[image: image1.png]AUTOMATIC
INTERPRETATION
AND GLASSIFIGATION

- OF IMAGES -

A NATO ADVANCED STUDY INSTITUTE EDITED BY A. GRASSELLI

i

i
=





[image: image2.png]DECOMPOSITION OF A VISUAL SCENE
INTO THREE-DIMENSIONAL BODIES*

Adolfo Guzmdn
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
CAMBRIDGE, MASSACHUSETTS

I. INTRODUCTION

We consider visual scenes composed by the oplical image of a group of
ies. When such a scene is "seen” by a computer through a film spot
anner, image: dissector, or similar deviee, it can be treated as a two-dimon-

onal array of numbers, or as a function of two variables,
ibed as a conglom-

s coultt be meaningfully d

AL a higher Tevel, a sc
atc of points, lincs and surfaces, with properties (coordinates, slopes. . . )
tached to them.

Still a more sophisticated description could use terms concerning the
odics or objects which compose such a scene, indicating their positions,

ler-relations, clester:

This paper desoribus a program which finds bodios in a seonc, prosuma-
ly formed by three-dimensional objects. Some of them may not be complotely
isible. The picture is presented as a line drawing.

When SEE-the pretentious name of the program-analyzes the scene
RIAL (see Fig. 1), the rosubts ares

BODY 1. 18:6 32 1)

(BOHY 2. IS:1L 12 :10)

(BODY 3. IS:4 :9 :5 :7 i3 8 :13)

SEE Jooks for three-dimensional objects in a two-dimensional scene. The

th permission, from AFIPS Procecdings of the Full Joint Computer Co
pp. 291-304 (Thompson ook, 1968).
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Fig. 1. "TRIAL’ The program analyscs this scenc and finds 3 bodies:
(BODY 1 IS - 1)
(BODY 2 IS : 10)
(BODY 3 IS :4:9 :5 :7 :3 :8 :13)

seene

self is not oblained from a visual input device, or from an array of
intensities or brightness. Rather, it is assumed that a pre-processing of some
sort has taken place, and the scene to be analyzed is available in a symbolic
format (to be deseribed in Section TIT), in terms of points (vertices). lines
(cdges), and surfaces (rogion
SKE does not have a pr

canceived idea of the form or model of the
objects which could appear in a given scenc. The only supposition is that
the bodies are solid objects formed by plane surfaces; in this way, it can not
find “cubes™ or "houses™ in a scenc, sinee it does not know what a “house”
is. Once SEE has partitioned « sccne into bodics, some other program will
work on them and decide which of those bedics are "houscs.”

Thus, SEE is intended 1o scrve as a link between a pre-processor [1, 2]
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which transforms intensity pictures into point or line pictures [5], and a
wecognizer (such as‘TD [31 or DT [41), which handles this line picture and
finds bodies, objects or zones matching with certain patterns or models.
Instead of seurching through the whole scene looking for parts to mateh its
models
o the scene into bodies, beeause the data to be searched (matched) s smaller
and better organized.

the work of the recognizer bocom

mpler after SEE has partition-

The analysis which SEE makes of the different scenes generally agrees
with human opinion, although in some ambiguous cases il behaves rather
comscrvatively. Distributed over these pages, the reader will find cxamples of
wenes analyzed by SEE, and the peculiarities and behaviour of the program
will become clear.

The program SEE, written in LISP, has boen tested in the PDP-6 ma-
chine of the Artificial Intelligence Group, Project MAC, at Massachusctis
Institute of Technology. A preliminary version, written in CONVERT [6],
was used exle

vely for a quick test of idcas which shapad the program to
its setual form. The analysis of a scene takes from 30 to 90 seconds, with
the program running interpreled under the interpreter of the LISP program-
ming system.

A more technical description of SEE can be found in an unpublished
memorandum [7 ).

Related work

Rudd H.Canaday [8]in 1962 analyzed scenes composed of two-dimen-
sional overlapping objects, “straight-sided pieces of cardboard.” His program
breaks the image into its component parts (the pieces of cardbourd), de-
seribes cach one, gives the depth of each part in the image (or stene), and
states which parts cover which.

Roberts [9 }in 1963 deseribed programs that (1) convert a picture (a
seone) into a line drawing and (2) producc a threc-dimensional deseription
of the objects shown in the drawing in terms of models and their transfor-
mations. The main restriction on the fin
tive projection of the surf:

that they should be u perspec:

boundaries of a sl of three-dimensional ob-

jeets with planar surfaces. lic rolics in perspoctive and numerical computa:
tions, 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 elosest to ours.

Actually, soveral re:
ogy 110), at Stanford Uni

arch groups (at Massachusotts Institute of Technol-
rsity [77], at Stanford Rescarch Institute [12])
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work actively towards the realization of a mechanical manipulator, ic.. an
intelligent automala who could visually percoive and successfully interact
with its cnvironment, under the control of a computer. Naturally, the
mechanization of visual perception forms part of their research, and impor-
tant work begins to emerge from them in this arca.

Organization of the paper
It is formed by the following sections:

1. Introduction and related previous work.

1L Input Format. The representation of the scone as it is entered to the
compuler.

11 Formal of a Seene. The representation of the scenc as SEE expeols.

IV. Types of Vertices. Classification of verticos according to their topolog.

V. The program. Analysis of the algorithm, description of heuristics.

V1. Interesting cxamples. Discussion. Future work.

H. INPUT FORMAT

For testing purposcs, the scenes are entered by hand in a simplified
format (called input format), and then some routines convert this to the
form required by SEE (this form is described in Section 111). Eventually,
this data will come from a visual input device, through a preprocessor.

Examples of a Scene

Supposc we want to describe the scene *CUBE’. (See Fig. 2.) We begin

i
AERF,

Fig. 2. 'CUBE'. A scene.
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by giving in LISP) a value to "CUBE”.

(SETQ CUBE (QUOTE (A 10 10 (:1 B :4 ¢)
B 1.0 50 (:1E :2C 4 A4)
C 3.0 7.0 (:2 D :4 B}
D 8070 (2K :3F:4C
E 60 50 (:2B8:¢C:3D)
F 80 30 (3G 4D
G 60 1.0 (:1 4 4F :3FE)
»

Thus we ussociate with each vertex its coordinates and a list, in counter-
clockwisc order, of regions and vertices radiating from that vertex.

The conversion of the scene, as just given, into the form which SEE ex-
pects, is made by the function LLENA; thus, (LLENA CUBE} will put in the
property list of CUBE the propertios REGIONS and VERTICES; in the proper-
ty list of each vertex, the properties XCOR, YCOR, NREGIONS, NVERTICES
and KIND are placed; and in the propery list of cach region, it places the
properties NEIGHBORS and KVERTICES. It also marks region :4 as part
of the background.

In other words, LLENA converts a scene from the "Input Format’ to the
*Format of a Scene’ described in Section I11.

1. FORMAT OF A SCENE

A scene is presented to our program as a scene in a special symbolic
format, which we now describe. Essentially, it is an arrangement of relations
between vertices and regions.

A scene has a name which idenlifies it; this name is an atom whose
property list contains the propertics 'RECIONS', "VERTICES’, and BACK-
GROUND’. For example, the scene ONE (sce Fig. 3) has the name 'ONE’.
In the property list of *ONE" we find
REGIONS  -- (:1 :2:3 :4 :5 6) Unordered list of regions com-

posing the scone ONE.
VERTICES -- (ABCDEFGHIJK) Unordered list of vertices com-

posing the scene ONE.
BACKGROUND -- (:6) Unordered list of regions com-

posing the background of the
scene ONE.
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Fig. 3. "ONE”. A scene. Vertices and surfaces (egions) are the main components of
ascene.

Region

A tegion corrusponds to a surface limited by a simply connected curve.
For instance, in ONE, the surface delimited by the vertices A B € isa
region, called :1, but G/JK D H is not.

Each region has as name an atom which possesses additional properties
deseribing different attibutes of the region in question. These are "NEIGH-
BORS’, 'KVERTICES’, and 'FOOP’. For example, the region in scene ONE
formed by the lines AE, ED, DK, KC, CA, has *:2° as its name. [n the
property list of :2 we find:

NEICHBORS  -- (:

4 :6 :1 :6) Counterclockwise ordered
list of all regions which are
neighbors to ;2. For each
region, this list is unique up
to cyclic permutation.

KVERTICES - (DEACK) Counterclockwise ordered

list of all vertices which be-

long to the region :2. This
list is unique up to cyclic
permutation.
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roor «- (:3D 4 F :6A4 :1C :6K  Counterclockwise ordered
list of alternating nei
bors and kvertices of :2.

This list is unique up to
cyclic permutation.

The FOOP properly of a rcgion 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.

Vertex

A verlex is the point where two or more lines of the scene meet; for
instance, A, G and K are vertices of the scene ONE.

Fach vertex has as name an atom which possesses additional properties
describing different attributes of the vertex in question. These are 'XCOR’,
'YCOR’, "NVERTICES’, "NREGIONS’, and KIND' For example, the
vertex H (sce scenc ONE) has in its property list:

XCOR . 30 -coordinate
YCOR 150 y-coordinate
NVERTICES .. (1GD) Counterclockwise ordered list

of vertices to which I is con-
nected. This list is unique up
to cyclic permutation.
NREGIONS -~ (:3 :5 :4) Counterclockwise ordered list
of regions to which H belongs.
This list is unique up to cyclic
pormutations.
KIND --(:31:5C ;4D) Counterctockwisc ordered list
of alternating nregions and
nvertices of H. This list isu-
nique up to cyclic permutation.
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 secs.
NREGIONS and NVERTICES are then easily derived from KIND: take
the odd positioned elements of KIND, and its even-positioned elements, respee-
tively.
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IV. TYPES OF VERTICES

Vertices are classified according to the slope, disposition and number of
lines which form it. The function (TYPEGENERATOR L), where I isa
s, performs this classification, pulting in the property list of
cach one of the clements of L, the type to which it belongs.

The TYPE of a vertex is always a list of two elements; the first is the
type-name: one of 'L, 'FORK’, "ARROW’, °T’, ’K’, X’, PEAK’, MULTL;
the seeond element is the datum, which generally is a list, whose form varies
« information in a determined ordor about

list of verd

with the type-name and contai

the vertex in question. (Sce Table 1.)

V. THE PROGRAM

The program named SEE aceepts 2 scene expressed in the notation
described in Scetion [l and produces output lists identifying and deseribing
(he bodies present in the seenc.

In this section we deseribe the program, and how it achieves its goals,
by discussing the procedures, heuristics etcetera, employed and the way they
work. We begin with several examples.
Example 1. Scene STACK’. This scene (see
with the following results:

(LOCAL ASSUMES (:5) (:13 :14) SAME BODY)

«. 4) is analyzed by SEE,

(BODY LIS :1 :3 :2 ;18 :17)
(BODY 2. IS :4 :16 :15)

(BODY 3. 1S :7 :6 :11 :12)

(BODY 4. IS :9 : 8 :10) Results for scene STACK”
BODY 5. IS 13 : 14 : 5)

(BODY 6. IS :20 :19)

Example 2. Scene 'BRIDGE’. With this example, we will give details of
the program’s operation. We start by loading into LISP the programs for
SEL and ils auxiliary functions. Then, we evaluate:

(UREAD BRIDGE SCEN3)  $Q  This causes scene ‘BRIDGE' (see
Fig. 5), to be read (in the format
deseribed in Section 1) and
transformed to the proper form
which SEE expeets (as described
in Section 11).
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Table 1. VERTICES®

'L'.= Vertex vhere two
lines meat.

Thres lines forming
angles mmaller than 180 °,

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

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

them colinear.

'K'.- Two of the vertices ste colinest = Two of the vertices are

with the center, and the other colinear with the centers
!v?ifnll in the sawe side of such opponite sides of such a
a Hne- line.

MULTI' .- Vertices formed by

'PEAK' = Formed by four or more four ox ‘::;L‘l‘:"‘:;’
lines, vhen the YCOR
of the central vertex ia my of the precedtng
higher than the YCOR’s of P

any of its meighbors.
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Fig.4. STACK". This scene is analyzed by SEE, with results detailed in Example 1.
All bodics are correctly found. Some of the vertices appear in the drawing
with their names; in other drawings we will omit the names; we are also
omitting the coordinate axes.
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Finally, we evaluate
(SEE (QUOTE BRIDGE)) This calls SEE to work on BRIDGE.

Fig. 5. "BRIDGE’. The long body :25 :24 :27 :21 :9 :12 is comectly
identified (see Table 2).

Results appear in Table 2.

SEE and its parts

The operation of SEE is quite straightforward; the program is not recur-
sive and does not do any tree scarch. Its main parts, which are exccuted one
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Table 2. Results for ‘BRIDGE’. SEE finds eight bodies in scenc ‘BRIDGE” (See
Fig. 5 ‘BRIDGE’). Unnecessary detail has been removed from the drawings;
the reader must bear in mind that the complete scene contains vextices
(whose names do not appeat in the drawings) and their coordinates (which
arc also not shown), as well as edges and regions

(LOCAL ASSUMES (:18) (:19) SAME BODY)

(LOCAL ASSUMES  (:28) (:29) SAME BODY)

(LOGAL ASSUMES ~ (:10) (:8 :11 :5 :6 :4) SAME BODY)
(LOCAL ASSUMES  (:7)  (:8 :11 5 :6 :4 :10) SAME BODY)

(SINGLEBODY ASSUMES  (:19 :18) (:16) SAME BODY)

RESULTS
BODY 1. IS :24:9:21 :27 :12:25)

BODY 2. IS 22126 :23)

BODY 3. IS :17 :3:20)

(BODY 4. IS :1:2) Results for scone BRIDGE’
BODY 5. IS 14 :15 :13)

BODY 6. IS :19 :18 :16)

BODY 7. IS :29 :28)

(BODY 8. IS :8:11:5:6:4:10:7)

after another, unless otherwise indicated, are:

FILLSCENE. The properties SLOP and TYPE are gencerated for cach vertex,
if they were not already present.

CLEAN. OMd properties uscd internally by SEE are removed from vertices
and regions.

EVIDENCE. An analysis is made of vertices, regions and associated infor-
mation, in search of clues that indicate that twe regions form part of the
same body. If evidence cxists that two regions in fact belong to the same
body, they are linked or marked with a “gensym” (both receive the same
new labol). There are two kinds of links, called strong (global) or weak
(local).

LOCALEVIDENCE.  Some feature of the scenc will weakly suggest that a

group of regions should be considercd togelher, as part of the same body.
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This part of the program is that which produces the ’local’ links or evidences.
GLOBAL. The ’strong’ links gathered so [ar arc analyzed; regions are
grouped into “nuclei” of bodies, which grow until some conditions fail to be
satisfied (a detailed explanation follows later).

LOGAL. Weak evidence is taken into account for deciding which of the
unsatisfactory global links should be tory, and U corre-
sponding nuclei of bodies are then joined to form a single and bigger nucleus.
Assumptions made by LOCAL are printed (see ontput of SEE). LOCAL may
call CLOBAL again, o go on.

SINGLEBODY. 1f a single region does not helong 1o a lurger nucleus, but is

onsidered sati

linked by one strong
nucleus of that other region. This part of the program may cail CLOBAL or
LOCAL again, if nccessary, or continue. SINGLEBODY also prints its as-
sumptions.

RESULTS. The regions belonging to the buckground are screened out, and
the results arc printed.

idence to another region, it is incorporaled into the

Operation

Here is explained in considerable detail each of the parts of SEE that
have been skelched above. This will help the reader understand the behavior
of the program, its strength and deficien

Example. Se

ene "TOWER’. First, we begin by showing a Lypical analysis of
SEE with a somewhat complicated scene (sce Fig. 6). 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, etcetera. This has been done on purpose, since a non-sophisticated pre-
processor will tend to make this kind of crror.

The outpul is given in Table 3.

FILLSCENE, CLEAN. These two parts of SEE are simple; if necessary,
FILLSCENE calls SLOPGENERATOR and TYPEGENERATOR; CLEAN
removes some unwanted properties.

EVIDENCE.  Strong or global links arc placed by this part of the program.
Two functions arc used: EVERTICES and TIOINTS
EVERTICES. This function considers cach vertex of the scene under the

following rules:
L. Vertices of the type °L’ are not considered.

FORK. 1§ three regions meet at a vertex of the FORK type (Table 4
(b)), and none of them is the background, links between them
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Fig. 6. ‘TOWER’ . Neither LOCAL nor SINGLEBODY are necessary to correcily
parse this scene into bodies which form it. There arc many 'strong’ links
in this scene and SEB makes good use of them (see Table 3).

will be formed. For instance, in Fig. 6, we establish the
links 39 - :20, :19- :21, and :20- :21. Nevortheless, some
of these links may not be produccd: in Fig. 7, the link be-
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Table 3. 'RESULTS FOR TOWER'

(BODY LIS :3:2:1)

BODY 2. IS :5:15:4)

BODY 3. 1S 23 1T)

(BODY 4. IS :6 :7:8)

BOPY 5. IS :10:11:9) Results for TOWER”
BODY 6. IS 113 :14:12)

BODY 7. IS :18:22)

@BODY 8. IS :20:19 :21)

ARROW.

tween :3 and :2 is not produced because Q s a “passing 773
the link between :1 and :3 is not generated because R is an
°L’. The link between :1 and :2 is generated.

This heuristic is powerful, and (scc Fig. 5) allows us, for
instance, while working on vertex jb, to omit the tink
between regions :5 and :9 in scene 'BRIDGE’. WNevertheless,

this same heuristic puts a link between regions :8 and :9
of the same scenc. As we shall see later, this sitnation is
not too bad.

This type of vertex (Table 4 (c)) causes two of its regions
(the “left’ and the right’ onc) 1o be joined; in Table 4 (c), we
will put a link between :1 and :2, which counts as cvidence
that :1 and :2 helong to the same body. Nothing is said
about :3.

For inslance, this type of vertex joints :1 and :2 in Fig. 5.
Two cases arc distinguished:

(2) The X is formed by the intersection of two lines. No
evidence is formed.

(b) Otherwise (Table 4 (f)), tinks :1- :2 and :3- :4 are
formed. This type of X occurs when we have piles of
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Table 4. ‘GLOBAL EVIDENCE’ The strong links are represented by dotted lines.

(c)

(A}

(E) (F}

{G) (H) )
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Fig. 7. FORK"

objeets; for instance, in Fig. 6, :18 and :22 arc considered

as belonging to the same body, due to this type of vertex.
All its regions (Table 4 (h)), cxcept the one containing the
obtuse angle, are linked to each other. See also Fig. 14.
A search is made for another T to match the vertex cur-
rently analyzed; two T°s match if they are colinear and
"fucing each other”, il there are several pairs, the closest is
chasen. For instance (Tablc 4 (d)), 4 and B are paired.
An indicator 'NEXTE” is placed in such vertices.

(a) Once the NEXTE is determined, EVERTICES establishes
2 link between :1 and :2 (Table 4 (d)), and another be-
tween:3 and :4. These links will not be produced if the
result of them is to associate the background with some-
thing that is not the background.

(b) The following test is done (Fig. 8): If neither :1 or :2 is
the background, but both have it as neighbor, and in
some part of the boundary of :1 (and the same holds for
:2) with the background, the scgment that separates





[image: image19.png]Fig. 8. 'PARALLEL’ A link is established between :1 and :2 because they do not
belong to the background, but the background is a neighbor of both of them,
and the segment that separates :1 from the background (and the same is true
for :2) is parallel to OP, the central segment of the T in question (:3 s the
background).

them (M - K in Fig. 8) is parallel to the contral segment
{0 - P) of the T, then :1 und :2 are linked. For in-
stance, in Fig. 4, this analysis applied to the vertex T
will produce evidence that :13 and :14 belong to the
same body (since ZA - AA, T - MA and OA - NA are
parallel). This is a rather global heuristic although only
useful for bodies with parallel faces. Also, EVERTICES
classifies T’s according to the slope of their central
segments.
A summary of the strong links put by £VERTICES is
found in Table 4.

TJOINTS. This function actuates on T's and cstablished global evidence as

deseribed in part (a) of T. (Table 4 (d)).

LOCALEVIDENCE. A leg is an arrow if one of its left or Tight vertices is a

corner (if necessary, through a chain of matched T’s) which has a side par-

allel to the central segment of the arrow. The function L. legs in

the scene, and stores this information in a list of "weak’ links (see Fig. 9).

S find
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Fig. 9. "LEGS’ Three differents types of legs.

GLOBAL. Strong cvidence is analyzed in this part of the program. When
Whis scction is entered, several links (strong and weak) exist among the dif-

ferent regions of the scene. These links are shown pictorially in Fig. 10, for
the scenc 'BRIDGE” (see both). All the links Lo the background (:30) are
deleted: the background can not be part of any body.

Definition: a nucleus (of a body) is either a region or a set of nuclei which
has been formed by the following rule.

Rude: 1f two nuclei are connceted by two or more links, they are merged
into a larger nucleus by concatenation.

(Two nuclei A and B are linked if regions a and b are linked where
2€A and b€ B). For instance, regions :8 and :11 are put together,
because there exists two links among them, to form the nucleus :8- 11. Now,
we: see Lhal region :4 (see Fig. 10) has two links with this nucleus :8- 11,
and therefore the new nucleus :8 - 11 - 4 is formed.

We let the nuclei grow and merge under the former rule, until no new nuclei
can be formed. When this is the case, the scenc has been partitioned into
several “maximal” nuclei; between any two of these, there are zero or, at
most, one link. For example,
LOCAL. If some s
by a weak link, these nuelei arc merged.

For cxample, in scene "BRIDCE’ (sce Fig. 5) the following local links exist
(among others): :7 to :4, :10 to :4, :28 to :29, :18 to :19. Therefore, the
corresponding nuelei arc merged and now Fig. 11 is transformed into Fig.12.
A weak link docs not cause the regions which it links to be merged or con-

. 10 will be transformed into Fig. 11,
ong link joining two “maximal” nuck

is also reinforeed

sidered a5 belonging to the same body unless therc is, in addition, one strong
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Fig. 10. LINKS’ This figure ropresents scene ‘BRIDGE”, with the strong links be-
tween its regions (represented here by circles) shown. The dotted links rep-
resent the evidence generated by the vertex 2B (sce Fig. 5). The short
arcows show the links put by vertex JB. Zig7ag links are produced by the
wiechanism described in part (b) of 7. Curled tinks are produced by vertex
GB. Weak links are not shown.
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Fig 11. 'NUCLEL After joining all nuclei having two or more links in common, the
representation for the scenc 'BRIDGE changes from that shown in Fig. 10
'LINKS' to the one shown here.

LOCAL may call GLOBAL

evidence between such regions.

ain, il neces-

sary.
SINCLEBODY. A strong link joining a nucle
posed by a single region

s and another nueleus com-

onsidered enough cvidence and the nuclei in

question merged, if there is no other link emanating from the single region.
For instanee, in Fig.
Yig. 13). N

27 212221 - 9. Fven if mseleus :28 - 29 were compos

2, nuelous :16 is merged with nuclous :18 - 19 (s

8 - 29 is nol joined with 120 - 23 or with 24

d by a single region,
atill will not be merged, since two links cmerge from it: two nuclei claim its
posscssion.

RESULTS. After having screened out the regions that belong to the back-
ground, the nue

o printed as "bodic:
In this process, e links which may be joining some of the nueli are ignored:
R

SULTS considers the links of Fig. 13, for instanec, as non-existent.
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Fig. 12. "NEW NUCLEI" The figure shows the scene "BRIDGE after LOCAL trans-
forms it from the representation in Fig. 11 NUCLEJ" to the one shown here.

Summary.

SEE wses @ variety of Kinds of evidence Lo link™ togethor rogions of 1
scene. The links in SEE arc supposed to be general enough to make SEE
an object-analysis system. Each link is a picce of evidence that suggests that

two or more region:

me from the same object, and regions that gel tied

de

tagether by enough c are considered as “nuelei” of possible objects

V1. SOME INTERESTING EXAMPLES

We present in this section several seenes with the results oblained by
S

Fxample. 'CORN'. The program analyzed the scene ‘CORN' (seo Vig. 1)
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Fig. 13. FINAL' SINGLEBODY joinis the lonely region :16 with the nucleus :18-19

obtaining the following identification of bodies:

1) () SAME BODY)

(SINGLEBODY
(BODY 1. IS :2:3:1:4)
2.IS 716 :3)

(BODY 2
(BODY 3.1S :13:11:12)

BODY 4.1 :15:16 :14) Results for CORN
BODY 5,15 :19:18 :17)

(BODY 6. 1S :21:20)

(BODY 7. IS :8:9:10)

The region =4 gol a single link with <3, and SINCLEBODY had to join it

3. Note that :4 and :12 did not get joined. The

with the nucleus =
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Fig. 14. 'CORN’. Since a link between :4 and 112 is not established, the bodies found
in that part of the scene are :1 :2:3 :4 and d11:12 0130

pyramid at the top was casily identificd because its peak produces many

tinks.

Example. "MOMO’. (See Fig. 15). The results are as follows:
(LOCAL ASSUMES (:17) (:9) SAME BODY)
(LOCAL ASSUMES (:9 :17) (:18) SAME BOBY)

BODY
(BODY
(BODY
BODY
(BODY

ooR owoNo

is
135
is
I8
s

:3:2:1)

132 133 127 :26)
:28 :31)

119 :20 :34 :30 :29)
136 :35)
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(BODY 10.
(BODY 11.
(BODY 12.
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Fig. 15. MOMO"

IS :24:5:21 :4)

Is :25:23 :23) Results for "MOM()’
1S :14:13 :15)

IS :10:16 :11 :12)

IS :18:9:17)
IS :7:8)
is 39)

Comments on the solution for MOMO”: The cenlral cubes are easily iso-
lated. :21 gets a link with :5 and another with :24, so there is no need to
use LOCAL in it. The same is truc of :26 with :27 and :33.

There is cnough strong evidence to join

8 with 31

The links for :29 :30 :34 :20 :19 and :9 :17 :18 are indicated in Fig.16.
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Fig. 16. MOMO-LINKS®. Some links of Fig. 15 'MOMO"

‘The dotted links betwecn regions :30 and :34, and between :20 and :19
¢ due Lo the heuristic of parallel lines (of Wig. 8). These links
matde it possible se disconnected nuelei :29- :30- 119 and
s34 1200 In particular, if :34 or :20 did not have parallel side: woukd

have failed to merge these nuclei, and would have reported two bodies. The
disposition of regions in “HOMO” is such that no link is present between :29
28 and :31 fall "exactly” paralle] to :29 and :30. 1n 2 less
: links would be present, wllowing correct identific:
id not

(see Fig, 13),

and :34, sin

Lreme
tion even if £29- :30- 3d- :20- 19 were not a prism. Anyway,

make any mistakes.
The triangle of links formed by :9, :18 and :17 normally would have

1 at least one double link to merge,

es some assumplions and

parate bodics (since we

produced 3 s

wo regions)s
saves the situation. Again, i :9 were not a parallelogram, there would be no
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weak links belween :9 and :18 or between :9 and 17, and 3 bodies would
have been reported instead of :9- :17-:18. But we should notice that, in
general, two links instead of one would be between :17 and :18.

Links were cstablished between :12 and :13,without serious consequences,
because we need two mistakes, two wrong strong links, to fool the program.
But that could happen.

Example. 'HOME'. (see Fig. 17). The results are in Table 5.

Table 5. Results for 'HOME".

(SINGLEBODY ASSUMES (:38) (:39) SAME BODY)
(SINGLEBODY ASSUMES (:34) (:33) SAME BODY)
(SINGLEBODY ASSUMES (:25 :24 :22) (:23) SAME BODY)
(SINGLEBODY ASSUMES (:20) (:21) SAME BODY)
RESULTS

(BODY L. IS :3:6:10 :2)

(BODY 2. IS :14:13:11:12)

(BODY 3. IS :9:8)

(BODY 4. IS :18)

(BODY 5. IS :15:5)

(BODY 6. IS :38 :39)

(BODY 7. IS :7:26 :27)

(BODY 8. IS :20 :21) Results for TIOME’
N (BODY 9. IS :29:28)

(BODY 4

(BODY 11. IS :31:32:30)
(BODY 12. IS :25:24:22 :23)
(BODY 13. IS :16)

(BODY 14. IS :19)

(BODY 15. 18 :17)

(BODY 16. IS :36 :37:35)

Comments on the solution Lo TIOME™: Ther
in this scenc which human beings Lend to resolve by assuming parallelepipeds.
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Fig. 17.

was necded to group :3¢ with :33. The body :36-39 was ideatified a5 2
single one, but :16-17 was reported as two. Note that there does not
exist local link between :21 and :20; nevertheless, SINGLEBODY makes
the correct identification (See Table 5).

216 and 117 are roported as lwo separate bodics, instead of onc, which is prob-
ably « more natural answer.

In the picture from which THOME was drawn, :19 and : 18 were the two
faces of a single parallelepiped loaning on :38- :39; SEE reports :19 as one
body and :18 as another.

Neverth,

(which w

, SEE reports :38 and :39 as forming part of the same hody

it the cu

i [
and :1 are buckyround.

Fxample. 'SPREAD’ (see ¥ig. 18). The results are in Table 6.

i the picture in question). duce o the fact that :4

Comments on the solution to 'SPREAD": The body :22-23-24, due to in-
22.23 and :24.

therc is only ono link betwee
21 and :5-20. Note that :2

sufficiency of links, was splil in (wo:

Sine

16 and 35, this body gets split into

two: is not the same face as :20, and there is
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Table 6. Results for "SPREAD’

271

(LOCAL ASSUMES (:36) (:4) s
(LOCAL ASSUMES (:30) (:31 :32 :29) SAME BODY)
(LOCAL ASSUMES (:16) (:17) SAME BODY)

(LOCAL ASSUMES (:5) (:20) SAME BODY)

(LOCAL ASSUNES (3 11:9) (:12:10) SAME BODY)

g 22) SAME BODY)
(SINGLEBODY ASSUMES (:4 :36) (:37) SAME BODY)
(SINGLEBODY ASSUMES (:28 :26 :27) (:25) SAME BODY)
RESULTS

BODY 1. IS

BODY 2. 1S

(BODY 3. IS

(BODY 4. IS

(BODY 5. IS

(BODY 6. IS

BODY 7. 1S 132 129 :30) Results for ‘SPREAD’
BODY 8. 18 :5)

BODY 9. IS 110 :3 :11 :9)
(BODY 10. IS 17 :1)
(BODY 11. IS 6)

(BODY 12. IS 8 :18)

BODY 13,15 117 :16)

(BODY 14, IS 45 :43 :44)
(BODY 15. IS :19)

(BODY 16. IS :15 :14)

where SEE gets confused and refuses to see evidence toward linking :21

with :20.
The: long body :9- 10-11-12-3 gets properly identificd.

Example. "HARD" This scenc is analyzed with the following results:
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Fig. 18. 'SPREAD’. :41 and :42 are identified as a single body. Nevertheless,
:8-18-19 gets broken into :8-18 and :19.:28-27-26-25 gets correctly

identified, as well as the funny looking

29-30-31-32 (Sec Table 6).

(LOCAL ASSUMES  (:11) (:12) SAME BODY)
(LOCAL ASSUMES  (:15) (:16) SAME BODY)
RESULTS

(BODY
(BODY
BODY
wony
(BODY
(BODY
(BODY
(BODY
(BODY

b=

9.
(BODY 10.

E R

is
s
is
18
is

12 :11)
116 :15)
:30)
19 110 :8)
118 :19 :20)

113 :17 :14) Results for HARD’

4y
o112 :83)

121 :24 :29)
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(BODY 11. I§:7)
(BODY 12. IS :6)

Fig. 19. 'HARD’. Body :21-22-3-23-24-28-29 is reported as a single object, which
is correct. Nevertheless, regions -7 and=6 get 1eported as two bodies.

Comments on the solution to IARD: :15 and :16 have to make use of
weak evidence to get joined and recognized as forming part of the same hody.
Nevertheless, this is not necessary with :28 and :29, because, through a
chain of Ts, there is enough evidence in :3, :21 and :22 to join successfully
all that long and twice occluded body.

There is one serious bug in this identification: regions :7 and :6 get
identified as two scparate bodics, and not as a single one, as one would
normally do. This is caused by the fact that neither :7 nor :6 have visible
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‘uselul’ vertices, and there are not enough parallel lines in (hem to use the
heuristic of Fig. 8.

:33 was recognized as part of :1-2, as it should be.

DISCUSSION

We have described a program that analyzes a three-dimensional scene
(presented in the form of a linc drawing) and splits it into "objects” on the
er a scene as a set of regions (surfacos), then

basis of pure form. If we con

SEE partitions the set into appropriate subse s forming a_ thror-

dimensional body or objcel.

The performance of SEE shows to us thal it is possible o separate a
scene into the objects forming it, without needing to know in detail these
objects: SEE does not nced to know the *definitions” or deseriptions of a
L5 in a scone

pyramid, or & pentagonal prism, in order to isolate these obj
i here they are partially occluded.
is to make global use of information collect

containing them, even in e
The basic idea behind SK

ed locally at cach vertex; this information is noisy and SEE has ways to

combine many different kinds of unreliable evidence to make fairly reliable

global judgments
The essontials arc:

(1) Repr
(2) Types of vertices.

ntation as vertices (with coordinates), lines and regions.

(3) Coneepts of links (strong and weak), nuclei and rules for forming
thom.

The current version of SEIE is restri

d to scencs proscnted in symbolic

for deating with curves, shadows, noisc,

ing lincs cle. So it repre

a “geometric theory of objeet identity”
at present.

Since SEE requires two strong evidences to join two nuclei, it appears
thal its judgments will lie in the ‘safc’ side, thal is, SEE will almost never
that belong to different bodi

join two region From the analysis of scnes

shown above, its errors are almost al gions that

should be joined are left scparaled. We could say that SEE behaves “conser-

ays of the same type

vatively.
Division of the evidence into two typos, strong and weak, results in a

The idered to favor linking the

regions, but this cvide

especially in the presence of ambiguities.

weak evidenee is cons

good compromi

s used only to reinforee evidence from more
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refiable clues. Indeed, the weak links that give extra weight Lo nearly paral-
lel lines are a concession to ohject-recognition, in the sense of letting the
analysis system exploit the fact that rectangular objeets are common enough
in the real world to warrant special attention.

Most of the ideas in SEI will work on curves too. lowever, we do not
yet have: a good idea of how sensitive the system will be to “symbolic noise”,
ie., missing, misplaced, and false region boundaries. As indicated in the
scencs 2bove, the system scems to have good resistance to “accidents” in
which objects happen to “linc up” unusually well. This feature may be
necessary if the preprocessor that (cventually) will feed data to SEE decides
to report two nearly cols
into one, because they
Extensions. (None of this incorporated in the actual program). More

ar lines

s one alone, or if it lumps several ves

close to each other.

heuristics could be added to increase the number of links; in particular, given
a good number of "link proposers,” parameters set outside (by the user)
would tell SEF which sct of heuristics to use; for instance, i we knew that

cs that ask for paral-

the scene is formed by prisms, we could use the heuris
lel lines having a given configuration, we could check the length of certain
edges, cte.

Diffcrent kinds of links could also be established; in this way, ‘contra-
dictory” links (such as the three links of Fig. 13 which SEE just ignores)
could be studicd Curther, in order to discover ambiguitics. In particular, a
"conditional link”™ would be uselul: regions :2 and :3 belong to the

body if region :4 does not.

SINGLEBODY could be improved so s to analyze in more detail the
regions that by themselves form bodies (that is, the bodies formed by only
one region), in this way, wa could hope to join regions :6 and 7 of scene
HARD".
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