oH %L %1 %:3 %: S %:7)) 

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

T. - Three concurrent lines, of which two are collinear. 

--fig R3 

The datum for a T is a list of the form ( E 1 Ez ~ ~ ~ E6 E, ), where 

E
1 

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

E 2 is the central vertex. 

E 3 is a vertex such that E 1 E 2 E 3 is 

an angle between 90 and 180 degrees. 

E
4 

is a vertex such that E 1 E 2 E 4 is 

an angle smaller than 90 degrees. 
El 

That is, E
3 

E 2 E 
4 

are collinear. 

Es is the region which contains the 

angle between 90 and 180 degrees. 
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E 6 is the region which contains the angle smaller than 90 degrees. 

E 7 is the "central "region (where the lao0 angle is). 

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

TYPE (T ( %C %F %G o/oE % : 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 

(El Ez E3 E4 Es E6 E7 Ea> where 

R3 

E 1 is the central region. E6 
E 2 is the region having the 180° angle. 

E 3 is the collinear vertex which falls 

to the left of E
1 

E 2 • 

E 4 is the region to the left of E
1
-E

2 
Es is the vertex to the left of E 1-..E2 
E 6 is the collinear vertex which falls to the right. 

E 7 is the region to the right of Ec~E2 . 

Ea is the other vertex to the right (of E 
1 

). E3 

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 1 E 2 E 3 E 4 ES E 6 ), where 

E 1 is one of the collinear vertices. 

E 2 is the region to the left of E 
1 

C, 

where C is the vertex at the center. 

E 3 is the region to the right of E 
1 

C, 

E 4 is the other collinear vertex. 

Es is the region to the left of E
4 

C. 

E 6 is the region to the right of E
4 

C. 
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For instance, we find in the property list of F 
{figure BRIDGE) : 

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

'The vertices of type X present in BRIDGE are F, only. 

The datum for an X may also be in the form (E4 E
5 

E 6 E 1 E 2 E 3 ). 

Vertices of four lines which are not of type K or X are either of 

type PEAK or MULTI. 

Other types of vertices. 

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

PEAK 

MULTI. 

E 
2 

- Vertices formed by four or more lines, and not falling in any 

of the preceding types, belong to the type MULTI. R3 contains 

no PEAKS or MULTIS. 

The datum for vertices of type PEAK is of the form (E 
1 

E
2 

E
3

), where 

E 2 is the region that contains the angle bigger than 180 degrees; 

E 1 is the vertex before E 2 , and E 3 is after (in the.±') sense). 

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

E 1 is the vertex itself. 

NEXTEs or Matching T's. Two T's which are collinear and facing each other 

(see figure) are called "matching T's, c?tnd each one is the 11nexte " 

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

If the region E 7 of a T (see figure) is. the background, that 

T can not be a matching T. 

73 



, ~ --~-- -- ----.. ~-.-.. ----

3 

In the figure, E2 an4 F2 are matching T's because E
1

-E
2 

is 

colinear with F2-F1 • It is not required of E
3
-E4 to be parallel. to 

F F If several pairs of T's are possible, the closest is chosen: 3- 4• 

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

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

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

neither E
7 

nor F
7 

be background~'TACr~rement ·abould be extended to 

all regions between E
7 

and F 
7 

1 since -a~·llP- -Can not go "under" the 

background region: 

:n 
A 

A and B can *" ba ._NEXTEs, · since : 11 _ilt. ,~ •ckpauncl. 
Two atraight lhes al.Ways it\te~ect~tbl.y..,4~ ..... ~fl;;ttoa] 
infinity); a way to .. 4etect _these bacltp-ojmd rtJiODa .: i~t , .,_ 

is to write fwactloot (subroutines) th&t find ~t if itwo"~e--u·of 
line intenect,; Ot if one sepeo.t ·1nt~ts wftti a line.,-, .. 

·-· "/ 
/ 

LIHES AND SEGMENTS 
In the plane, two straight lines Al.ways meet. 
Two segments, or a line and a segment, may or 
may not meet. (a ~ .Os -. fl111itl ,.,t<.,. ~ "1;111 ). 
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18 22 

24 
FIGURE 'T 0 W E R' 
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35 3& 

FIGURE 'M 0 M O' 
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THE PROGRAM 

We now describe SEE, and how it achieves its goals, by discussing 

the procedures, heuristics, etc., employed and the way they work. 

We begin with several examples. 

Example A. Scene 'TOWER'. This scene (see figure 'TOWER') is 

analyzed by SEE, with the following results: 

h'ESuLrs 
c i:suuv l. lS 12 13 111 
I t:WuY ;.? • lS 11s 15 14) 
(!:ilJlJY 3. IS 12J 1171 
c e:.uli v 4. lS 16 17 I 8) Results for scene TOWER 
(dUUY 5. 1S 110 111 : 91 
(dQIJY 6. lS 11 J :14 '121 
<~ULIY 7. IS lld :221 
lt!OUV 8. lS 120 119 121) 

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

given. (akip to next page, if you wiah). 

'Z $L SEE ~ Go to DDT and load file SEE 1 (in tape 
GUZMAN F), a binary dump of the program 
SEE. 

$G 

(UREAD MOMO Sl 3) f'Q 

(PREPARA MOMO) 

(SEE (QUOTE MOMO)) 

Results appear in next page. 

Start. 

Read the file MOMO Sl (in tape GUZMAN C) 
from tape drive 3. 

Convert MO.MO from its Input Format form 
to Internal Format, the proper form that 
SEE expects. 

Call SEE to work on MO.MO. 

Notes: tz (control Z) is keyed by striking the Z key while holding 
down simultaneously the CONTROL key. (~ilk "'•5f;ftll) 

;> denotes carriage return. 

$ denotes the character "alt. mode". (Sc& .Is. i11sf"totk.v ;,.l;rti"3') 
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SEf 58 ANALYZES MOMO 
E\#1 DENCE 
LOCALE'llDENCE 
TRlANG 
GL.OSAL. 
ICllilL.I (ll381 G0044 G004J r.0041 G00401 (('191 G0046 G0045 GOetc.. 
LOCAL 
<LOCAL ASSUMES (:171 (19) SAME BODY> 
(L.OCAL ASSUMES 119 1171 11181 SAHE BODY) 
LOCAL 
((NIL.I (NIL.I ((Sb)) IN.IL.I !NIL.I INIL.1 ((&-J8 &37 139J G004J "'-· 

LOCAL 
IACl3 12 :11 G0081 G0029 GOOJO G00281 ttlJ2 133 127 1261 Goe.a.· 

LOCA'9 
SMB 
R£SUl.TS 
CBODV 1. Ii 13 12 11) 
CBODY 2. l& 132 133 127 126) 
caoov 3. 11 121 •31> 
CBgDV 4. 18 120 •3• 119 130 t29J 
CBODY 5e JI 1~6 135J 
CiODY 6• li 12' 15 121 ••> 
CBODY 7. li 125 123 122> 
CiODY le 1$ 11' 113 115J 
CiO~Y e. IS 110 116 ~11 112> 
CBODY 10. IS 117 111 19J 
CiOOY 11. IS 17 18) 
CBOOY 12. 18 138 137 139) 
NIL 

RESUL'rS FOR MOMO 

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

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

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

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

Nke this kind of error _ 
~ 

Example c. R3. Analysis by SEE gives 

CBODY 1. IS 112 XII XI•> 
CBODY 2. IS 116 115 113> RESULTS FOR I R3' 

The °t sip illdicatea the dextral 11eenea (cf. page2.33). The signs 
may be ignored. 
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The Parts of SEE The program is straightforward; it does not eall 

itself re<:ursively; it does not do "pattern matching"; it does not do 

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

ted. They are 

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

ciated information, in search of clues that indicate that two 

regions form part of the same body. If evidence exists that 

two regions in fact belong to the same body, they are linked 

or marked with a "gensym" (both receive the same new label).* 

There are two kinds of links, called strong (global) or weak 

(local). 

Some features of the scene will weakly suggest that a group 

of regions should be considered together, aa part of the ·same 

body. This part of the program is that which produces the 

'local' links or evidences. 

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

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

until some conditions fail to be satisfied (a detailed explana­

tion follows later). 

Weak evidence is taken into account for deciding which of 

the unsatisfactory global links should be considered satisfac­

tory, and the corresponding nuclei of bodies are then joined to 

form a single and bigger nucleus. 

BODY RETOUCHING. If a single region does not belong to a larger 

nucleus, but is linked by one strong evidence to another region, 

it is incorporated into the nucleus of that other region. If 

necessary, more nuclei consolidation could be done after this 

step_. 

A last attempt is done to associate the remaining single 

regions to other bodies. 

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

results are printed, 

* In LISP, a 0 gensytn "(generated symbol) is a new Atomic symbol, 
previously unused. 

80 



Three functions are used constantly, ·and ·11u.1 be described now. 

'!rHROUGRIZS "Throu!Ja. a chain of T's." Allows -properUes or configu­

l'ations to extend along stra;Lght lines; for iutaace., the property 
.. A. « 'A' has as neighbor aft L. '>> • 7 ·c@ 'be extended so a:s 

to say «throughtes. 'A' has as neighqor ·S. L ')). 

" ...... --....... '""~ \ . I 

I 
I ., 
I 

schematically re.presented as ~~ 

Strict definition. --\ \-- ia ~fin.e!d a• one 'Of 

GOODT 

(l) ·• (meaning the two vertices ·in botb side's of .fJ--are in 
fact:. the same.). 

(2) 

(3) 

(4) 

\ 
\ 

matching T's .. --'~--4-1 ·---·. -------­' \·1" • 

-· _> ..... KL--......... \\ ''I -. 

~I .\ I 
~1~----7 ......... ..;...;.._ __ .... 'See al.so 'annotations on list'ing. 

- If a vertex ·'It ia c@aidered a "good T", (OOOM "' ·:1.a TRt1£; 

false otherwise. 

(OOODT V) • F 'if v is not: • ''T" 
yJ;~·~ :.~~·\~~·;-. '·::"' .. ·· 

F if t.::.-tbaci"g_'I'ofilfd. z• ~ ... • .. ' ..... ;.i..···· .• :_."'•' -· •"r: ~·· ;;;·:::· • • 

'l: if 'f has a NBITE. 

p if 

F if 

T otherwise. 
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----~-~---~---~-~ -- ~. ---~----~--::~ _-,..-;-. ~-~--

As we set, ~is f 1.U1.c t;°" tries to distinguish between T' s originated by occlu­

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

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

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

tions, the link that vertex V may have created: 

(1) T,-\ ,....--""--'! 
\inhibited link (prohibited, ignored, forbidden, not 
~ created) 

': l -\ l,_.--..L../_ 
J l GOOOY 

(2) 

(3) ~\ 
y 

AllOW 

(4) 
v ) • t \l?' I 

PEAK 

(5) v~\ v. 
" 

Nosabo triea to find conditions indicating that two regions ahould 

!!2!:, be considered as part of the same body; hence, if conaulted, 

Nosabo may forbid a link among them. Some heuriatic• place links 

without asking Nosabo1 s approval and Nosabo can not 11erase na link 

placed without its authorization. 

If none of conditions (1) to (5) is met, Noaabo will be False, 

indicating no inhibition was found, and it is up to the program that 

asked Nosabo's opinion to lay or fail to lay the link in question. 
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We proceed now to explain in considerable detail each of the parts 

of SEE. This will help the reader to understand the behavior of 

the program, its strengths and deficiencies. 

LINK FORMATION 

Several subroutines are devoted to creating weak and strong 

links. See also Listing. 

CLEAN 
~ Removes several unwanted properties. 

EVERTICES 

L.- r 
Each vertex is considered under the following rules: 

No evidence is~ruteJdirectly by this type of vertex. 

Nevertheless, the "L" is used in many combinations 

with other vertices to account for evidence. As we 

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

rom<.-y ·· No link is c:rt.ata.f if any of the three regions is 

background (but see below). 

Example (unless otherwise indicated, all examples 

are from figure 1 BRIDGE' page 94): Vertex J 

does not generate links. 

Otherwise, three links arec~ as shown, except 

that each one may be inhibited by Nosabo. 

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

Link :5-:9 is inhibited because Sis a 'T'; Nosabo 

also forbids link :8-:9 because KB is an 'arrow'. 

This last rule is the most powerful of the heuristics. 

Two links are(reo.teclas shown, without asking Nosabo, 

if the fork is connected to the central line of 

an arrow. (No li>1K ~ f...t here~~) 
Example: In fig. Rl9, PA generates links :29-:17 

and :35-:17. 

Tkistast heuristic is of help where there are concave objects (Fig. R19). 
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ARROW.-

x.-

K.-

~ 
~:~·~·if 

'1' 
t 
\( 

PEAK.-· 

.... ., Link if an L is comtected to its central line, 

and the region shaded coutains only that a~row 

as a "proper-arrow," and DO Forks. 

Region :1 contains arrow A 

as a "proper-arrow"; also 

region :2, but nat region :3. Capisce? 

Example. B.B links:lO with :4. 

Allows "lateral faces" o-f legs to be properly 

identified and agglutillated. 

== Otherwise, link except if inhibited by Nosabo. 

Example. 1> 1.ay-s a link between :26 .aQcl :23. 

Powerful and general heuristic~ 

=- No link if the X comes fi:om the intersection 

of two lines. 

-= Otherwue, link as shown except ;if Nos_abo disagrees._ 

Example. ~ origi~ta links :26-:22 and :21 ... :30; 

thi• l.ut one will later be erased or disregarded, 

sincti :30 ill the back,grQUild. 

- No link. 

...., Link$; are estab"lished betWeen contiguous regions, 

~ept those to ~~ region containing the angle 

bigger than 180 ° 'I:hes_e links are subject to 

Nasabo inhibition_. 

Exampl>e,. l~ ff.3. 'co~·. JJ _generates U.nks 

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

Of certa;in use_, SJM!Cially with pyramids and 

"pointy"' objects. 

MULTI.->(.- - No link. 

The reaeon is:-

(1) if the vertex i~ "genuine" (cf. ~*r 'I'/), 
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although it~entmt"tsno links, the object 

having it will probably possess many 

other vertices, through which links 

will get established, and 

(2) if the vertex if "false" because is the 

result of the casual coincidence of two 

or more genuine vertices, mistakes are 

avoided by abstaining of ~e11er4ti118' links. 

This is generally the case. 

An improvement is possi- '"I S_U_GG_E-ST-Io-N""I 

ble, by allowing MULTI 

vertices to place links. 

T.- =~ If matching T's, link as shown, without consulting 

,:~{$'.~~· .~; 

D 
f"r .. !IJ~ 

---- r· 

:r,fI::,:·,~·;:: .. ,,. 
·.,r-;"-l;Ou;,i.· . :·:~:·i::·~.~~~·~0: ..... 

Nosabo 1 Avoid linking to the background. 

Each pair of matching T's produces these links 

only once; that is, we do not p·roduce two links 

while analyzing A and another two at B. 

Do not link if the middle region of a 'T' is the 

background. 

What we are trying to do here is to find places 

where a body appears as two disconnected parts. 

Link (without Nosabo's consent) as shown if the 

central segment of the 'T' separates two non­

background regions, and these have the background 

as neighbor, and part of the separations between 

background and no-background are parallel to the 

central segment of the 'T'. 

Avoid double links in the following case (link 

just once): 
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I 
I 

\ 
\ 

·-~~J.li,;<'i~:: 
~f.~:"1.-~~;~-~· 

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

RA•TA and JA-IA are parallel). 

Favora occluded bodies with parallel faces. 

... Also, aee "STUDY'' in listing, atill an 

experimental feature. 

"'"'" Two links are placed aa shown (without asking 

Noaabo) if the central line of the T ia 

connected to the central line of an arrow. 

It ia of help where there are concave objects. 

Table 'Global Evidence' shows compactly the main rules juat diacuaaec;l. 

LOCAi.EVIDENCE 
Weak or local links are laid here; they are used to 

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

the same object. 

Noaabo can not i~ibit local links. 

LEG.- .. ~~ == 

i···~). 
A weak link is placed as shown (dotted) if, 

Throughtea,an L is connected to an Arrow, 

and the two indicated edges are par~llel. 

We call this configuration 'Leg'. 

Excmple (all examples from figure 'BRIDGE', 

except if counterindicated). Vertex FA is 

a Leg (FA - QB is parallel to EA - DA) 

that links weakly :18 with :19. 

In a Leg, if there are two matching T's as 

shown, a weak link is placed correspondingly. 

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

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

because EE is a Leg, and L and E are ~;113 T' a. 
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The heurietica deecribed will sometime produce a "wrong linkage, " 
linking two regions that do Q.Ot belong to the NM body. TheH miatakea 
are not likely to confuse s~. since the baDdling of theae linka (and 
all of SEE, in general) ia dona under the ......,tion or knoliledge that 
the information 1a noia7 and 1omewbat unreliable. · 

Strong links are ahown dotted; weak lf.Gka are not ahown. 

> :~ :3 
.. ··" 

(A) ( 8 ) (C) 

:1 

3)< .. . ·~ 
• . a ·· ... . 

············ .... ~:··;f.:22 
···~~ 

:4 ( D ) ( E) ( F ) 

(G) ( H) ( I ) 

TABLE 1 GLOBAL EVIDENCE 1 
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TRIANGLE.-

~ 
:b ....... f 

. 
-.... - - -

a 

A Triangle is a 3-vertex region, of which 

two are int&rconnected T's, the type of the 

other vertex being irrelevant. 

Two triangles are weakl~ linked if they are 

(1) ''facing each other': and 

(2) "p.rope'l'l,y contained", ~aning that 'D has 

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

and similarly for the other vertices, and 

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

The heuristic helps with faces of a prism 

that is badly obscured. It does not help 

much, since it gives only a weak link. On 

the other hand, this wea~ness prevents mis­

takes when the two triangles are not from 

the same body. 

A possible improvement 
lsuGGESTioNI 

consists of choosing the closest of two 

triangles, if several candidates are possible. 

Example. In figure 'WRIST' (page 12>6), ~ak 

links are placed between 

triangles 5 and 6, and 

between 1 and 2. 

Example. Figure 'TRIAL' receives the 
14 following strong links (full lines) and 

weak links (dotted lines) 

FIGURE TRIAL 

The program analyzes this scene and finds 3 bodies: 

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

9 

F I G U R E 'T R I A L' 
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The links could be represented as 

Figure 'TB.IAL - LINKS' 

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

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

tl'f:.•"f 
~:11 has four links emanating from itself. 

<<~lL> ((:111 G0014 GOOlJ G0011 G0010> I 
1:121 G0015 G001i G0013 GOC12> Cl&1JI GO 
021) 11:91 '0022 G0021 G0020 GOOl~ G0017 

GQ016l l 1:10) '0015 G0012 G00t1 GOOlOl 
<I: J > G0034 G0025 GOC24-l l I: 41 GuCJJ GOO 
32 G0026 bU025 G00231 l 1:61 ~0031 G0030 
GOC29 G0027 l (I :51 G0026 GIJ!le;) GC022 GOO t ' 

18 G0017 I I 1 :71 l.;uu:s~ i:;cll32 b0019 r.;001e Strong Links of TRIAL 
G00161 11:81 1.o:JJ.:>4 1.ovJ~4 '00201 11121 GO 
035 GOCJ1 G0029 G0028i 1t:1411 l(ll) GOO 
35 GODJO G0026 G0027>1 

Weak links of scene 'TRIAL' are 

11:2 :11 1:0 :21 1:0 'll 1:4 :5) 1:9 :5> 
1113 :i,;1 113 :a1 (&9 :a> 1:4 :71 IHI :7 

) 1&12 '10> (lll :121> 

t_~ere is a weak link between sl2 and 110 

90 

Weak links of 'TRIAL'. 
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The next step is to gather all this evidence and to form tentative 

hypotheses of objects as assemblages of faces with many links among 

them. 

NUCLEI CONSOLIDATION 

All the links to the background are deleted, since it can not 

be part of any body. 

Strong and weak links exist among the different regions of a 

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

Global and Local. 

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

are first found; these "nuclei" will later compete for other faces 

more loosely linked. 

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

regions that has been formed by the following rule. 

~: If two nuclei are connected by two or more strong links, 

they are merged into a larger nucleus. 

More detailed rules appear in page 2.5 , in section 'Simplified 

view of Scene Analysis'. 

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

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

together, because there exist two links among them, to form nucleus 

:1-2. Now we see that region :3 has two links with this nucleus :1-2, 

and therefore the new nucleus :1-2-3 is formed. 

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

no new nuclei can be formed. 
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When this is the case, the scene has been partitioned into 

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

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

figure 'TRIAL-NUCLEI'. 

® 

---.. -... 
Figure 'TRIAL - NUCLEI' 

Maximal nuclei of scene TRIAL. 

LOCAL - If some strong link joining two "maximal" nuclei is also 

reinforced by a weak link, these nuclei are merged. 

The weak links of figure TRIAL are shown as dotted lines in 

figure 'TRIAL-LINKS' (page 90); they transform figure 'TRIAL-NUCLEI' 

into figure 'TRIAL-FINAL'. 

® 

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

BODY RETOUCHING 

Additional heuristics assign unsatisfactory faces to existing 

nuclei, or isolate them. SINGLEBODY and SMB are used for this task. 
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SINGLEBODY A strong link joining a nucleus and another nucleus composed 

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

question if there is no other link emanating from the single region. A 

message 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' undergoes these transformations: 

r:r:I 

r:r:I 

Cll 

"" 0 

Weak and 

Scene BRIDGE 
A 

i::: Cll I 
0 ~ !;! .... 
,j.I ....r:r:I • 

~e E"'~r:r:I j:i4 t.> 

.... 0 t! s ~ 
~ 'M i:-1 A 

strong links among regions 

~ .Is 
.... i::: ..... .... =a 
~~ i::: ~t!> 0 bl) 0 ... 
loo! bl)"" 
,j.I ~ ,j.I 

Cll Maximal nuclei 
(2 or more strong links) 

~mi 
........ ~ ..... ,j.I 

:I • 

-:i~s s 
Ill co .... 
:3 as ,µ 

Maximal nuclei enlarged 
by weak link action 

~ 
r:r:I s z . 
.... :>--! 
[/) Q 

by single 
Id. enlarged 
undisputed regions 

C1J C1J 
loo! -d Ill 

Ill 0 0 loo! • 
.-4.DO::I i:Q 
bO.C: oo.,.i ;:E: 
i:::ao <Otn 

..-! .... .c Ill 
tl)(l),j.l'M 

i::: -; 

Id. enlarged 
by good neighbors, "goodpal". 

F i n a 1 r e s u 1 t. 
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Fig. BRIDGE 

Fig. 'LINKS-BRIDGE' 

Fig. 'NUCLEI-BRIDGE' 

Fig. 'NEW-NUCLEI-BRIDGE' 

Fig. 'FINAL-BRIDGE' 

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

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

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

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

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

merged, since two links emerge from it: two nuclei claim its possession. 

This rule joins single regions having only one possible "owner" 

nucleus. 

SMB - Two systems of links are used by SEE. One consists of weak and 

strong links, produced by examining each vertex, and culminates forming 

nuclei under GLOBAL, LOCAL, etc. 

The second system constitutes a different network of links; SMB 

works in the second system. It is motivated by the desire to collect 

evidence not directly available through the vertices. It gathers 

evidence from the 1:.!!!!.! or boundaries separating two regions, in an 

effort to answer the question: Are two given neighboring regions part 

of the same object, or are not they? That is, are two contiguous regions 

"good neighbors" ("good'pals")? If they are, a special link, s•link, 

is placed, eventually forming a network independent of weak and strong 

links, that will collapse. in a somewhat peculiar way. Thus, a great 

amount of unnecessary duplication could be possible in the information 

carried by both systems of links. To reduce it, the a-links are designed 

to complement and extend, rather than to re-do, the agglutination 

'· produced by weak+strong links. They (the s•links) will, therefore, mainly 

study single faces not satisfactorily accounted for. 

SMB uses the predicate (GOODPAL RS), which acquires the value T 

(true) if R and S are two contiguous "good neighbors" regions. 

To satisfy this, their comm.on boundary must not be empty, and must 

lack L's, FORKs, ARROWs, K's, X's, PEAKs, MULTis. In addition: 

I 

_....;.R___.\\ ....... .. 
s \ 

R Not good: (GOODPAL R S) ~ F 
s 

f-4.~ = Not good: (GOODPAL RS) = F 

/ C "L" or (in general) vertex that makes 
(NOSABO R S) to be true. 
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=• O. K. otherwise: (GOODPAL R S) 

In particular, 

I • \ , s \ 
is O. K. if (NOSABO R S) = F. 

SMB analyzes the nuclei formed under weak+strong links that, after 

SINGLEBODY actuation, still remain formed by a single face or 

region. The steps are: 

T. 

1. A network of s-links is formed by putting a s•link between regions 

forming a nucleus all by themselves, and their goodpal neighbors. 

2. If exactly one nucleus is s-linked to one of those regions (that 

is to say, if such single-region single-nucleus has precisely 

one good-pal), the region gets absorbed by the llucleus; otherwise 

the region is reported as a body in itself (consi•ting of a single region) 

~ 

does not change bec..e : 3 has two •-links. 

Note that 

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

were; they only help certain isolated faces to jein bigger 

structures. 

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

Example. In figure 'HARD', regions :6 and :7 get joinee by SHB. 
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FIGUJlE 'HA :l D' 

~ - illh~ tt.e ~ of 819. 
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SEE 51 ANALYZES HARD 
EVIDENCE 
LOCAl,.EV UJENCE 
TR l Alltfi 
fiLOBAI,. 
ccNll.> ((134>> cc16>> ccn6,, cc•2•> r.;0026 19002!5 &0023 &oetc. 
004"4 &00"43 &00•2> ((117> r.i0047 G00•6 r.100•5 QOOU) C(l7))ctc .. 
00"41 •oo:,9t cc •21> 190050 190o•o G0039 190029 ;002a &002n c .. . 
0031 li0036 90019> CCl26> ~0054 Q0053 Q0037 liOOJ6t ((127> ... . 

r.;oos5 &0023 •0020 ;0015> cc132J &oos1 r.;oo5& ;0034 ~0033> 
a &oo•at cc1•> ~oosa &0048J cc•10> •oo5v &0032 &0031> cc1 
119> &D064 19006J &0062 •0061> cr120> ~0064 G0062 •0060 •o, 
130) 1900!56 &0035 G003J &0016) C ( 115 > G.0066 > (( 116 » •0066) 
CCNll,.J CC134)) CCl6)) ((1~6)) CNIL) fNJLJ CNlLt CNlL.) CCI" 
019 &0653 &0036 G00!54 &0038 &0037 G0019> CNIL> CCt24 122 
oo4o r.0039 r.;0029 &002a •0021 &ooi• '0022 •ooss ;aq2~ ;002 
, <NIL> cc15 .. , ;oo4a 19oosa •oo•a>· CNIL.> cc•1J. 111114> 1 

11& 119 120> fi0060 190064 190063 G0061 &0~64 fi0062 i0060 GO. 
132 131 IJOJ fi0033 G~O!S7 G0034 G0096 G0035 190033 190016> ( 

LOCAL 
<LOCAL ASSUMES (Ill> (112> SAHE BODY> 
CLOCAL ASSUMES 1115> Cll6) SA~E BODY> 
CCNIL> ((134)) Cl16)J CCIJ6,t CNIL> fNILt CCl7tt CNJ~) CN 
019) ((12• •22 13 123 121 128 129) G0020 i0026 G0025 &oo•• 
0055 r.0023 •0020 Goo15> cc11 12 •33) •oost ;oos1:~0011 G01 
43 •0047 G0046 ~0044 ~00•1Q004!5004J ;00•2> '~IL) ((118 

110 18) iOOJ2 ~0032 ~0065 G0059 &0031 GOOJQ) CCl32 IJ1 1; 
) CNll,.t ((135)) ((112 111> GOD67J CNIL)t 
LOCAL 
(((112 111) G0067) (Cl16 115) GQ066) ((IJ2 131 IJO) 190033 
•0065 G0059 GOOJ1 GoOJO) ((118 119 1201 Goti&o &0064 GQ063 
6 G0044 G0047 G0045 G004J GD042) ((15 14) •ao•e G0058 ~00• 
3 121 128 129> -0020 G0026 G0025 •o049 G004t G0021 &0050 I 
15> CCl25 126 127> G0019 GC053 GOOJ6 &0054 ~0038 190037 GOI 
LOCAL 
SHB 
cSMB ASSUMES 17 16 SA~E BOOYt 
RESULTS 
CiODY 1. IS 112 111> 
CBODV 2. IS 116 115) 
CiODY 3. JS 132 131 IJO> 
CiQDV 4. IS 19 •10 18) 
Ci:lODV 5. IS 118 119 120> RESULTS FOR HARD 
CBODY 6. JS 113 117 11•> 
C80DV 7. IS 15 14) 
CBODV e. lS 11 12 IJJ> 
CiODV 9. IS 124 122 IJ 123 121 128 1291 
CBODV 10. IS 125 126 127> 
fBODV 11. lS 17 16, 
NIL 
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RESULTS. After having screened out the regions that belong to the 

background, the nuclei are printed as "bodies". 

In this proc~ss, the links which may be joining some of the 

nuclei are ignored: RESULTS considers the links of figure 

'FINAL-BRIDGE', fo~ instance, as non-existent. These links 

are the result of imperfections in the heuristics, mistakes in the 

placement of links, and may point out different parsings. An 

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

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

regions of a scene. The links in SEE are supposed to be general 

enough to make SEE an object-analysis system. Each link is a piece 

of evidence that suggests that two or more regions come from the 

same object, and regions that get tied together by enough evidence 

are considered as "nuclei" of possible objects. 

Examples and discussion are in next section. 
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ANALYSIS OF MANY SCENES 

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

heuristic program is best understood with examples. There are 

several ways to go about this: 

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

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

appropiate. 

Favorable 
A shiny impression of a set of routines is obtained by 

presenting 'favorable' cases, designed to enhance the characteristics 

of the program in front of the unsophisticated observer. 

Of course, of all possible inputs, there is a subset that will 

produce outputs very pleasant in terms of speed, easiness of pro­

gramming, generality, accuracy, or whathever other feature that sys­

tem advertises. This subset tends to get the highlights in the 

descriptions. 

Nasty . ........... Examples in which the program does particularly poorly are 

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

of the techniques used, the restrictions and constraints in the input, 

etc. They may point out improvements or extensions. 

Silly 
~ Examples having very weak connection with the purpose or 

intention of the routines or algorithms discussed serve no useful 

end, except perhaps to point out that the maker of such examples did 

not understand the issues. For instance, one could take a box full 

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

work on it. 

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

They are not in that order. 

A discussion is found at the end of this section. 
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Stereo Scenes 
Analysis of stereographic pictures will be found in 

the section 'Stereo Perception'. 

Finding the background 
Examples where the background is not known 

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

Discrimination by Computer'. 
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--- ---~---~--------

LIST OF SCENES ANALYZED BY SEE IN THIS SECTION 

p A G E 
Name. Comments. Scene (figure). Computer Results. 

R17 107 108 109 
L3 110 111 112 
R3 113 114 115 
SPREAD 116 117 118 
STACK 119 120 122 
STACK* 119 121 122 
LlO 123 124 125 
RlO 126 127 128 
TOWER 129 130 131 
REWOT 132 133 134 
WRIST* 135 136 137 
L2 138 141 142 
R2 138 139 140 
Ll9 143 144 145 
Rl9 146 147 148 
CORN 149 150 151 
L9 152 153 154, 155 
R9 156 158 157 
R9T 156 159 160 
TRIAL 161 162 163 
ARCH 164 165 166 
HARD 167 168 169 
IA 170 171 172 
R4 173 174 175 
MOH> 176 177 178 
BRIDGE 179 180 181 
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Scene Rl7 
The three prisms are found. In scenes like this, the 

position of one or two vertices may alter the analysis made by SEE, 

by changing radically the slope-direction of a small segment (such 

as KL and GH, figure 'Rl7'), killing several T-joints·and separating 

regions :1-2 from :5-6. 

Small errors in the coordinates of vertices K, L, G, H, and few 

others will drastically change the slope of segments of short length. 

This will transform G and K to be Arrows or Yorks, so that G and K 

will no longer be matching T's (cf. also 'Conservati~"" and Tolerance' 

page 173). As a consequence, body :2-1 will be disconnected from body 

:5-6. This annoying problem is not difficult to correct, at preproce.!. 

sor level, since there is good information about the slope of the 

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

BR, giving a good estimate of its true shape. The J SUGGESTION I 
rule seems to be that these short segments should be 

"re-oriented" if necessary, to agree with the longer ones, which are 

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

The preprocessor should consider the hypothesis (suGGESTioNI 

that BKLN are colinear -- or SEE should propose it 

for confirmation (see 'Division of Work in Computer Vision', p. 'o ) . 

The S signs In the printouts of some scenes, such as Rl7 (see 'RESULTS 

YOR Rl7 1 in page IO'f), a oZ sign appears as part of the name of every 

region and vertex; that is, ~t3 instead of :3. This will be the case 

in all scenes having names starting with the letter R, differentiating 

the "right regions" from the "left regions". This will become clear 

in the section 'Stereo Perception' , page t33 ; until then, disregard 

the ~I So 
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R 17 

FIGURE 'R 1 7' 

The three prisms were correctly found. 
There are several "nasty" coincidences 
in this scene, simulating the data 
that a not-too-satisfactory preprocessor 
will tend to provide. 
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Scene L3 
Without difficulty, two bodies are found. Each region 

contains four strong links relating it with other regions (see 

'USULTS :FOR L3'). LOCAL is not needed to form nuclei; neither 

SINGLEBOD! or SMB. 

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

printout ~f the results appears. The format is the same for every 

scene. It starts by saying 
SEE 5a ANA~YZES L.J 

which identifies the name of the program (SEE), its number (version 

number 58), and the scene to be analyzed (LJ). 

EVIDENCE 
LOCAL.EVIDENCE 
TRIA~G 
liL.OiAL. 

The different sections of the program print their name, when they 

are entered. 

We then come to a list containing regioDB (such as :6) and 'gensym.s' 

(such as G0009): 
c•Nl~• cc•6> •0009 &0001 gooos Goo~•• ,,,~, •0010 &ooo& 
gooo7 •ooo•t cci•t •0010 &0009 &oooe •0005> cc11t &0015 
~00~3 &0012 &0011) ((12) iOQ16 i0014 G001J &0011) 
cc•J) &0016 &0015 G0014 i0012) CCl7))) 

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

nucleus that we see is ( Ca 6) G0009 G0007 G0005 G0004) , me«"illf 
that from nucleus (or region) t6 emanate four links, namely G0009, 

G0007, G0005 and G0004. We can represent this graphicallyr 

The the a boye list 

© 
We function is entered, it prints its 

name), then the list of nuclei again, this time shrunk somewhat by 
LOCAL; finally, we see "RESULTS", and then 2 bodies, follo-
wed by NIL, meaning the end of the program, {See page 112). 
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SEE 5~ ANALYZES L3 
EVIDENCE 
LOCAi.EViDENCE 
TR l.t.NIO 
IOLO'il'A>L 
<<NJL1 1<•6> IOQ009 !00007 !00005 IOOOO•I Cll51 !00010 !00008 Q0007 IOOOO•l ICl41 !00010 I00009 !00008 IOOOO!il CClll I00015 !00013 IOO 
012. !000111 Cl121 I00016 !00014 Q0013 liOOlll 11131 I000l6 !00015 !00014 G0012l ICl7lll 
(!NILi CNILI PlllLI CCl6 l!i 141 GOOO!i •oooe !00007 IOOOO• !00010 !00009 <00008 !000051 CNILI INILI 1111 •2 131 !00012 !00014 IOOOl 
3 50011 GQOl6 IOOOl!i !0001• !000121 1117111 
LOCAL 
llNILI CHILI 1(16 15 141 IOOOO!i G0008 <00007 !00004 I00010 !00009 !00008 IOOOO!il CNILI 1111 12 131 !00012 !00014 IOODl3 IOOOll !0001 
6 IOOOl'!i ·GOOU !000121 1117 I 11 . 
. LOCAL 
11111 ~2 i~1 ;0012 •001• •0013 Goo11 •001& ;001!1 •001• 000121 cc•• is •41 ;ooos •oooe •0001 &0004 •0010 •0009 •oooe •ooo 
5" 
LOCAL 
SM8 
RESULTS 
<BODY l. IS ll 12 1.3) 
lilODY 2. 18 16 •S 141 RESULTS FOR L 3 
NIL 



·. 

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

classified as of type 'T', hence only one link there exists between 

:2 and ;4. 

All scenes have regions, vertices aod lines (edges) joining 

vertices and separating regions. We generally omit the names of the 

vertices from the drawing (figure 'R3'); we are also om.iting the 

coordinate axes. 

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

are invalid or illegal configurations in a scehe: 

A line ending nowhere: illegal. 

Ou~ scenes should be such that, 
t~ disconnect a separate component 
of the graph into two components) 
we have to remove (delete) at least 
two edges. The graph above is 
"illegal'' as input to our program, 
since the criterion is not met: 
removing edge E will disconnect 
the graph (cf. page l' ). 

Incidentally, some optical 
illusions are "recognized" or reje£_ 
ted because they come from illegal 
scenes of the type just described 
(cf. section 'Optic•l Illualons 1). 

See 'Illegal scenes', pagel.17, in uction 'On noisy input.' 
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Scene SPREAD 
Body :41-42 was found; als9 :8-18-19. In the first 

case, there was one strong link between :41 and 142, because of the 

heuristic (g) of table 'GLOBAL EVIDENCE' (page 87), and SINGLEBODY 

completed the object. In the second case, heuristic (g) could not 

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

Bodies :29-30-31-32 and :25-26*27-28 are adequately found. 

Also the badly occluded long body :10-9-11-12-3 is found. 

Body 121-6-25-20 is found as one body. An older version of 

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

change is as follows: one link is pla.cEd between 16 and :5 because of 

the matching T's, the other link is a ~ one pl«ed. because :5 and 120 

form a LEG; a weak link is also placed between 16 and :5. 

:24 gets reported isolated, instead of together with :22-23, 

because no Leg is seen; but see comment (page JO) in section 'Sim­

plified View of Scene Analysis'. 

SEE tries to find a "minimal" answer; minim.al in the sense 

that it will try to explain the scene with the minimum possible num­

ber of bodies (cf. section 'The Concept of a Body'). That is the 

reason which joined :41 and :42 in one body, instead of two, which 

is another possible correct answer. That is also true of: 19-18-8, 

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

horizontal face (:18-8). 

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

'Background Discrimination by Computer'). 
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SPREAD 

41 

13 

18 

19 48 

FIGURE 1 S P R E AD' 

Bodies :10-9-11-12-3 and :6-21-5-20 are properly found. Also is 
correctly identified the body :19-18-8, which is a parallelepiped 
with a vertical face (:19) and an horizontal face (:8-18). 
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Scenes STACK and STACK* In both cases all the bodies were accurately 

identified by our program, which is written in LISP. 

the body t4-15-16 is fo~nd. 

In both cases 

These scenes show that in many instances one could drastically 

alter the position of a vertex, without modifying the output of SEE 

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

Other examples would show that the vertices of type 'L' can be 

arbitrarily displaced, so long as their type remains 'L' and other 

vertices do not change type, without detrimental effect. This dis­

placement may possibly affect some heuristics that use concepts of 

parallelism or colinearity, but not the rules that use, the shape or 

type of a vertex (cf. table 'VEB:?ICES 1
, page G9) for placing and 

inhibiting links. Read 'Misplaced vertices 1 in page 2 \I , in section 

'On noisy input.' 
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STACK 
r 

11 

14 na 

FIGURE 'S TA C K' 

Every body is correctly identified. tompare with scene STACK*. 
This pair of drawings illustrate the fact that it is often 
ppssible to disturb the coordinates (the position) of a vertex, 
without introducing errors in the reco8nition. 
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STACK• 

9 

10 

FIGURE 'S T AC K *' 
Every body is correctly found. Compare with scene STACK. 
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SEt 58 ANALYZES 11 (~T~K, STACK*) 
EVIUENCt 
lOCAlEYIDtNCE 
TRIA~G 

GLObAl 
l(Nlll tfl20J GQ047 G0046J ((llQJ G0047 GOU4bl (ll5J GOOJbJ ((llJJ bUO~I bOU40 bUOJbl 11191 G0056 b0054 GOOSJ GOOJ91 111 
71 GOOS7 bU0521 ((161 GOO~b GOOS~ GOO~• GOUJ8) ((1111 GOObU GU0~9 Gu~~2 Gu0501 ((161 G0059 G005~ GD~571 111101 G0055 '00 
SJ b00J9 GOOJ61 111121 GOObO G00~8 G00501 11141 GOObl G00•9 G0042 G00411 (llJ4J G0051 GQ0401 1112111 11111 G0062 G00441 
111181 ~OUb~ GOObJ GU045 GU044J (11161 GOUbl GUU4J G0041 GOOJ71 ((121 GU0b6 G00b4 G006J G0062J lllJI GOObb G00481 llllSI 

GOU49 G004J G0042 GUOJ71 t (117) G0065 GOOb4 b0046 G004511 
ltNlll (NILi ((12U 1191 G0046 b0047 &00461 ((151 G00361 fNlll (Nill (1171 GOD~7 '00521 (NILi (NIL) (~ILi (119 18 1101 GO 
053 G0056 G0054 G0055 GOO~J GP039 GLOJ~I ((16 111 1121 GOU58 GDU57 G0059 GOU52 GU060 G0056 G00501 INILI 1111J 1141 G0~40 

GOOJ6 b0051 GOO•OI (112111 11111 G00b2 G00441 (NILi !NILi (NILi <NILi 1114 116 1151 b0042 GOObl G0041 GD049 G004J G0042 
b00371 l(IJ 12 116 1171 b0048 GU066 b0062 ~006J b0044 GOU6~ i0064 b004e b0045tl 

llNILI ((120 11~1 GOU46 GU041 G004el ((151 GUOJ61 C~ILI (NILi CNILI CCIV 16 1101 bOU5J GOfiS6 GU054 G0055 G005J GOOJ9 GOO 
3e) ((17 lb Ill 1121 G0052 GQ057 Gn05~ GOU52 G006U G0056 GOU50J ((113 1141 G004U GUOJb GOOS! GCO•OI ~11i111 (NILi (NILi 
(NILi 1114 116 1151 G0042 GOU61 GU~41 b004V b004J GU042 GUOJ71 CCII IJ 12 118 1171 b0044 GOObo G00b2 G0-063 G0044 G0065 G 
0064 G0046 GQ04511 
LOCAL 
(LOCAL ASSu~ES (151 (llJ 1141 SAMl SOUYI 
LOCAL 
<INILI ((120 1191 G0046 G0047 G~U4~1 11113 114 ISi GOUJ6 GOU51 GU040 bOUJbl (NILi ICIV 16 1101 G005J G005t G0054 G0055 G 
0053 GOOJV b0038) ((17 16 111 1121 G0052 GU057 GOU59 GOOS~ G006U G005~ i005~1 !NILi 1112111. !NILi 1114 llb ~ISi G0042 GO 
061 G0041 GOQ49 G004J b00•2 GOOJ71 ((11 IJ 12 118 1111 bO~•· ~OU6b Go062 GOOoJ GOO•• G0065 G00b4 G0048 G0~•511 
LOCAL 
11111 IJ 12 116 1171 bOQ44 G0066 Gn062 bOObJ G0044 G006~ G0064 ~0048 b00451 f(l4 116 1151 G0042 G0061 G0041 G0049 G0043 
G00•2 G0037l ((17 16 111 1121 GOO~' G00~7 GQ05~ G0052 GOObO G00~5 G00501 1119 18 1101 G005J G0056 G0054 G0055 GOOSJ GOOJ 
9 bU0361 tCllJ 114 151 GOOJ6 GOOS! GOO•O bUOJ61 ((120 1191 G004b G0047 ~OU•61l 
LOCAL 
SMd 
RESULTS 
r~ouv 1. IS 
CoODY ~. I& 
C~OUY 3. JS 
rsouY 4. Is 
!~ODY s. I& 
ldOUY 6 0 IS 
NIL 

11 IJ 12 118 1171 
14 116 1151 
17 16 111 1121 
19 16 1101 
113 114 15,1 
120 1191 

RESULTS FOR STACK AND STACK* 



Scene LlO 
The object :11-15-14-7-6 concave presents 

problem, since there are plenty of visible vertices 

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

SIRGLEBODY is necessary to join regions :13 and 

:2. 

The bodies of a scene do not need to be 

prismati4 in shape, nor convex. Their vertices could 

have errors in their two-dimensional position. Table 

'ASSUMPTIONS' (page 255) specifies the suppositions that 

our program obeys. 
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L ID 

FIGURE 'L 1 O' 

Singlebody had to join :2 with :13. 
All four bodies were happily identified. 
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Scene RlO Four bodies are found by our program in RlO. 

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

should be straight look crooked. This is because the coordinates 

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

their coordinates. Other scenes also show this tendency; they 

accurately represent the data analyzed by SEE (the scenes in their 

final form were drawn by program, then inked manually), and should 

not be considered as "sloppy drawing jobs". 

SEE has several ways to cope with these imperfections: 

(1) tolerant definitions of paralleliam and colinearity. 

(2) insensitivity of heuristics to displacements of the vertex. 

For instance, vertex V will inhibit the link that Z proposes, 

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

(but not when 'Fork'): z 
z 

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

exception. changing into a Fork or an Arrow by a small displa­

cement. 

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

by following the suggestion in the comments to scene Rl7. 

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

126 



R 10 

FIGUIE 'R 1 o~ 

The scene con~.-ias "n0isy" y~rU.cea; hence, some 
edges look bent. · SEE ha$ resoureC8 ca·· c0pe with these 
proble11S. 

Yigure• LIO n.d. iuo form a 8i:e.~ pa;tr. I• ~igure 
'LlO - 1.10' in paget1T, • illfo~~ f~ both ••nee 
1s com'1.Aed to £184 t~ puitioa; Qf n.• obje~tC: ia 
three-fii.Mmional 9soe. · lee ae,~~ ~~reo '.te~eption'. 
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::;cene TOWER There is no need to make use of LOCAL or SINGLEBODY 

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

among th~ different regions. :18-22 and :17-23 get links thanks 

to the heuristic that analyzes vertex of type "X". 

There are several "false" vertices, formed by coindicences of 

edges and "genuine" vertices: the vertex common 'to :9, ll, 12 and 13; 

the 

(1) 

(2) 

one common to :2, 4, 5, 6. They do not cau•e problem, because 

in the case of the vertex common to :9, 11, 12 and 13, it is of 

type ''MULTI', and no link is laid. 

In the case of the vertex shared by regionti :2, 4, 5, and 6, 

it is an "X" that will establish one link between :4 and :5 (which 

is correct), and another between :2 and :6 (which will do_!!£. 

harm, since we need two "wrong" or misplaced. links to cause a 

recognition mistake). 

Compare with scene 'RBWO'!''. 
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1 

TOWER 

19 21 

18 22 

24 
FIGURE 'T 0 W E R' 

A "wrong" link is placed between :2 and :6, 
without serious consequences. Results for 
this scene are in "RESULTS FOR TOWER'. 
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SEE 58 ANALYZES TONER 
EVIDENCE 
L.CC:AL.EYlllENCE 
TRIANIO 
IOL.CBAL. 
c1NIL.1 111201 GOOl9 GOOl8 G0017 G00161 11•191 G0022 GQ020 GQQ19 GOOl61 111211 G0022 !00020 GODl8 Goo111 111181 GOD23 G002 
11 111221 G0023 G00211 Cll231 G0026 Goo2•1 11•101 Goo•I G0029 G0028 G00251 IC•lll GD041 !00028 G00271 111131 G0042 G0032 
GDD301 1111•1 GOO•J G00•2 I00032 G00311 11161 !000•6 Goo•• GOOJ6 GOOJ5 GQOJJI 11•21 G00•7 G00•6 !00040 G0038 G00371 111121 
GOO•J GOOJl !000301 11171 ~0036 sooJ• G00331 1119) G0029 !00027 G00251 11181 GOO•• IOOOJ5 G003•1 11151 G0045 GOOl4 G001JI I 
(11611 111171 G(I026 IOOQ241 1(1151 Goo.a GOlll5 GOQIO (IUI GOCl48 <000'5 GOOl5 GOOUI 11131 !00049 G00•7 I00039 GOOJ81 1112• 
11 11111 G0049 G0040 G0039 IOODJ711 
<CNIL.1 1NIL.I l'"IL.I c 1120 •u 1211 GOOl7 G0020 G0019 GOOl6 r;oo22 !00020 40001!1 !000171 INIL.1 ((11& 1221 I00021 G002J GQ02ll I 
NIL.I !NIL.I INIL.1 INIL.1 !NIL.I IN!L.1 (NIL.I 11113 114 •121 GOOJO G0042 ~OOJ2 Goo•J G0031 GOOJOI CNIL.1 11110 •11 19) G0025' 
0041 GOD28 !00029 I00027 G00251 1116 17 .,, Goo•6 GOOJ5 GOOJ6 GODJJ GOQ44 IOOOJ5 GOOJ41 (NJL.1 1111611 ICl2J •171 G0024 G002 
6 G00241 !NIL.I 11115 15 ••1 G0015 G0014 G0048 Goo•S GOOl5 IOOOIJI INlL.1 11•2•11 1112 13 111 Goo•6 <00037 G0047 <000J8 I000•9 

I0004Q G0039 GOOJ711 
L.OC:AI,. 

.,_. 11NIL.1 1NIL.1 (1120 119 1211 G0017 !00020 !00019 !00016 I00022 !00020 GOOl8 IOCI0171 ICl18 1221 G002l G01l2J !000211 1NlL.I INIL.1 I 
c:.J NIL.> Cl•lJ 114 1121 GoOJO G0042 GOOJ2 <00043 'OD31 GOOJOI 11110 111 19) G0025 G004l ,0028 I00029 <00027 &00251 ((16 17 18) 
...... G0046 GOOJ5 GOOJ6 IOOOJJ Goo•• IOOOJ5 GOOJ'I 1111611 11123 •17) G0024 ,0026 G00241 11115 15 14) GOOl5 &001• I00048 GQ045 GO 

015 GOOlJI 1112411 tll2 13 Ill G0046 GOOJ7 G00'7 'OOJe G0049 'OO'D GQOJ9 GOOJ711 
L.OCAL. 
11112 •J 11) G0046 GOOJ7 GD0•7 GOOJ8 GOQ49 !00040 G0039 GO~J71 11115 15 •41 G0015 !00014 G004S G00•5 !00015 GOOlJI 11123 11 
71 G0024 G0026 G002'1 1116 17 181 I000•6 GOOJ5 G0036 GOOJJ GOO•• G0035 G00341 11110 111 191 G0025 G0041 !00028 G0029 G0027 

G00251 llllJ 114 1121 G0030 G0042 IOOOJ2 G0043 G003l GOOJOI 11118 1221 G0021 G002J G002ll 11120 119 121> G0017 G0020 GOO 
19 G00l6 G0022 G0020 G0018 GOOl711 
L.OCAL.. 
SM& 
RE SUL.TS 
ISODY 1. "lS 12 13 Ill 
t&ODY 2 0 IS lt5 15 1•1 
ISODY 3. IS 123 1171 
IBODY •· IS 16 •7 •81 RESULTS FOR TOWER 
IBODY 5. 16 110 111 •91 
CBODY 6. 11 113 114 1121 
IBODV 7. 16 118 1221 
IBODY a. 11 •20 119 1211 
NIL. 



Scene llWOl' 
This scene (see figure 'REWOT 1 ) is the same as the 

scene TOWEi. (see figure ''l'OWEI.'), but upside down. The program 

obtains identical results for both scenes (see 'Results for Tower' 

and 'Results for Rewot'), because SEE does not use information about 

a body supporting or leaning on another body. Por instance, it 

was not assumed that body il-2-3 is partially supporting (in figure 

'TOWEi.') body :4-5-15; clearly this assumption fails in case of 

figure 1B.BWOT 1
• But since the assumption is not followed, the pro­

gram succeeds in both cases (gives same results). 

See table 'ASSUMPTIONS' (page 255) for suppositions that the 

program makes or presumptions that it does not need. 

The regions :16 and i24 had to be marked as part of the 

background, following standard practice (cf. 'Input Potmat 1
). 
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HEIDT 

24 
22 18 

21 19 

FIGURE 'R E W 0 T1 

This scene is the same as the scene TOWER, 
but with Y replaced by 100. - Y, and 
X replaced by 100. - X 1 it is upside 
down. SEE still finds eight bodies. 
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SEE !58 A.NA&. YZES RENOT 
EVlllENCE 
LOCALEV lDENCE 
TRIANGI 
;&,.OBA&. 
ClNILI CCl20> GI013• GI01JJ G0132 G0131J CCl191 GI01J7 GI01J5 GI013• GI 
013lf Ctl21) G0137 G0135 G0133 G0132) (11181 80131 ~01361 ((122) 
GI0131 G0136) tC123> ,01•1 G0139) cc1101 fil0196 GIDl•• Go1•3 GOl•Ot 
cc•11> 190t!i6 G01·'3 G0142J tCHJ) fii0157 Q0147 GI0145>. cc•1•> 90158 
G0157 ~0147 G01•61 cc•61 G0101 G0159 W0151 G0150 GOt•e1 ((12) GOl 
62 G0161 i0155 Q015J G01521 CCl121 G0151 ~Oi•6 G0145) CCl7) G0151 

GOl49 GOU4> tC 19J G;Ol44 G0142 G,0140) CCU) G015i ti;Ol50 GOU9J C 
(1!5) G0160 ~0129 G01281 ((116H ((117) G0141 w01J9> CCIUJ GOUJ 
GIOlJO GI012iJ CCl41 GI0163 Gl0160 G01JO.GI0128l CCIJJ ~016• GI0162 GIOl 
54 '901S3J CC 120 I CC 11J '90164 ao155 G0154 GI0152Jl 
C CNll.t C"'ll..J CNILJ C Cl20 119· 12U G0132 GOiJ5 GOU.• GOUl GIOU7 GI 
0135 G0133 Gl0132J tNlL> Ct~ll 122) G0,36 Gij1~8 GI0136J CNILJ CNIL> 

cNIL.J CNIL.) CNILJ cNll.1 CML> ((113 it• •12> GIOl49 Q0157 GI01'7 GI 
015& G0146 GU14~J CNlLI CCl10 111 19) G0140 ~0156 G0143 G0144 GOl 
42 ~0140) '(16 17 16) w0161 ~01!0 G0151 Q0141 Q0159 Q0150 Q0149) 
CNI~> cc•16J) ((123 •17J '01J9 ~01•1 c;;o139) C~IL) ((115 15 14) GO 
!JO 19(1129 liiU163 190160 r.01Jo r.oua) CHlL.> c U2•H cc •2 IJ Ill i.ou 
1 c;;o152 ;ou2 ;ou;s c;;ou• c;;o15s '015• ;0152> > 
LOCAL 
CCNIL> CNIL) CCl20 119 121> Q0132 80135 G0134 Q0131 filo137 Qo1J5' 
0133 c;;0132J CCl18 122) C90136 G0138 601361 CNILt CNIL) CNIL• CCl13 
''' 112> iOJ•5 ;01s1 c;;o1•1 c;;o158 ;01•6 c;;olc5> cc110 111 19> ;01• 

o c;;o1s6 ~0143 &01•• •0142 ~01•0> c1•6 11 1a, c;;o161 c;;o1so c;;o1s1 c;;o 
1•1 G0159 '01so Go14v1 cc•16,, rc12J •17> ~0139 c;;o1•1 Got39> cc•1 
5 15 14) wOlJO Q0129 c;;o16J G0160 i0130 w0128) ((124)1 ((12 IJ 11) 

c;;o161 •0152 c;;o102 ;0153 w016• ;0155 c;;u15• c;;o1s211 
LOCAL . 
(((12 IJ 11) c;;o161 G0152 ~0162 GOJ53 "~164 a0155 w015• '90152) ,,. 
15 15 ... , c;;o1Jo c;;o129 G0163 G0160 GI0130 Q0121) CC•23 •17) S0139 ; 
0141 G0139) ((16 17 18) Q0161 G0150 &0151 GQ148 G0159 G0150 G0149 
J CCl10 111 19J '90140 GOl5~ W014J ~0144 G0142 G0140) CCl13 114 11 
2J r.;0145 c;;o1s1 G0147 ao15a c;;o1•6 190145> cc•1e 122> ~0136 c;;o131 c;;o 
136) C (120 119 121> G0132 "0135 lfQ134 i.0131 190137 QQ1J5 G0U3 G01 
32)1 
LOCAi. 
SMd 
RESULTS 
f80DY le I& 12 13 111 
CSODy 2. 16 115 15 14) 
cSOllY J. 18 •23 1171 
(SOOY '• 1S 16 17 11) RESULTS FOR REWOT 
CBODY 5. IS 110 111 19) 
CBODY 6. 1& 113 114 1121 
C~ODY 7. IS 118 122> 
caODY a. IS •20 •19 121> 
NIL 
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Scene WRIST* The concave objects are properly identified. W places 

a link between 123 and :4, and another between 130 and :4. CC does 

not inhibit the link between 117 and 119 ordered by the Arrow NA, 

because HOSABO was never called, since the first ru.le of 'ARROW' 

(page r'f ) was applied. 

The only mistake wa• that objects :9-7-6 and 110-5 should be 

fused and reported as only one. There is a link between :9 and 110 

put by heuristic (g) of table 'GLOBAL EVIDENCE'. It is. not enough. 

There is also a weak link between 'Triangles' :5 and :6. OB is not 

a 'Leg', so there is no weak link between 110 and i5. The situation 

is as follows (see chains of links in 'BESULTS POI. WRIST*; how to 

read these chains ia explained iri page 110 , 'Explanation of the pliint• 

out produced by the program') I 

6"°"'~4---.,. 

tlO and :5 will get joined later by SIKGLEBODY'. 

Almost the same thing occurs with :1-2-22-21, but in this case 

vertex A produces one strong link between 22 and 21, and vertex I., by 

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

is enough. 
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WRIST• 

A 

FIGURE 'W R I S T *' 
Instead of one, two bodies were found in :9-7-6 
Insufficiency of links was the offending reason. 
~bjects were correctly found. 
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Scenes L2 and R2 'Xwo objects are found, as expected. 

These scenes form a stereographic pair: two pictures taken from 

the same scene from slightly different locations, mantaining parallel 

the optical axes of the 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 answers are 

ANALYSIS OF L2 

(BODY 1. IS :2 :4) 

(BODY 2. IS :1 :5 :3) 

ANALYSIS OF Bi2 

(BODY 1. IS %:1 %:2 %:4) 

(BODY 2. IS %:3 %:6 %:5) 

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

or is it %:3-%:6-%:5 ? It is required, after decomposition of the 

scene into bodies-, to match the left bodies with the right bodies. 

If this is accomplished, one could then locate the figure in three 

dimensional space, from the two-dimensional coordinates of the figu_re 

in the left and right scenes. 

In this way it will be known where these objects are located in 

the "real world". 

This "matching" mentioned above is complicated as follows: 

It is possible that the number of objects observed in one view 

is different f:com the nWQber in the other. 

•• On a given object, it is possible that SEE will make a mistake 

in the left view, but not in the right view; as a consequence, 

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

If the two axes of the camera are on an borizontal plane, a verteJt 

in the lef.t scene and its corresponding vertex in the right scene 

(if visible) will have the same y-coordinate, such as H in L2 and 

%I in R2. Other known relations exist, derived from the relative 

position of the axes of the camera, magnification, etc. See section 
1Stereo Perception'. 
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R2 

FIGURE "R 2" 

Two bricks are found. 
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L 2 

FIGURE IL 2 I 

Even if (possibly) a face of object :4-2 is missing, 
in this case SEE makes the correct identification. 
Section 'On Noisy Input' deals with imperfect 
information. 
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Scene 119 The small triangle :15 just could not get joined with 

the remainder of the body :16-20-19, and two objects were found. 

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

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

:1, :15, :13 and :22 all meet forming a vertex of type MULTI; this 

vertex should (in some future version of SEE) be split into two, si_!! 

ce both :1 and :37 are the background- The rule for this splitting 

seems to be 

T
::.:~;~i*~:: 

. 

. 
. :~.,: . -=·~."·•. 

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

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

The two large concave objects were properly isolated, 

Compare with Rl9 and WRIST*. 

See 'Merged vertices', page 221 in section 'On noisy input.' 
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L 19 

FIGURE 'L l 9' 

It was easy to find :6-7-8-9, the hexagonal prism. 
:15 was reported as a ~ingle object: a mistake. The two big 
concave objects were appropiately identified. 
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Scene Rl9 
As in Ll9, here the triangle :27 is detached from 

:5-32-33, two bodies being reported. There is no strong link between 

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

are 'triangles' facing each other, but tbat is not enough. A weak 

link is never enough. 

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

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

could change if we discover that RA is a false vertex, @OOcESTioil 
that is, one composed by the merge of two genuine ones. 

There is enough enfoxmation, I think• since 134 and 137 are ~nd, 

and this will suggest a way to "divide" vertex RA into two simpler 

ones. This idea of dividing vertices of type MULTI into simpler 

ones should be applied with caution, since there will be genuine 

verte~ of type MULTI (which should not be split). The main use of 

this technique will be for he1pi~ single regions to join some other 

body, a task performed now, not too satisfactorially, by SMB. 

Compare with Ll9 and WRIST*. 
See 'merged verticea 1 , page ZZ 1 • 
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Scene CORN The pyramid :8-9-10 was easily identified because a vertex 

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

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

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

tainly, this is a IDSsible interpretation. Another interpretation is 

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

of a "C". 

SINGLEBODY was needed to join :4 with :2-3-1, the only link 

being placed by heuristic (g) of table 'GLOnAL EVIDENCE.' 

The p'."Ogram knows that :22 is the background. 

If we could see the hidden vertex KK (if it indeed exists), 

two links would be put and we will have had one body: 
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CORN 
JJ 

22 

5 6 

FIGURE 'C 0 R N' 

The pyramid at the top was identified 
properly. Two bodies were found at 
the bottom, which is a plausible 
interpretation: :1•2•3•4 and :11•12•13. 
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Scene L9 Here the tolerances SINTO and COLTO that allow for 

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

these vertices do not contribute any links for zl. l\1oreover, the 

"T" PA inhibits the link suggested by QA between zl and :8. 

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

By decreasing the tolerances, correct identification is possible 

(see the correc.t identification in page 155). 

See 'Tolerances in collinearity and parallelism', page ~ 15 • 
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FIGURE 'L9" 

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



SEE 58 ANALYZES L9 
EVIDENCE See also next page. 
LOC.t.LEYIDENCE 
TIUAl\IG 
IOLOBAL 
ccNILI 111111 1116) ,00121 11131 'D026 '00131 c1•191 G0019 '0015 Goo1•1 11121 ,0021 G0020 G0019 G0016 G00171 111201 I0002 
3 •0022 ~0020 I000171 111161 G0030 G0026 GQU23 G0022 G002l G0016 G0016 •00151 c1•151 GQQ31 •0029 G0016 Goo1•1 1111•1 Go02 
7 •00131 I I•• 1 G003l •oo3o G0029 G0026 I c I• 111 GOOJ5 'D033 'OOJ2 '0027 ,0025' I I 110 I G0036 G0035 '003• GOo33 I I I I '11· GOO 
36 GOOJ• GOOJ2 GD026 G00251 11•161 G002•1 1(161 G0039 GOOJ61 11151 GOO•• GOO•J GOO•O •oOJ9 •oo3a G00371 11191 Goo•• GOO• 
2 GOOJ7 G00121 ((17) G00•3 Goo•z Goo•OI c1•111 •00•5 •00•11 ICIJJJ G00•5 G0041 •002•1 11121111 
llNILI 111111 1116) IOOOl21 ICIJI G0026 GOol:JI 11119) G0019 GOOU IOOO·l•I O•lLI CIHLI CNILI (NIL) 1111'1 I00027 GOOIJl ((11 
5 12 120 Ill 1•1 G0029 G001• I00019 G0020 G0017 GOD2J G0022 GOU21 GOOl8 G0016 GOOl5 GOOJ1 G0030 G00~9 GOo2el INlLl !NILi 
11111 110 1121 GOOJ2 G0027 G0036 GOU35 GOoJJ G0036 G0034 GODJ2 GD026 Go0251 11116J G00241 !NILi CHILI INILI 1(16 15 19 I 
71 Goo•J GOD39 G0036 Goo•• G0037 GOD12 Go~•3 G00•2 G0040I INlLI 11117 1131 G0041 G0045 GOO•l G00241 11121111 
l(NILI 111111 11181 '00121 1(131 G0026 G00131 INILI INILI INlLI 111&41 G0027 GOUlJI 11119 115 12 120 118 1•1 G0015 G0029 
GOOl• G0019 G0020 G0017 G0023 G0022 •D02t G0018 •0016 fil0015 G003l •o03Q filC029 fil00281 (NJLI 11111 •10 1121 G0032 fil0027 fil 

0036 G0035 •'0033 G0036 40003• G0032 G0026 fil0025 I "1161 G00241 I Nll.1 II 16 15 19 171 rooo•3 fil0039 GOOJ8 filQOU fil0037 •0012 G 
00•3 fil00•2 •00•01 11117 1131 fil0041 fil0045 GDO•l fil00241 11121111 
LOCAi. 
!LOCAL ASSUMES 1131 11l41 SAME BDDVI 

I-" ILOCAL ASSUMES 1181 116 15 19 171 SAM[ BODYI 
i:.n llNILI 111111 1116 "' 19 •7 181 f,;0039 G0038 •oo .. G0037 fil0043 Go0•2 G0040 G0012l 11•1• 131 fil0027 G0026 G00131 INILI '"''L 
~ I 111!9 115 12 120 118 141 G0015 G0029 filOo1• G0019 '0020 &0017 f00023 fil0022 •0021 filOD16 G0016 G0015 fil0031 filD030 G0029 filOO 

261 11111 110 1121 •0032 G002~ G0036 fil0035 G0033 G0036 fil0034 fil0032 &0026 f,;00251 11•161 Q00241 INll.1 11117 1131 G0041 GOO 
45 GOO•l G00241 11121111 
CINILI 111111 1116 15 19 17 181 G0039 G0038 G00'4 iiooJ.7 Ql)Q43 Q0042 •oo•O filo0121 (NILi !NILi ((119 115 •2 120 116 u1 Go 
015 fil0029 Goo1• G0019 Q0020 •0011 G0023 Goo22 G0021 G0018 G0016 G0015 filQ031 GQQJO G0029 GQ0281 (1114 13 111 •10 112> GOO 
26 G0013 G0027 fil0035 fil0033 G0036 fil0034 fil0032 •0026 •002a1 ((1161 G00241 11•17 1131 G0041 G00•5 G0041 Goo2•1 11121111 
LOCAL 
ISINGLEBODY ASSUMES (117 •131 11161 SAME pUDYI 
111117 113 lt61 Goo•1 Goo•5 Goo•1 Goo2•1 1NIL) c111• 13 111 110 •121 filOQZ6 fil0013 GQ027 Goo35 Goo33 GOQ36 G0034 GQ032 GOO 
26 G00251 (1119 115 12 120 118 14) G0015 ;OQ29 GOOI• GOOt9 G0020 G0017 1;0023 G0022 G0021 fil0018 G0010 G0015 G003l G003D G 
0029 G00281 ((16 15 19 17 18) '0039 G0036 Goo•• fil0037 G0043 G00•2 ;oo•o G00121 1111111 
LOCAL 
SMB 
RESUl,.TS 
CTHE ~IRIT 1. BOD1f8 AR[ 1111111 
!BODY 2 0 IS 117 113 1161 
cBODI' 3. IS 11• 13 111 110 1121 RESULTS FOR L9 
IBODY •• 18 119 115 12 120 118 141 
IBODY 5. II 16 15 19 17 181 
Nil. 
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Scenes R9 and R9T Four bodies are found inR9, five in R9T. The 

difference is that Y and JA (see figure at bottom of this page) are not 

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

LINKS FOR R 9 LINKS FOR R 9 T 

In R9, the two strong links (G0030 and G0021) between :12 and :10 

were put by the matching T's Z-EA and Y-JA; of the two strong links 

between :10 and :16, one was because DA is an arrow; the other, 

because EA is a "T" for which heuristic (g) of tab_le 'GLOBAL EVIDENCE' 

applies. 

But in scene R9T, not having Y and JA as matching T's, a link 

between :10 and :12 dis appears; and also nuclei :16 and :10 can 

not be linked by heuristic (g) of table 'GLOBAL EVIDENCE'. SEE deci­

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

as in scene R9. 

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

These scenes show that the analyses can be quite sensitive to 

the "right" definition of parallelism and colinearity. 
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SEE 58 ANALYZES A9 
EVIDENCE 
~OCALEYl~ENCE 
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ISING~EacoY ASSUMES IXll 1111 X•2 x•• Xl61 11~181 SAHE BO~YI 
1111110 1116 1112 XIJ) G0031 G0028 GooJo GUQ21 Ggg45 Goo2v1 llXl9 1114 x·~· GQQJ6 GoOJJ GooJS •oOJ4) INIL> 11111 x111 XI 
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0016 G0019 G0015 G0014 GOD12 G0020 G0023 GOQ22 •0027 G0026 '0025 GOOJ2 G002• G0017 G001311 
~OCA~ 
SH& 
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NIL 
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RB 

FIGURE 'R 9 1 

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

FIGURE 'R 9 T' 

SINGLEBODIES joins :18 with the. 
other portion of tbat body; LOCAL 
is needed to join i6 to that · 
portion, and il6 with :10. 
Neverthel~n, . 81~• .: t.2. •d : 1~ we}'e 
~found to be the sa.--fa~ body 
:16-10 is found, and,floay :12•3. 
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Scene TRIAL 
This scene has been analyzed in great detail in the 

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

graphic form in figure 'TRIAL - LINKS', or in written form (lists) 

in "RESULTS FOR TRIAL". 

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

14 

11 12 

FIGURE 'T R I A L' 
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SEE 58 ANALYZES TRlAL 
EVllJENCE 
LOC•LEVIOENCE 
TMIANIO 
Gi.OiiAL 
llNILJ 111111 IOOOl• GOOlJ !00011 .. 00101 111121 .. 0015 w0014 GOOlJ ~00121 (11131 !000211 11191 !00022 G0021 !00020 G0019 G0017 
~00161 111101 -0015 G0012 G0011 Go01UI (llJI .. OOJ• Go025 Goo2•1 11••1 .. ouJJ GOOJ2 w0026 G0025 G002JI lllbl G0031 GOOJO 

GOC29 !000271 11151 G0026 .. 0023 ~00?2 ~0018 GU0171 11111 GUOJJ ~DOJ2 GOU19 GOU18 wOOlbl 11•s1 GoOJ• G002• G00201 11121 GO 
035 GUOJl .. 0029 IOU0281 1111411 11111 GUOJo GOOJO 1"011211 !00112711 
llNILI (NILi (NILi 111131 .. 00211 (~ILi 11111 •12 11u1 G0611 GU015 GOOl• wUOlJ GOD15 GOD12 GOOll G001n1 INlLI (NILi l~ILI 
!Nill INl .. 1 1(14 19 15 I/ IJ IA) G0025 GOU21 .. 0016 1"0026 IOU02J w0022 GOD17 GDOJJ G~DJ2 GOOl9 GQ018 G0016 G0025 G003• •o 

02• G00201 (NILi 1111•J1 lllb 12 111 .. 0027 GuOJl IOOU29 GOOJ5 ~OuJO ~0028 .. 00~711 
LOCAL 

I-' !LUCA'- ASSUMES 11131 11• 19 I!' 17 IJ 181 &AMt t!OUYJ 
0) LOCAL 
tA) llNlLI INILI 111• 19 IS 17 IJ IA 11J1 .. 0021 GOU26 GUU2J G0022 w0017 .. ooJJ G0032 GOOl9 G0018 G0016 G0025 GOOJ• GQ02• G002 

0 !00021·1 11111 112 1101 GOOll ~001~ Gout• ~OUIJ G0015 &0012 GODll GOOIDI •~ILi INlLI (NILi 1111•11 1(16 12 111 G0027 GOO 
31 w0029 GOOJ~ ~OOJO G0026 G002711 
LOC•L 
11116 12 111 •0021 ~0031 I0002Q GOOJ~ •OOJO GOD28 •Ou271 11111 •12 1101 GOUll w001~ ~001• G0013 GD015 G0012 G0011 GDOl~l 
111• 19 15 17 IJ 18 1131 w002l G~026 G002J G0022 w0017 G003J GOOJ2 •0019 ~0018 ~0016 G0~25 GOOJ4 G002• G0020 G002ill 

LOCAL 
Slli:j 

RESULTS 
cjOuY l. IS 16 12 111 
IBOLIY 2. IS 111 112 1101 
Ci!OLIY 3. IS u 19 15 17 13 u 1131 RESULTS FOR TRIAL 
NIL 



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

displayed in 'RESULTS FOR ARCH'. This is an scene composed Gf many 

degenerate views of objects. It is an ambiguous scene (see section 

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

ssible. 

The program reports :7 and :17 as one body, which could be pla,!! 

sible. :16, :9 and :10 get reported as independent objects. In 

the scene from where this picture or line drawing was taken, :7, :17 

and :16 were the vertical face of an object. :10 was the vertical 

face of another, :9 being its horizontal (top) face. In cases like 

this, in order to choo!?e the "right" one of several possible inter­

pretations, more information has to be supplied to the program, such 

as lighting, textures, color, etc. 

No link was put by A between :3 and :29, or by UB between :5 and 

:19, because D and Ware GOODTs. In one case, G provides with more 

links and causes :3-8-29-31 to be reported as one body, which is 

correct; in the other case, Q can not supply any links, and that 

body is split in two: :5-4 and :19-18. This is a mistake of GOODT, 

who accepts W as a genuine T. If this were not the case, the arrow UB 

would establish· a link between :5 and :19, avoiding the mistake. GOODT 

could stand some improvement. 

The body :22-23 was identified correctly. 
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ARCH 

FIGURE "A R C H" 

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

The body :5-4-19-18 was split in two: :5-4 and :19-18, 
but not :3-8-29-31, which was counted as one body. 
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5Et: 58 ANALYZES ARC~ 
fY11'ENCt: 
LOCALEVJDf.NCE 
TH JANG 
'L.Ol:IAL 
llNIL.1 111a1 b00221 ((181 •0025 lo(l023 •00221 1(1311 GU029 CiOOio!5 •002• I0002JI 111•1 I000321 111261 G0038 •0037 Ci0035 ~OOJ• 
I ic12•1 ··011Jv .ouo;if) IOOOJ:i !00031.1 ICI0!51 IOUOJ9 IOOU311 liOCl37 GOOJbl i!123) •oc•o1 111171 fOOOJJI 1111Jr G00•5 GOOU IODD•2 G 
oao1 111121 •Mo '9cou .suo•J Guo•21 1111111 111Je11 11•1•1 ioou•6.wuo•5 •oo•J coooo.1 111911 1111611 1111511 1111011 i11 
JJI f00050 •D0•9 tOCI0•7 •oOJOI 11•~·· IOU050 •oo•ll GCI0•71 111321 G00•9 cooo•8 GUOJOI (1151 lilOOJ21 111191 G00311 11171 ,00331 

111611 1112011 1112'11 IOOO•OI 11.12111 l!lio!lll 1112811 ICl2) GOOb2 !00051 GOQ27 ,00261 (1111 IOOQ5J lil00!52 IOOt•28 !000271 l(IJ 
01;;oosJ1ooo51 i;uu211 i;oo21>1 rcl'-91c;ou2~1 .. 102•1 1c1as11 11•181 i;ou.u11 
((NIL.I (1131 •00221 !NILi !NILi 111•1 bOOJ21 CNJLl (NIL.I 11126 12• 12~1 lilUOJ7 lilOOJ9 lilOOJ5 lilOOJ• lilOOJ9 lilo038 GooJ7 lilOOJOI 

111231 •oo•o> 111171 trOOJJI INILI PdL.I 1111111 1113611 11113 112 11'1 ;;00•2 ·GOO•& GOOU !00(1•2 GOC!•6 I000•5 I0004J f;OO•ll 
111911 1111611 1111511 1111011 111111.) c.-ilL> lllJJ IJ• 1321 IOGOJO IOOlibG GiUU'7 1"0U•9 w00•8 IOOOJDI 11151 •ODJ21 111191 G003 

11 11171 L;OUJ31 111611 1112011 fCl?.21 liQO•u1 1112111 1112111 1112&11 CHlL) CNlL.1 1112 11 IJOI !00026 G0052 I00027 rooo~J GO 
051 GiOQ~e li00261 111& 131 1291 r.uo~2 ~0025 CiU02J IOOG2!1 Gi002•1 1113511 ICl181 I0003111 
LOCAL 
c~OCAL. ASSUMES 111111 11181 SAME ~ODYI 
l~UCAL. ASSUMES llJI 1111 IJl 1291 SAME bOUYI 
LOCAL 
CCNILI 1118 IJl 129 IJI GUU25 GDti2J Ci0029 •ou2• IOll0~2i clillLl 11"1 liOOJ21 lflolLI (1126 -12• •251 ,0037 GOOJ9 GOOJ5 GOo3• G 
OOJ!I 1>003& wOOJ7 \000361 '" 23, Guo•o I II 1111 li003J I f'~I L. I IC 11111 11 IJb II II I 1J I u .1 l4' lil00•2 GODO IOOOU Goo•2 1>00•6 '" 
ou•5 liOO•J !000411 111;11 Cllt!ill 11•1~11 1111011 '"'ILi cr•33 IJ• 1J21 liUOJO liOObO GOQ•7.G00•9 'ODO GOOJlll (1151 li00321 
lllH 1191 wOOJll 1(171 GoOJJI 1(1-l\ll 1(12Ull·111221 coou•ul 1112111 1fl2711 ((12811 CNJLI 1112 •l IJOI IOOIJ26 !00052 I00021 
,_0053 iOOOS1 1>01128 1800261 PHLI 1flJ511 !NIL.II 

LOCAL. 
1SINf;L.EdUUY 4SS.JMfS cs2JI 1i221 SAME ~UOY! 
ISl,.,G'L.fii01'Y A5S.JHES 01]1 1171 SAME 801'0 
ISINGLEd0~Y 11SS~MES (14) 1151 SAMl 80UYI 
11112 11 IJOI ~0026 wil052 liD0?.7 wOO!>J !00051 1.0028 Gi00261 11121111 11127>1 1112111 CHILI 1112011 !NH.I 11118 1191 IOOOJll I 
NILi 111aa '34 1321 wOOJO •OO!SO •oo•7 lilOO•!I (.['11)0 f;(iOJOI 11•1u11 1111511 1(11611 11.111-11 lltlJ 112 •141 t000•2 I000•6 lil004• 
~1iu•2 \00046 iooo•5 ~OO•J 1ooo•11 I 111111 11•17 171 GiOOJJI ((123 1221 woo•o1 11121> 1i• 1251 &OUJ7 Gotia9 G0035 GOOJ• G0039 

GU0311 G0037 ~00361 1114 151 ~00~21 Clll IJl 129 IJI ~0025 li002J ~OU29 ~002• ·G002211. 
LOCAL 
SMl:I 
llfSuLTS 
Clf•t. FIHST 11. dl)ulES Afft. 1112311 111211; Cll2JIJ 1112011 11'101·1 1111511 llllbll rc&911 cca11111 
180DY 10. IS 12 11 1301 
ldOuY 11. IS It& 1191 
l~ODY 12. IS tJJ IJ• 1321 
l~ODY 13. IS 113 112 1141 
ldODY l•. IS 117 171 
111ouv 15. JS 12J 1221 RESULTS FOR ARCH 
ldOllY 16. IS 12~ 124 1251 
ldOuY 17• IS I• 1~1 
CdOUY 180 IS s8 IJl 12!1 IJI 
NII. 
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Scene BABD This scene consists of objects of the same shape, na ... ly 

triangular prisms. All are correctly identified, including the long 

and twice occluded 13-21-22-23-24-28-29. : 1-Z-33 was also found. 

LOCAL had to be used to join sl5 with 116, and also ell with 112. 

In an older version of the program, t7 was identified •• a sin­

gle body, aiid 16 aa another, because they have no visible "useful" 

vertices to place links (Guzman PISA 68}. Bow SEE joins t6 and 17, 

because both are "<IX>DPALa". See "Operation of the Program; SMB"(page 

'l'I ) • 
These scenes are aometi•• obtained from a picture, 10 that 

they are ~he result of a perspective transfoftllation. Som other 

scenes are drawn more or leas in an orthogonal or isometric projection. 

SD does .Be!. depend heavily in the type of projection-; there are only 

a few heuristics that use notions of parallelism.. 
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HARD 

FIGURE 'H A R D' 

All the bodies were correctly found. 
The most difficult was :6-7, since SMB 
had to join both regions, which do 
not have "uaeful" visible verticea. 
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SEE 51 ANALYZES HARD 
EVlDENCE 
LOCALEV lDENC! 
TRlAlllG 
GI.OB AL 
C CHJL I IC 13411 CI 1611 CC U6 II C 1120 •0026 G0025 G002:.t G0021 ;0020 I IC 123 I ;,0021 G0027 G0024 G0022 G0021 I CI 1131 G0046 CO 
0044 ;0043 G00421 111171 G0047 G0046 G0045 G00441 111711 111221 G0049 G0041 G0040 G0029 C00026 G0025) CCl31 C00050 C00049 CO 
0041 ;00391 cc1211 G0050 C00040 C00039 C00029 G0021 G00271 CC Ill G0052 ;00511 ccl21 G0052 Q0051 ;0011 ;00111 11•251 G0053' 
0031 COOO:J6 ;00191 111261 G0054 C00053 G0037 &00361 (11271 li0054 G003e ;0037 ;oou1 111281 Q0055 C00024 G.0022 GOIH51 111291 

Q0055 &0023 &0020 Q00151 CCl321 G0057 G0056 G0034 G0033J CCl331 QOOl• GOD171 111311 •oo57"QP035 00034 G00161 CCl51 Q005 
I Q00411 CCl41 QOOSI G00411 111101 GOOl9 GOo32 G003ll 111141 Q0047 li0045 G0043 G00421 cc1ta1 •D063 Q006l G0060 G00t41 II 
1191 G0064 ~006~ ;0062 G006ll cc•201 ~0064 C00062 '0060 G00141 11191 W0061 G0032 G00301 CCIII G0065 •0010 G003l G00301 re 
1301 G0056 G0035 G0033 ;00111 '11151 G00661 111161 Q0066J 1113111 111111 &00071 Clll21 G006711 
llNILI 1113411 111611 1113611 CNILI INlLI CHILI INILI 111711 CNILl~NILI CNILI INlLI INlLI tNILI CNILI 11125 126 1271 COO 
019 GOOl3 ;one GOO!l4 &0031 G0037 G00&91 CNJLI I 1124 ua •3 123 121 12• 1291 G0020 lii0026 G00215 I00049 G0041 G002t lii0050 ; 
0040 G0039 G0029 G0021 i0027 GOD24 G0022 GOOl5 G0023 ~002~ GOOlll lflilLI f 111 12 t331 i0092 GOOlt •0017 GODll GD017l CNIL 
I INl~I CCII ••I i0041 GOOll 600411 INILI 11113 117 1141·&0043 G0047 8004• 60044 6D0•7 G0045 60043 600421 CNILI INlLI II 
111 119 1201 80060 G006• G0063 G0061 6DOt4 GOD62 60060 GOOl•I l~lLI 1119 110 Ill 60032 G0032 G0069 60059 60031 GOD301 II 
132 131 •301 G0033 60097 i0034 D0056 i0035 ;o033 600161 11•151 600661 111161 GOU661 1113511 ICllll lii00671 111121 G006711 

LOCAL 
!LOCAL AS&U"ES Cllll 11121 S'"E BODYJ 
CLOCAL AISU"ES 11151 lt161 SA"! BODY! 
ICNILI IC•3•1l 111611 1113611 INlLl !NIL.I 111711 CNILI INlLI INlLI 11125 126 1271 GOOl9 60053 &on36 GOOS• G0031 GOD37 60 
0191 Hl24 -122 13 123 121 •H 1291 !00020 •uoz• GOGH 600'9 GODO ;0021 GDOSO G0040 I00039 G0029 Gooz• 60027 !00024 "w002! 6 
0055 GD023 GOOIO GOOl51 !Ill 12 1331 G0052 !00051 60011 &ooa• GOOl71 CNlLI 1115 141 60041 G005e G00411 1(113 117 1141 GOD 

-A3 •o047 '11046 80044 G0047 60045 G0043 800421 CNl~I 1111& 119 •201 G0060 G0064 G0063 60061 G0064 G0062 G0060 G00141 Cfl9 
110 t.a-l 60032 80032 60065 60059 G0031 G00301 11132 131 1301 80033 60017 G003• 60016 &0035 G0033 G00161 11116 ltSI 60066 

I fNfLI CCl3.511 11112 1111 G00671 lflilLll 
LOCAL. 
t11•a"a •111 800671 cc•16 •U1 &00661 cc•32131 1301 GOOH GOOl7 I00034 GOOH Q0035 GD033 ;001•1 11•9 •ID Ill G0032 G0032 
Q0065 G0059 60031 GOD301 11118 tl9 1201 &0060 G006• G0063 G0061 G0064 G0062 G0060 G00141 CCl13 117 1141 G0043 G0047 G004 
6 ...... G0047 GOU! G0043 G00421 .. •5 UI &ooo GOOH G00411 I 111 12 1331 8DG52 li0Dt1 IOOD-17 GOOU ;00111 c flU 122 13 12 
3 •aa 12• •291 Q0020 60026 Gooas 60041 ;oo•a G0021 G0050 ~oo•o G0039 Q0029 G0021 G0027 ;002• GOD22 GOOll G0023 GOD20 GOO 
asr 11121 121 •271 QOOl9 80053 GD036 &DOI• G0036 Q0037 GOOl91 IC•711 1116111 
LIC:t.t. 

'"' tlltl AllU"li 17 16 IA~l IODY1 
CllA.TI 
CaclO'f' 1. II 112 1111 
tlODV 2. II 116 •151 
llODY 3. 11 132 13l t301 
ctoDY '• 11 n 110 111 RESULTS FOR BARD 
llODY lo 11 Ill 119 1201 
llODY 6 0 ll 113 117 11•1 
llODY 7. II 19 t4l 
llODY le 11 11 •I 1331 
CltODV 9. II 124 122 13 '23 121 IH 1191. 
llODY 10. 11·125 126 1271 
llODY Uo II 17 ·•61 
NII. 

/· 

:y 

i 
., 
, .. 
. ~, 

-'I­
r 
:~ 

~ 
'[ 



Scene 14 
The body :10-9 was reported isolated from :13-2-3, 

due to insufficiency of links. See comments to figure Rl7, also. 

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

It sometimes produces "bad links" such as between :4 and :13, and 

between :6 and :3, because it found two T's that looked like they 

were matching (this mistake diu not happen, actually, because vertex 

R is not a T, but a fork!), EA and R in this case. The suggestion 

in page I ')J will lessen, but not suppress, these "mistakes". 
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SEE 51 ANALYZES L• 
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LOCALEVIDENCE 
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RESULTS 
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490DY '• IS 113 13 121 
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Scene R4 --------- The table 1 RESUI.TS FOR R4 1 shows what happens when the 

tolerances are too large. Five bodies are found. Vertex B is 

considered to be a "T", and inhibits the links suggested by the Arrows 

Rand A. As a result, :1 gets cut off 17-9-5-10. 

The way :2 gets isolated is as follows: T and AA claim to be 

matching T's, the link suggested by U is inhibited by Z (a Corner), 

and :2 gets disconnected from :3-4. 

The correct solution is obtained after reducing the values of 

COLTO and SINTO to 0.05 and 0.005 (see listingsi COLTO decides if two 

lines are colinear, SINTO if they are parallel), respectively. The 

results appear also in 'RESULTS FOR R4', and we can see now that only 

three bodies (the correct ones) are identified. 

Suggestion Lines like the one below should be lsuGGESTION l 
"straightened" either by SEE or (better) by the preprocessor; for 

example, BK L N and D GR 0 in figure Rl7. See section 'On Noisy 

Input'. 

Conservatism and Tolerance M ore strict tolerances do not make the 

program more conservative in all cases1 the link in (a) fails to be 

placed if the program has too loose (large) tolerances, because A 

will be transformed into a "T" (it will be considered to be a "T"), 

lossLng the link; the link in (b) fails to be laid if the tolerances 

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

In (a), links disappear if tolerances are 
too bigi in (b), if they are too small. 
In both cases, conservative behavior (cf. 
page '11 '2.) appears. 
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Scene HOMO The long body t29-30-34-20-19 gets identified as followat 

t29 and :30 get two links, and :30 with :19 also, so we have the 

nucleus :29-30-19. Two links (because of matching T's) join :34 with 

r20, to form nucleus :34-20. Regions t30 and :34 receive a strong 

link, by heuristic (g) of table 'GLO:aAL EVIDENCE', and :19 with :20 

by the same reason. That completes the body. 

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

:12 and :13, but it is not enough to cause mis-recognition. A link 

is put by .that 8ame Pork between :13 and :14, as it should be, but 

the link between :12 and :14 ia inhibited by llOSABO. 

There is a program that finds regions of a scene belonging to 

the background, when not indicated aa such in the input. P'or HOMO, 

the results of this program appear in page nt . 
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All bodies are correctly identified. 
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Scene BRIDGE 
Region:lO gets a strong and a weak link with 14, and that 

is enough to join them. The same is true for :7. 

The links of scene BRIDGE (see 'RESULTS FOR BRIDGE') are discussed 

and displayed in pages 9S-98 , figures 'LINKS-BRIDGE' (page 95 ) , 

'NUCLEI-BRIDGE' (page 96 ) , 'NEW-NUCLEI-BRIDGE' (page 97), and 1FINAL­

BRIDGE' (page98). 

Because RA and SA are matching T's, two wrong links are placed1 

one between :22 and 128, and the other between 121 and :29. This is 

not enough to cause an error, because we need two mistakes (two rein­

forcing each other), two wrong strong links, to fool the program. But 

that could happen. 

It is interesting to note the way in which the long "horizontal 

table" 125-24-21-27-9-12 was put together. To this effect, see figures 

'LINKS-BRIDGE' and 'NUCLEI-BRIDGE'. 

Vertex JB produces only one link between :5 and 18. Vertex KB in~ 

hibits the link (through NOSABO) between 18 and 19, and the link between 

:5 and 19 gets inhibited by S, because it is a T (cf. NOSABO, page82). 

The concave object 17-6-5-4-8-10-11 gets properly identified. 

We may say that, in general, the more "crooked" or complicated an object 

is, the easier will be for SEE to isolate it, because there will be 

many vertices contributing with valuable links. 

No mistake was made by SEE on BRIDGE; its eight bodies were co­

rrectly identified (see 'RESULTS FOR BRIDGE', page I&/). 

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

in page2?>0, section 'On background discrimination by computer'. 
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DISCUSSION 

We have deecribed a program that analyzee a three-di­
mensional scene (presented in the form of a line draw­
ing) and splits it into "objects" on the basis of pure 
form. If we consider a soe.ne as a set of regioDB (sur­
faces), then SEE partitions the set into appropriate sub­
sets, each subset forming a three-dimeD.ional body or 
object. 

The performance of SEE shows to us that "u ia poa1ibk 
to HParale a aune into IM objedl/orming it, 1DiUaot4t ntt«l­
ing to know in detail IMH obj«ta; SEE does not need 
to know the 'definitione' or descriptionaof a pyramid, or 
a pentqonal prism, in order to isolate th.me objects in a 
llCelle containing them, even in the caee where they are 
partially occluded. 

The buio idea behind SEE is to make global uee of in­
forma*ion collected locally at each verlex: du. informa­
tion is noisy and SEE has ways to combine many dif­
ferent kinds of unreliable evidence to make fairly re­
liable global judgments. 

The e&Btentials are: 

(1) Representation as vertioes (with coordinat.es), 
lines and regions 

(2) Typeeofvertioee. 
(3) Concepts of linb (strong and weak), nuclei and . 

nalee for forming them. 

The ourrent verlion of SEE is reatrictied to llC8IMlll pre­
sented in aymbolio form. 

Since SEE requires two nrong evideneee to join two 
nuclei, it appears that ite judgments will lie in t.he 
'safe' side, tt.t is, SEE will almost never join two re­
gions that llelong to differentbodies. From the analylia 
of scenes shown above, its errors are &lmoet alwa7* of 
the sanie type: regiona that lhould be joiaed ue left 
aepanted. We could 11&1 thatSEE beha'WJll"oouerv­
ative)y," especially in the preeenoe of ambiguities. 

Divisi.ona of the evidence into .iwo typee, moq and 
weak, reeulta in a good oompromi8e. The~ evidenoe 
is considered to favor linking the regiooa, but thia evi­
dence is used -0n)y to reiliforoe evidenoe from more .. 
liable elues. In~, the weak links . that give extra 
weight to near]y pan.Uel lines are a ooncaion . to ob­
ject-recognition, in the senae 9f letting the analyaia ..,.._ 
tem exploit the fact that reotangular objects are com­
mon eno\lgh in the real world to warrant apecia1 atten-

. tion. 
Most of the ideas in SEE will work on curves too. 
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CURVED OBJECTS 

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

Introduction and Summary Most of the heuristics that establish links 

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

few heuristics get affected: those that use the concepts of collinea­

rity and parallelism. 

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

l. A alight generalization is obtained if each segment is represented 

as having two slopes (initial and final). The functions PARALLEL and 

COLIREAll of SIB are already modified for this (cf. listings). 

SEE does not care if the lb1.e joiniq two vertiees 
is a straight or curved line. The information 
about the aejplent: A~Jl that ia relevant to.SEE is: 
(a) There ia a line betweell vertex A and vertex B. 
(b) The coordinatea_of A aud B. 
(c) 'l'he segment A-B separates regioo :1 from :2. 

2. Attempt.a to take lilllited account of the shape of the segment carry 

us to 

(•) gently bent: segmeqts (definition) are those with bounded slope 

[Bounded curvature will lead to another definition]. 

A quasi-rectilinear object has faces, vertices and gently 

bent edges or segments; it is expected that SEE will work 

well for them. We should try some scenes. lsuGGBSTIONI 

a 1 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' aegtaeut. 
All slopes fall in au interval around the mean 
slope. Gently bent segments fora quasi-rectilinear 
objects. 
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Quasi-rectilinear objects. It is expected 
that SEE will work well for them. 

(b) partition of a non-gently bent segment into several gently 

~· Many of the bodies have vertices and curved edges, 
but the bodies are not quasi-rectilinear (a piece of chewed 
gum, leaves of a tree). By breaking the edges into gently 
bent sub-segments, they become quasi-rectilinear bodies. 
rhe breaks will occur in points where the curvature is large. 
There has to be devised away to break a segment in a unique 
manner. To avoid breaking a body into two by the introduc­
tion of these artificial vertices, we propose to introduce 
also artificial links between regions, to account for the 
artificial vertex. 

'l'I\ 

h 

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

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 
owner of such vertices). 

3. More complete consideration of the shape of the segments is obtai­

ned as follows: 

(a) For parallelism, by requiring that two segments be parallel 

only if one is a translation of the other. Generally, this 

-·~·-· 

is a comparison that takes a time proportional to the length 

of the segment. Chain encoding {Freeman} {Conrad} is suggested. 
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(b) For colinearity, by discovering properties or features that 

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

a 

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

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

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

b 

d) 
a 

same line disaappears at b and appears 
at c, making band c "matching Ta", but to 
discover this fact it ia necessary to have a 
concept of "good continuation" or "good con­
tour''. 

Alternatively, we may forget these properties here and include 

them into J!lOdels of our curved objects, but then we are for­

ced to make seareha in our scene like those made by I1l or TD 

{my M.S. Thesis}. 

Fig. 'S U I T C A S E S' 

Heuristic properties of segments (yet to be 
determined) could select a "correct" match 
for endings a, b, ••• , k,l. 
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4. :Bodie• with no edges and vertices are in_principle eaaily identi­

fied by SEE. See fig. 1 FRUIT'. 

Figure 'FRUIT' 

The bodies have no curved edgeEJ, and no vertices. The entire 
surface is smooth; no sharp edges or pointy corners. Examples: 
an inflated balloon, a frankfurt, a face, a cloud. 

It is doubtful that we could do something here with SEE. We 
could try to postulate "artificial'"veHices, using:steu·o 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-: s'i~ these abj.cts do not 
have vertices or edges,~ the Qn!y vertices &p~g i.n ~ 
~must u~ ~ ~. They will be mainly T-joints. 
(cf also page 46) 

In principle, separation into bodies looks promising, but 
recognition (the answer to 'what is the n&IS!le of thi• object?") 
seems difficult. Nevertheless, it is_not clear _t~t with such a 
simple set of heuristics we could work succesa"fUlly With objects 
as complicated as a human face, a blob of falling water, an 
amoeba, the surface of the sea (? ). 

At some point, we have to know what we want, As the complexity 

increases, the concept of "body" depend• leas and less in geometrical 

properties (diapoaition of edges, vertices, ••• ) and more a'llcl more 

on purpose (Ia a skeleton an object? Or perhaps the femur bone alone? 

The answer varies with our intention -- with the context). 

Thus, JDOciela are necessary again. 

See also 1 Do not use over-specialized asswnptions ••• •,-page 252. 
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APPENDIX TO SECTION OH CURVE OBJECTS 

This appendix may be omitted in a first reading. 

Requirements for the preprocessor The preprocessor that feeds data 

to SEE has to find only: REQUIREMENTS 
1. The lines of the scene. 

FOR THE 
2. The vertices. PREPROCESSOR 
3. The local slopes at each vertex. 

4. See also comments to figure Rl7. 

5. Illegal scenes (page217) should be detected by the preprocessor. 

How bad will curved objects be I bj n o ects 

where the curves edges are gently bent, SEE 

will work fairly well. The more an edge 

departs from its rectilinear equivalent, 

the worse SEE will work; T-joints will be 

difficult to find, a FORK may transform 

into a 'T', etc. (I am talking about the 

current SEE, described in the listings). 

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

tify objects on the basis of for111 111.lone, i. e., geometrical considera­

tions. This is asking a machine to do more than a human being does. 

Ambiguous line drawings, such as ARCH, become inambiguous when we 

introduce shading, lighting, texture, color, etc. All of these pro­

perties could be used by SEE. In fact, consider how easy it would be 

to identify bodies if each one of them is of different color (and we 

could sense that fact). 

Psychological evidence Knowledge of the algorithms used by human 

beings for shape continuation (page 188) is relevant. We quote from 

Krech and Crutchfield {1958}: 
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Grouping by Good Form. Other things 
being equal, stimuli tbat form a good figure 
will bave a tendCT1cy to be grouped. This 
is a very general formulation intended to 
embrace a number of more specific variants 
of the theme, traditionally classified as fol­
lows. 

1. Good continuation. The tendency for 
clements to go with others in such a way as 
to permit the continuation of a line, or a 
curve, or a movement, in the direction that 
has already been established (see Fig. 3 7c). 

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

3. Closure. The grouping of elements in 

• • • • 
• • • • 
• • • • 
• • • • 
• • • • 
• • • • 
• • • • 

0 

FIG. 37. Examples of grouping. In 11, the dots 
are perceived in venical columns, owing to 
their greater spatial proximity in the venical 
than in the horizontal direction. In b, with 
proximity equal, the rows are perceived as 
horizontal, owing to groupin~ by similarity. In 
c, the principle of good connnuation results in 

c 

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

4. Co11n11on fate. The favoring of the 
grouping of those elements that move or 
change in a common direction, as distin­
guished from those having other directions 
of movement or change in the field. 

It seems plausible to consider that the 
percepts resulting from all of the above 
determinants would be such as to meet the 
criterion of a good figure, that is, one that 
tends to be more continuous, more sym­
metrical, more closed, more unified. 

Now the reader will see that a difficulty 
with this general proposition regarding 
grouping centers on the crucial phrase 
"good figure." How can we know which 

0 0 0 0 0 0 0 

• • • • • • • 
0 0 0 0 0 0 0 

• • • • • • • 
0 0 0 0 0 0 0 

• • • • • • • 
b 

seeing the upper figure as made up of the two 
parts shown to the left below, even though 
logically it might just as well be composed of 
the two parts shown to the right below, or in­
deed of any number of other combinations of 
two or more parts. (Adapted from Wenheimer, 
1923.) 
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BOX 21 

Attneave his made an ingenioua ezperi-
• medal attack on the problem of mcauring 
the "podness" of a figwc. The lubject is 
giftll • lbe« of graph paper composed of 
...- tiny llpl8RI (So rows by Bo c:Olaqms). 
Hil mt is to iu- whether the color of 
.di sueeeaive .,_e is black. white, or 
pay. The eapuimeaiter his in mind whal: 
t:be -nple~ fipre will look like (fig. 4). 

eo--~------------.....,..,,...,~ 
4IO 

10 10 10 40 .lo IO 'JO 80 
COUIMll9 

Q 

confipratioa of itimuli It "better" dWl 
IDOther? 

To escape from this cWftt.:ulty, we need 
lO have ~#It cm.t11· of wMt ~ .. 
good figure. Some apprOllCh can be ma~ 
to this; for instance, in the case of "sym­
metry" there are objective rules we can 
apply to determine the relative symmetry 
of various fipcs. The same is uue of Sim­
ple cases of "closure." (See Box u for a 
relevant experiment.) 
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But we are fft; f~ .~ :able to state 
sueh criftlria when ...... ~the. highly 
complex cootigura._. of our ~rmal per• 
ccptual ~ Pan'. 61 ·m. cWlcWty 
stems fl"QITI the fact of individual dilter­
cnces among perceivers. One man's nress 
may be another man's order. And this may 
reflect the important role of learning llnd 
past e:cperience in the genesis of "good 
figure." 
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ON OPTICAL ILLUSIONS 

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

illusion' to illusions formed by .ac:>U.da, that is, abiguitiea or 

inconsistencies when we (or tbe..pr.,.,,...S,BB) try to find 3-dim bodies 

in a scene; thua, the Miiller*Lyer ill_uid.oli ("A" in the topmost figure) 

is not conaidered. 

Three kinda of illuaw . __ According to :t:~•·; ~ may elementarily 

cla88ify the "aeeQU- that •re unlikel~,~·~ (that is., those 

that are not "a~ird" or "normal") 11i-~;··,~: 
PoHible but no "good" interpret~toli; · · 

Ambf.guou severaJ. good intnp~iQu~ 

== Iapc>H-ible: without interp1'4ttation.· ·· 

Like POL'Dllc:K {au.iii} •. SU. is lt.Ot -.peCi.fically designed to 

handle optical iU-uaiona. It•• prt..rily de•ia-d to analyze "real 

world" scenes; hence, an input scene that produces an illusion (in 

a human) is not likely to occur as input to SEE. Nevertheleas, in 

the same way that we may overteat a program for square roots by asking 

for the square root of 1 APPLE' , 40", we may test SEE with some 

ambiguous scenes. Let us see what happens. 

POSSIBLE BUT ll> "GOOD" IN'.rERPRETATION Some objects do not 'make sense' 

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

(From Gregory) • 
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One of the strong rules used by humans is that objects whose pic­

tures show straight lines have indeed straight edges; another strong 

rule is to assume tiw. corners to 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 claHify it aa .an "imposaible" 

object ( 'VARIANT'Will be an "impossible" object; Penrose'& Triangle 

will be 113 sticks forming ari impoHible configuration or scene; 

"mounted in a funny way''; can not be seen aa representing a single 

object lying in apace). For instance, Gregory {Scientific American} 

tries to explain that the triangle baa a real J•d~m object as origi­

nator, by constructing a body conaiating of three rectangular 

parallelepipeds ("bricks") joined at right anglea, and then taking a 

picture from a special direction, ao that the free ends a and b 

seem to touch: 

b 

Fig. I VARIANT I 

These rules (faces meet at right angles; straight lines mean 

straight edges) are deeply ingrained into people, but nature does not 

need to follow them always. The Penrose Trianale can be obtained by 

photographing a 3-dim triangle with curved edgea and skewed corners, 

where each side touches the other two. 

SEE finda three objects in figure 'Penrose Triangle.' 

Other examples follow. 

Figure 'B L A C K' 

People aaaume that faces meet at 
right aaglea, and this object 

violates that rule, making it 
"impossible" or odd-looking. 
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It is possible to construct object 'BLACK' with planar faces. See 

figure 'TEST OBJECTS' page 2.09. SEE finds one body in 'BLACK' • 

The object at right looks 

impossible if we assume all 

faces to be flat. If face aeb 

is curved, object is plausible 

R is its reflection on mirror 

M, and@_ a smoother yersion 

of R. ~ looks "normal"; by 

deforming <R we could obtain R. 

Unlike humans, .SEE does not 

hold these "very common rules" 

as inviolable; SEE does not 

have any special problems with 

these "strange but true" 

objects. 

A misleading suggestion of 

superiority should not be concluded 

from these rare cases; in other 

situations SEE makes mistakes 

that a human being does not 

(see figure 'SPREAD'). 

Of course, SEE holds its .Q.!m 

rules (for example, those of 

table 'Global Evidence') as inviolable; hence, given a "rare enough 

scene" it will make mistakes (cf. assertion in page~· , after the 

Theorem). This is a similarity of behavior, I think, between people 

and SEE -- each one follows rather rigidly a small set of rules. 
(see also conclusion at end of section). 

Besides, often humans will see the 'impossible' object aa .!!! 

ob1ect, doing SEE's job just as well. 
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Figure 
'STAIRCASE' 

Figure 14. 
'Impossible 
Object.' This can be 
drawn, but it corresponds 
to no possible physical object. 
(From Penrose, L. S. and Penrose, 
R. (1958). Drit. J. Psycho/., 49, 31.) 

(caption by Gregory) 

The "always descending staircase." {Gregory, .!;!! fFou JJ 
The caption is wrong, this object could be constructed in*•real world, 

if some surfaces are curvetand/or the faces at the corners do not meet 

at right angles. Example of an object "possible but without 'good' 

interpretation." See also Metatheorem on page 39 . Again, the "impo­

ssibility" or oddness of 'STAIRCASE' comes from assuming the rules 

'straight lines in the drawing correspond to straight edges in 3-dim' 

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

AMBIGUOUS - TWO GOOD INTERPRETATIONS These are scenes that can be 

interpreted in several correct (non-paradoxical) manners, which are 

also "sensible" (as opposed to the Trivial Solution of page Cl I ) • 

For instance, an scene like 

that can be interpreted as 
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or as 

SEE will generally give one of the possible answers, although 

not necessarily the one preferred by humans. In this example, SEE 

chose ( B ). 

(A) 

(B) 

The following scene, locally ambiguous, is correctly parsed by 

our program. 

Sometimes, the conservati·sm of SEE and its partial 

insufficiency to make very global judgements will leave a body 

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

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

links. 
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IMPOSSIBLE: WITHOUT INTERPRETATION 
Images that can not be product 

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

have physical existence. 

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

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

of the background, and ~ makes sense even if B is back-

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

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

one region, the background, is neighbor of itself. See comments to 

scene R3, page J 13. 

Of course, in these cases there is no answer to the question 

"which are the bodies in the scene?" Whatever answer SEE (or anybody 

else) gives, it is wrong. 

Nevertheless, according to our meta•theorem (page 3g), there is 

an extremely easy way to discover and reject these imposible scenes: 

all of them are necessarily illegal scenes (q.v., page 217). And we know 

how to detect illfgal scenes. SEE (or its preprocessor, rather) already does that. 

SEE detects all impossible scenes, by refusing the data as an 
illegal scene. 
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-_ ... 

A PROGRAM TO DISCOVER HOMAN OPTICAL ILLUSIONS 

Some scenes get classified by our metatheorem as 'possible but 

not "good" interpretation•, and likewise by SEE, which does not refuse 

to analyze any legal scene. 

Nevertheless, a person will stubbornly classify them as 'odd­

looking1 or 1not making sense' or 1 imposaible 1 , even if we teach him 

the s:>lution obtained by SEE (figures 1Penroae Triangle', 'Black', 
1Staircase 1 , 'CONTRADICTORY'). 

/1 

IL 

7'1 
6 

1 2 5 3 " 

v 
Figure 'CONTRADICTORY' 

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

Of course, the metatheorem (page ~9 ) insures that there 1a at 

least one solution, so SEE 1 a interpretation is "right" (it has chosen 

one correct answer, generally ~ the trivial solution given by the 

metatheorem), and the mortal is wrong. Also, the theorem of page 50 

insures that any system (human or computer) that uses too "local" 

rules (see fig. 'MACHINE') will make at least one mistake, no matter 

what rules he (or it) uses. 
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H•optical illusions 
There is thus a disagreement between SEE and our 

fellow subject, because SEE has classified the scene as 'possible but 

no •good~interpretation' and our man has said 'contradictory as a three­

dimensional scene'. Let us call these human optical illusions (such 

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

What to do in these disagreements? Who is right? 

SEE is right Above collllll8nts seem to indicate that the electronic 

data-processor is correct. The human has used excesively "local" 

rules. That being the case, we can teach and train (if avoiding 

future errors is desirable) our subjects to "understand", racionalize 

and make sense out of these h•optical illusions. Indeed, that is what 

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

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

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

(see Box). 

In other words, if SEE is right, the computer scientist has 

nothing to do, it is all up to the psychologists and educators. 

Man is right We may hold the view that the human answer is still 

preferable. Then, to our relief, man is right and SEE is wrong. 

It is necessary (perhaps) to modify and correct SEE, 10 as to emulate 

personal behavior. * We suggest a way to do this. 

A program to discover h•optical illusions 
It is possible to enable 

SEE to detect these h-optical illusions, so that it will clasaify the lea;a1 

scenes into "possible" or 11h-optical illusions." I SUGGESTION I 
As the problem of discriminating between background 

and objects (see section 'On background discrimination by Computer'), 

this is an interesting project from tire "psychological" 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. 

200 



BOX 

There is generally a wealth of available information-though none entirely 
reliable-for settling the size and distance of external objects, with sufficient 
precision for normal use. As is well known, the visual system makes use of 
a host of 'depth cues', such as gradual loss of detailed texture with increasing 
distance, haziness due to the atmosphere and nearer objects partly hiding 
those more distaRt. These cues were discussed in the nineteenth century 
by the great von Helmholtz (1925), who fully realised their importance, and 
they have been the subject of many investigations since, especially by 
J. J. Gibson (1950). Whatever the richness of depth cues, however, the visual 
input is always ambiguous. Though the brain makes the best bet on the 
evidence-it may always be wrong. 

The kind of mistakes which occur when the bet is on the favourite though 
the favourite is not placed, is shown most dramatically by the demonstrations 
of Adelbert Ames (1946). The most impressive demonstration is given 
simply with a room which is non-rectangular, but so shaped that it gives the 
same retinal image as a rectangular room to an eye placed in a certain 
position. Now clearly this room, though queer shaped, must appear the 
same as a normal rectangular room, for it gives the same image to the eye. 
But consider what happens when objects are placed inside the Ames room. 
The further wall recedes at one side, so that an object or person standing in 
one corner is actually at a different distance than is a second object placed 
at the other far corner. These objects (or people) appear, however, to be 
at the same distance-and they are seen the wrong size. This is clear evidence 
that we assume rooms to be rectangular (because they usually are) and we 
interpret the size of objects according to their distance as given by this 
assumption. When the assumption is wrong we see wrongly. What Ames 
did was to rig the odds, and then we make the wrong decision on size and 
distance. A child may appear larger than a man. We may know this is 
absurd and yet continue to see a bizarre world. The retinal image is all 
right, but the odds have produced the wrong internal file cards and then the 
human seeing machine is upset, and gives a wrong answer. 

It is interesting that the Ames room is seen correctly by peoples, such as 
the Zulus, brought up in a 'circular culture' of beehive huts where there are 
few reliable perspective features, such as rectangular corners and parallel 
lines, in their visual environment. To the Zulus, the odds are not rigged by 
the Ames room-to them this is not misleading perspective. They are not 

subject to this illusion, but accept the room as the shape it is, and see the 
objects in it correctly in distance and size. This is a matter of very real 
importance. It shows that when we are transferred to an alien or bizarre 
environment, where our filing cards are inappropriate, we interpret the 
images in the eyes according to principles found reliable in the previous, 
familiar world-but now they may systematically mislead and then percep­
tion goes wrong. Space travellers beware! {Gregory, in {Collins 

and Michie}} 

201 



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 elimination. 

We elaborate: 

(1) Mark each link with the name of the heuristic that produces it. 

After obtaining the 'maximal' nuclei by GLOBAL and LOCAL, sev~ 

ral links are left (for example, three in fig. 'FINAL-BRIDGE') 

and ignored by the current SEE. Instead, one could see what 

kind of links they are, and one has in this way more informa­

tion about the type of contradictions in the scene. 

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

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

ble by use of the conditional, since a lllC> b - b V ... a 

(2.3) Introduce a 'NOT' link: :3 + :5, regions :3 and :5 do not 

belong to the same body. 

(2.6) As in ordinary algebraic equations, a system of n simulta­

neous equations means that all of them must be satisfied; 

the "AND" of all must be true. Thus, AND is implicit in our 

notation. So far, we have OR, AND, NOT, IMPLIES (conditional): 

we have more than necessary. 

At the end, we have a system of simultaneous equations 

like these, where :1 = :2 means both belong to same body; this 

is an equivalence relation so I use the • sign: 

:1 -:2 OR :3 = :5 

:3 + : 2 =4> :1 - :4 ( E ) 

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

Exactly one solution is found. This is the normal case, and 

that solution tells what the bodies are. Familiar, "clear", possible 

scenes will fall in this case. 

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

interpretations." 

No solution is found. This is a genuine k-tptical illusion, 

corresponding to a contradiction in· the equations. For instance, in 
fig. 'CONTRADICTORY', equations set by the T-joints between t2 and 
:3 would be inconsistent with those set by the Arrows and Forka. 

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

the scene (:1, :2, ••• , :n) by means of a partition of the form 

(:1 = :5 - :7 - :6), 

( :3 = :2), 

( :4) 

which is consistent with (E). 

In the current SEE, 

(a) The equations are only equalities: :1 "" :2. 

Also, equations of the type :1 + :2 are taken into 

account by inhibitory mechanisms, such as NOSABO. 

No conditional links exist. 

(b) Since all equations are of the type :2 = :3, the solu­

tion is obtained by applying transitivity, that is, 

1 - 2 
2 .. J =(> (1 = 2 - 3) 

parentheses 
indicate nuclei. 

Except that we require two antecedents for application 

of transitivity (two strong links): 

1 - 2 
2 = 1 

1 - 3 
2 .. 3 

(1 .. 2) 

1 .. 3 

2 = 3 

(1 - 2 - 3) 

~~@_. ® 
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An exhaustive search (which successively tests each possible parti~ 

tion) of the solution to (E) is impractical except in very small 

scenes, and heuristic methods are needed. 

I suggest to start from the equalities such as 1 2 

2 3 

and to form nucleia~ith the current SEE, except that at each step 

we check to see if our current nuclei satisfy all of (E); for 

disjunctive equations such as " 4 = 5 OR 6 1' 7 OR 4 = 6 " 

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

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

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

theorem proving, 

Conclusions and conjectures The similarities between SEE and people 

(see also 'Human perception vs. computer perception, page.254) stem 

from the fact that, like SEE, people seem to use only a small number 

of rules (although not necessarily those used by SEE), which work in 

almost all cases, but when these rules conduct to an ambiguity or 

inconsistency ("conflicts"), there is reticence to abandon them, and 

mistakes or impossibilities are produced. 

It is possible that, like SEE, people use primarily local clues, 

and with less frequency more global information to disambiguate 

interpretations. I think that, in the presence of objects (in 2-dim 

line drawings, such as 'MOMO', for instance) not seen before, humans 

follow general rules not unlike those used by SEE to distinguish 

or decompose a scene into bodies. Rules that apply to all polyhedra 

have to be invoked, since in presence of previously unseen objects, 

humans can not use ,a~ of the object. 

The more familiar an object is (or if we have reason to suspect it 

or expect it), the faster we abandon the general rules and propose its 

model as a possible explanation of part of an scene; we then jump to 

a model matching routine (A ]A]! {MAC TR 37}) that tries to fit the 

model to part of the scene (to a semi-isolated body); general rules 

A 1!. ~prevent us from overflowing with our model into other bodies, 

and help us to deal with partially occluded bodies. 

204 





ON NOISY INPUT 

The performance of our programs is analyzed when the data has 

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

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

merged. 

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

when applied to imperfect scenes. 

SUllllllaiy It is easy to predict the operation of SEE when the two­

dimensional data supplied is ~. in the sense of being an accurate 

representation of the three-dimensional scene. 

In practice, of course, errors will occur in the data and it be­

comes important to know how sensitive our program is to them. 

SEE has some serendipity. Many of the imperfections in the 

data do not cause mistakes in the linking procedure, or the link 

misplacements are not enough to cause erroneous identification. 

But mistakes are made. 

Here is how different types of imperfections are handled: 

·••The assignment of types to vertices is highly insensitive to errors 

in the position of each vertex, except T'S that become Forks of 

Arrows. Two cures to the exceptions were found, only the first 

of which is implemented: 

(1) Allow tolerances in concepts of parallelism and colinearity. 

(2) Allow a long but slightly twisted rectilinear segment to be 
"straightened", as indicated in comments on scene Rl7. 

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

two of them produce recoverable or detectable errors (hence, 

susceptible of correction or prevention). It will be difficult to 

detect if a segment of the third class is missing; these will pro­

duce recognition mistakes. 

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

easily detected as spurious or super:O.uous. Their presence mainly 

produces a diminution in the number of useful links, thus some­

dmes causing too conservative behavior -- i.e., proposition of too 

many bodies. 

'31= Whole faces may be missing. Ordinarily (see scenes LZ, L9T). 
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the remaining part of the body gets correctly identified. 

OBTAINING '1'BB DATA 

'rhe scenes analyzed by our program in this thesis were obtained 

by one of two methods: 

By free drawing . A line drawing representing three-dimensional objects 

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

computed) and the information was put in the 'Input Format' fonn 

previously described. Also the regions belonging to the background 

were indicated as such. 

These scenes have mnemonic na•s such as nliL, BB.IDGB, etc. 

What kind of pro1ection did you. uaeT Were the.a isometric drawings? 

Since no assumption is made-on the rectilinear objects being drawn, 

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

'rhey could be any of them. It is ~ assumed that "we are dealing 

with prisms, with faces of a body meeting at right angles (like the 
or 

corners of a cube)," with convex objects. Heither the drawings nor 

the program make any assumption of this type. If the reader wishes 

to adopt the assumption •:&>ecified above in quotatie>Q •iits, the~ the, 

drawings will correspond to orthogonal projections 9£ three-dimensional 

scenes. 

Bo support hypothesis is needed: if necessary, the objects could 

be floating in 11 transparent fluid having their same density. 

By c•struction Arbitrary but not too complicated objects were cut 

from pine wood, with flat surfaces, and painted black. Their edges 

were painted white. By placing them on a black table (see first few 

pictures of this thesis) in different positions and combinations, 

three-dimensional scenes were created (tee figure 'TBST OBJECTS'). 

Pictures were taken with high contrast film slightly under-exposed 

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

eliminated shadows lGreat help was received in the pictorial task 
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Figure 'TEST OBJECTS' 
Some of tne objects use<l to 
pruduce many of the scenes 
for our programs. Obf<fr ""• .. t: '10 C"' lo"J 



t\j 
0 
co 

Fi~ure 'TEST OBJECTS' (Cont.) 

Some bodies analyzed by SEE. 
Tne arrow indicates a body that 
eroduces an optical ilusion. It 
is unfamiliar, but real. 
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from Messrs. William R. Henneman, Devendra D. Mehta and David Waltz, 

and is here adtnowledged]. 'J.'he photographs were taken with a depression 
0 0 

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

lens, 35 mm camera (standard equipment). 

'lhe size of the prints is approx. at by 11 inches (21.5 by 28 ca). 

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

.U .!.2J!l!. lines lfll!_ missing, they lfll!_ II>'? added. 

'lhe pictures have names like L2 or 1.3, a letter and a digit. 

Most of them are stereogra,hic pairs, taken with both cameras having 

parallel optical axe's, and the sensitive fila on. the uae plAne. 

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

consulted when SBB analyzes the right picture, and viceveraa. 

A transparent milli.metric mesh is laid on top of the prints, 

and the coordinates are read by c~ and p14t i,y h-4 in the 'Input 

P'ormat' form. The thicknes.s of each line is about 1 - (see figure 
1'1'187 OBJBC'?S 1 ); typically, the size of a scene is 10 or 15 cm: a 

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

ready preaent. 'J.'he slopes and directions of short sepenta suffer, 

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

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

We are simulAting the kind of mistakes th.at are likely to occur. 

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

[By reading the coordinates in most of the scenes, baenae help waa 

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

author acknowledges it.] 

Irrespective of the generation method, the scenes that appear in 

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

through a Calcomp plotter, and then inked and finished by hand • 
Thus, it is possible to perceive in msny of llbea the imperfections 

of the data that SEE had to analyze. 
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MISPLACED VERTICES 

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

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

L. L ~ L Not affected 

lOJ:tK. y -+ y Not affected 

ARROW --7 ........ ) Not affected 

K. K --+ (( t x Transforms into MULTI. 

x. ~ ~ 'Y Transforms into MULTI. 

--J Transforms into ARROW 

-I ,,,,;" 
T. 

~ -{ Transforms into FOJ:tK. 

PEAK. ~ --P 7J Not affected. 

MULTI. 

'* --+ )f Not affected. 

Many types are unaffected. TJpe 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 link.a here, which 

makes SU to behave moxe conservatively. Also GOODT gets affected 

(though not much). 

?he serious change are the T1 s that get transformed into ARllOWs 

or FOJ:tKs, when these T's are matching T's. Because they are used 

for linking otherwise disconnected pieces of a body, their loss 

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

'DIS<X>NNBCTED I • 
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(0.) (h) 

Figure 'DISCONNECTED' 

The T's under discussion are marked by 
small circles ( • ). In (a), the mis­
classification of these T's into Arrows 
or Forks does not break the occluded 
body, who retains its unity thanks to 
11. In (b), the same mis-classification 
~ brelk the occluded body, reporting 
two objects instead of one, a possible 
but less desirable answer. If the T's 
are not matching T's, as in (c), their 
mis-classification does not matter. 

(~) 

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

tive in some cases. In some 
DESIRABILITY CRITERION. 

sense (see 'Desirability 

Criterion') this is toler.!!. 

ble. 

What other perils does 

the misclassification of 

the T's bring? We should 

worry if, due to errors cau­

sed by T's, the occluded 

body joins the occluding 

one. 

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

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

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

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

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

unperturbed; (L) "left", E2 moves towards E1 , 61 f'L becoming 

~N a FORK, or (R.) "right", when E2 moves away 
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from E1 , ~~ becoming an Arrow. 
3 For three T's of an occluded body, 3 = 27 states are possible. 

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

None. 

How many of these 27 states will produce 

mis-links joining 1 with 3 or 2 with 3 

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

regions is necessarily background) 7 

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

or an L inhibit the link shown below, 

-1-· -j . 
.\ 

I J 

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

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

Example: Figure R L L in Table 'THREE Ts'. (f-,1: ·wl) · 

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

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

arrow in vertex II. 

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

(iii) linking 4 with 3. Depends on outside considerations. 

Discussed below. 

Example: L R L. 

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

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

(d) A Fork in position (II) suggests 

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

of I. 

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

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

vertex V. 

Example 1 R L N. 

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

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

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

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

Two links originate 
the joining of 4 
and 3. 

3 

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

out two solutions to the misplaced vertices i (1) by allowing 3ome 

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

crooked or twisted segments. We explain. 

Equal within epsilon (definition) a 
E 

written a -=b, iff \a - bj < lEl. 
is equal within epsilon to 

Generally, € > O. 

b, 

Tolerances in collinearity and parallelism T wo lines are parallel if 
\\tl10 

the sine of the angle formed by them is smaller than SINTO. (sint::=:o) 

Currently, SIN'l'O a 0.15 

Lines ab and be are colinear if 
CO&.TO 

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

We have implemented these definitions. Better definitions exist. 

These definitions allow most small inaccuracies in the coordinates 

of vertices to pass unnoticed. Although they are giving reasonable 

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

criterion for parallelism and collinearity, strange things could 

happen (fig. 'CROSSED'). 

...... : ::.·~, ........... :: : :: : ~ . ... ~1-------"""I 

f 

Fig. 'CROSSED' 

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

See also on section 'Analysis of many scenes' comments to L9 and'R.9T. 
'f"1" I U., IS'). 
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Straightening twisted segments 
The definitive cure is simple: 

reassign the slope of be tc be that of ad, if be is small, ad large 

~ 

b 

and the angles at band c are close to 180°. See also comments to 

figure Rl7. This has not been implemented. In this way, all cases of 

table 'THREE Ts' will be solved. See also comments to scene R4. 

Probably the preprocessor will automatically take care of this 

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

of three almost collinear shorter segments ab, be, ed. 

Since the straightening of a segment replaces some known vertices 

(which we suppose inaccurate) by other idealized vertices, we may be 

introducing uncertainty, in the form of non verified hypotheses, to our 

data. The object in the scene could really be "crooked" or twisted. 

Fig. 'TWISTED' 

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

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

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

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

SEE. 

If the information is very bad 
Throw it away and read the scene 

again. A simile indicates that the issue becomes one of allocation 

of resources: if you receive a written message C.<l!lt.aining a few 

wrong characters and missing words, you may use your brains and time 
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to deduce the omitted portions (by employing the redundancy, for in­

stance). If the dispatch is very garbled, you might as well request 

a new one. 

Summary 
It is known how to handle small inaccuracies in the position 

of the vertices. 

MISSING EDGES 

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

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

how can we detect and correct the anomaly. An example appears in 

page 141. 

Illegal Scenes 
Lines that end abruptly produce illegal inputs, 

suggesting that segments are missing. 

(4) 
Fig. I ILLEGAL' (.b) 

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

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

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

comments to scene R3. (f'°'• 113), 

These constraints can be nicely exploited by a preprocessor. 

Line proposer and line verifier 
A line proposer is a program that 

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

sentially a precise line finder that searches a line in only a small 

portion of the scene, as told by the line proposer. 
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In the body of this section we will develop several heuristics for 

use in a line proposer. The verifier is not discus.aed. 

Blum's line proposer 
--------.... ... An algorithm has been designed by Manuel .Blum. 

{1968}, that will detect many places where lines are possibly missing. 
0 

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

search for the omittedline in directions parallel to the neighbor 
A' 

·· .. ' I 

,8' 
I 

I 

.. .· 

Figure 'B L U M' 

Region l2 is suspected to contain undetected lines, 
because it is concave. Vertex v is chosen becau­
se its internal angle is bigger than 180 degrees. 
From it, Blum's proposer will suggest to the line 
verifier to look for lines in directions VA' and 
VB' {broken lines), parallel to the neighbor edges 
A and B. It also searches (dotted lines) along 
the continuation to lines C and D. 

edges (fig. 1BLUM'). It also originates searches along its own 

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

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

Internal edges If a missing line ~a totally internal to a body, and 

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

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

confuse SEE (figure 'MISSING'). 

The majority of internal edges cause concave reg~ons to appear 

(fig. 'BLUM'). They will be detected by a line proposer. 
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Fig. 'M I S S I N G' 

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

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

(a.) 

(j 

External edges Edges that separate two bodies are called external. 

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

SEE, which are undesirable (see 1 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. It can be 

detected because 

(a) a concave region is generated, and 

(b) the region has internal angles bi.& 
0 ger than 180 where a line "goes 

through"1 ab is colinear with ed. 
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Figure 'EXTERNAL EDGES' 

A segment separating two bodies may disappear. 
(1) If that segment is part of a larger segment, 
it is possible to sense and correct the anomaly. 
(2) If a whole external edge is missing, its 
absence remains undetected, inducing a mistake 
in SEE. In (i) an external edge disappears, and 
creates an illegal figure. 

Case (2) The complete edge is missing. Then (b) of case 1 fails, 

and detection is difficult. 

SPURIOUS EXTRA LINES 

They are lines that "should not be the.re", such as those 
,; 

caused by edges of shadows. ,' 

----------.-- -

Fig. 'LIGHT AND SHADOW' 
Each body becomes two; each one is recognized 
independently by SEE. Four bodies are found. 
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Shadows of rectilinear objects travel in planes that (in theory) 

part an object in two (or more): the illuminated part, and the dark 

one. Each is a separate object by itself, according to our definition 

(see 'Several definitions of a body'), since they have plane boundaries. 

SEE should recognize them. 

In practice, we have not tried our program with scenes having 

lines produced by shadows. A conservative behavior, like in figure 

'LIGHr .AHD SHADOW', is expected. 

Some shadows gradually diffuse; multiple lights cause multiple 

shadows. These problems may have to be solved by assuming or compu­

ting the direction or position of the light sources. 

MERGED VERTICES 

Two vertices fused in one will produce diminution in the num­

ber of useful links they report, since the resulting vertex will 

be of type MULTI. Thus, conservative behavior ia expected from SD 

in these cases (see Fig. Ll9, Ll7T, R", IA, etc. The program does 

well in them, when not too many coincidences are present). 
It is possible to analyze the vertices of type _~,S-U-GGE---ST--IO_N.....,,, 

MULTI and try to decompose them in simpler types (compare figure 

JU9 with waIST*). Read comments to Rl9 and Ll9. 

CONCLUSION 

On scenes obtained from "real world" data, inaccuracies are 

expected, and it is required of SEE to work well despite 

Currently, the behavior of the proiram in these eases is not 

discouraging, but is not extremely satisfactory, either. The 

them. 

·additional work needed depends heavily on obtaining genuine 

test data, instead of the faked data used in the experiments 

described. 
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BACKGROUND DISCRIMINATION BY COMPUl'ER 

A program determines the regions that belong to the background 

of a given scene; that is, the regions that are IDt members of any 

of the bodies. Examples are given. 

Need 
- The p·rogram SEE requires to know which regions of the scene 

belong to the background (cf. 'SEE, a program that finds bodies in 

a scene'). At present, this information is supplied by the user, 

as described in sectiom 'Internal format' (page'") and 'Input 

Format' (page 'l ) of a scene. 

In the current vision experiments, it is not difficult to 

determine the regions that form the background, since they are always 

black and homogeneous (see first few pictures in this thesis). But 

in more realistic scenes, there will be a great demand for a background 

finding program. 

Therefore, it is interesting to try to 
develop a program to separate the "ground" 
in the back from the objects in the 
"foreground", having a limited information 
consisting of the scene as described in 
section 'Internal Format', namely, vertices 
and edges. 

That is, we will use in this task only 
"geometric" properties. 

Such program has been written, and works automatically under 

the command of PREPARA, the function that converts a scene from its 

'Input Format' to its 'Internal Format'. When the regions forming 

the background are not supplied, PREPARA activates our program, 

named BACKGROUND, and thes.e regions are searched for; otherwise, 

SEE is supplied with the background regions as declared in 'Input 

Format'. 
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Example. Scene 'BARD'. The results obtained are 

ISUSPICiCUS AR~ N!Ll 
T~E B~CKG~O~ND OF ~A~D 15 

<:J4 :36 :JS) 
c:J4 :'36 :J51 

Three regions are found to be part of the background: z34, z36, 

and :35. That is correct. 

We now proceed to describe the subroutines that make such 

identification possible. 

Suspicious In a first pass, we collect the regions that "may be" 

background, and call them "suspicious regions". Regions that are 

not suspicious are LIMPIO (clean). 

Ideally, if a region :R contains L's, FOBKs, ARBOWs or T's in 

the position below, it is not a part of the background. 

p- ;;: ({ ~ ~ :j--
(1) (II) (I.'II.) C1v) 

FIGURE 'BACKGROUlfD' 
In an idealized situation, rR ean not be part of the 
background: it is ~. or free of suspiciousness. 
l.R will be called 'LIMPIO' (clean). 
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(I) means that the background [alaoatl never .!.!. the internal 

part of an 'L' (the region containing the angle SJRaller than 

180 degrees). 

(II) means that the background does not contain FORKs. 

(III) means that the background is not in the "inside" of an ARROW 

(the background is not a 'proper•arrow'). 

(IV) means that the background can not be the flat region of a 'T'; 

this in turn means that a body can not disappear under the bac,!s. 

ground and then reappear at some other point: 

:3 

:3 is not the background. 

We reinterprete rules (I)-(IV) as follows: 

(I) A region "inside" an Lis LIMPIO (clean). 

(II) A region containing a fork is LIMPIO. 

(III) A region "inside" an arrow is LIMPIO. 

(IV) A region "on the flat aide" of a T is LIMPIO. 

Clean Vertex (definition). A vertex is ~ with respect to a re­

gion if it indicates, through rules I-IV, that such region is LIMPIO. 

For instance, K is clean for :1 and for :2, 

since (III) indicates that :1 and :2 are LlM­

PIO. K is ~ clean for :3. 

These heuristics are not 100 per cent infallibleJ also, in a 

moderately complicated scene, coincidences of vertices are bound to 

occur, originating violations to I-IV. For instance, in figure CORN 

(page 150), vertex UU is a Fork belonging to the background, in con­

tradiction with (II). 
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.For completeness, we present a violation to each one of rules I-IVr 

(I) 

: 1 

(Iv) 

FIGURE 'VIOLATIONS' 

:1 is the background. In all four cases, 
vertex V violates rule specified at the 
bottom of figure. They are rare cases. 
The situation indicates that rules I-IV 
provide noisy information, which has to 
be dealt with carefully. That is what is done, 

The vertices of each region are analyzed under rules (1)-(IV). 

To allow for coincidences of vertices and rare cases (like those in 

figure 'VIOLATIONS'), it is permitted for a suspicious region to 

have a small number of clean vertices. 

The number of clean vertices is compared with a quantity that 

is a small fraction of L (the number of vertices on the boundary); 

currently, that fraction is L/9. 

== If the number of clean vertices, that is, vertices satisfying 

I-IV is bigger than L/9, we call that region LIMPIO ("clean"). 

In addition, (a) If Lis large (bigger than 25, currently), 

that region is BIGP'ACE, such as :21 of 

scene Ll9 (page 144); 

(b) Otherwise, it is only LIMPIO (normal case). 

·== If it is not bigger than L/9, then it is SUSPICIOUS. Also, 

(a) If Lis large (bigger than 25), the region 

is BACKGROUND, 

(b) Otherwise is only SUSPICIOUS (normal case). 
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'lhat is, a region LIMPIO has to have at least 

1 + [one vertex of each nine] 

"clean" vertices. 

Example. Region :3 has four 'clean' 

vertices (four vertices indicate that 13 

is LIMPIO) --- It can not be SUSPICIOUS. 

Figure 1BQUILIBll.IlJM1 

('.?his scene is e~rrectly analyzed by SEE) 
All the three vertices of sl are not cleanJ 
tl will become Suspicious (a candidate for 
background). Five of the seven vertices of 
:2 are clean, so r2 ia LIMPIO. Note that 
vert~x C' is clean for 12 and not clean 
for 11. 

c 

For example, when we apply the function SUSPICIOUS (see listings) 

to every region of scene SPREAD, the suspicious regions turn out to be r 

Suspicious only: 135 118 s34 :2 t3 :12 :11 :33 137 

t47 t48 :46. 

Backgrounds :48. 

Summary By analysis of its vertices, each region is either LIMPIO or 

SUSPICIOUS. '.?he suspicious regions with more than 25 vertices are 

classified right away as BACKCROUNDs a suspicious region with many 

edges is probably background. 

The selection is done entirely using "local" properties: a 

region is classified according to information supplied excluaiv•ly 

by its own vertices. 
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(IJiilttf!JkJ¥i4Lt UUEl .. XJ JL#JW. -. !k.. _3Jl 

PIGUD 'S P ll B A J>' 

Bach rep.-. t.•.claed--~• .l.lJDm., 
SUSPICIOUS or BAc:xaRODllD. 

More global in.dicatiou Our goal ta.to act.ta~ of the auapf.­

cious regions are LDIPIO, and •1ela:>ooe9:·ani·...,.•• 

- Since. two i>acklround regiou can lu»t" &e collH~-f the hc:k­

ground can not be neigfll>or off.t~ltt~·-i•1••·"reltoU t~t· 
are contiguous'· ~ith the l>aclcgriund-*•'h; ~1 .. a'"~aaI.~f in' the 

-

LXMPIO status .. 

In our example • 148 i's background a'lld 'theri'fo~. its sua•· 

picious neig&l>or :18 geta clenea'•tft~<i.{i:lilho •.. 

Links are estabU.ah~d through t¥_•tc~ns .. 'J' ··~ ·ye_ ~O tliem 

b-lintt.. 
• ~~--: - - ..l- -~-

Idea Uy, a ,uspicious region .. 1,~..c t~,~ .~JP;,~.~1,0U 
gets cleaned, • suspicious reaioa.W.iaked to the be4ka~ gets 

. ~' £1'< .. 

converted to ~k~d ~~· 
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Idealizing, suspicious region :1 
becomes LIMPIO, and suspicious 
region r2 becomes background. 
A more complicated procedure is 
actually used. 

In practice, we allow for small errors as follows: 

For each suspicious region, we notice if it is b•linked 

to background (BA), suspicious (SO), or Limpio (LI). 

BA =- == If it is ~linked to background regions, we 
change it to Background, except if it has a 
background as neighbor, in which case we do 
nothing arui continue. 

() SO LI If not~linked to background, but~linked both 
to Suspicious and Limpio regions, 

(1) If LI< SO, continue, do nothing. 
(2) If LI ~SO, classify this region as 

limpio (LI is the number 
of LIMPIO regions b·linked 
to the current region un­
der consideration). 

() SO () If lrlinked only to suspicious, continue, do 
nothing. 

() () LI If Id.inked only to Limpio, change it to Lllllpio. 
Noter Sometimes I write Limpio, sometimes LIMPIO, 
they mean the same. 

() () () If not~iinked, continue, do nothing. 

We keep applying these rules until no change is observed. In 

this way, we have eliminated aevera 1 suspicious regions. 

In SPREAD, the suspicious regions were 35, 18, 34, 2, 3, 

12, 11, 33, 37, 47, 48, 46. r48 is known to be the background 

(that was do11.e in page "li"), so it is no longer suspicious. 118 

is a neighbor of the background (:48), and got cleaned in the 

page before this one. 

111 is~iinked with the LIMPIO :9 and with the auspicious :3. 

Therefore, rll changes to LIMPIO. 

:3 is !;linked with the Limpio :11, so the suspicious r3 be­

comes Limpio. 

:12 is~linked to the Limpio rlO, and gets cleaned. 
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146 is b•linked to the background t48, and gets made 

background, since :46 is not• at this moment, a neighbor of 

background. 

:34 isHinked to the background :48, and gets made 

background, since : 34 is not a neighbor of background. 

:37 is rlinked to the LIMPIO region :4, and transforms 

into Lnfi'IO. 

t 35 is ~linked to the region 134 • which is background, 

h 35 b b k d d rtis o.ls• so that t e suspicious region r. ecomes ac groun instea .... 1 ...... 1>"8· 

t2 is a suspicious regionlrlinked to the reginn :35, which 

is part of the background. According to our rules, 12 becomes 

part Of the background. :z J,s a/so b-JiJCJ(ed fo -i:fr4 b4t:Kffro11Aj_ :'f8, 

At the end, only regions :33 and r47 remain suspicious: 

(SUSPICIOUS ARE (s33 t47)) 

We collect all these 'stubborn' suspicious regions and label 

them background, except those which are neighbors of background. 

A better procedure may be to make the exception in (suGGESTIONI 

those regions that are neighbors of suspicious re-

gions. That is, two neighboring suspicious regions prevent 

each other from becoming background. I have not explored' 

this possibility. 

In the example SPREAD, s33 and :47 are made background. 

If no region is background at this point, make ~e of the "big­

faces" background. There is room here for improvement. 

- If no background yet, make background the region with most 

vertices. This is not yet implemented. 

In our example, the (final) background regions are: 

:33 t47 t35 :34 12 148 s46. .._.. BACKGROUND OF 'SPREAD'. 
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Other examples of background finding. 

Scene CORN 

L. Lt. \I A 

F ,JU!""' 

SL l__, ~ ·~ t. I~ :.. t--: A I U ~· 

f" tr-':_"7~·~C..K,.., I Uh'. 

1\ c x. j r:. 
~ ;:_" r< C - l ,., G F (1-< b ~Ct\ l; ,1u0 1 L 3 ;,; ;: c: J'' ,-, 
1~0s~1c1cu~ ~n~ ·1~ 1 

-1 .-j t c~ ,..,_ ,~ ,, ' .. ., "' . J _ _; .. L.. l.' ; L~ : .. ~ 1 ., I s 

Scene BRIJX,.'E 

1•.)U J:, t:<lbfA1,,~) 

1s~s~1c1cu~ ~~~ N1L1 
I ,.. c_ d" ( '< ,_, ~ cl u,. l.1 u ~ Cl~ I l. 'c I ': 

I ~JU I 
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Scene MOMO One mistake (:31) is produced here, 

S 1_ u r-' ·.;r r_ :·~ t. ~ .1.i.. 1 u r; 
T '( r' :. ·.., c. ·~ t. ~ f> I ~'"' 

rviA ft.~. 

~" c. J. I f~ 
S:.1;,.;e, .... 1:,1, fuK ~•1.>GKl'.J,,JJS uF ~1,T'C' 

( -~ i_, ::i r' I I_. i G l; s " "' ".. I : 3 l ) ) 
l ~t: F,.:.C.KG·-(1Ju\je' CF ,"1 1)''"0 1 ~; 

!•6 :31 ~,.Ji 

FIGURE -'MOMU.' 
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The problem is ambiguous Like in the case of body isolation (section 

'The Concept of a Body'), the problem of determining the regions that 

belong to the background of a scene (regions that belong to no body) 

is ambiguous; many solutions are possible, as long as no two back­

ground regions are contiguous. 
Among the multitude of solutions 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. 
Summary 

A lenient algorithm finds regions (by analyzing the types of 

their vertices, and their neighborhood relations) that may possibly 

be background, and labels them "SUSPICIOUS". With the idea -of 

re-classifying the auspicious regions as 'LIMPIO' (clean, no back­

ground) or 'BACKGROUND', a system of b·linlta ia introduced. These 

b•linka provide more global information about the scene. 

Members of the auspicious set are asaigu.d to one of the other 

two sets (~..,io"'~~ while the algorithm tries to minimize the b• links 

between Background and Limpio regions. 

Conclusion 
Fair results are obtained with the algorithm just 

described. Sometimes, regions are obtained as Background that 

are genuine components of a body ("Limpio") and vice versa. 

Refinements are needed, but since in our present vision experi­

ments the background is a homogeneous black area (see first few pic­

tures of this thesis), no emphasis is shown right now. 
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STEREO PERCEPTION 

Summary 
So far we have discussed the identification of objects in a 

scene and ignored the problem of locating them in a three-dimensional 

space. 

There are several ways to achieve this. We will discuss here one 

of them: the use of more than one view of the same scene. 

A natural first step is to establish the correspondence between 

points in the two views; that is, given a point in one scene (left), 

to find the corresponding point in the other scene (right). Theorems 

S-1 below and S-2 on page 

234 express criteria 

for this "stereo matching". 

SEE can independen­

tly decompose the left 

and right scene into the 

bodies forming them,leav­

ing as a problem to de­

termine which of the ob­

jects in the right scene 

corresponds to an object 

THEOREM S-l. 

If both cameras are identical, their optical 
axes parallel and the films or sensiti­
ve surfaces or retinas lie in the same 
plane, 

then a simple necessary condition for two 
image points, one in each retina, to 
have come from the same 3-dim point, 
is that both image points (left and 

right) have the same y-coor 
dinate, 

measured in the direction perpendicu­
lar to the line joining the optical 
centers. 

in the left scene. This can be done because each object will appear 

in both views with the same maximum height and minimum height (highest 

and lowest values of the y-coordinate of points belonging to that 

object); comparisons are easily made by replacing the objects by 

"intervals" consisting of these two numbers. 

Further disambiguation can be achieved by the use of the function 

(WHERE~ YL XR_YR), which determines the (x, y, z) 3-dim position 

of a point of which its two 2-dim locations (~, YL) and (~, YR) 

are known. {Griffith, AI Memo 143}. 
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Figure 'P 0 I N T 8 1 

Given two images of the same scene, before 
we can proceed to situate it in 3-dim space, 
it is necessary to know which points of the 
left scene correspond to points of the right 
scene: we have to discover the genuine pairs 
in it, a small subset of the cartesian pro­
duct (a, b, c, d) X (e, f, g, h). It is 
desirable to have an algorithm that avoids an 
exhaustive search on this product. 

Genuine Pair (definition). A pair of pointa (PL. PR) produced by a 

real 3-dim point of the scene in consideration. 

Theorem S-2 below gives conditions that a genuine pair must meet. 

A particularization will produce theorem S-1 above. 

THEOREM 8_2 The left image PL and the right image PR of a point P 

have associated with them a variable, computable from 

(~. YL) or from(~, YR)' that will acquire the aame 

value on PL and on PR. It is invariant under change 

of scene. 

For the case where the optical axes are parallel, 

this variable is simply the y-coordinate (YL • YR) or 

height of the image. 

For the case where the optical axes meet, this 

variable is y, an angle that plane PL-CL·P-CR-PR makes 

with r , the plane ¢Ontaining the optical axes. 

Any monotonic function of y will be just as good. 

(cf. figure 1 GENUINE PAIRS'). 

From the theorem, the algorithm (referred to in fig. 'POINTS') that 

we may use to establish correspondence between points in the two 

views t.s: 
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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. 

Figure 'y - P A R A M E T R I Z A T I 0 N' 

From geometrical considerations and the coordinates of a 
point Pt in L, it is possible to attach to the line A-PL 
an angle y. S~t11rt~, a.n angle is obtained for lines of R. 
It can now be said that a genuine pair (PL, PR) must 
have the· same y's for PL and PR. 

y is a physical quantity, namely the angle that 
the plane passing by the image Pt and the optical 
centers CL and CR makes with the "horizontal" plane r . 
Cr contains the optical axes). Clearly, for PL and 
PR to be produced by a point P in 3-dim space, they 
of Pi must be equal to thP. y of PR. This is a necessary 
condition that is easy to check. 

A real point P of the scene produces a left image PL (which has 

a certain value of y) and a right image PR with the same value of y 

(figure 'y-PARAMETRIZATION'). 

Thus, given a point in one scene, we 
have to search for its genuine pairs 
in the other scene among the points 
with its same y. They will be found 
along an straight line through A or B. 

Parametrization of the scene is possible not only by using y; 

a monotonic function of y will do. 

For computational efficiency, it may be advisable to store the 

points of the scenes into arrays according to the value of their y's. 
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The function LINE maps points of L into lines of R, 
An image point PL may have come from different 3-dim points P, P' , P" ••• 
a11 of them situated in the line of sight of PL. The right images 
of P, P', P", ••• all fall in a straight line which is the intersection 
of the shaded plane [called plane PL-CL·P-CR-Plt in fig. 'Genuine Pairs'] 
and the right retina. 
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When the optical axes are parallel In this case, points A and B on 

line CL-~ (fig. 'Genuine Pairs') travel to infinity, and lines PL-A 

and PR-B become horizontal (parallel to CL-CR). The situation looks 

like 

L :i.o. 1o. IK 
It 

~o. -.... 10. 

~=O. ~~o. 

-10. -10. 

A genuine pair (PL' PR) will 
have the same y-coordinate for 
both of its elements (10.0 in 
this case). 

Fil . 

So that, given a left image point PL' we have to search only 

among the points of R with its Mme height, to finct'"the" PR that 

will make a genuine pair (PL' PE). 

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 invariance of the variable described in Theorem 

s-2 to locate objects in three dimensional space, from a pair of ste­

reo views (we will suppose parallel axes; other case is similarly 

treated) as follows: 

(1) Make an analysis of the left scene with SEE, identifying the 

bodies. 

(2) Id. for right scene. 

(3) Reduce each body to an interval formed by two numbers, its 

maximum and minimum height, specifying "closed" if the absolute 

extremal of the body is known, "open" if not. 

In this way we reduce each scene to a set of intervals (see 

figure 1 IN'l'ERVALS 1 ). 
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Each body is reduced 
to an interval. 

(4) 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 crowded scenes. 

It is simple to take into account the fact that an open 

end of an interval indicates that the interval can extend 

further at such end. 

Sources of difficulties are: 

(a) Two bodies have the same interval, meaning they have identical 

maximum heights and minimum heights. This is poasible. 

Quite easy: reduce some faces to intervals and compare them. 

(b) A body is seen in left scene but not in right scene (figures 

Ll2, Rl2). 

(c) SEE partitions one body in two in one scene, but not in the 

other. 

The "open" and "close" indications will help here. 

Also, remember that we are using, when comparing these intervals, 

just a very small part of the total information concerning each body. 

When the selection is narrowed down to two or three candidates 

["left-body 1 is either right-body 2 or right-body 5 11
), one can use 
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summary 

(1) the WHERE function of Griffith (op cit), 

(2) as in {a) above, the intervals for each face of the 

objects, so as to chose as "genuine pair" those two 

objects with more agreement in the intervals of their 

facesf 

(3) perhaps a face of unusual shape ia enough for discri­

mination, if it appears both in left and right scenes, 

or the number of vertices below the center of gravity, 

or 

In summary, I should like to point out that, while much 
has been stated within the somewhat constricting frame­
work of this article, much remains to be stated. Certain, but 
not all, important classes of presentations have been 
treated, and there remain horizons as yet unexplored. Con­
ceivably, the author will attempt, ex nihilo nihU fit, to estab­
lish a more general perspective in the course of a subse­
quent article. (:l>.t4. .i.-, iw:....t;"" .,., "). • 

Also, the reader is referred to other 
articles on the same topic. 
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Scene LlO ~ Il.O SBE analyzes independently (pagest~5 and Ill) the left 

and right scenes, obtaining the following bOdiest 

C~OPY 1. IS 15 11 14 112> 
CBOUY i. IS 16 115 17 111.114) 
CoOUY 3. lS 18 19 110 IJ, 
C8UDV 4. IS 12 113, 

LD".f SCINE (LlO) 

CBOUV 1. IS XIJ XIS Xl6 X114, 

llGll? SCBRB (Il.O) CBODY 2. IS XllJ Xll X111 ~19 X1151 
CBODV 3. IS X18 X12 1110, 
(BODY 4. IS X14 X17 1112, 

For each of the eight bodies, we compute its minimum height and its 

maximum height, obtaining the following intervals: 

LlO RlO 

:5 ;1 :4 112 -[66,105) 

:6 : 15 :7 ; 11 : 14 ... [79,120] 

:a S9 : 10 13 - [68,152] 

[67 ,154] .. UJ U5 iU6 U 14 

[78,119] 1113 XU XI 11 "19 U 15 

[65,103) - xza x12 r.: io 
12 I i3 __,. (21,82) 

[22,82) +- X14 Xl7 Xll2 

These intervals are compared (left with right), trying to find 

pairs. with discrepancies between their values tolerably small [if the 

interval has an open end, differences can be larger). For 'LlO - RlO', 

these are 

[66,105) - [65,103) 

[79,120] - [78,119] 

[68,152] • [67,154] 

[21,82) "' [22 .82) 

that corresponds to the following identification of bodies: 

:5 :1 :4 :12 corresponds to x:a x:2 J.110 

:6 :15 :7 :11 114 corresponds to %113 1.11 Ull "89 X115 

:6 :9 =10 13 corresponds to UJ XIS x:6 XH4 

: 2 : 13 corresponds to X: 4 X 17 X: 12 

Once these correspondences between objects in the two images 4rc 

found, the function {WHERE ••• ) {Griffith} will position these bodies 

in three-dimensional space, achieving our goal. 
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C 0 N C L U S I 0 N S 

LOOKING BEHIND 

When I started to work on these problems, the idea was to 

describe an object by using a model, and with this model in memory, 

to search the scene looking for sub-parts of it that would fit the 

description. 

This work ended (as far as this thesis is concerned) with a 

program that finds bodies without having a model of them. 

a. 

b. 

c. 

d. 

e. 

£. 

g. 

But that is good. 

We did not know at the beginning that this could be done. 

Suggestions for 

Comments 

Recommendations 

Summary 

Conclusions 

Evaluation 

Extensions and 

LOOKING AHEAD 

further work 

Implications 

All these matters are 
normally encountered 
grouped in a chapter 
at the end of the work 

I can only partially lump all these important matters in one 

final section; many times I cite them in context, that is, next 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 lsUGGESTIONI appears through this thesis near a 
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partially unsolved or partially formulated problem, and/or its 

partially outlined or partially new solution. 

(2) In page 15~ there is a list of such suggestion boxes. 

(3) The remaining portion of this section and, in general, the 

sections close to the end of this work, abound in statements 

of type ,a.) through (g.). 

(4) I have tried to start each section with a brief, and end it with 

a sUlllll1ary or cunclusion. 

(5) The section 'Introduction' (page 10 ) specifies the problems 

treated in this thesis, and the section 'Preliminary view of 

Scene Analysis' (page /~ ) produces a general view of available 

methods. 
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--•------------,.-----------;-- ----~ -- ·--·~----

General notation ~ t 
~o pu , remove, etc., links, we 

may develop a notation that will look like 
I SUGGESTION I 

(WHEN A (Y A) (B 11 C 13 D :2) 

D (K ( AF •• )) (A i3 E 14 F :2) 

THEN 

PDT LIRK. KIND 3 

HO LIE :1 12 ) 

"When A is a vertex of type 'Y', and 
D is a vertex of type 'K' , and 
A and D are joined as specified, 

then 

1> 

:2. 

J 

put a link of kind 3 between region :3 and 14, and 
do not put a link between :2 and :l." 

The general notation is 

{WHEN P E E') 

F 

' 
:3 

c 

"when predicate P is satisfied, evaluate expression E (execute 

B), otherwise execute B' (which may be missing)". 

In this notation, the predicate P corresponds to a geometric 

pattern or configuration, and the expressions E and E' to the esta­

blishment or removal of links. 

In SBll:, this part is handled by LISP functions {hand-coded), 

one for each particular heuristic. The suggestion is to develop this 

general notation, and an interpreter for it. This will speed up 

programming. and checking, but will slow down the execution to 

some extent. 

Use --- The main use of the new notation or language is for trying 

new heuristics. Actually, it is not difficult to hand-code the 

new heuristic in LISP (see function EVERTICES in listings), because 

everything reduces to calls to NOSAJ!O, TBROUGHrES, GEV, SllMB, etc. 

I was thinking that a simple MACRO of Lisp could transform f~om. no­

tation (WHEN P E E1
) to LISP functional calls. 

Since what the notation or language is really doing is expressing 

as a linear string a two-dimensional configuration j , a more am­

bitious project would be to use the light pen and draw this configuration. 
and then have our interpreter or compiler produce the LISP program. 
Tbis may look a little like AMBIT·G··fehristensen}. 
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Assigning a name to an object 

Problem. SEE has separated a scene into bodies. What are they? 

Is there a pyramid among them? Where are the parallelepipeds? 

To answer this, information can be supplied to the program, in 

the form of a symbolic description or ~ of the object we are 

trying to find. A model is an idealized account of a class of objects, 

all receiving the same name, like "triangular pyramid" or "house". 

Models may have parameters that acquire values after a given instance 

of the model has been found in a scene. Examples are "height" or 

"length of bottom side". 

Some programs that follow the above procedure to name objects 

in a scene are described and discussed in a Master's Thesis {Guzman}. 

There are difficult problems to be solved if we are to make the 

system able to recognize occluded objects in many situations. 

One could, of course, bypass SEE and look for particular objects, 

as it is done by Polybrick {Hawaii 69}, a program that finds paralle­

lepipeds. 
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Do not use over•specialized assumptions. Use more information In 

trying to solve a problem, people will apply quite different methods. 

They may also suppose quite different assumptions, some of which 

may not hold. Due to particular experience, environment, preferen­

ces, etc., some subjects may be using over-specialized assumptions, 

instead of requesting more data, more information to solve the 

problem. We may bias our views and risk arriving at conclusions 

(of the "common sense" type) which are valid only on restricted 

segments of populations, or in particular conditions or situations. 

Holes. For instance, if most of the readers of this thesis [technical 

specialists, who have learned to read, are interested in graphical 

processing and computers, etc; who may not be considered a repre­

sentative cross~section of Homo Sapiens] perceive "objects" a, b 

and c of figure 'HOLES' as holes {Winston}, we may be tempted to 

conclude that this is a general property, and rush to write a 

Fig. I HOLES I 

The ideo.- that objects a, b, c 
have to be interpreted by all 
men, and hence by a program, as 
holes in the larger box, is 
dangerous. {cf. AI Memo 163} 

subroutine to find such orifices. Perhaps other sectors of our 

population would simply say, with respect to a, b, c, of figure 

'HOLES' that "there is not enough information to make a decision" 

(see also section 'On optical illusions'). Or they may come with 
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different answers, using !_h~i!:, set of assumptions which may be 

different from ours, since their experience is different too. 

The Ames' Room (see Box, page 'lOI) .and Gregory (see Box) warn us 

of this. 

Other example of over-specialization 
1 For peop e familiar with 

Descriptive Geometry, it is easy to see that figure 'DESCRIPTIVE' (I) 

shows a straight line in the first octant. For them, indeed, it 

is easy to visualize this line in three dimensions and have a fairly 

good idea of its position and orientation in space, just from 

figure (I). 

Other persons would need a more cot1.v.entional figure• such as 

figure 'DESCRIPTIVE 1 (II), to visualize the same line• to get the 

same idea. 

What happened was that the first group of persons were using 

especialized knowledge, their mind were trained, 

familiar to them, etc. 

(1) 
Figure 'DESCRIPTIVE' 

(II.) 

Conclusion · Before looking for heuristics and shortcuts, before making 

assumptions, deductions, etc., let us be sure that there is enough 

data to solve our problem. 
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* 

Human perception versus computer perception Gi t di nsi 1 ven a wo- me ona 

line•drawing of a three-dimensional scene, the problem of finding 

bodies in it is inherently ambiguoust many 3-dim scenes can generate 

the same 2-dim scene. 

Multiple solutions are possible. More over, the metatheorem 

of page 'NJ guarantees that a solution always exists, and provides 

ways to construct it. We call this solution "trivial"; in effect it 

is trivial to write a computer program that will invariably find it. 

From the multitude of possible solutions, human beings select 

one, which ts* different from the trivial, and call it "normal" 

or "conunon" or "standard" or "reasonable" interpretation of the 

scene. 

Our program SEE also selects one of the !llllny solutions. 

How does its selection compare with the human choice? 

•= When the scene is "clear", in the sense of evoking human 

unanimity, SEE will* also select that same answer. Example: 

Figure 1TOWER1 • 

.... As the scene or drawing gets complicated or ambiguous, mortal 

behavior deteriorates; opinions split, optical illusions may~e 

(indicating contradictory evidence perceived), several 

plausible answers are emitted. 

* The answer of SEE in these cases will be found among the 

humanly plausible selections. In some cases, it may not agree 

with the majority. 

== Finally, people make mistakes. They will see an object that is 

not there, or will fail to see an object, or classify it as 

"impossible". 

But SEE also errs. It sometimes succeeds where people fail, 

more often it is the other way around. 

In an overwhelming majority of cases. 
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TABLE "A S S U K P T I 0 N S" 

ASSUMPTIONS HADE BY THE PROGRAM 

These assumptions have to be obeyed for SEE to give good results: 

.. The objects are three-dimensional solids formed by planes (l) 

No needles or cardboards allowed. 

-- They produce a two-dimensional image or projection where all 

lines are straight(2). 

Faces have no drawings, marks, labels, etc., imprinted on. 

.. Objects do not have holes in them. 

1 See section 'On optical illusions' for conditions for partial 
lifting of this assumption. 

2 See section 'On curved objects' for conditions for partial lifting 
of this assumption. 

ASSUMPTIONS MOT MADE BY THI PROCIRAK 

These assumptions are ~ necessary for the correct functioning of SEE; 

it will work well with or without them. 

-- Only prisms are allowed. 

-- Tbe scene is a parallel projection, or isometric drawing. 

-- The objects are convex. 

-- The model or description of the object has to be known to SEE. 

-- The objects have to appear unoccluded or unobstructed in the view. 

- The objects have "weight" in the vertical direction and will 
fall if not supported. 

-- The background is known in advance (See 'On background discrimi­
nation by computer'}. 

I repeat, these assumptions are MOT obeyed by our program. 
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ANBO'lA?BD LIS?Dl'G OF ?Bl FURCTI()JS USED 

You do not have to know these things in order to use SEE (rea­

ding 'Bow to use the program' in page ?C is enough) or to understand 

what it does (it is explained in 'SEE, a program that finds bodies in 

a scene 1 
, page II); these things are put here merely for COllpleteneH 

and to make easier the understanding of the inner working• of SSE. 

A listing ia a fozaal description ..... i 
~uere a a stronger reason, 

however. A listing of the programs is a formal description, an 

algorithm, an exact statement "in a formal bnguage of what we may 

have been describing, perhaps inaccurately, in a natural language 

(English). It bec<>11es the starting point of aerious discussions. 

The reader who ia skeptical at some point, or did not understand 

some Bngliah statement, can always clarify his doubts in the listing. 

To be understandable, the listing has to have annotatiOJ?.•• c011menta. 

A mathematician 1a not foreed to explain hia work always in na­

tural language, but rather he is allowed to employ abstract notation., 

symboliama, ,to~l!qt,!oaa E.f. hi!. !,h.2.uaht...!. (indeed, it 1a preferable 

this way). A programmer should not hide hi• lhtinga ·(he should not 

be forced to re•state his algorithm• in natural language exclusively 

{ 68-}) and force his readers to use the aabipoua channels 

of his natural language communication. 

And this brings another point. Kot only a progTa-.er should not 

hide the listing (unless there areic;'b~ga or ince>11plete subroutines), 

Jau,t he .1.h2u1J! J!O!. hi~e !,h.st .e.rograg (unleH they are banal); by this 

I mean honest an• reasonable efforts should be .. de to facilitate f,!! 

ture potential user• the access to these progr .... Include: 

- Documentation 

-- Listings, tape or card deck Dlllles, etc. 

- Teat data 

..., Printout of an interaction with such test data, 
iacl"l,lding loading, compilation, executioa• results. 

-- Tiae spent (by 1D11chine and by .. n). 

See also I. Kain's letter {C. ACM March 67}. 
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