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INTRODUCTION

We eonsider visual seenes eomposed by the optical
image of a group of bodies. When such & scene is "“seen™
by & computer through a film spot seanner, image dis-
seetor, or aimilar deviee, it can be treated as 3 two-di-
mensional array of numbers, or az & function of fwo
variables.

At a higher level, & aeene conld be meaningfully de-
seribed as a songlomerste of points, lines and surfaces,
with properties (coordinates, slopes, ...) attached to
tham.

Btill 8 more sophisticsted description could use terms
soncerning the bodies or objects which compose such &
acene, indicating their positions, inter-relations, ete.

This paper describes a program which finds bodies in
& scene, presumably formed by three-dimensional ob-
jecta, Some of them may not be completely visible, The
pleture is presented as a line drawing,

When SEE—the pretentious name of the program—
analyzes the scene TRIAL (see Figure 1'TRIAL), the
regults are;

(BODY LIS 6 2 :1)
{BODY 2.8 :11 :12 :10)
(BODY 3. I8 4 :9:5:7 3 8 :13)

SEE looks for three-dimensional objects in a two-
dimensional seene. The-scene itself is not obtained from
a visual input device, or from an array of intensitics or
brightnesa. Rather, it is assumed that a preprocessing
of some sort has taken place, and the scene to be ana-
lyzed i3 available o a symbolic format (to be described
in 8 later Section), in terms of points {vertices), lines
{edges), and surface {regions).

SEE dves not have & preconcieved idea of the form or
raodel of the objects which could appear in 2 given

seene. The only supposition is that the hodies are solid
objects formed by plane surfaces; in thi=s way, it can
not find “'eubes™ or “houses™ in a seene, sinee it does
not know what a “house” is. Onee SEE has partitioned
& scene Into bodies, some other program will work on
them and decide which of those bodies are “houses™

Thus, SEE is intended to serve as a link hetween a
pre-procesgor 12 which transforms intensity pictures
into point or line pictures, ¥ and a recognizer (such as
TD® or DT, which handles this line pieture and
finds bodies, objects or zones matching with certain
patterns or models, Instead of searching through the
whaole scene looking for parts to match its models, the
work of the recognizer becomes simpler after SEE has
partitioned the scene into bodies, because the data to be
searched (matched) are smaller and better organized.

The analysis which SEE rmakes of the different scenes
generally agrees with human opinion, although in sotne
ambiguous cases it behaves rather eonservatively. Ths-
tributed over these pages, the reader will find examples
of scenes analyzed by SEE, and the peculiarities and
behawvior of the program will become ¢lear.

The program SEE, written in LISF, has been tested
in the PDP—6 machine of the Artificial Intelligence
Group, Project MAC, at Massachusetts Institute of
Technology. A preliminary version, written in CON-
VERT, ¢ was used extensively for a quick test of ideas
which shaped the program to its actual form. The analy-
sia of & scene takes from 30 to %0 seconds, with the pro-
gram running interpreted under the interpreter of the
LISP programming sygstem.

A more technical deseription of 8EE can be found in
sn unpublished memorandum, T

Related work

Budd H. Ceanaday® in 1962 analyzed scenes com-
posed of two-dimensional overlapping objects, “straight-
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FIGURE 1—TRIAL

The program analyzes this srene and finda 3 bodies:
(BODY 118 #:2 :1)

(BODY 2181102140
(BODY 315 4 :9:5:7:3:8:13)

sided pieces of cardboard.” His programbreakathe iimage
into ita component parts (the pieces of cardboard), de-
seribes each one, gives the depth of each part in the
image (or seene), and states which paris cover which.

Roberta[¥] in 1363 described programs that (1) con-
vert & picture {8 scene} into & line drawing and (2) pro-
duce & three-dimensionsl deseription of the objects
shown in the drawing in terms of models and their
transformations. The main restriction on the lines is
that they should be s perspective projection of the sur-
face boundaries of a set of three-dimensional objects
with planar surfaces. He relics on perspective and
numerical computations, while SEE uses & heuristic and
symbolic (ie., non-numerical ) approach. Alse, 3EE
does not need models to lolate bodies. Roberts” work is
probably the most important and closest to ours.

Actually, several research groups (st Massachusetts
Institute of Techoology, ' at Stanford University, U
ot Stanford Research Institute ) work actively to-

warda the realization of a mechanieal manipulator, ie,,
an intelligent automats who could visually perceive and
successfully interact with its enviornment, under the
eontrol of & computer. Naturally, the mechanization of
visnal perception forms part of their research, and im-
portant work begine to emerge from them in this area.

Organization of the paper
It iz formed by the following headings:

= Introduction and related previous work.

« Input Format. The representation of the scene as
it is entered 1o the computer,

* Format of a Bcene, The representation of the seenc
aa 3EE expecta.

* Type of Verticea. Classification of vertices ae-
cording to their topology.

+ The program. Analysis of the algorithm, descrip-
tion of heuristies.

+ Intereating examples. Discussion. Future work,

Inpul formal

For tegting purposes, the scenes are entered by hand
in 8 simplified format (ealled input format), and then
some routines convert this to the form required by SEE.
Ewventually, the data will eome frem a visusl input de-
viee, through a preprocessor I+

Exainples of n scene

Suppose we want o describe the scene *CUBE.' We
begin by giving {in LISP) avalueto‘CUBE.” (See Figure
2 Cubs")

(SETQCUBE (QUOTE(A101.0(:1B 4G}
B LlLOSOIE 2C 4 4)
C3a070{2D4B)
DBOTO (2 E B3 F 4O
E6050 (2B G 3D
F BO30{3G 4D
G6010 (1A 4F 3E
)

Thus we assoriate with each vertex its coordinates
and a ligt, in counterelockwise order, of regions and ver-
ticea radiating from that vertex.

The conversion of the scene, a8 just given, into the

form which SEE expects, i made by the functiom
LLENA; thus, {LLENA CUBE) will put ic the prop-
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FIGURE 2—CUHRE'—A sene.

arty list of CUBE the properties REGIONS and
YERTICES; in the property list of each vertex, the
properties XCOR, YCOR, NREGIONS, NVERTICES
std KIND are placed; and in the property list of each
region, it places the properties NEIGHBORS and
KVERTICES. It also marks region 4 as part of the
baekground.

In other words, LLENA converts a scene from the
‘[nput Fonnat' to the 'Format of a Scene’ deseribed in
the next section.

Formad of a scene

A secene is presented Lo our program as g seene in &
special symbaolic format, which we now describe.
Es=entially, it is an arrangerment of relations betwoen
vartices and ragions.

A seene has s name which identifies it; this name is an
stom whose property list confaina the properties
‘REGIONS, ‘“VERTICER' and BACKGROUND.
For axample, the scena ONE (see Figure 3 “"ONE’) has
the name “ONE.’ In the poperty list of ‘ONE’ we find
REGIONS —(:1:2:3:4:5%6)

Unordered list of regions eomposing

agene ONE.

YERTICES —ABCDEFGHIJK)
Unordered list of verticee eom-
poting the scene ONE.

BACKGROUND— (6)
Unordered list of regions compos-
ing the background of the seenc
ONE.

N
=y

FIGURE 3—0NE" A ssene. Verticea and surfaces (regiona)
are the main components of a scane.

Region

A region corresponds to a surface limited by a simple
eonnected curve. For instanes, in ONE, the surface de-
limited by the vettices A B C is a region, called :1, but
GIJKDHisnot.

Each region has as name snatom which possessesaddi-
tional properties deseribing different attributes of the
region in queation. These are 'NEIGHBORS," ‘KVER-
TICES," and ‘FOOP’. For example, the region in
scene ONE formed by the lines AR, ED, DK, KC, CA,
has ‘:2* at its name, [n the property list of 2 we find:
NEIGHBORS — (:3:4:8:1:6)

Counterclogkwise ordered list of

all regions which are neighbors to

2. For each region, thiz list is

unique up to eyclie permulation.

KVERTICES — (DEACK)

Counterclockwise ordered list of

gll vertices which belong to the

region 2. Thia list is unigue up to
eveclie permutation.

FOOT — {(3DAEBANCHE)
Counterclockwise ordered list of
alternating neighbors and kver-
tices of -2, This list is unique up to
eyolie permutation.

The FOOF property of a region is formed by a man
who walks on its boundary abways having this region to
his left, and takes note of the regions to his right and of
the verticea which he finds in his way.
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Yertex

A vertex iz the point where {wo or maore lines of the
eoene meet; for instance, A&, (3, and K are vertices of the
geane ONE,

Each vertex has as name an atom which posseaes addi-
tional properties deseribing different attribaites of the
vertex in question. These are ‘XCOOH" *YCOR,'
‘NVERTICES, ‘NREGIONS, and ‘KINT. For
example, the vertex H {see scene (ONE) hasin its prop-
erty list:

XCOR — 3.0
x-eoordinste

YCOR — 150
y-coordinate

NVERTICES — (IGD)

Counterelockwise ordered list of
vertices to which H is connected.
Thie list i3 unigue up to cyelic
permutgtion.

NREGIONS — (:3:5:4)
Counterclockwize ordered list of
regions to which I belongs.
This list is unigque up to eyclic
permutation.

KINT — (BISG I
Counterclockwise ordered list of
slternating nregions and nvertices
of H. This list is unique up to eye-
li¢ permutation.

The KIND property of a vertex is formed by a man
who stands at the vertex and, while rotating eounter-
alockwise, takes note of the regions and vertioea which
he seea,

NREGIONS and NVERTICES sre then easily de-
rived from KIND: take the odd positioned clements
of KIND, and ita even-positioned elements, respee-
tively.

Pypes of veriicen

Vertices are classified according to the slope, disposi-
tion snd number of lines which form them. The lune-
tion {TYPEGENERATOR L), where L is a list of ver-
tices, performs this elassification, putting in the prop-
erty List of cach one of the elements of L, the type to
which it belongs.

The TYPE of a vertex 18 slways » list of two ele-
ments; the firat is the fype-name: one of ‘L' 'FORK,'
ARROW, T, ‘K, ‘X, PEAK, ‘MULTL'; the second
element is the dofum, which generally i8 a lat, whose

form varies with the dype-neme and contains informa-
tion in 8 determined order about the vertex in question,
(Bes Table ] WERTICES" ).

TABLE I—VERTICES' Clagsification of vertioes of a scene.
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The program

The program named SEE accepts & scene expressed
in the notation deseribed above and produces cutputs
lists identifying and describing the bodies prescnt in the
BOENE,

In this section we describe the program, and how it
achieves its goals, by discussing the procedures,
heuristice ete., employed and the way they work.
We begin with several examples.

Example 1. Seepe ‘STACK® This scene (see Figure 4
BTACK") 1a analyzed by BEE, with the {ellowing re-
sults:

(LOCAL ASSUMES () (:13 :14) SAME BODY)
(BODY 1. IS ;1 3 2018 :17)
(RODY 2. IS 4 :16 :15)
(BODY 3.18 .7 6 :11 :12}
(BODY 4. 18 :9 :8 110}
(BODY 5 IS :13 :14 :5)
(ROTYY 6. IS 20 :19)
Results for seene STACK

Example 2. Secne 'BRIDGE.” With this example,
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FIGURE 4—8BTACK." This scene in analyzed by SEE, with

results detailed in Exemple 1. All bodies are correctly found

Home of the verlices appear in the drawing with their names; in

pther drawings we will omit the oamen; we are alen omiting the
sonrdinats axe,

we will give details of the program’s operation. We
atart by loading into LISP the programs for SEE and
its auxiliary functions.

Then, we evaluate:

(TREAD BRIDGESCEN3) TQ
This «auses scene BRIDGE (sce
Figure 5 ‘BRIDGE"), to be read
(in the format described pre-
viously) and tranzformed to the

proper form which SEE expects
{also deseribed before).

Finally, we evaluate

(S8EE (QUOTE BRIDGE)}
This calla S3EE to work on
BRIDGE.

Reaulta appesr in Table I1, RESULTI FORBRIDGE.’

{LOCAL ABEUMES (:18) (:19) 3AME BODY)

(LOCAL ASSUMES (:28) {:28) 8AME BODY)

{LOCAL ASSUMES (2103 {18 :11 :5 6 :4) SAME BODY)
(LOCAT ASSUMES (07) (8 :11 5 % =4 :10) SAME BODY)

(BINGLEBODY ABSUMES (213 :18) (:18) BAME BODY)

RESULTS

(BODY 1. IS 224 5 21 27 12 25}
(BODY 2. IS 122 126 123)

{BODY 3.18 :17 :3 20)

(BODY 4.18 11 12)

(BODY 5. IS 114 115 :13)

(BODY 6. IS :19 118 ;163

(BODY 7. I3 29 :28)
(BODY 8. 18 :8 111 5 © 4 20 7]

TABLE [[—RESULTS FOR BRIDGE

SFE finds eight bodies in scenme 'BRIDGE' (3ee Figure b

‘BRIDGE'). Unnecessary detail has been removed (mm the

drawings; the resder must bear in mind that the completo scens

sontains vertices {whooe mames do not sppesr in the drawings)

and their coordinates (which are alao not shown), s well 83 edges
and regions,

Resulta for scene ‘BRIDGE'

FIGURE 5—BRIDGE.' The long body 25 24 27 21 912
correctly identified. (Bee Tabla IIN
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SEE and its parts

The operation of B3EE 1 quite straightforward; the
progeam e pot recursive and does not do any tree
gearch. Ita main parts, which are executed one after
another, unless otherwise indicated, are:

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

CLEAN. Ol properties used internally by SEE are
removed from vertices and regions.

EVIDENCE. An analyais iz made of vertices, regiong
and associsted information, inseatch of cluca that indicate
that twa 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 re-
ceive the same new label). There are two kinds of links,
called strong {global) or weak (local),

LOCALEVIDENCE. Some features of the scene will
weakly suggest that & group of regions should be con-
sidered together, as part of the same body. This part of
the program is that which produces the ‘loeal’ inke or
evidence.

GLOBAL. The ‘strong' links gathered ao far are ana-
Ivzed; regions are grouped into “nuclel” of bodies,
which grow untll some conditions fail to be satisfied (a
detailed explanstion follows later).

LOCAL, Weak evidenoe i taken into aecount for de-
ciding which of the unsatisfoetory global linka should be
vonsidersd satisfactory, and the corresponding nuclei of
badics are then joined to form a single and bigeer
nuclens, Assumptions made by LOCAL are printed
{see output of 3EE). LOCAL may vall GLOBAL again,
Or g0 un.

BINGLEBODIY . If a single region does not belong to
& larger nucleus, but 1= linked by one strong evidence to
another region, it is incorporsted nto the nucleas of
that other region. This part of the program may eall
GLOBAL or LOCAL aguin, if necessary, or continue.
BINGLEBODY also prints its assumptions.

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

0 fion

Here is explained in eonsiderable detail each of the
parts of SEE that have been sketehed sbove. This will
help the reader understand the behavior of the program,
itg strongth and deficiencies.

Example. Scene ‘TOWER.? I'irst, we begin by show-
ing & typical anslysis of SEE with a somewhat compli-
cated scene (see Figure 6 “TOWER"). Moat of the scenes
contain several “nasty” coincidences; a vertex of an ob-
ject lies precisely on the edge of another object; two
nearly parallel lines are merged into a single ons, efe.

This has been done on purpose, gince s non-so-
phisticated preprocessor will tend to make this kind of
grror.

The output 3 given in Tahle III, ‘DESULTS
FOR TOWER”

FIGURE §—TOWER." Neither LOCAL nor SINGLEBODY

Are meeeasary to corcectly parse this scene inta the bodies which

form it. There are many ‘strong” links in this ecene and BEE
makes good use of thetn, (See Table TTI)

(BODY 1.I8 3:2:1)
(BODY 2.18 :5 :15 1)
{BODY 5. I8 :23 :17)
(BODY 4,13 6 7 9
(BOTIY 508 10 :11 3
{BODY & I8 113 114 12
(BODY 7. 18 118 :22)
(BODY . 18 20 519 :213

TABLE III—Results for Figure § "TOWER®

Resulta for TOWER

FILLSCENE, CLEAN. These two parte of SEE are
simple; if necessary, FILLSCENE ealls BLOPGENER-
ATOR and TYPEGENERATOR; CLEAN removes
apme unrwanted properties.

EYIDENCE. Strong or global Tinks are placed by
this part of the program. Two functions are used:
EVERTICES snd TIOINTS.
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EVERTICES, Thia function conaiders esch vertex of
the acene under the following rules:

L. Vertices of the type ‘L’ are not considered.

FOREK. If three regione meet at a vertex of
the FORK type (Table IV (b)), and
onone of them i3 the background, links
between them will be formed. For instance
in Figure 6 ‘TOWER,' we establish the
links :19— :20, :19— 21, and 20— :21.
Nevertheless, some of these links may oot
be produced: in Figure 7 ‘FORK,' the link
between 23 and :2 is not produced because
() is a “passing T” ; the link between :1 and
3 ig not generated because R i an ‘L. The
link between :1 and 2 iy generated.

Thia heuristic is powerful, and (see Figure
5 '‘BRIDGE’} allows us, for instance,
while working on vertex jb, to omit the
link between regions :5 and 0 in scene
‘BRIDGE.” Nevertheless, this aame heur-
ristic puts a link between regions 8 and @
of the same scene. As we shall see later,
this aituation is not teo bad.

ARROW. This type of vertex (Table I'V {c)) causea
two of ita regioms (the ‘left’ and the
‘right’ one) to be joined; in Takle IV (e},
we will put & link between :1 and 2, which
counts s evidence that :1 and 2 belong to
the same body. Nothing is said about :3.

For instance, this type of vertex joints 1:
and 2in Figure 5 'BRIDGE.

X T'wo cases are distinguished :

{a) The X isformed by the intersection of
two linea. No evidence in formed.

(b} Otherwise (Table IV (f)), links :1— 2
and :3— 4 are formed. This type of X
oecurs when we have piles of ohjects;
for ingtance, in Figure 6 "TOWER,
:18 and 22 are considered ss belong-
ing to the same body, due to this type
of vertex,

All its regiona {table IV (h)), except the one
containing the obtuse angles, are linked to
each other. See also Figure 14 ‘CORN.

T. A searchis mads for another T to match the
vertex currently analyzed ; two T's mateh if
they are colinear and *‘facing each other;”
if there are seversl pairs, the closest is
chosen. For inatance {Table IV (d)), A and

PEAK.

B are paired. An indicator ‘NEXTE' ia

placed in sueh verticea.

{a) Once the NEXTE is determined,
EVERTICES eatablishes s link be-
tween (1 and 2 {Table IV {d)), and
another between 3 and 4. These
links will not be produced if the re-
anlts of them ia to associate the back-
ground with something that s oot
the background.

(b} The following test iz done (Figure 8
PARALLEL": If neither :1 or :2 13
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 seg-
ment them (M — K in Figure 8
'PARALLEL") in paralle] to the cen-
tral zegment (3—P) of the T, then
:1 and :2 are linked. For instance, in
Figure 4 ‘STACK,’' this analysis ap-
plied to the vertex T will praduce
evidence that :13 and :14 belong to
the aame body (since ZA—AA, T—
M4 and QA—NA are parallel). This
ig & rather global heuristic although
only useful for bodies with parallel
faces, Also, EVERTICES claasifies
T’a according to the slope of their
central segments.

A aummary of the strong Fnks put by
EVERTICES is found in Table IV ‘GLO-
BALEVIDENCE.

TJOINTSE. This function setuates on T’s and es-
tablished global evidence as described in part (a) of T
{Table IV {(d)).

LOCALEVIDENCE. An arrow is 8 leg if one of its
left or right vertices is & corner (if necessary, through &
chain of matched T's) which has a side parsllel to the
central segment of the arrow. The function LEGS finda
loga in the secene, and stores this information in a list of
weak' links (gee Figure 9 "LEGE").

GLOBAL, Strong evidence is analyzed in this part of
the program. When this seetion is entered, several links
(strong and weak) cxist smong the different. regions of
the scene. These Links are shown pictorislly in Eigure 10
‘LINKS, for the scene ‘BRIDGE’ (see both). All the
links to the background (:30) are deleted: the back-
ground cannot be part of any body. _

Definition: a nucleus (of & body) is either a region ora
get of nuclel which hes been formed by the following
rula,
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TABLE IV—GLOBAL EVIDENCE' The strong links am
represented by dotted lines

{al] is} el

FIGURE 7—FORK.

Rulz: If two nuelei sre connected by two or more
links, they are merged intoalarger nucleus by concatena-
tiom.

fTwo nuclei A and Bare linked if regions & and b are
linked whers a ¢ A and b e B), For instance, regions 5
and :11 are put together, because there exists two links
among them, to form the nucleus Fe-11. Now, we Bes
that region :4 {see Figure 10 ‘LINKE) has two links
with this nueleus :5-—11, and therefore the new nucleus
B—11=4 iz formed.

We let the nuelei grow and merge under the former
rule, until no new nuelei éan be formed. When this is the
case, the scone has been partitioned into several Ymaxi-
mal' nuelei; between any two of these there are zere or,

FIGURE B—'"PARALLEL.' A link is cstablished betwean :1

and 12 bevause thev do not helong to the buckground, bt the

hackground i & neighbor of both of them, and the segment that

separates ;1 from the bacgkround {and the zame is true for o)

is parallel to OF, the centra] segment of the T in question (23 i
the background).

FIGURE —LEGE.
Theee different Lypen of lega.

at most, one link. For example, figare 10 ‘LINES' will
be transfonmed into Figure 11 NUCLEL'

LOCAL. If some strong link joining two "maximal”
puelei is also reinforeed by & weak link, these nucled are
merged.

For example, in scene BRIDGE {see Figure 5
‘BRIDGE" the following local links exist {among
others): 9 to 4, 110 to 4, 28 to :29, :18 to ;19 There-
fore, the corresponding nyclel sre merged and now
figure NUCLEL is transformed into figure ‘NEW
NUCLEL'

A wesk link does not esuse the regions which 1t links
to be merged or considered as belonging to the same
body unless there is, in addition, one strony, evidence be-
tween such regions, LOCAL may esll GLOBAL again,
if necessary.
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FIGURLE I0—TLINKE' This figure  represents  scene
'BRIDGE." with the streng links between its regions (repsresen Led
here by rreles) shown, The dotted links represent e evilenee
generatesd by 1he verlex PB (see Figuee 5 BRITIGE", The short
BITOWS shiw the links put by vertex JH; note that o link belween
v and B is not put. beeanse § (soe Figues 5 HRITNE™ is o poes-
ing t-jnint, Fig-rng links are prodoced by the mechasism de-
actilwl i part (b of T {See Figure 5 PARALLLLY. Cucled
links are produced by vertex GBH; even il this vertex were oo-
cluded, and the links were missing, there is still enough evidence
o dentify egions 4 5 and 9§ as belonging Lo the swine body,
Weak links are nat shown.

SINGLEBODY. A strong link joining a nuclews and
another nuclens composed by a single region is eon-
sidersd enough evidenee and the nuclei in question
merged, if there iz no other link emanating from the
single region. ot instanee, in Figure 12 'NEW NT0-
CLEL" nucleus ;16 iz merged with nueleus (18—-:19 {see
Figure 13 FINAL"). Nucleus :28 - 20 is not, joined with
26—22—2% or with 24—eh 07 10 20 Fwen i
nucleus (2R—20 were composed by aosingle region, it
still will not be merged, since two links emerged from 16
two nueled elaim iLs possession.

RESULTSE. After having screened out the rogions

FIGURE 11 NTUCLELY After Joinmg all nuclel having twao

ar mome links o eommen, the representation for the scenc
CBIRTEAGLEY Fhanges from that shown in figuee MO LINEE to the
nne shiown here.

FIGURE 12—"EW NUCLELD? The fgure shows the scene
ERIGE, after TAHIAL rransfarms it from the representation
in Figure 11 *NUCLEL to the one shown here.

that belong to the background, the nuclel are printed as
“bodies.’”

In this process, the links which may be Joming some
af the wnelel are ignorsd; RESULTS considers the
1inks of Figure 13 FINAL', for instanee, as non-existent,

Summary

S121% uses a variety of kinds of evidence to “link” to-
gecher regions of & seene. The links in SBE are supposed
t0 bo peneral encugh to make SEE an object-analysis
system. Each link is a picec of cvideoee that suggesta
that twao o1 more regions come from the same objeet, and
regions that get tied together by enough evidenee are
eonsulered as “nuclei” of possible nhjscts,
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FIGURE 13—TFINAL' SINGLEBCODY joints the lonely re-
gion 216 with the nuelens (18-18.

Bome inleresiing examplos

We present in this section seversl seenes with the re-
sults obtained by SEE.

Example. ‘CORN.’ The progmm anslyzes the scene
CORN (see figure 14 ‘CORN") obtaining the following
identification of bodies:

(RINGLEBODY ASSUMES (:2 :3 :1) () BAME
BODY}
{BODY 1.I8:2:3:1 4}
(BODY 2. I8 :7 6 :5)
{BODY 3.1I8:13:11:12)
(BODY 4. I8 :15 :16 :14)
(BODY 5.18 :19:18:17)
fRODY 6. I8 :21 :20)
(BODY 7.18 8 8 :10)

Results for ‘CORN’

The region :4 ot 8 single link with :3, and BINGLE-
BODY had to join it with the noeleus i1 :2 3. Note
that :4 and :12 did not get joined, The pyramid at the
top wae easily identified heeause its peak produces
many links.

Example. MOMO”". (See Fignre 15 MOMO'). The re-
sults are as follows:

{LOCAL ASSUMER (:17) (:9) SAME BODY}
(LOCAL ASSUMES (20 :17) {:18) SAME BODY)
(BODY 1.13:3:2:1)

(BODY 2,18 :32 33 27 26)

(BODY 3.18 28 :31)

{BODY 4. IS =18 20 :34 130 :29)

(BODY 5. IS :36 :35)
(BODY 6.I5 :24 :5 :21 4)
(BODY 7. I8 :25 :23 22}
(BODY 8. I8 :14 :13 115)

Regults for *MOMO'

(BODY 9. T3 110 6 11 :12)
(BODY 10,18 :18 3 :17)
(BODY 1118 :7 8)

(RODY 12.18 138 :37 :39)

b,

FIGURE 14—'CORN ' Sinee & link hetwsan 4 and (12 ia not
established, the hodiea found in that part of the scene are
:1 223 a4 omnd (11012 1A

FIGURE 15—"MOMO"
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Coments on the solution for 'MOMO': The central
cubes are easily jsolated. 21 gets a link with 5 and
annther with (24, s there 1 no need to use LOCAL in it
The saree i3 teue of =2 with 27 gnd 223,

There ia enough strong evidenos to joint 25 and 31,

The links lor 29 ;20 34 20 ;19 and 9 ;17 :18 are in-
dicated in Figiee 163 I0MO-LINKS.

The dotted links between regions 530 and =34, and be-
tween 20 and <19 (gee Figure 13 'ALOA0") are ducto the
heurigtic of paralle] lines (of Figure 5 TATRALLEL').
These links made it pessible to join the otherwise dis-
connected nuclel :29- 30- :19 and 34- :20. In particular,
if 34 or 20 did not have parallel sides, SE12 would have
failed to merge these nuelel, and would have reported
two bodies, The disposition of regions in MO iz such
that no link is present between 2% and 234, sinee (28
and 31 fall “exactly™ paralle]l to 20 and =30 Tn a less
extreme seene, some of these links would be present, al-
lowing corveet identification even if :20-:30-:34-:20-:19
were not & prigm. Anyway, SEE did not make any mia-
takes,

The triangle of links formed by 9, :18 and 17 nor-
mally would have produced 3 separate bodies {sinee we
oeed at lesst one deuabls link to merge two reglons);
pevertheless, in this case, LOCAL makes some assunp-
tiong and saves the situation, Agamn, if 9 were oot a
parallelogram, there would be no weak links between %
and :18 or between % and :17, and 3 bodies would have
been reported instead of :0-:17-:18. But we should no-
tice that, in general, two links ingtead of one would be
between :17 and 1R,

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

FIGURE 16—MOMO—LINKS'. Some links of

figure 15 "BIOMO

Exampte. 'HOME' —(ser srene HOME), The results
are in Table V' RESULTS FOR HOAER?

(ST CLELBODY ARRUTALS S8 1239 SAME BOHY)
(EINCGLERODY ARSIME 44§ AME BT
(BINGLEBODY ASSIIMI o CED SAME BOIIY)
(BEINCGLEBODY ARRUMIES A1 (2210 SAYIE BODYS
BEEULTS

(BOLY 103056 10 22

(RORY 2 081403110

{BOTHY 3.1 0 4

{BODNY 4. I35 1%

(ROIY 5 18
SBODY 6. IS
(BOTHY 7.
(BODY S 18
CHOTYY 4. IS <20 24)
CTOLFY 10, 15 34 233)
CHOLY 11,18 =31 )
CHOLYY 12, 15 85 124 222 129)
(BOLYY 1318 <16}

(RODY 14, 15 -19)

(BOTIY 15,18 2173

(ROLIY 16, 15 36 37 35

TABLE V—Resalts for HOME

—

Resules fur HOME

FIGURE 17—'HOME.” The hexagonal pnams did oot create

difficultiea; SINGLERODY was needed to group @34 with 133,

The body 2534 was identified as & single one, but [ 16-17 was

reported as twa. Note that thers does not exist local link between

2 and M nevertheless, SINGLEBODY makes the cormect
identification. (See Table ¥,

Tommends on the solution to HOIM E: There is & certain
degree of ambiguity in this scene which human beings
tend to resolve by nssuming parallelepipeda. 16 and :17
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are reported as two separate hodies, nstead of one,
which is probably a more natural answer.

In the pictare from which ‘HOME' was drawn,
10 and (18 were the two faces of a single parallelepiped
leaning on 38-:2%; SER reports (19 a8 one body and 18
as annther.

Nevertheless, 3EE reports 38 and 39 ag forming
part of the same body (which was in fact the case In the
picture in question), due to0 the fact that 4 and :1 are
background.

Example. ‘SPREAD'—(scc Figure 18 ‘SPREAIY).
The results arein Table VI'RESULTS FORSPREAL'.

{LOCAL ASSUMES (36) {4} SAME BODY)
[LOCAL ASSUMES {:30) (:31 32 :29) SAME BODY
[LOCAL ASSUMES G181 (17) SAME BODY)

(LOCAL ABSUMES (3} {200 S3AME BODY)

[LOCAL ABSUMES (i3 :11 2 {:12 100 S8AME BODY)
(BINGLEBODY ARRUMES {20 (:22) SAME BODY!
(SINGLEBODY ASRUMES {34 136) (:17) SAME BUDY)
(SINGLEBROTIY ASSUMES (28 =26 27) {:25) SAME BODY}
RESULTR

{BODY 1. T8 4% :40 =38)
BODY 2 I3 =23 122

{BODY . I8 :42 121}

(BODY 4. 18 :4 136 27
(BODY & IS 4}

(BODY 6. 13 2% :26 27 -25)
(BODY 7. 18 31 32 20 20)
(BODY & I8 20 5

(BODY 9,18 12 :10 54 511 )
(BODY 10,18 18 7 I
{BODY 11. 18 21 #)
{BODY 12 18 5 -18)
(BODY 12. 15 :17 18}
[HQDY 14, 15 45 43 )
(BOIIY 15,15 :14)

(BODY 18,18 115 :14)

TABLE VI—Eusults for STREAD

Results for SPREATY

Comments or the solulion o SPREAD: The body
22-23-24, due to insufficieney of links, was split in two:
2223 and 24

Sinee there is only one link between 6 and -5, this
body gets aplit into two: 621 and 520, Note that 21
in not the same face as 20, and there is where SEE gets
confused and refuses to see evidence toward limking :21
with 20,

The long body :9-10-11-12-3 gets properly identified.
Example. '"HARD.'—Thiz zcene is analyzed with the
following results;

(LOCAL ASSUMES (:11) [:12) SAME BODY)
{LOCAL ASSUMES (:15) {:16) SAME BODY)
RESULTH

(BODY 1.18 12 11)

(BODY 2,15 :16 :13)
(BODY 3. I8 32 31 30
(BODY 4 I3 4110 8]
(ROLY 513 518 219 20)
(RODY 6015 13 7 :14)
(BODY 718 5 1)
(RODY 81301 :2 :39)
(BODYY 013 24 :23 .22 .3 (21 28 :29)
(BODY 10. 15 :25 .26 :27)

{BODY 11 I8 :T)
{BODY 12. T8 @)

Hesulta for THHARDY

FIGURE 18—&PREADY 41 and {42 are identified ss &

single body, Nevertheleas, :8-18-10 gests broken into :8-15 and

10, 28272625 pets correctly identified, as well an tha funny
Toaking -29-30-31-32, (See Table VI,

Clotments on the solulfon to HARD: :15 and :16 have
to make usze of weak evidence to get joined and recog-
nized aa forming part of the same body. Nevertheless,
tois is not necessary with 28 and 29, becanse, through
a chain of Ts, there is enough evidence in 23, :21 and :22
to join sneceasfully allthat long and twice oceluded body.

There is one serious bug in this identification: regions
7 and :6 get identified as two separate bodies, and not
a8 & single one, as one would normally do. This is cansed
by thi: fact that neither ;7 nor 4 have visible 'useful’ ver-
tices, and thers are not enough parallel lines in them to
use the heuristio of Figure B ‘PARALLEL.
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FIGURE 19— HARD.' Body 1 21-22-3-23-4-25--20 is reported
as & gingle abject, which is coreeet, Nevertheless, regions 7 and &
get reported as two Bodies,

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

DISCUSSION

We have deseribed a program that analyzes a three di-
mensional seene (presented in the Jorm of a line draw-
ing) and splits it nte “objects™ on the basis of pure
form. If we eonsider a scans as a set of reglons (sur-
faces], then SEE partitions the set into appropriate sub-
sets, cach subset forming a three-dimensional body or
objeat.

The performance of SEE shows to us that if ¢s possible
to separale o seene talo the abjects forming i, withou! reed-
ing to know fa detas] these objects; SEE does not need
to know the ‘definitions’ or deseriptions of a pyramid, or
a pentagonal prism, in order to isolate these abjects in g
soens containing them, even in the ease where they are
partially occluded.

The basizides behind SEE is to make global use of in-
formation eollected locally at each vertex: this informa-
tion is noisy and 3EE has ways to combine many Jif-
ferent kinds of unreliable evidenece to make fairly re-
lisble global judgments,

The essentials are;

(1} Representation as vertices (with coordinates),
lines abd regions

(2] Typesof vertices.

{3} Coneepta of links {strong and weak], nuelei and
rules for forming them.

Tha ¢urrent version of SEE is restricted to scenes pre-

sented 1n symbolic form. [t does not have resources for
dealing with curves, shadows, noise, missing lines, ete.
S0 it rapresents & “geometrie theory of objeet identity®*
at present.

Binee SEE requires two strong evidences to join two
nuclel, 1t appears that its judgments will lie in the
‘safe’ slde, that is, SEE will almost never join two re-
gions that belong to different hodies. From the analysiz
of seenes shown above, its errors are almost always of
the saine type: regions that should be joined are left
separated. We could say that SER behaves “eonserv-
atively,” especially in the presence of anbiguities,

Divisions of the evidence into two tyvpes, strong and
weak, results in a good compromise. The weak evidence
is eonsidersd to favor linking the regions, but this evi-
denee is used only to reinfores evidenee from more re-
lisble clues. Indeed, the weak links that give extra
welght to nearly parallel lines are a convession to ob-
ject-recognition, in the sense of letting the analyvsis sys-
termn exploit the {aet that rectangular objects are com-
men enough in the real world to warrant special atten-
tion.

Alost of the ideas in BEE will work on curves too.
However, we do not vet have a good ides of how sensi-
tive the system will be to “symbolie noise, " e, mossing
misplaced, and false region boundaries. As indicated in
the seenes above, the system seems 1o have good re-
sistance to “accidents'” in which objects happen to
tor line up" wnusually well, This feature may be neees.
sary if the preprocessor that (eventually) will Teed data
SEE decides to report two nearly colinear lines as one
alone, or if it lumps several vertices into one, beeause
thew lic elose to cach other,

Ertenwions. {None of this incorporated in the actual
programn.) More heuristies could be added to inerease
the number of links; in particular, given a good number
of “link proposers” parameters set outside (hy the
aser) would tell SEE which set of heuristies to use; for
inztance, if we knew that the seene is formed by prisme,
we could use the heuristies that ask for paralle] lines
having & given configuration, we equld check the length
of cerfain edges, ete.

Different kinds of links conld also be established; in
this way, ‘contradictory’ links {such as the three links of
Figure 13 ‘FINAL' which SEE just ignores) could be
studied further, in order to discover ambiguities. In
particular, & “eonditional link ™ would beuseful: regions
2 and :3 belong to the same body if region 4 does not.

SINGLEBODY eould be itmproved so as to anelyze
in more detail the regions that by themselves form
bodies (that iz, the bodies formed by only one region);
in this way, we could hope to joint regiens 16 and 7 of
seene '"HARD.®
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