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ABSTRACT

The program described here takes as its input a collection
of lines, vertices and surfaces describing a scene, and
analyzes the scene into a composition of three-dimensiocnal
ohijects.

The program does not need to know the form (model, or
pattern) of the objects which are likely to appear: the scene
is not searched for cubes, wedges or houses, with an a-priori
knowledge of the form of these cbjects; rather, the program
payvs attention to configurations of surfaces and lines which
would make plausible three-dimensional solids, and in this way
'bodies' are identified.

Partially occluded bodies are handled correctly. The pro-
gram is restricted to scenes formed by straight lines, where no
shadows or noise are present. It has been tested in rather
complicated scenes composed by rather simple objects. Examples

are given.
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INTRODUCTION

We consider visual scemes composed by the optical
irage of & group of bodies. When such a scene is “seen™
by & computer through s flm spot seanner, mage dis-
gector, or similar devies, it can be treated a8 & two-di-
mensional array of oumbers, or a8 & function of two
variables,

At & higher level, s scene could be meaningfully de-
soribed a8 o conglomerate of points, lines and surfaces,
ﬁ properties (coordinates, slopes, ...) attached to

.

Still & more sophisticated description could use terms
concerning the bodies or objects which compose such a
soene, indicating their positions, inter-relations, ete.

This paper describes s program which finds bodies in
& scene, presumably formed by three-dimensional ob-
jecta. Bome of them may not be completely visible. The
pictare i presented as s line drawing.

When SEE—the pretentious name of the program-—
analvses the scene TRIAL (sea Figure 1 'TRIAL'), the
results are:

(BODY 1.18 46 2 :1)
(BODY 2,18 :11 :12 :10)
(BODY 3.18 4 :9:5:7 8 8 :13)

BEE looks for three-dimensional objects in 8 two-
dimensional seene, The seene itself is not obtained from
& visual input deviee, or from an array of intensities or
brightness. Eather, it is sssumed that o preprocessing
of some aort hea taken place, and the scene to be aoa-
lyzed is available in & symbolie format (to be deseribed
in alater Section), in terma of points (vertices), lines
(edges), and surface (regions).

BEE does not have a pre-concieved ides of the form or
madel of the objects which sould appear in & given

soene, The only supposition is that the bodies are solid
objects formed by plane surfaces; in this way, it can
not find "eubes™ or “houses’” in & ssene, sinee it does
not know what a “house is. Onee BEE has partitioned
a scene into bodies, some other program will work on
them and decide which of those bodies are “houses,”

Thus, BEE is intended to gerve as a link betwesn p
pre-processor ' which transforms intensity pletures
into point or line pictures, * and & recogniser (such as
TD?* or DT¥), which handles this line picture and
finds bodies, objects or zones matching with certain
patterns or models. Instead of searching through the
whole scene looking for parta to match its models, the
work of the recognizer becomes simpler after SEE has
partitionsd the ssene into bodies, bacanse the data to be
erched (matched) are smaller and better organized.

The analyeis which BEE makes of the different scenes
generally agrees with human opinion, although in some
ambiguous cases it behaves rather conservatively, Dia-
tributed over these pages, the reader will find examples
of scenes analyzed by BEE, and the peculisrities and
behavior of the program will become clear,

The program SEE, written in LISP, has been {eated
in the PDP-§ machine of the Artificial Intelligence
Group, Project MAC, st Massachusetts Inatitute of
Techoology, A preliminary version, written in CON-
VERT,* wna used extensively for & quick test of ideas
which shaped the program to its actual form. The analy-
gin of & scene takes from 30 to W) seconds, with the pro-
gram running interpreted under the interpreter of the
LISP programming systemn,

A more technioal deseription of BEE can be found in
an unpublished memorandurm. T

Related work

Rudd H, Canaday® in 1962 analyzed scenes com-
posed of two-dimensional overlapping objects, “straight-
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FIGURE 1=TRIAL
The program analyaes this seone and fimds § bodies:

(BODY 118 4 :2 10
(BODY 218 :11 22 200
" (BODY 318 4 06 7 3 8 108

sided pisces of eardbosrd.” His program breaks the image
into ita component parta (the pleces of cardboard), de-
scribes each one, gives the depth of esch part in the
image (or scene), and states which parta eover which.

HRoberta [V] in 1963 described programa that (1) con-
vart & pioture (& scens) into & line drawing snd (2) pro-
duce & three-dimensional deseription of the objects
shown in the drawing in terms of models and their
tranaformations. The main restriction on the lines is
that they should be & perspective projection of the sur-
face boundaries of & set of three-dimensional objects
with planar surfaces He relies on perspective and
numerical computations, whils SEE uses a heuristio and
symboliz (Le., non-numerical ) approach. Also, 3EE
does not need models to olate bodies. Boberts’ worl ig
probably the most important and closeat to ours.

Actually, several research groups (at Massachusetis
Inmstitute of Technology, ** at Stanford University,
at Btapford Besearch Instifute ) work actively fo-

warda the realization of & mechanical manipulator, i.e.,
an intelligent automata who could visuslly peresive and
pnccessfully interact with its enviornment, under the
control of & computer. Naturally, the mechanization of
visual perception forma part of their ressarch, and im-
portant work beging to emerge from them in this area.

(rganization of the paper
It is formed by the following headings:

+ Introdustion and relsted previous work.

» Input Format. The repressntation of the ssene aa
it is entered to the somputer.

+ Format of & Beene. The representation of the scene
83 BEE expests.

« Type of Vertices. Classification of vertices ae-
sording to their topology.

* The program. Analy=is of the algorithm, deserip-
tion of heuristics,

¢ Interesting examples, Discussion. Future work.

I'pud format

For testing purposes, the seenes are entered by hand
in & simplified format (ealled imput format), and then
some routines convert this to the form required by SEE.
Eventually, the data will come from s visual input de-
vioe, through a preprocassor,

Examples of & scene

Buppose we want to deseribe the seene 'CUBE. We
begin by giving (in LISP) avalueto‘CUBE." (See Figure
2 ‘Cube")

BETQ CUBE (QUOTE (A 1.O1001 B AG)
B 1050 (1 E 20C 4 A)
C 3070020 48B)
DEOTO(2E 3F 4 Q)
E 6050 (2B :1G3D)
F 8.03.0(:3G 4D}
G010 (1 A4F 38
m
Thus we associate with each vertex its eoondinates
and a list, in counterclockwise order, of regions and ver-
tiees radinting from that vertex.
The converslon of the scene, as just given, into the

formy which BEE expests, is made by the function
LLENA: thus, (LLENA CUBE) will put in the prop-
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FIGURE 2—'CTBE'—4A seane.

erty list of CUBE the properties REGIONS and
VERTICES; in the list of each vertex, the
propertica XCOR, YCOR, NREGIONE, NVERTICES
and KIND are placed ; and in the property list of ench
region, it places the properties NEIGHBOR3 and
EVERTICES, It also marks region 4 as part of the

In other words, LLENA converts a ssene from the
Toput Fornat® to the 'Format of & Seene’ dessribed in
the naxt seation.

Formal of o scene

A scene is presented to our program &8 & scene in a
special symbolie format, which we now describe,
Essentially, it is an arrangement of relations betwesn
wertices and regions.

A spene has & name which identifies it: this nnme i an
atom whoss property list containa the properlies
‘REGIONS," ‘VERTICES" and ‘BACKGROUND.'
For example, the stens ONE (see Figure 3 ‘'ONE") has
the name “ONE." In the poperty list of ‘ONE' we find
REGIONS —{:1:2 3 4:56)

Unordered list of regions composing
goene ONE.

—(ABCDEFGHIJK)
Unordersd list of vertices som-
posing the ssene ONE.

VERTICES

BACKGROUND— ()
TUnordered list of regions compos-
ing the baskground of the scens
ONE.

FIGURE 3—0NE." A stmos. Vertioss and aurfaces (regiona)
mre the mein components of & ssens,

Region

A region corresponds to & surfies limited by a simple
connected ourve. For instance, in ONE, the surface de-
limited by the vertioes A B C iz a region, ealled :1, but
GITED H iz not.

Each region has pa name anatom which possesseanddi-
tional properties deseribing different attributes of the
region in question. Thess are NEIGHBORS,' 'KVER-
TICES," and ‘FOOP'. For example, the reglon in
scane ONE formed by the lines AE, ED, DK, KC, CA,
has *:2° at its name. In the property list of 2 we find;
NEIGHBORS — (:5:44:1:4)

Counterclockwise ordered list of
all regions which are neighbors to
2. For each region, this list is
unique: up to eyelie permutation.

KVERTICER — (DEACK)

Countercloskwise ordered list of

all vertices which belong to the

region :2. Thia list is unique up to
evelie permutation.

FOOP — (BD4EAA:ICHE)
Counterelockwise ordered list of
alternating neighbora and kver-
tiees of 2. Thia list is unique wp to
eyelic permutation.

The F3FP property of a region is formed by & man
who walls on its boundary always having this region to
his laft, and takes note of the regions to his right and of
the vertices which he finds in his way.



24  Fall Joint Computer Conference, 1968

Vertex

A vertex is the point where fwo or more lines of the
poene meet; for instance, A, G, and K are vertices of the
soene ONE.

Earh vertex has as name an atom which posseses addi-
tional properties deseribing different attributes of the
vertex in question. These are “XCOR," ‘YCOR,'
'WVERTICES," 'NREGIONS, and 'KIND." For
example, the vertex H (see aoene ONE) haain ite prop-

wrty list

XOOR — &0
x-eoordinate

YCOR — 150
y-coordinate

NVERTICER — (IGD)
Countercloskwise ordered kst of
vertices (o which H is connected.
This ligt iz unique up to evclic
permutation.

NREGIONE — {35 4)
Counteralockwise ordered list of
regiona to which H belongs.
This list is unigue up to cyelic
permutation.

KIND — (315G AD)
Counterclockwise ordered list of
alternating nregions and nvertices
of H. This list is unique up to cye-
Lic permutation.

The KIND property of & vertex is formed by a man
who stands st the vertex and, while rotating counter-
aloakwise, takes note of the regions and vertices which
he sess.

NREGIONS and NVERTICES are then easily de-
rived from KIND: take the odd positioned elements
of KIND, and its even-positioned elements, respec.
tively.

Types of vertices

Vertices are classified according to the slope, disposi-
tion and number of lines which form them. The fune-
tion (TYPEGENERATOR L), where L is & list of ver-
tices, performa this classification, putting in the prop-
erty list of ench one of the elements of L, the type to
which it belongs.

The TYFE of & vertex is always s list of two ele-
ments; the first is the fype-name: one of L, ‘FORK,’
ARROW, 'T, 'K, X, 'PEAK, ‘MULTI’; the second
element is the datum, which generally is a list, whoee

form varies with the fype-nome and contains informa-
tion in & determined order about the vertex in gqueation.
{Bee Table I VERTICES").

. TABLE I—VERTICES" Clamification of veriioms of a scene.
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The progran

The program named SEE aecepts a scene expressed
in the notation described above and produces outputs
lists identifying and deseribing the bodies present in the
BCLDE.

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

Example 1. Scene “STACK' This scene (see Figure 4
STACK") is analyzed by SEE, with the following re-
sulta:

(LOCAL ABSUMES (:5) (:13 :14) SAME BODY)
(BODY 118 :1 5 2 118 :17)
(BODY 2.18 # 116 :15)
(BODY 3. 18 :7 56 :11 :12)
(BODY 4. I3 B :8 :10)
(BODY 5.18:13 ;14 :5)
(BODY 6. I8 20 :16)
Results for scene STACK

Example 2. Scens ‘BRIDGE. With this example,
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r Finally, we evaluate

ra {SEE (QUOTE BRIDGE))
This eslls SEE to work on
BRIDGE.

Results sppear in Table 11, RESULTS FOR BRIDGE.

(LOCAL ABEUMES (:18) (:19) BAME BODY)

(LOCAL ABEUMES (228) (:29) SAME BODY)

(LOCAL ABEUMES (:10) (:B :11 :5 & «4) BAME BODY)
(LOCAL ABSUMES (7) (:8 :11 5 4 =4 :10) BAME BODY)

EINGLEBODY ABSUMES (i1 :18} (:18) SAME BODY)

RESULTS

(RODY 1, I8 124 0 37 02 226)

(BODYY 2, TH 222 220 28)

(BODY 8, T8 A7 3 20)

(ROIY 4, T8 1 :2) Rasults for scens "BRIDGE!
(BODYY 6, T8 :14 16 :18)

(RODY &, I8 :19 :18 :14)

(BOTYY T, 13 25 228)

(ROTYY 8, T8 8 11 5 Al 110 7)

TABLE I[—RE3ULTS FOR BRIDGE

BEE finds eight hodies in scene ‘BRIDGE' (Bee Figum §
BRIDGE". Umnecemary detail has been removed from the

comising vertices [whoes names do not sppear i the drawings)
mid their coordinates {whioh ase alss not shown), aa well o adges
and reghana,
FIGURE 4—38TACK.' This scena is by EEE, with
resialts detadled |.n En-mphl. All I:-ndill ars -u:umﬂr found.

we will give details of the program's operation. We
start by loading into LISP the programa for SEE and
its auxibiary functions.

Then, we evaluate;

(UTREAD BRITMGE BCENS) Q
This causes epcene BRIDGE (s

Figure 5 ‘BRIDGE"), to be read
(in the format deseribed pre-
viously) and transformed to the
proper form which BEE expects  pigURE 5—BRIDGE’ The long body 25 24 27 21 9 12 in
{also desaribed before). correctly identifisd. (Bes Table IT)
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SEE and its parts

The operation of BEE is quite straightforward; the
program is not recursive and does not do any Sree
gearch, Its main parts, which are executed ome after
ancther, unless otherwise indicated, are:

FILLZCEMNE. The propertiea SLOP and TYFE
are generated for each vertesx, if they were mot already
presant.

CLEAN. (0Md properties used internally by SEE are
removed from vertices and regions,

EVIDENCE. An analvsia is made of vertices, regions
and associated information, insearchof cluesthat indisate
that two regions form part of the zame bedy, If evidense
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 a group of regions should be con-
midered together, as part of the same baody, This part of
the program is that which produses the Toenl’ links or
evidense,

GLOBAL, The ‘strong’ links gathered so far are ana-
lysed; regions are grouped into “nuelei” of bodies,
which grow until some conditions fall to be satisfied {u.
detailed explanation follows later),

LOCAL, Weak evidence s taken into acoount for de-
ciding which of the unsstisfactory global links should be
conaidered aatisfactory, and the corresponding maclei of
bodies are then joined to form & single and bigger
nucleus, Assumptions made by LOCAL are printed
(see output of BEE). LOCAL may call GLOBAL aguin,
or goon,

BINGLEBODY. If & single region does not belong to
& larger nucleus, but is linked by one strong evidence to
aoother region, it s incorporated into the nucleus of
that other region. This part of the program may call
GLOBAL or LOCAL again, if necessary, or continue.
BINGLEBODY also prints its assumptions.

RESULTS. The regions belonging to the baekground
are gereened out, and the results are printed.

Operation

Here is explained in considerable detail ench of the
parts of SEE that have been sketched above. This will
help the reader understand the bebavior of the program,
its strength and deficiencies,

Example. Seene “TOWER." First, we begin by show-
ing & typical analysis of BEE with a somewhat eompli-
cated seene (see Figure 6 "TOWER'). Most of the scenes
contain several “nasty” coincidences: a vertex of an ob-
jeot lies precisely on the edge of another object; two
nearly parallel lines are merged into s single one, eke.

Thizs hss been done on purprse, snee o non-so-
phisticated preprocessor will tend to make this kind of
BIPOE,

The ouatput 18 given in Table IIT,
FOR TOWER.

RESULTS

FIGURE —'TOWER' Neither LOCAL mor SINGLEBODY

are necessary b0 correctly panse this sene nto the bodies which

form it. There are many ‘strong’ links in this scene and SEE
reboes gond use of them. (See Tahle TIT)

(BODY 1,18 & 2 1)
(BODIY 2, 18 & 05 )
(BODY 3, T8 -2 :17)
(BODY 4. 18 o6 :T :B)
(BODY &, T3 :10:11 50
(BODY 4, IS 13 04 :13)
{(BODY 7, I8 :18 22)
(BODY 8, T8 220 :19 :21)

TABLE IIT—Results for Figure 8 "TOWER'

Tesults for TOWER

FILLSCENE, CLEAN. These two parta of SEE are
gimple; if nesessary, FILLACENE calls 3LOMGENER-
ATOR and TYPEGENERATOR; CLEAN remowes
some unwanted properties,

EVIDENCE. Strong or global links are placed by
this part of the program. Two functions are usad:
EVERTICES and TIOINTS.
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EVERTICES. This funetion eonsiders each vertex of
the scene under the following rules:

L. Vertiees of the type ‘L' are not considered.

FOREK.

ARROW.

FPEAE.

If three regions meet at & vertex of
the FORK type (Table IV (b)), and
none of them is the background, links
between them will be formed. For instance
in Figure & ‘TOWER," we establish the
links ;19— :20, :19— 21, and 20— 21,
Nevertheless, some of these links may not
be produced: in Figure 7 ‘FORK,’ the link
between 3 and :2 is nod produced beeause
Q s » "passing T*'; the link between :1 and
0 ia not generated because R is an L. The
link between :1 and 2 i genersted.

This heuristic is powerful, and (see Figure
i '‘BRIDGE"') allows us, for instance,
while working on vertex jb, to omit the
link between regions :5 and 9 in seene
‘BRIDGE." Nevertheless, this same heyr-
ristic pute a link between regions 8 and 9
nl'th?nnmamu. As wa shall see later,
this situation is not too bad.

This type of vertex (Tabla IV (2)) causes
two of its regions (the ‘left’ and the
‘right' one) to be joined; in Table IV (e),
we will put & link between :1 and 2, which
counts as evidence that :1 and 2 belong to
the same body. Nothing is said about 3,

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

T'wo cases are distinguished :

{n) The X isformed by the intersection of
two lines. No evidence is formed.

(b) Otherwise (Table IV (1)), links -1— 2
and 3— 4 are formed. This type of X
ocours when we have piles of objects;
for instance, in Figure 8 'TOWER,’
18 and 22 are considered ss belong-
ing to the same body, due to this type
of vertex,

All 'rlalr-azlm (table IV (h)}, except the one
contaming the obtuse angls, are linked to
each other. See also Figure 14 ‘CORN,’

T. A searchis made for another T to match the

vertex currently analysed ; two T's match if
!Jlermml'mmrmd “facing each other;”
if there are several pairs, the closest is
chosen. For instance (Table IV (d)), A and

B are paired. An indicator ‘NEXTE’ is

placed in wuch vertices.

{8) Once the NEXTE is determined,
EVERTICES establishes u link be-
tween :1 and 2 (Table IV (d)), and
another between 3 and 4. Thess
links will not be produced if the re-
sulta of them is to associate the back-
ground with something that is not
the background.

(b) The following test iz done (Figure 8
PARALLEL"): If neither :1 or :2 i
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 sag-
ment them (M —K in Figors B
FARALLEL') is parallel to the cen-
tral segment (O—F) of the T, then
;1 and 2 are linked. For instance, in
Figure 4 ‘8TACK,' this analysis ap-
pliesd to the vertex T will produce
evidenee that :13 and :14 belong to
the same body (sinee ZA—AA, T—
MA snd OA—NA are parallel). This
is o rather global heuristic although
oaly useful for bodies with parallel
faces. Also, EVERTICES classifics
T's aocording to the slope of their
central segmenta.

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

TJOINTS. This funetion setustes on T's and es-
tablished global evidence as deseribed in part (a) of T
(Table IV (d)).

LOCALEVIDENCE. An arrow is & leg if one of its
left or right vertioes is & corner (if nesessary, through &
ohain of matehed T's) which has & side parallel to the
central segment of the arrow, The function LEGE finds
legs in the scene, and stores this information in & list of
‘weak' links (see Figure § TEGS").

GLOBAL. Btrong evidence is analysed in this part of
the program. When this section is entered, several links
{strong and weak) exist among the different. regions of
the scene. Thess links are shown pictorially in Eigure 10
LINES, for the seene ‘BRIDGE' (see both). All the
links to the background (:30) are deleted: the back-
ground eannot be part of any body.

Definiiion: & nucleus (of & body) is either & region or a
et of nuelei which has been formed by the following
rula,
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TABLE IV—'GLOBAL EVIDENCE' The strong links are
represented by dotted line

1€l

ol ' {El (F}

\
>

£- 3 il [

FIGURE 7—FOHRE."

Fule: Tf two nuclel are connected by two or more
links, they are merged into alarger nueleus by soneatens-
tion

{Two nuclel A and B are linked if regions & and b are
linked where & « A and b « B). For instance, regiona :3
and 11 are put together, because there exists two link=
among them, to form the nucleus :8—11. MNow, we moi
that region 4 (see Figure 10 ‘LINKS') has two links
with this nuglens :5—11, and therefore the new nucleus
B = 4 is forrmed.

W let the nuclei grow and merge under the former
rule, until o new nuelei can be formed. When this is the
suse, the scene has been partitioned into gevaral “maxi-
mal” nuelei; between any two of these there are sero or,

L

FIGURE B—'PARALLEL. A link i eatablished betwesn 1

and =2 beosuse they do not belong to the background, but the

hackground is & meighbor of both of them, sod the segment that

separniss (1 from the bacgkround (and the ssme & tree for 22)

is parslled 4o OF, the centrsl segment of the T in guestion {3 is
the baokgroand].

FIGURE 8—'LEGS."
Three differsnt 1ype of loga.

&t moet, one link. For example, figure 10 LINES® will
be transformed into Figure 11 ‘NUCLEL'

LOCAL. If some strong link joining two “maximal”
nuclei is also reinforesd by & weak link, these nuelel are
merged.

For example, in seene BRIDGE [see Figure 5
BRIDGE" the following local links exist [wnong
others): 9 to 4, :10 %o 4, 28 to 29, :18 {o :19. There-
fore, the corresponding nyclei are merged and now
figure NUCLEI is transformed into figure NEW
NUCLEL®

A wealk link does not eause the regions which it links
to be merged or eonsidered s belonging to this sama
body unless there is, in addition, one strong evidense be-
tween such regions. LOCAL may eall GLOBAL again,
if necessary.
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FIGURE

M—LINKS" This Ggure represents  soene
‘BRITHGE," with the strang links between ite rgions (Fepresenbed
here by cireles) shown, The dodted links represent the evidencs
genernted by the vertex PH (sse Figure § BRITHIE", The ahart
arrows show the links put by vertex JB; note that s link betwesn
S sad F is oot put, besause 8 {s=e Figure & “BRIDOE") s & poes-
ing tejoint. Zig-zag laks are produced by the mechandem de-
sunbed in part (h) of T. (See Fipore 8 PARALLELY, Curled
lnks are produced by veriex GB; even if this vertex wers og-
luded, and the links were missing, there s s2ll enough evidence
to identily regions 4 =5 and # ss belonging to the sme body,
Weak links are not shown,

BINGLEBODY. A strong link jeining & nucleus and
another nucleus composed by & single region is con-
gidered enough evidence and the nuelel in question
rnnr:_:t'd. if thers is no other link enwnaling from the
single region, For instance, in Figure 12 ‘*NEW NT-
CLEL" nuelaus ;18 i= merged with nueleus (18—:19 {spa
Figure 13 TINAL"), Mucleus 25 - 2 iz not joinad with
BO—22—2% or with P==20==0T—12—71—0_ Evan if
nucleus 23—29 were composed by o single region, it
gtill will ok ke merged, sinee two links emerged from it
two nuelei eluim tks possession,

RESULTS. Aftor having screened out the reglons

FIGURE 11—NUCLEL' After joining all nuclei heavwing twe

af mote links m common, the representation for the scans

'BRITEGET vhanges from that shown in Bgure 10 "LINKEES' to the
urre showm here,

FIGURE 12

'WEW NWUCLEIL' The figura shows the soams
'BRINGE, after LOCAL transforms it from the repressntation
in Figare 11 ‘NUCLEI" 4o the one shommn here,

that belong to the baskground, the nuelet are printed as
"bodies,"

In thia process, the links which may be joining some
of the nuelei are ignored: BESULTS considers the
pinks of Figure 13 ‘FINAL', for instanes, is non-existent.

Sommary

SEE uses a variety of kinds of evidence to “link™ to-
gether regions of & scene, The links in SEE are supposed
to be general enough to meke SEE an object-analyss
gystem. Each link 1= o pices of evidence that suggests
that two or more regions comae from bhe same ohject, and
regions that get tied together by encugh evidence are
considered as “nucle’ of posaible objects
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FIGURE 13—'FINAL.' SINGLERODY joints the lonsly re-
gaan 116 with the muches [ 15-19,

Home inleresling examples

We present in this section several scenes with the re-
sults obtained by EEE.

Example. *CORN.” The program analyzes the scene
CORN (pes figure 14 'CORN) obtaining the following
identifeation of bodias:

(BINGLEBODY ASEUMES (22 3 :1) (4) SBAME
BODY)
(BODY 1.18:2:3:1 4)
(BODY 2. I8 :7:6 :5)
(BODY 3.18:13 :11 :12)
(BODY 4. I8 :15 :16 :14)
(BODY 5.18:19 :18 :17)
(BODY 6. I8 :21 20)
(BODY 7.18 :8 :0 :10)

Reaults for ‘CORN’

The region :4 got & single link with -3, sod BINGLE-
BODY had to join it with the nucleus :1 2 3, Note
that :4 and :12 did not get joined. The pyramid at the
top waa essily identified because its peak produces
many links,

Example. MOMO’, (Bee Figure 15 MOMO"), The re-
sults are as follows:

(LOCAL ASSUMES (:17) (1) BAME BODY)
(LOCAL ASSUMES (0 :17) (:18) BAME BODY)
(BODY 1.IS3:2:1)

(BODY 2. I8 :32 :33 :27 :26)

(BODY 3.18 :29 31)

(BODY 4. I8 :19 :20 :34 30 :29)

{BODY 5. I3 36 :35)
(BODY 6. I3 24 :5 21 )
(BODY 7. IS 25 23 :23)
(BODY 8. I8 :14 :13 :15)

Ressialta for ‘MOMO

(BODY 9, IS ;10 ;16 :11 12
(BODY 10,18 :18 :0 :1T)
(BODY 1115 .7 &)

(BODY 12,15 38 37 50)

FIGURE 14—'CORMN." Binee & link between 4 and (12 8 not
sgfablished, the bodies found i that part of the mene are
23 o and 11 22 04

FIGURE L15—OMO,"
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Comments on the aelution for “WOMO"; The central
cubes wre easily isolated. 21 gets a link with 5 and
nnathier with 24, so there 18 no need to wse LOCAT, in it
The same is true of 126 with 27 and 33,

There s cnough strong evidence to joint 28 and 31,

The links for 29 30 34 30 119 and H 17 18 are In-
dicated in Fiygure 16 ' MOM0-LINES?

The: dotbed links between regions 30 and 54, and be-
tween 3 and 19 (see Figure 15 “BIOMO') are duetothe
heuristic of paralle]l lines (of Figure 3 ‘PARALLEL",
These links made it possible to join the otherwise dis-
connected nuelel 20- 30- 119 and 34- 20, In partioular,
if 24 or 200did not have parallel sides, BEE would have
failed to merge these nuclel, and would have reported
two bodies. The disposition of regions in MOM0 is such
that no link is present between 20 and (34, since 28
and 31 fall “exactly" parallel to 20 and 30, Tn o less
extrerme geene, some of these links would be pregent, al-
lowing correct identification even if 203034 M 15
were iot o prism. Aoyway, 3EE did not make any mis-
takes.

The triangle of links formed by @, {18 and :17 nor-
mally would have produced 3 separate bodies (sinee we
need at least one double link to merge two regiona);
nevertheless, in this case, LOCAL makes some assump-
tions and saves the situation. Again, if D were nof a
parallelogram, there would be no weak links between 9
sond 18 or between 9 and :17, and 3 bodies would have
been reported instead of 9-:17-:18. But we should no-
tiee that, in general, two links instead of one would be
betwesn 117 and :18.

Links were extablished between ;12 and 13, without
serious consequensces, because we need two mistakes,
two wrong strong links, to fool the program, But that
eould happen.

MW—MOMO—LINKS, Some links of

figure 15 “MONO

FIGURE

Example. HOME' —(see scene HOME]D The results
are in Table V'RESTULTS FOR HOME.!

BINGLEROTIY AZRUMES (:38) 1239 BAME BODY)
BINGLEBODY ASSUMES (:34) (2339 SAME BODY)
BINGLEBRODY ASSUMES (25 34 220 {29 8AME BODYY
BINGLEBODY ARSUMES (2200 {:21) S2AME BODY
RESULTS

(BOLDY LIS 3 6 102
(BODY 2012 04 23 00 a2
(BODY 313 40 &)

(BODY 4. 12 :18)

(BODY 5 12 15 :5)

(BODY 8. 12 38 20)
CHOFYY 7018 <7 28 27
(BODY & 12 20 21

CHOHDY B, I8 <30 .05)
(RODY 100 12 <34 330
CHOLFY 110 [2 31 32 300
(RO 12 18 25 3 222 2%
(ROFY 13, 15 :16)

(BODY 14, I8 18]

TROYY 16, 18417)

(BEOTY 16, IS 38 57 351

TABLE ¥—Results for HOME

Hesults for HOME

FIGURE 17—HOME." The hexsgonal prisms did set crate

diffienlties; BEINGLEBODY was neaded to group 34 with 43,

The bedy 3530 was identified 88 & single one, but (1617 was

reported ns tao. Note that thers doss not exiet local link hetween

21 snd 20; neverihebss, SINGLEBODNY makes the correst
bleniification. (Bee Table V1.

Cominerits on the solubion o HOME; There ia a certain
degres of ambiguity in this seene which human beings
tend to pesolve by assuming parallelepipeda. 116 and 117
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are reported as two separate bodies, instead of one,
which is probably a more natural answer.

In the picture from which ‘HOME' was drawn,
19 and 18 were the two faces of & single parallelepiped
leaning on :38-:30; BEE reports (19 as one body and (18
as another,

Nevertheless, SEE reports 38 and 39 sa forming
pirt of the same body (which was in faet the case in the
pletire in question], due &0 the fact that 4 and 1 are
baekground.

Example. ‘SPREAD.'—{ses Figure 18 'SPREAD").
The results are in Table VITRESULTE FOR BPREATY,

(LOCAT: ARSTTMES (348} (:4) SAME BODY

{LOCAL ASSTUMES (300 (31 A2 :20) SAME BODY
(LOCAL ABRTIMES (10} (2171 SAME BODY)

(LOCAL ASSTMES (:5) (220) SAME BODY)

(LOCAL ASRUMES {4 111 @) (-12 100 BAME BODY]
BINGLEBODY ASSUMES (:27) (222) BAME BODY
BINGLEBODY ASSUMES (4 381 (327) SAME BODY)
HINGLEBODY ABSUMES (28 28 :27) (25) BAME BODVY)
RESULTS

(BOTFY 1. I =8 40 :38)
(BODY & I8 123 530
(BOTFY 3. I8 =2 141}
(BOTFY 4. I8 = 36 37)
(BODY 5. 18 24)

(BODY & I35 28 55 27 225)
(BODYY 7, I8 =1 32 20 a0)
(BOTYY 8, I8 20 :5)
(BODFY 8, I8 202 :10 3 11 &)
(BODVY 10, 18 13 7 1)
(BODY 11, IS 221 :6)
(BODY 12, I8 -8 :18)
(BODFY 13, 12 17 -18)
(BODY L4, IS 45 43 44)
(BODNY 15. I8 :18)

(BODY 16, I8 <15 114)

TABLE V1—Results for SPREAT

Rieults for SPREAD

Comments or the solution o SPEEAD: The body
220524 due to insufficiency of links, waa split in two:
20-23 and 24

Binee thers is only one link between 6 and :5, this
body geta aplit into two! :6-21 and :5-20. Note that :21
i nat the sarme fase as 20, and thers iz where SEE gets
confused and refuses to eee evidence toward linking :21
with :20.

The long body 8-10-11-12-3 geta properly identified.
Exsmple, "HARIDL,"—This seene s snalyzed with the
following results;

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

(BODY 118 ;12 :11)

(BODY 2,18 116 :13)
(BODY 3 I8 32 31 30)
(BODY 4,18 9 :10 &)
(BODY 5. T8 218 1% :20)
(BODY & I8 213 17 :14)
{(BODY 7.18 5 4)
(BODY R I8 1 :2 43
(BODY 918 24 23 22 :3 21 28 :20)
(BODY 10. I8 25 24 27)

(BODY 11.18 :7)

(BODY 12 T8 6)

Rasults for HARD'

FIGURE 18—3EFREAD' 41 and 42 are identified s s

gingle body, Mevertheless, :B-15-10 gests broken into 8-18 nod

0 2A-2T-00-25 gets eortectly identifed, as well as the funny
looking (Fa-30-31-32 (San Table VI}.

Comments on the solution to HARD: 15 and 16 hawve
to make use of weak evidence to get joined and recog-
nized as forming part of the same body. Nevertheless,
tols is not necesgary with 228 and <20, beeausa, through
& chain of T, there is enough evidenos in 23, :21 and 22
to joinsuocessfully all that long and twice sccluded body.

Thare ia one seriods bug i thia identifieation: regions
7 and 8 get identified as two separate bodies, and not
as o single one, as one would normally do. This is ansnd
by the fuct that neither .7 nor 8 have visible “useful” ver-
tiges, and there are not enough parallel lines in them to
use the hearistic of Figure 8 PARALLEL.”
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FIGURE 18—'HARD." Body :21-22-0-23-24-25-20 is reported
&8 & gingle chjeot, whizh @ correct. Nevertheles, regions (7 and £
get reported az two bodies,

33 was recognised as part of ;1-2, as it should be,

DISCUSSION

We have desoribed a program that analyzes a three-di-
mensional seene (presented in the form of & line draw-
ing) and splits it into “objects” on the basis of pure
form. If we consider & scene as a set of regions (sur-
faces), then SEE partitions the set into appropriste sub-
sets, each subset forming a three-dimensional body or
object.

The performanee of SEE shows to us that if i3 possihle
to separale a seene tnto the obfects forming @, withoud need-
ing to know in detail these objects; SEE does not  need
to know the ‘definitions” or dessriptions of & pyramid, or
u pentagonal priam, in order to isolate these ohjects in a
senne containing them, even in the case where they are
partially oeeloded,

The hasic ides behind BEE is to make global use of in-
formation collected locally at each vertex: this informa-
tion is noisy and 3EE has ways to combine many dif-
ferent kinds of unretiable evidence to make fairly re-
liable global judgments.

The essentinls are:

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

(2} Typesof vertioes.

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

The current version of BEE 1s restrictad to scenes pre-

sented in symbaolic form. [t does not have resourees for
dealing with curves, shadows, noise, missing lines, ete.
8o it represents & “geometrie theary of objeet identity™
at present,

Sinee BEE requires two strong evidenees to join two
nucled, it appears that itz judgments will he in the
‘spfe’ gide, that is, BEE will almost never join two re-
gions that belong to different bodies. From the analysis
of scenes shown above, its errors are almost always of
the same type: regions that should be joined are left
separated. We could say that BEE behaves “eonserys
atively,” especially in the presence of ambiguities.

Divigions of the evidence into two types, strong and
woak, results in w good compromise. The weak svidence
i8 considered to favor linking the regions, but this evi-
denee is used only to reinforce evidenes from more rFe-
lable elues, Todeed, the weak links that give sxtra
weight to nearly parallel lines are 8 concession to ob-
jeet-recognition, in the sense of letting the analysis sys-
tem exploit the fact thet rectangular objects are com-
mon enough in the real world to warrant special atten-
tion.

Most of the ideas in BEE will work on curves too.
However, we do not yet have o good idea of how sensi-
tive the system will be to “symbolie noise," i.e., missing
misplaced, and false region boundaries, As indicated in
the seenea above, the system seems to have good re-
sistance to “acoidents" in which objects happen to
to “line up" unusually well. This feature may be neces-
sary il the preproceasor that (eventually) will feed data
SEE decides to report two nearly eolinear lines as one
alone, or if it luomps several vertioes into one, beopuse
thev lie close to each other.

Eztensions, (None of this ineorporated in the aetual
program.} More heuristics could he added to inerense
the number of links: in particular, given a good number
of “link proposcrs,” parameters set outside (by the
user) would tell BEE which set of heyristics to use; for
instance, if we knew that the seene is formed by prisms,
wi could use the heuristics that ask for parallel lines
having & given configuration, we could eheck the length
of eertain edges, ete.

Different kinds of links eould also be established; in
this way, 'contradictory’ links {such as the three links of
Figure 13 'FINAL® which SEE just ignores) eould be
gtudied further, in order to discover ambiguities. In
particular, & “econditionsl link" would be useful; regions
22 and ;3 belong to the same body If region 4 does not.

SINGLEBODY eould be improved so as to analyze
in more detail the regions that by themsalves form
bodies (that is, the bodies formed by only one region);
in this way, we eauld hope to joint regions 6 and 7 of
seene HARD,'
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ADDENDIIM

The work reported here has been extended in several ways:
handling of stereo information (two views, left and right, of
the same scene), improvements to deal with neoisy (imperfect)
input, figure-background diserimination, optical illusicns and
some aspects of psychological perception. The interested
reader could find these in:

Guzman, A. Computer Recognition of Three-Dimensional

objects in a visual scene. Ph.D. Thesis, Electrical

Engineering Department, M.I.T., December 1968. Avail-

able also as a Project MAC Technical Report MAC=TR=592.

AD number AD 692 200.

This thesis also describes an improved version of SEE, and gives
more examp les of scenes decomposed by BEE.

0f course, after the bodies have been found in a scene, it
is natural to ask what they are, to classify them: Is body
{z3 :7 :11) a pyramid? To answer this, we introduce the concept
of model as a representation or description of classes of chjects:
“pyramid", “house", "triangular prism", etc. TD and DT are two
programs that search a visuval scene for instances of a given

model (for example, find all the cubes present in such scene).

TD is described in:



Guzman, A. Scene Analysis Using the Concept of Model.

Report AFCRL-670133; Computer Corporation of America,

565 Technology Square, Cambridge, Mass. January 1967.

AD-652=-017.

DT is described in:

Guzman, A. A Primitive Recognizer of Figures in a Scene.

Project MAC Memorandum MAC-M-342 (A,I, Vision Memo 119).

M.I.T. January 1967.

A general discussion (and an attempt At classification) of
models, their properties and ways to ldentify objects (poly-
hedra) of known forms is found in:

Guzman, A. Some Aspects of Pattern Recognition by Computer.

M.5. Thesis, Electrical Engineering Department, M.I.T.,

February 1967. AD=5656-041. Alsc available as a Project

MAC Technical Report MAC TR 37.

DT and TD work with models and scenes made of straight lines;
they do not handle correctly objects partially occluded.

Both TD and DT could search for any model (which can be
described or constructed in certain figure description language)
in a scene. Ancther approcach teo object recognition is to have
speclfic programs to look for a specific model (or a restricted
class of models). In this spirit, POLYBRICKE is a program that
searches for parallelepipeds in a scene described as a line
drawing; occluded cases are correctly handled.

The refarsncaes are:

Guzman, A. POLYBRICE: Adventures in the Domain of



Parallelepipeds. Project MAC Memorandum MAC-M-308

(A.I. Memo 96), M.I.T. May 1966. (Alsc found in
MAC-TR-37.)

Guzman, A. Object Recognition: Discovering the Parallele-
pipeds in a Visual Scene. Proceedings of the Second Hawaii
International Conference on Systems Sciences, University of

Hawaii, Honclulu, Hawaii, January 1969. Western Periodicals
Co. Ppp. 479-8B2.

HOTES: Reports with AD numbers (such as AD-&£52-017) can also be
obtained as follows:

Government contractors may cbtain copies of the report from
the Defense Documentation Center, Document Service Center,
Cameron Station, Alexandria, Va. 22314. Orders will be expedited
from DDC if placed by your librarian, or some other person author-
ized to reguest documents.

Other U.5. éitizuna and organizations may obtain copies of
this report from the Clearinghouse for Federal Scientific and
Technical Informaticon (CFSTI), Sills Building, 5285 Port Roval Rd.,

Springfield, Va. 22151. Cost: £3.00 each.



