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ABSTRACT

This thesis describes a computer program for construc~ting a descrip-

tion of solid bodies from a set of n pictures of the bodies. The bodies

are assumed to be bounded by faces which are quadric or planar , and they

are restricted to have all their vertices formed by exactly three faces.

The pictures are taken from different vantage points, with the restric-

tion that a slight shift in vantage point vi].]. not alter the topology of

the picture. It is assumed that the program receives outline information

from a preprocessor which has extracted this information from the pic-

tures. The outline information (set of line structures) may be imperfect

in that some junctions may be erroneously reported and some lines may be

~~~ missing. However, all lines due to shadows are assumed to have been

eliminated by the preprocessor.

The thesis includes a technique for establishing the validity of the

junctions presented by the preprocessor as veil as for matching corres—

ponding features in the line structures derived from the different pic—

tures. New gramnar rules for line—drawing projections of curved and planar

solid bodies are developed. These are useful in parsing the line drawings.

They have also led to the definition of a new family of impossible objects.

The program vorks simultaneously with all the available line structures.

The parsing of every line structure is supported dynamically by the

results gotten thus far from the parsing of the other line structures.

Through the parsing of the line structures, the use of picture comparison

and the application of the gra~~ar rules, many of the preprocessor errors
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are detected and partly corrected. The program also can provide feedback

to the preprocessor in the form of suggestions as to where to look again

for lines in the pictures.

The program utilizes the extracted line structures corresponding to

the different bodies in all the pictures to determine the set of faces

(insofar as possible) for every body. Every face is defined by an ordered

set of n—tuples. The n—tuples are the matched lines and junctions in the

n different pictures. The three—dimensional coordinates of the vertices

and the equations of the faces can then be determined from these n—tuples.

The program was ~,ritten in PL/I and has been tested on several scenes.

-... .. ---~~~~~~~~~~~~.
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I. INTRODUCTION

* 1.1 The Problem of Scene Analysis

When we look at a good quality picture of a scene containing a

number of three—dimensional objects, we are usually able to “understand”

the scene; that is, we are able to perceive the real physical nature of

the objects. The reason for this is that we have seen similar scenes

before and at those times were able, by a combination of touch and addi-

tional views of the scene, to develop the ability of relating pictures

of three—dimensional objects to the objects themselves. The same

applies —— perhaps with the need for slightly more specialized learning --

to the understanding of scenes depicted in terms of line drawings, such

as a draftsman might prepare. A picture (or line drawing) of a scene is

merely a sentence in a language that we have learned. As with other

languages, difficulties with understanding arise if the sentence con-

tains words whose meaning is not known to us or if it contains unfamiliar

syntactical structures. Further, sudden severe changes in context will

disorient us because “picture languages,” like other natural languages,

are strongly context-dependent.

A scene may be incomprehensible from a picture because the picture

contains errors. For example a line drawing (which is a specialized type

of picture) may have some line segments missing. In such a case under—

standing of the scene can somet imes be gained by using a set of pictures

(or set of line drawings) describing the scene from different vantage

points. Although the pictures may each be defective in some way, collec-

tively they may make possible the unique interpretation of the scene.
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In computer scene analysis an image of a three—dimensional scene is

converted into an array of pixels, with each assigned a number corres-

ponding to the average grey value in that local area of the image. The

image is then preprocessed to extract features suitable for scene inter-

pretation. One common scheme is to extract the lines that are believed

to correspond to the edges of the objects. Because of glare, haze,

shadows, texture and other light ing conditions , some edges may be

partially or wholly obscured and, for basically similar reasons, some

spurious lines may be mistakenly thought to correspond to edges. The

scene analysis program must extract as much useful information as possible

from each picture and then relate this information to similar informa-

tion devised from other pictures of the same scene (i.e., from pictures

taken from different vantage points or under different lighting condi-

tions). The use of multiple pictures is useful both for obtaining

information about the three—dimensional nature of the objects as well as

for resolving ambiguities due to imper~’ect1y extracted edge data.

We can describe complex bodies in terms of volumes, that Is, as

assemblies of simple bodies, or we can describe them in terms of their

surfaces, using faces, edges and vertices. The second type of descrip-

tion is particularly effective for polyhedra. But it is also suitable

for curved bodies , especially man-made bodies, for which every distinct

face can be described by a relatively simple mathematical equation.

This thesis is restricted to the analysis of scenes containing only

bodies with planar or quadric faces; however, the results ~ou1d be easily

modified to deal also with bodies whose curved faces are close to quadric

surfaces, and this includes a big subset of man-made bodies.
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1.2 Previous Work

The description scheme based on the use of volumes is exemplified

by Agin (1) who described curved bodies as coInbinati
’

~*\
e of generalized

cylinders , each described by its axis and cross section. Schemes using

the faces—edges—vertices approach are almost entirely limited to po].y—

hedra; they include Robert s (u ) ,  Guzman (7), Falk ( 6) ,  Huffman ( 8) ,

Clowes (4), Waltz (18), and many more. Nearly all of them utilized only

a single picture of the scene. Although all were aware of the pre-

processor limitations in extracting complete and valid edge data, the

approach varied . Some maintained that a program analyzing an (unreal-

istic) perfect line drawing also contributes to understanding the

process of perception, and indeed , their work provided much insight and

guidance for computer scene analysis. They include Gu~~an (1) with his

classification of junctions, Huffman (8) and his elegantly expressed

• edge labelling scheme, Cloves (4 )  with his special notation and

Waltz (18), who made extensive use of gr~~~atic rules for analyzing

t perfect line drawings with shadows; There is also the other group,

exemplified by Falk (6) ,  who assumed that the input data was imperfectly

extracted from rca). pictures and imposed severe restrictions on the scene

(such as preknowledge of the set of bodies). It is this writer’s opinion

* 
that the restriction to data from a single picture by all these researchers

created unnecessary difficulties and caused much effort to be expended on

finding solutions to the wrong problems.

The extension of the work from polyhedra to curved bodies , even if

only to a restricted family of curved bodies, increases the difficulties

to an extent which may not be apparent at first glance. Some of these

— — ~~~•-~~-~ -—-- 
~~.
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difficulties are pointed out in this thesis. A partial extension to

curved bodies can be found in the work by Chien and Chang (3 ) .  They

dealt with bodies whose faces are planar, conic or cylindric , in which

every curved face must be bounded by planar faces. They assumed a per-

feet line drawing for their input data. Their thesis can be considered

an extension of Guzman ’s work.

As already mentioned, virtually all of the early work utilized data

from only one picture of the scene. The use of multiple pictures taken

from different Vantage points was described in the recently published

paper by Underwood and Coates (19). Their program analyzes convex poly-

hedra photogr:phed from different vantage points, a single polyhedron in

every set, where the input data is assumed to be perfect. The set of

multiple pictures Is thus not used to verify unreliable data but merely

“to have a look” on all sides of the body.

In this thesis we shall show how a program can be made to “understand”

a set of bodies with planar or quadric faces, utilizing defective data

extracted from a set of multiple photographs. No preknowledge of the

bodies is assumed, but certain general properties of the scene - such as

the existence of precisely three faces In every vertex — are assumed.

1.3 Basic Definitions and Assurnptions

a) Definitions relating to the bodies in the scene. Many of the follow-

ing terms have been adapted from those used by Woon (20) and Cloves (4 ) .

~ 

~~~ 
- . -~~— 7
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0 A quadric surface is the locus of points obeying the equation

Q(x,y,z) EuT~~ —O (1)

where wu,(x,y,z,1)T is a vector and A is the coefficients matrix

a31 ½ a12 ½ a13 ½

½ a12 a22 ½ a2 ½ a2,, (2)
½ a 1, ½ a 2, a

33 
½ a 3~

L½ a1,, ½ ½ 53~

A surface is either a quadric surface or a plane.

An e4ge Is all or part of the intersection of two surfaces; the

intersection is bounded by one or two other surfaces or is closed on

Itself.

A vertex is the Intersection of three or more edges .

A face is a portion of a surface bounded by edges or closed on

t itself. A boundary is a closed chain of edges bounding a face. A single

face may have several boundaries.

A body is a closed, connected part of the 3D space, delimited by a

finite number of faces.

A scene is a set of bodies.

A projection is a central projection of a 3D entit~ onto the picture

plane.

A limb is the locus of the points on a quadric surface that are

tangent to the projecting rays and do not lie on an edge.

A virtual vertex I. the intersection of an edge and a limb.

~~~~~~~~~~~~~~ 

~i~
•_ - _____



A region is a connected , visible part of the projection of a face.

The projection of a face may result in zero , one , or more regions .

A line is the projection of ~tn edge or a limb . The line projected

by a limb vii]. also be called a limb when this will not cause any confu-

sion. A line may be straight or curved.

A j unction is the intersection of two or more lines , and is thus

either the projection of a vertex or of a virtual vertex, or is a result

of obscuring part of an edge or limb by a face.

An object is the set of regions , lines , and junctions corresponding

to a single body.

We impose the following restrictions:

1. Every vert ex in the scene is formed by exactly three surfaces ,

and belongs to exactly three edges.

2. ~~ooth transition between two different faces is not allowed

(i.e.,  the derivative must be discontinuous across the edge).

3. The camera position is sssi~~ed to be “general.” For example,

the projections of different vertices may not coincide in any

picture. If a vertex does not belong to an edge, the projection

of the vertex may not coincide with the projection of the edge

in any picture .

4. No limb passes through a vert ex .

b) Preprocessor and input data. It is assumed that there is a pre-

processor which extracts the lines and junctions from the picture

( photograph ) of the scene . The extraction of curved lines has been the

subject of work by Ramer (10) and Agin (1) .  There ii also the work of
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Shirai and Tsuji ( 15), who extracted straight lines from photographs

of polyhedra, getting rid of shadows at the expense of missing some

visible lines. Our preprocessor is assumed to be a combination of

Shirai and Tsuji’s (ORing and ANDing of a sequence of pictures taken

from the same vantage point under different conditions of Illumination

to eliminate shadows) and of Raiser’s (curved-line extraction and deter-

mination of junctions). The output of such a preprocessor is the

Input to the scene description program described here. The assumptions

about the input data thus are as follows:

1. There are no extraneou s lines .

2. Some valid lines (or parts of them ) may be missing.

Since the kind of preprocessor assumed here was not in fact avail—

able, the data for testing of the scene description program had to be

extracted visually from sets of actual photographs.

j



II. GRA*IATIC PROPERTIES

2.1 Junction Types

In accordance wi th the assumptions stated in the previous section ,

junctions can have no more than three lines. They can thus be classi-

fied into the following types:

Type W ~~~~~~~~~~~~~~~~~ Type V Type Y

~~~e T Type A L ~~~e s

Types W, V Y and T are the well—known types, generalized here (7).

Types Y and W must be projections of vertices. Type T results from the

covering of part of an edge or limb by a face. Types A and S are the

projections of virtual vertices, where the line e is the projection of

a limb. Characteristic to junction types A and S is that all the lines

in the junction have a common tangent. A type—V junction is either the

projection of a vertex whose third line Is not visible or it is a junc-

tion which could be of either type Y or W but has one line missing, or

of type T with part of the bar missing. If an S junction should be

missing a line, it can look like a type-A junction 
~~~ 

, like a

type-V junction , or be undetectable . (The dots

indicate the missing line.) An illustration of the different junction

types is given in Fig . 2.1.

The detection of a type—A junction 1. difficult since this type of

junction is characterized by a continuous transition betveen two lines.

The two line. are governed by different equations and on~ths basis of

- 8-  

~~~~~~~~~~~~~~~
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this se~nentat ion of the cont inuous contour into the two line segments

should be possible . Such segment ation was accomplished by Agin (1) and

Albano (2 ) .

Through junctions of types S and A , a limb can be identified . A

limb ’s importance lies in that it is projection—dependent and has no match

in a picture taken from a different vantage point. Also, it conveys

information regarding the type of the face (cylinder, cone , ellipsoid,

hy-perboloid, etc.) and is useful In finding the face’s equation. The

type identification of each junction is assumed to be supplied by the

preprocessor .

It would be useful to have an extended (or generalized) junction

labelling scheme based on Huffman’s polyhedral labelling (“ — “ for a line

- . 
projected by a concave edge, “ +“ for a convex edge , and a di rected arrow

for a convex edge created by a front and a back face ) .  However , for

curved objects the labelling of a line may not always be consistent and,

thercfore , the usefulness of junction labelling here is of doubt ful value

since it cannot be propagated along the line. (See for example the

labelled line in Fig . 2.1) . The distinction in this thesis between a Y

and a W junction is In keeping with past practice rather than for any

practical reason.

* A front face is a face for which the outward normal (at least at the
edge in question) has a component directed toward the vantage point.
For a back face , the component is directed away from the vantage
point. See Woon and Freeman (21).
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A

V

Fig. 2.1 Junction Types and Inconsistency
of Line Labelling
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2.2 Cyclic—Order Property

Let us define the depth index of a line as the number of faces

modulo—2 between the edge corresponding to this line and the center of

projection. As mentioned before, every vertex belongs to exactly three

edges. We define for these edges a cyclic order in the vertex, as the

order induced by “vdlkirg around” the vertex in a clockwise manner, and

numbering the edges in the order 1, 2, 3. The cyclic order will retain

its clockwise sense in any projection, irrespective of the shape of the

vertex, under either of the following two conditions:

1. All three lines have an even depth index.

2. One of the three lines has an even depth index and two have

an odd one.

The cyclic order viii be reversed (become counter—clockwise) in a pro-

jection if~

• 1. One of the lines has an odd depth index and two have an even

one.

or

2. All three lines have an odd depth index .

The different cases are illustrated by the example shown in Pig. 2.2.

It we trace out the edges of a boundary , we consistently change

• edges at the vertices , either always in a decreasing cyclic order or

always in an increasing cyclic order . Let us always choose to trace

edges in an increasing order. Then we shall traverse every edge in two

different directions as we walk around the two faces that share it.

(S.. the two arroved lines along the line AS in Pig. 2.2) .

- ., ~~~~~~~ 
— .
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Fig. 2 .2 Illustration of Cyclic Order and Line Assembly
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From the foregoing we conclude that when a vertex ’s projection has

three lines , their cyclic order is ~1etermined by their arrangament in the

picture. However, when one line is missing, the t;’lic order ~ not

known. Let us define the relation AB < AC to mean that in junction A

the line AC follows the line AB immediately in the cyclic order. Then if

A is a two—line junction, we have either the relat ion AR < AC or the

relation AC < AB.

Knowledge of the cyclic order at a junct ion is crucial to the

assembly ~f the lines belonging to a single region. Therefore, it is

important to have a means for determining the cyclic order in a junction

when the order iB not given naturally. Some rules and techniques are

stated in this section, with additional rules given later in the thesis.

We define a line assembly (LA) as the directed path followed in

tracing out the lines corresponding to a single boundary — or any

continuous part of it — in increasing cyclic order. We denote an LA in

picture I by the ordered set of junct ions A
i 1 

A , visited in
a., f l

the course of the trace. Now it follows from the definition that for

every 1 < k < n we have A
i,k 

A
i,(kl)

< A
i,k 

A
i (k+l). Two LA’s are said

to be distinct if they trace out lines corresponding to two distinct

boundaries . If for two LA’s, A . . .  A and A . . .  A
i,l i,n j,1 j,4n

1. A —A , and there is at least one A different from1,1 i,n j

or 

every A~

2. There are two successive junctions in the two LA’s such that

A
i,k•AJ L  and Aj (k.1)



—
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or

3. A A and the relation A A < A 
~~~. exizts .i,n j,1 i,l j,2 i,(n—1) i ,n

Then the two LA’s are distinct.

Two rules forcing a cyclic order In a junction can be stated now:

Rule 1: If we have an L/t, A . .... A in which A ~A .i,l i,n, 1,1 i ,n

then we must have in A the relation A A . < A . A .1,1 i,l i,(n-1) 1,1 i ,2

For example, In Fig. 2.3(a) we have the LA B,C ,D,A ,B, (The LA is shown as

an arroved line). The lines in B are thus forced to have the relation

BA < BC

Rule 2: If we have two distinct Lit ’s , A .... A and
1,1 i,n

A .. . .  A , such that A EA~ and A U. , thenj,1 j,m j,m 1,1 j,(m—l) i,2

we must have in A the relation A . A < A A ‘.1,1 1,1 i,2 j,m j,(m—l .i

For example in Fig. 2 .3 (b )  we have the two distinct LA’s: E,F,C,B and

B,A ,G,E. They are distinct because of the cyclic order already established

in junction B by Rule 1. Now by Rule 2 the relation EF < EG must hold in

E. (This in turn establishes the LA M,F,E,G,N ,O).

A more complicated strategy may be adopted to force the correct order

at a junction when these two rules cannot be applied directly. One assumes

a cyclic order in the junction and tries to reach a contradiction by a

sequence of inductive steps. If a contradiction is reached , the cyclic

order opposite to the one selected is forced on the Junction. For exarple ,

in Pig. 2.3(c) we assume an order in junction B such that RQ < RN. Then

we can establish the LA ’ s P ,Q, R ,N ,G ,A ,D and D ,C ,F ,M ,P. They are distinct

as implied by the natural order in D , and hence by Rule 2 force in P the

relation PQ < PM. At the same time we have the two Lit’s R ,Q, O and O,N ,R

____ ---.-
~~ ~~~~~~~~~~~~~~~~ -

-~~~~~ - . 

. 

~ - ~~~~~~~~~~~~~~ 
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D 
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D

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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~~~~~~~~~~~~~~~~~

~~~~ ‘L:I:I:::::::I~::,,,..j .
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~
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>
Fig. 2.3 Forced Cyclic Order
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which are distinct due to the assumed order in H. By Rule 2, the

relation ON < OQ is forced in 0. ThIs in turn establishes the LA

M,F,E,G,~I,O,Q,P,M. Now by Rule 1 we must have in M the relation MP < MF ,

which contradicts the natural order in M. This sequence of deductions

was based only on the assumption that the relation RQ < RN exists at B,

which lets us conclude that the relation RN < RQ must exist at H. This

establishes the LA O,N,R ,Q,O, and by Rule 1 the relation OQ < ON is

induced at 0. We have thus been able to find the cyclic order at 14 of the

5 original unordered junctions. Junction P remains undetermined . The

final ordering of the junctions is given in Fig. 2.3(d).

A byproduct of the foregoing is a new class of impossible objects,

in addition to those described by Huffnian (8). The objects can be identi-

fied as being Impossible if their structure is such as to lead to contra-

dictory cyclic order at their junctions. In Fig. 2.14 we have some

instances of impossible objects. In Fig. 2.14(a) the LA A ,E,D,C,B,A forces

in A — by Rule 1 — the relation AR AR contradicting the natural order

In A. In Fig. 2.4(b) the relation AD < AR is forced in A , again con-

tradicting the natural order at A. In Fig. 2.4(c) the LA A ,E,F,B,A forces

the relat ion AR < AE in A , whereas the LA A,B,C,D,E,A forces the con—

~-radictirig relation AR < AB. The same occurs in Fig. 2.4(d), where the

relation AR < AR is forced at A by the LA A,E,F,B,A and the contra—

dictory relation AR < AB is forced by the LA A,B,C,D,E,A. Note that

the two polyhedra (a) and (d) pass Huffman ’s labelling test.
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III. GEOMETRIC CONSIDERATIONS

3.1 The Picture Takin~g Process

Th~ basic input data consists of a set of three pictures taken from

three different vantage points. A coordinate system X’,Y~ ,Z
1 
is defined

for each picture plane P~ and related to a global coordinate system

In which the final description of the scene is determined. Each

picture ’s coordinate system has its origin (X~ 01Y~ 0
,Z~ ~) on the

corresponding camera axis. Its axis coincides with the camera axis

and makes an angle with the X°Y
0 
plane. Its X~ axis lies in a plane

parallel to the plane X°Y° and Is rotated by an angle 0~ from the X0 axis

(Fig. 3.1). Superscripts are used to denote the particular coordinate

system, with superscript 0 denoting the global system . First—position

subscripts refer to the picture plane and second—position subscripts

identify particular points.

To relate a picture coordinate system to the global coordinate system

one must know the angles of rotation 01 and and the amount of trans-

lation X~~Ø,Y~~Ø,Z~~0. To obtain the angles of rotation one measures,

for every vantage point, two points on the camera axis. One point is the

center (X
~~N .T~~N ,Z~~N ) of the film plane frame in the camera, and the

other is any convenient point. The cosine and sine of the angles can now

be calculated. The distance between the center of projection C1 
and the

point c4 ~~~~~~ ~~~~ ~) is denoted by 
~1

• The distance between the center

of projection and the point (x~~0,T~~0,Z~~0) is denoted by F1. The ratio

— G~/F~ is determined by measuring corresponding diagonals of both

— 18 —
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3.1 The Picture—Taking Systest
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the film plane frame and the uniformly enlarged picture. The relation

between a point J in space , whose coordinates in the global system are

~~~~~~~~~~~~~~~ and vhose projection coordinates in a picture coordi—
inat e system are ~~~~~~~~~~~~~~~ can be expressed in terms of the

measured parameters and the unknown F
1 

(5,14):
-

ixiJ 0,J

i W y0Yi ,J 0,J
— 

ozi,J W z0,J

Ii 1

And the projection matrix is

cos8
1 

ain0~ 0 _ (X
~,N

cos0
i
+ 
~~~~ 

sInO
1
)

—cos~1 sin0
1 

cos~1 cosO1 sin~1 — (F
1
R
1
+1 + X

~ ~~~~~~~~ 
+

— Y
~~N

cos$icos0
i
+ z

i N 8in$I
) (4 )

sin$i sinS1 —sin~ cos01 co8~1 
_ (X

~,N
sin

~j 
sinS1 

—

Yi N 5ifl,iCOSOi+ ZiN cos~i
)

-cos~ 1 
ainO1 co$~ cosO~ sj~$~ 

B1 
— 

(_X~~N co;~1 sinS1

+ 
Yi N cos~i cosO1+ Zl N

sin~I’
- F1 

4
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In order to compute F
1 
for every picture we look at a set of pre—

measured points {(x2 ,Y0 ,Z~ )J , j1 ... n , whose set of projections
~
i ,j 0 ,3 ‘,,J

~ i
~~~~ i,j~ j l  ... n, i l  ... 3, are measured in every picture . To

minimize the aim —of—squares differences between the calculated projec-

tions and the measured project ions we require that

-
~~~~~ 

( 
~~ (4 — ~t )2 + ~~ (4 — ~1 ) 2 ) = 0, 1=1.. .3 ( 5 )

I j—]. ‘~~ ~ 3— 1 ~

for every picture. The taree equations can now be solved for F
1
.

3.2 Transformation Technigues

Interrelation between the three picture coordinate systems can be

achieved by transforming the coordinates via the global system. The

translation (x~~0,Y~~0,z~~0) can be expressed as follows:

—cos$1 sinOil

= 1i,N + F
1

(R
1
+l) cos~1 coaO

1 
(6)

sin*1 J
The matrix of transformation from the global system to the system

of pictures I is: 
/

cose~ sinO~ 0 — ( X ~~0 cosO1+ Y ? 0  sinS1)

—cos,j sinO~ cos~1 cosO1 s1n$~ — (—X~~0 cos$1 sinO1+ 
y
~~0

— coa$1 coaO1+ z~~0 sin~1
) ~~~

—sir1$~ C0501 —sin$1 cosO~ cos~1 — (X~,0 sin$1 sine1 —

7in$~ cosO~ + Z~~ 0 cos~ 1 )

0 0 0 1

_ _ _ _ _ _  
_____________ _ _ _  -
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Thus if X~ ~ 
Y~ ,Z~ are the coordinates of a point expressed in

the coordinate s;stein of pIcture 3 and ~~~~ Y~~J,Z~~J are the coordinates

of the same point in the coordinate system of picture 1, we have

xixO J  0,J

0,J — O,J
i 3zO,J z0 J

1 1

Other parameters of importance are the coordinates (X
~~c,

Y
~~c,

z
~~C
) of

the center of projection (center of lens) C~ for every picture:

rx~C~ rX~,N1 [_cos.j sinO1~~
I ~~~~ I = + F1 H1 cos~1 cosO1 (8)

L~J L~J L ~
in.i J

3.3 Matching Incomplete Data in Three Pictures

The line structur e data extracted from the pictures may be Incom-

plete because of occlusion or because of preprocessor failure. Let us

consider the data imperfections due to preprocessor failure. They can

be divided into two groups :

(1) Data imperfections involving junctions.

a. Missing junctions.

b . False junctions — for ex~~p1e, when half of the bar of a

T junction is missing , causing it to look like a V junction.

_ _  _ _  
I

- -. 
- 

~~~~~~~~~~~~~~ 

. — —
~ . 

—
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c. A V junction that is actually a Y or W ju nction with one line

missing.

Note that the V in subgroup c , although of wrong type, is the project ion

of a vertex; this is not true for V in b.

(2) Data imperfections involving lines.

a. Part of a line is missing and the broken end is open (dangling).

b. Part of a line is missing and a junction of wrong type is

created at the broken end.

c. The whole line is missing.

We call a junction valid when it is a projection of a vert ex .

Thus , junctions of types A, S, and T are not valid, junctions of type

I and W are valid and for V junctions we do not know. The precise nature

of a V junction must be left undecided until more evidence Is collected,

as will be explained later .

A junction of type S which Is missing a line and is reported as an

A junction, does not cause any contusion and , therefore, is not counted

as an imperfection.

3.4 Junction Matching

In order to arrive at a true description of the 3D scene in spite of

some data imperfections , we compare the line structures from the three pic-
tures against each other and use the information found in one picture to

• . check the Information found in another.

Let us start with junctions . We have two goals . One is to determine

which of the V junctions are valid , or, to put it differently for which V

junction ii there enough evidence to support such an assumption. The

- - . - •.~~•~
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second is to group, from the different pictures , junctions that are the

projection of the same vertex. From here on in this section whenever

we use the term “junction” we shall mean a V, Y or W junction.

If two junctions , one each in two different pictures, are projec-

t ions of the same vertex , they must obey certain geometric rules. Let

P~ , C1 
and A

1~~ 
be the picture plane, the center of projection , and

the projection of verjex J , respectively, for picture i. Then for two

pictures , I and j, C 1, C , J , A 
~~~~ 

and A 
,~

. are coplanar, and the linesj  I ,
C A ~,C A Intersect any plane P in three colinear points:i i , ii , q

C
1 

, J1 and J , respectively (Fig. 3.2). We shall call the line -

formed by these points a match line. Thus if we re—project into the plane P
q

junction A4 from C~, junction A from C , and C1 from C , we can check
.L ,J 3 3

whether this condition is satisfied. Two junctions from different pictures

that obey this condition are said to be matchable. Obviously, if a vertex

I js in the plane C ,, C , J then A4 and A 
~ 

are matchable and so are
-L j  .,I j ,u

A1 ,~ 

and A . To resolve such ambiguities, we refer to the third picture,j,I

picture k. Now we require that C~ , C3
, C

k 
be not colinear. Then if

A
1~~~ 

A
3~~~ 

and A.
~ j 

are the three projections of vertex J , the three

different match lines on plane P form a triangle whose vertices are J ,q iq
and 

~kq 
(Fig. 3.3). We call the set of three junctions, from dIffer-

ent pictures, that are matchable in pairs, a triple. By forming triples

we can eliminate many pairs that are matchable but are not projections of

the same vertex, However, even in the pure geometric case we may have

three projections of three different vertices A ,B, and D that form a triple.

(Fig. 3.1.).

~~~~ 
—_ _
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PICTUR
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P
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p
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Jiq

Fig. 3.2 The Match Line
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We are deal ing here with real data; thus we must accept A
1~~ 

and

A as matchable even if J is distant from the match line C . Jj,J iq ijq jq

by an amount less than some threshold. The threshold distance should

be a function of the precision of the measurements. In the approach

taken here the plane P
g 
was taken to coincide with one of the picture

planes, and the threshold was taken as the lesser of (i) half the dis-

tance of the two closest junctions and (2) some experimentally deter-

mined fraction of the picture diagonal.

Relaxing the coflnearity requirement on the matching lines Increases

the ambiguity of matching. The larger the threshold distance, the

greater the number of ambiguous cases. This also affects the forming of

triples. The flatter the match—line triangle becomes, the more acute

will be the angles between pairs of match lines. As can be seen in Fig.

3.5, the more acute these angles, the greater the chance that a point

will be caught within the threshold distance of two wrong match lines

(e.g. ,  I within match lines B B and B B ) .  We can thus expect toiq jq. iq  iq kq
obtain triples where two junctions are projections of the same vertex

but the third is not.

Two matchable junctions that are projections of the same vertex are

said to match each other. A triple in which the junctions match each

other is called a match triple. . 
-

To establish matches , we find for every junction all matchable

junctions in the two other pictures. Then we form all the triples. To

find the match triples in the set of all triples, we have to use some

picture context . The more severe the conditions causing ambiguity, the

more the need for context information.
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Fig. 3.5 Ambiguity Problem Arising fran Acuteness
of Angles Between Match Lines. (The wrong
triple is created.)
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The kind of context we shall use is line connections between junc-

tions. If we have three lines — each in a different picture — whose
ends form two triples , the two tr iples are each considered to be a match

triple. (The chance of naming a wrong triple as a match triple still

exists but is now reduced greatly).

A vertex ’s projection may be missing in one or more pictures, as

already mentioned . It is desirable, therefore, to establish matches

between matchable pairs. Naturally, more context must be used to

establish a match on the basis of only a two—picture comparison. The

pair match is done in two passes and only after the triple match phase

is completed. (It reduces the number of free candidates and, therefore,

the chances of error). We select a set of three junctions, one of them —

call it the middle — connected by lines to the other two, that are

matchable to a set of three junctions connected, In the same way In

another picture. In the first pass we require that the middle junction

will be of type Y or W and that the two lines have the same cyclic pre-

cedence in the two junctions. The three junctions are then assumed to

match the three junctions in the other picture. In the second pass we

allow one or both of the middle junctions to be of type V and do not

check the cyclic precedenc e (it is not known yet for the two—line

junction). The second pass Is a little more hazardous, not having the

ability to use cyclic precedence , but since it is carried out after

most junctions are already matched, there is only a small chance of

making an error. We also accept two junctions forming a loop, which are

matchable to two other junctions forming a loop, as matching to the other

tvo. 

- -
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-4 If one junction in a triple is matched to the other two by two

applications of a pair—vise match, we consider the triple to be a

match triple; that is, we consider the remaining two as matching also.

Every V junction that is matched to a junction in another picture

is marked as valid (although it may miss a visible line). The match

supplies additional evidence that the junction is a projection of a

vertex.

An illustrative example is shown in Fig’s. 3.6 to 3.8. The

figures consist of three pictures of the same scene, taken from differ-

ent vantage points. In every picture sane lines , or parts of lines are

missing . Many I arid W junctions are thus reported as V junctions, but

the most misleading information is in the false shape identification of

junctions 15 in picture 1, 27 in picture 2 (both are T junctions missing

a line and reported as type V) and 21. in picture 2 (an S junction

reported as type V).

The program reports many matchable relations. To mention a few:

junction 9 in picture 1 is reported matchable to junctions 1,8,10,12,27

in picture 2 and to junction 21 in picture 3. JunctIon 27 in picture 2

(a false junction)’ is reported as matchable to junctions 5,9,10 in

picture 1, and junction 24 in picture 3 is reported as matchable to

junctions 5,6,16 in picture 1 and to junctions 1,7,11,17 in pIcture 2.

Thirteen triples are formed (the subscript in the junction indicates the

pictur. number)
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3
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12~
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3
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1,32 ,173
)

(311162t 6
3

) (6 l~
82 P 20

3
) (4

1,132 ,73
)

(6
1~
1
2~
24

3
) (11] P92~

l9
3
) (1

lIl42~
4
3
)

V (l6
1~
l72,

214
3

) ( 131 ~22~l8
3

) (2
l~
l52,5

3
)

(1o
1~
1O
2
,2
3
)

On the basis of picture context the last nine triples can be accepted

as being match triples. Of the four rejected triples, two are the three

projections of two vertices, namely (3l,
l6
2~
6
3
) and (l6

l~
17
2~
24

3
), but at

this stage no context support is found. This is partly corrected in the

next stage where we compare two pictures and establish matches between

pairs of junctions. In the first pass we get the matches of the pairs

(161,172
), (171,182), (12l,42)~ (31,162

) and (72~133). In the second pass

• we get (5
1
,12

2
) ,  (112,13) ,  (163 1261

) and (16
2
,6
3
). The last one gives,

together with the pair (31,162) reportetl in the - first pass, the match triple

(31,162,63) Hence the following V junctions are marked as valid :

111 
~~~~~ ~l’ ~l’ 

6
~ . lO

i
, 12

1
, 171

, 26
1

12. ~2’ ~2’ 
102, 1221 132, 142, 162. 182

13. 53. 
6
3~ 73. l33~ 

16
3. 173. ~ 8

3. 193. 
21
3

No support was gained for the wrongly reported junctions

15i . 21.2 , and 272

nor for the (correctly reported ) junctions

~2’ 62, 33 and 153.

____-- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



IV. LINE tA!ATCHING AND DATA RECOVERY

4.1 Introduction

Line matching is not a straightforward procedure. The fact that

between two junctions we may have one, two, or three lines , complicates

the situation, and it becomes even worse in the case of imperfect data.

We have to be very careful in matching lines that all the possibilities

are taken into consideration.

Line matching also serves as an important tool for recovering

data. Data recovery consists basically of three different actions:

(1) detection of a missing connection between two junctions, (2) exten-

sion of an existing line from one valid junction to another valid junc-

tion , and (3) detection of the location of a missing valid junction,

validating the one found there (it any), or creating a synthetic junction .

Data recovery, if successful , leads to conditions for further line 
V

V matching, which in turn enables more data recovery, and so on.

Cyclic order in an unordered valid junction is fixed if conditions

for Rule 1 or Rule 2 exist (See Chapter II). Some previously unordered

junctions can be ordered on the basis of line matching , as we shall see

later . This in turn may create conditions for further applicat ion of

V 
Rule l or Rule 2,andso on. V

Line matching, data recovery, and cyclic order ing is done in

several passes. Each pass creates nev~ conditions for the next pass until

finally a condition is reached in which no new results can be obtainec~.

— 3 6 -
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4.2 Fitting a Line to a Set of Points

It is important for the procedure to be able to determine the type

of line represented by a set of points and sometimes to determine its

exact equation as well.

Given a set of points (x
~
,z
~

) ,  we try to fit a line to it 80 that

the sum of tht ~.quared errors will be minimized. First we try to fit a

straight line

a2x+a1z+a0 0

where
2 2a0 Ex1z1 Zx 1z1— Em1 Ez i

a1 Ex~ Ez 1— Ex1z1 Em 1

a2 ~~~ 
Ez~— Ez1 Em12~1

The average distance of the points from the straight line is calculated

and, if it is less than som e threshold T1, we accept the fit . The

threshold is selected on the basis of visual judgment.

If the average distance is greater than some T2>T1, then we declare

the set as representing a curved line. For an average distance lying

V betveen these two values, we leave the type undetermined. It the set

was declared to represent a curved line and we wish to fit a conic g

to it ,

g(x,z) E a?
2+s1.z

2+a
~
xs+at+siz+ao

.o

- 

~~~~~~~~~~~~ 
_~V~ _ ____________— ~~VV -~ . V• ~~ ~~V~~~~~ ;,~~~~~~~~ ’ ’V - VV ~ V ~~~~~
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V

then by minimizing the sum of squared errors

• 
E g (x

~
,z1) ~ X a

and constraining a0 to equal 1, we can solve for the rest of the

coefficients using X ’a—O . Here a is the vector of coefficients and

Ex~z~ Ex~z1 Ex~ E4z1 £x~

Ex~z~ Ez~ Exiz~ 
Ex~ z~ Ez~ Ez~

3 3 22 2 2Ex iz1 Ex~z~ Exizi Ex1z1 Exizi Exizi

3 2 2 2 (9)
Em1 Ex

1
z
1 

Ex1z1 Em 1 Ex 1z1 Ex1

Ex~z~ Ez~ Ex~z~ Tx1z1 Ez~ Ez1 
V

Ex~ Ez~ Ex1z1 Exi Ez1 El

The foregoing methods have their drawbacks (11,16,1) but they are good

enough for the purpose here.

1..3 Line Matching

The matching of lines is done around matched junctions , taking two

picture. at a time. Two lines in two pictures, matching the same line in

a third picture, are declared to match each other. With every, junction

there are associated three indices 1,2, and 3 for the three possible

lines thst share the junction. (If the junction is cyclically ordered,

these indices coincide with the cyclic order.) We say that the junction

- —V V___V ~~~~~~~~~~~~~~~~~~~~~~~~~ 
_~____V__V ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

V _ V  VV_____________________

4’z~ ~~
m -
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is linked in an index t if there is a line corresponding to that index

whose other end junction is a valid junction.

The two matched junct ions around which we try to match lines fall

into the following three cases:

(1) both contain three lines ,

(2) one contains three lines and the other contains two lines, or

(3) both contain two lines.

In each of these three cases when one line in one junction is matched to

a line in the other junction and both junctions are ordered cyclically,

further line matching can be done by proceeding cyclically around the

junctions.

At the beginning of the line matching process all the 3L (3 lines)

junctions are cyclically ordered according to their natural order , and ,

therefore , in Case 1, matching one line forces the match of the other

two lines. At a later step in the procedure a line may be added to an

unordered 2L junction , yielding an unordered 3L junction; then matching

one line in a Case—i situation will not automatically lead to the match

of the rest .

Pig . 1..l shows under what conditions we can match a line in Case 1.

The basic idea is to find out whether between a pair of junctions in

• the same picture there is a single line, or, it more than one, to deter-

mine their relations to each other. For example in configuration (a)

of Fig. 4.i it is clear that line c
~ 

must be the onl y line between

junctions I~ and because is linked in its other two indices. It

follows that the line d~ is the only line between junctions I~ and J~

V - —- ~~~~~~~~~~~~~~~~~~~~~ - - - 
-
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(a) _______________ 
j  ( b )  _____________

Picture 1 Picture_j _____________________________________

_ _  

(e)

~~~~

<

~~~~~~~~,~~~~~~

(f) 
___________ 

(g)

K.

- 

V~ V

_ 
_ _ _ __ _ _ _  ‘ I

• valid junction

~~~~~~~~~~~~ relates junctions that are already matched.

— . - - natural extension.

~~gend
valid junction that is already cyclically
ordered .
a match is established between the lines

Fig. 1..l Case—i Match Configurations (3—Line Junctions)

____________________________________ 
____  

I
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V
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considering the pairwise matching of the junctions (though it might not

be clear from looking at picture j alone when is not linked in its

two other indices). Thus the result is a match between lines c
1 

and d~ .

Part of the requiraments in configurations (c), (e), (f) and (h) is that

the junct ions and be cyclically ordered to establish even the

first match. Configurations (g), and (h) require some special condition ,

namely that I~ lie on the natural extension of the line c1. This means

that we must successfully f it a line to I~ and the points of c1 and

that this line comply with the conditions stated in the following para-

graph .

As explained in section 4.2 a straight line fit is acceptable If

the average miss distance is less than some threshold. If a straight

line fit is rejected and a conic is fitted instead, we get either an

ellipse, a hyperbola or no locus at all. Other types of conies are not

• realistic since they involve a vanishing parameter, which in practice

does not occur in the computation because of truncation errors. No

locus at all means of course that a conic fit has been rejected. We

also reject any fit accepted thus far if~ (1) the distance between Ii
and K1 is greater than the distance between and I~ (K

1 
is the non—

valid end junction of ci.), (2) if it is an ellipse and one of the

axes is too amall (to avoid a fit “jumping” from one side of the

ellipse to the other), (3) if it is an ellipse and the part of the

ellipse between K
1 
and I

i is greater than a quarter of the ellipse, and
V 

(1.) if it is a hyperbola and the points of the set belong to the two

branches of the hyperbola. This tightening of acceptance conditions

V V V _ ~~~~ V~ V_  — - ;~~~~_~~~~,~~~
_ V
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very much reduces the possibility of a wrong extension, but at the same

time it also rules out some good extensions, especially under condit ion

( 3) .

Configurations c and h present a special problem since they both V

deal with junctions connected by three lines. To obtain matches for

them we assume that the middle line stays in the middle. Although true

in most cases , it is easy to show counterexamples. But even then it is

not crucial since the conf igurat ion is closed on itself and the error

does not propagate. To find the middle line we note that when we walk

from one junct ion to the other and back, changing lines in increasing

cyclic order, we trace three closed paths. In two of them the path is

traced in a counterclockwise manner (Fig. 14.2), and in one of them in a

clockwise manner. The last one happens to be the path where the middle

line is not involved. Using this fact the middle lines in both pictures

can be detected and matched to each other. The rest follow cyclically.

Fig . 4 .3 shows the configurations required for matching lines in

Case 2. Note configurations (c) and (j) where a natural extension is a

part of the conditions. Note also configurations (d), (k), (e), and

Ci), which imply that junctions J. and I~ in each should be connected.

We shall return to this subject in the next section.

Fig. ~~~ V shows the conditions under which we match lines in case

3. Note In both configurations the implication of a missing connection,

between and I~ and between and K~ in ( a) ,  and between and I~ in (b).

In Figs. 4V
l and 4.3 the shape of the three—lines junctions, (whether

T or U) is iri~el.vant to the configurations.
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Fig. 14.2 Matching of Middle Lines in Configurations
Involving Junctions Connected by Three Lines
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14.4 Data Recovery

It has already been pointed out that there are configurations for

which it is clear that a connection between two junctions is missing.

We can distinguish between two groups characterized as follows:

Cl) junction J should be connected through its line c to junction I,

and (2) junction J should be connected to junction I but the line of

connection is missing in J. The action to be taken depends on the

situation in junction I. In the first group we find Case—i configura-

tions (c)II, (g), (h) (for both pictures), Ci )  and ( 3) ,  and Case—2
configurations ( c ) , .(d ) ,  ( I ) ,  ( j ) ,  and (k). In the second group we

find Case—2 configurations C e ) ,  (h ) ,  ( i ) ,  and ( j )  (between junctions J1
and K1), and Case—3 con~igurations Ca) (for both pictures), and (b).

In the second aroup\we find also configurations (a), Cc), and (d),

of Case—2 whenever the va’~id end junction of the only unmatched line

has a matched junction in \he other picture.

In the first group we \lso find the case where a line di matches

a line d
3 

whose both end jun~tions I~ and are valid and match junc-

tions I~ and J~, but only J
1 ~~

longs to d1
. See Fig. 4.5(a). It

occurs mostly in Cases 1 or 2 w\en lines are matched around the cycle ,

V after one match was established.\

Table 14.1 shows us the differ~~t possibilities and appropriate

actions taken for the first group an\Table 14.2 does the same for the

second group. In both cases it is as
~
ked that the index in J with which

we associate the line of connection is r\ From the nature of the

different configurations, r is alway s kno • The problam is to determine

~~~~~~~~~~~~~~~~~~~~ 
~~~ ~~~~~~~



Table 14.1

V - Conditions for First—Group Junction Connections

I I Is a 2L junct ion and linked in indices r and
a. Action: Extend line c to junction I and

s r or s r associate it with index t in I. I becomes a 3L
junction, linked in all three indices . J is

linked in index r.

t t I is a 3L junction linked in indices r and s.

s or s 
Action: The line associated with index t in I
is combined with line c. I becomes linked in

three Indices. J is linked in index r.

I is a 3L junction linked in index a. Action:

r The average error of points on the line associ—

ated with r and t is calculated with respect to

/ the natural extension of c. The line with the

/5 smaller average error is combined with c. I

becomes linked in a second Index. J becomes

linked in r.

- . 
I I is a lL junction linked in index s. Action :

Extend line c to junction I and associate it with
index t or r. I becomes a 2L junction, linked

in two indices . J is linked in index r.

I is a 2L junction linked in index r. Action:

Calculate the average error of the points on the
k r line associated with t, with respect to the

i natural extension of c. If the error is less than
some threshold combine the two lines . I becomes
linked in t and I in r.

Other No Action
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with which index in I to associate this line. The possibility of

having a 1L valid junction will be demonstrated later in this section.

It is a result of certain data recovery actions.

By “ampty” line mentioned twice in Table 14 .2, we mean a line for

which only the end points are known (the two junctions) and nothing

is known about its nature . Its Importance lies in creating the links,

which in turn create new conditions for matching lines around I in the

next pass. The linking of I and J may , for example , qualify junction I

for analysis as one of the Case—i configurations and may enable the

application of Rules 1 and 2. We shall return to the detection and

completion of missing connections once again in what we call second—level

data recovery.

Let us consider the situation shown in Fig. 4 .5( b ). Lines d
1 

and

d
3 
either match each other or are candidates for a match . But there is

no match in picture I for junction I~ . This might be crucial for the

matching decision for the lines d~ and d
3 

as we can see by comparing

Fig. 4.3(b) with Fig . 14.3( c) .  If there is for I
i 
a matching junction

In the third picture , it could serve as a basis for further tests and

data recovery . We may then have two different scenarios:

V 1. There exist a junction I~ in picture i, unmatched as yet, that is

matchable to I~ and to If I~ lies on the natural extension of

then (i~, I~, 1k) is declared as a match triple, and we conclude

that the junctions J1 and I~ should be connected. We also match the

lines and d
3 

if they are not matched as yet.

- ~~~~~~~~ V ~~~~~~~~~~~~ 
V • 

-
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TABLE 14.2

Conditions for Second—Group Junction Connections

4
I is a 2L junction linked in r and a. Action:

Create a new “empty” line between I and J.
a r r Associate it with index t in I and index r in 3.or

I becomes a 3L junction linked in all indices. V

The number of lines In 3 is increased by one and

J is linked in Index r.

t t I is a 3L junction linked in 2 Indices r and s.

i Action: Extend the line associated with t from

a r or s r I to J and associate it with index r in J. I is

linked now in three indices. The number of lines

in J is Increased by 1. 3 is linked in index r.

I is a 3L junction linked in Index t. Action:
r( Find which of the two lines associated with

indices r and a has a natural extension to J.

If there is one, extend the corresponding line
t to J. I Is linked then in two indices. Number

of lines In J Is increased by 1, and it Is
linked in index r. V

I is a lL junction linked in index t. Action:

Create an “empty” line between I and J. Associ—

ate the line with index r in J and with one of
the indices r or s in I. I becomes a 2L junction

linked in two Indices. The number of lines in 3

Is Increased by one, and J is linked in index~ r.

I is a 2L junction linked in index r. Action:
1

- 
Check whether 3 is on the natural extension of the

line associated with t. If so, extend this line
r to J. I is now lInked in two Indices. The number

of lines in J is increased by 1 and it is linked

in its index r.

Other No Action

- ___ V . V V ~~~~~~~ •~~~~ V ~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~ V V
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2. If there is no junction Ii that Is matchable to I~ and ‘k’ (and

has not been matched as yet) then we build a synthetic junction.

This is done as follows: From I~ and ‘k we can determine the

approximate location in 3D of the corresponding vertex. It will be

the point with the minimal sum of absolute distances from the pro-

jecting lines C
k ‘k 

and C
3 
I~ . This point is found most easily by

looking at the x , y coordinates of the Intersect ion of the lines’

projections on an x—y plane in a coordinate system whose z axis is

normal tn both lines. The calculated projection, from C1 
on picture i,

of this vertex will serve as the synthetic junction I~ . If the lines

and d
3 

are not matched as yet but the synthetIc junction I~ lies

on the natural extension of d1, or if d~ and d3 
already match, then

we accept the synthetic junction as a new valid junction, declare the

triple (Ii, I~, 1k) as a match triple, and extend the line d1 to I~.

• I~ is now a valid lL junction linked in one Index.

To demonstrate how Important a synthetic-junction formation can be

for line matching, let us look at the three Images shown in Fig. 14.6(a).

Fig. 4.6(b) shows the line matching that can be established before the

formation of the synthetic junction 14
k . Fig. 4.6(c) shows the line

matching established by the configuration of FIg. 4.1(1), possIble only

after 1e~ was formed.

Finally, an unordered junction for which Rules 1 and 2 cannot be

applied, can be ordered if at least two of its lines are matched to two

lines of an ordered junction so that the cyclic precedence of the first

two will agree with that of the last two. The indices associa’ed with

the formerly unordered junction are then adjusted to comply with the

cyclic order.

V V — ~~~ V_~~~~~~~ - - 
-
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4.5 Example

We shall describe some of the results obtained when a program for

the foregoing procedure was tested on the scene shown In Fig’s. 3.6, 3.7
and 3.8. In Fig . 4.7 we give a schematic description of the three

pictures. First the unordered junctions 6
~
, 121, 171, l2~ ~2’ and

18
2 were ordered each by applying Rule 1.

The configuration of Fig. 4.3(a) in l14
~ 
and 

~2 
brought the match

of lines l2
i, 

l4
~ 

to 
~2
’ 
~2 

and l3i, 
~~~ 

to 
~2’ 

2
2
.

The configuration of Fig. 4.3(a) in 14
~ 

and 17
3 

brought the match

lines i4~ , 13i to 173. 183 
and l4

~
, 26~ to l7

3~ 
16
3
. Combining

thia with the preceding match we get the match l7
3~ 

18
3 

to 
~2’ 

22.

Through this match we are able also to arrange the cyclic order in

junction

The configuration of ?ig. 4.1(a) In il~ and 
~2 gave the match of

lines 1l
l~ 

6
1 to 

~2’ ~2 ‘ 
111, 131 to 

~2’ 22 and l].~ , l2~ 
to

The configuration of Fig. 4.3(a) in lli and 19
3 

gave the match of

lines li~ , 61 
to l9

3~ 
20
3 

which wili match 
~2’ 82 — combining the

above - and il ~ , 131 to l9
3~ 

18
3 

which will match 
~2’ 

6
2. The

result of the matching of the last group is that we can now establish

the cyclic order in junction 193
. 

V

Also 6
~
, 
~~ 

match 82, 12 based on the configuration of Fig. 14.3(a)

in 6
~ 
and 82 , 61. ~~ 

match 2O3~ 213 on basis of Fig. le.3(a) In 6
~ 

and

203 ; and combining the two we get that 203. 213 matches 82. 12•

______________________________________
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• From Fig. 4.1(a) in l3
i 

and 2
2 we obtained the match of 9]) ~~~

to 22, l2~ 
From Fig. 4.3(a) in 13

1 
and 18

3 
and a match between junctions

and 213 we obtain the linkage of junctions 183 and 213 
Vb~~ an “empty”

li ne , which was matched to line 131, 9~ and thus to line 22, ~~
Junction 18

3 
was arranged cyclically by comparison with junction l3

~
,

and this enabled the application of Rule 1 for ordering junction 21
3
;

this In turn enabled the application of Rule 1 for ordering junction

133.

Next we obtained also the match of line 
~~~~~ 

l5i 
to 213) 1143 from

the just formed Fig . 4.1(a) configuration in junctions and 21
3
.

From 4 .3(a) in 1~ 
and 43 we found the match of 1~

, 
~l 

to 1431 73•

V 
The Fig. 4.1(s) configuration in 2

1 
and 152 

gave the match of 2
i, 

l
i

to 152, 1142, 21, 101 to 152, 102 and 2i, ~~ 
to 152, 162. The configura-

tion of Fig. 4.3(a) in 2i and 53. together with the match of and 6
3

brought the formation of an “eapty” line between 53 and 631 its match

to line 2i, 
~~ 

(and thus to 152, 162), the match of 53~ 23 to 2
i, 

10
1

(and thus to 152, 102) , the match of 53. 14 3 to 2i, 1~ 
(and thus to

152. 1142), and the cyclic ordering of junction 53.

Line 82, 
~2 was matched to 203. 133 using the Fig. 4. 1(a) config-

uration in 82 and 203. Line 112, 102 was matched to l
3~ 

23) and

~~2’ 16~ to 13. 63 using the Fig. 4.3(a) configuration in 112 and 13~
Junction 1

3 
is ordered by comparing it with junction 112. This, together

with the last paragraph results , permits the ordering of 63 by Rule 1.

The configuration of Fig. 14.4(b) in 132 and 13 
permits 132 and 162 to be

connected by an “empty” line vhich is matched to line 73. 63 ; line 132, 1142
is matched to 73. 14

3 
and thus also to line 1

~
, 1i1. 

-___ 
~~~~~~~~~
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4 In junctions 
~l 

and 132 the configuration of Fig. 14.3(a) was formed

only after the cont~iecting of junctions 132 and 162. Otherwise no

qualified configuration could have been found there. This configuration

brings the match of line 14
1. ~l 

to line 13
21 122. 

V

We also tested for the configuration of Fig. 4.1(h) in junctions

161 
and 17

2
. (In the beginning of the procedure we merge the two non—

limb lines in every S junction into one line.) The extension of line

~~2’ 
20
2 
to junction 18

2 
was rejected on the basis of condition5 3.

But a natural extension of line l6
~
, l9~ to junction l7~ was found, quali-

fying the configuration. Thus line iç, 17
1 
was matched to line

172. 182. line 16k , l9i was extended to junction 171 and matched to line

172, 202, which is now extended on the basis of the match to junction 182.

Finally, line 161, 181, 171 was matched to line 172, 192, 182.

These matches were reached before making use of any synthetic

junctions. Let us see how the matching ability is improved by them.

As we can see , li ne 
~l ’ 81 could not be matched. If the configuration

found in 
~l 

and 6
3 
(FIg. 4.3(b)) coul d be modified to the configuration

of Fig . 4.3(c) then the desired match could be established. (Junction 
~l

failed to be on the natural extension of 
~l’ ~l~

• Hence , junctions

V 112 and 13 
are used to create a synthetic junction in picture 1 which we

denote as 281. Junction 28i is found to be on the natural extension of V

~~~~~ 
8
~ 

and thus ii accepted as a valid junction. Line 
~~~~~ 

8] is extended

0 Bee discussion concerning natural extension in Section 4.3
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to be line ~~ 28
1 
and the triple (28

1
, 11

2
, 1

3
) is declared to be a

match triple.

The conf iguration of junctions 11
2 
and 1

3 
force the connect ions of

junction 28
1
. Thus junction 28

1 
should be connected to junct ions 10

1

and 
~l 

under the rules of Table 14.2. It Is found to be on the natural

extension of 10
1, 151 

which is thus extended to be line 10
1
, 28

1
. It i~

also found to be on the natural extension of line 
~l’ ~l 

which turns to

be line 5]I 281
. The new configuration created now in junctions and

and 6
3 
(of form Fig. 4.3(e)), causes the match of 

~l’ 
28
1 

to 6
3~ 

1
3 
and

thus also to 162, 112, as veil as the connection with an “empty” line of

to 
~l 

(and its match to 631 73 and thus also to the 
“empty” line

132, 
162). We also get the match of lO

u 
28
1 

to 1
31 23 

(configuration of,

Fig . 4.3(a) in 28
1 
and 1

3
) and thus also to 102, 112~ 

In addition we

get the match of 
~l’ 

28
~ 

to 122. 112 (configurat ion of Fig. 14.l(a) in 281

and 112). and finally the following junctions are ordered 
cyé].ically as

the result of all this additional matching and linking: 11. ~~ 
14
1, 5]I 101

,

281. 102. 122. 132. ‘~
2, 162 and 73•

4.6 Matching Lines by Range

The technique of matching lines around matched junctions cannot be

applIed when the lines are closed, when they have end junctions that are

both of type A, when the ends are both open , or when one end j unction is

of type A and the other end is open. Additional tools are needed for

establishing a match in these situations. We define for a line g1 
in

picture i range limits with respect to picture j as the two straight lines,

- ~~~~~~~~~~~~~~~~ - - - VV ~~~VV ~ *_ _ _
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with the maximum angle of opening, going through C~~ and having points in

common with g
1
. (Lines a and b in Fig. 14.8). For a closed line the range

limits are the two tangents to the line from C~~.

Taking two pictures I and j, we create in each picture, for all quali-

fied lines, pairs of range limits with respect to the other picture. If

we now pioject both pictures on a plane P
q 
(as explained in Chapter III and

shown in Fig. 3.2) we get all the range limits from both pictures as a set

of lines going through Cjjq~ If we take the range limits of a line g
1
,

then when projected on P , they form an angle a. The range limits of the

line h~ when reprojected on P
q 
form the angle 8. We define a ratio

Rt = where y is the overlap angle (See Fig. 4.8). When R
~ 

is

bigger than some threshold, we say that g
1 

and h~ are matchable by range

(but are not matched yet). When we have three lines in three pictures,

lines 5i~hj 
and 

~n’ 
pairwise matchable by range, then we say that the lines

are matched by range. In our example the lines 23
k
, 22

1 , 
21
2
, 26

2 
and

lO
3~ 93~ 

among others, are matched by range.

1,

~~~~~1~~
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V. FINAL DESCRIPTION

5.1 Region Assembly and Second—Level Data Recovery

In the region assembly phase we try to find , in all three pictures

sistultaneously, all the lines that correspond to the same boundary or — If

a face has more than one boundary - to the boundaries of the same face.

Each line should be assembled twice , since its corresponding edge is

shared between two faces. By face group we denote the collection of lines

from three pictures that correspond to the boundaries of the same face.

Whenever a line is found to belong to a certain face group , the

lines that match it in the other pictures are also added to this face

V 
group. We build a face group by selecting a line , in any picture , that

was not assembled yet in at least one direction . We then follow the line

assembly (see definition in Chapter II) ,  in the pièture In this direction,

until we either (1) close the line assembly - i.e., reach the line we

started with, or (2) no line can be found for further assembly in this

picture. If the assembly is terminated because of (i)  then one boundary

was completely traced. When we terminate because of ( 2 ) ,  then we select

a line in another picture matching the last assembled line. If such a

line is found, then we repeat the whole procedure, and so on. Fig. 5.1

shows how the assembly is carried out , “jumping ” from one picture to

another. If the assembly process Is blocked in all three pictures , we

return to the start Ing point and trace the lines In the opposite direction,

changing lines at the junctio ns in decreasi ng cyclic orde r and following

the above—described procedur , until we are blocked again In all three

pictures . Although we ar e now tracing the lines in the opposite direction, V

- 6o -
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we record the trace as it it were done in the right direct ion , and a

change from line c
1 to line d

1 
in the decreasing cyclic order is recorded

as a change from line d1 to line c
1 
in the increasing cyclic order.

For example consider the scene shown in Fig. 4.7. The line 11
l~ 

6
1

was selected as the first element of a new face group, going fran

to 6
1
. Its matching lines 

~2’ 
8
2 
and 19

3~ 
20
3 
were then added to the

face group. A line next in cycle was not found in 61 and hence the line

next In cycle in 8
2 
was picked — line 82, 

~~ 
Its matching line 20

3i 133

was also added to the face group. Here the assembly was blocked since

neither 
~2 

nor 13
3 
had a line next in cycle. Trying to extend the

assembly in the opposite direction, beginning from the starting lines, we

are able to proceed in both 11
~ 
and 

~~ 
Next to be assembled then was

line 11
k
, l2

i 
and its matching line 

~2’ ~~ 
Since no next line in the

decreasing cyclic order was found in l2
~
, the next line in the decreasing

order in 
~2’ namely lines 

~2’ ~2’ was picked. The assembly terminates here

since 
~2’ 

having no match, was not validated and not ordered. The record-

ing of this face group assembly Is done as follows:

_ _ _ _ _ _ _  
f

52’ ~2

12k , ‘4  ~2’ ~2
V 

ll,~ 6~ ‘\\ ~2’ 
8
2 l9

3~ 
20
3 

- . 
-

82. ~2 
203~ 

133

Let us consider another example, in which a closed boundary is can-

pletely traced. The first line picked for this face group is 
~l
’ 

14
1
.

—— _ _ _ _ _ _ _ _ _ _ _ _
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V 
(The stars indicate the places where the linkage between the two junc-

tions is the result of the data recovery phase):

l
~
, 
~l 

114
2
, 13

2 
14
3~ 

7
3

~~2’ ~~2 
73~ 

6
3

~l’ 
2i 

162, 152 •6 53

2
1, 

1
1 

152, ~
‘2 53~ 

14
3

The existence of a virtual junction usually indicates the existence of a

multiple—boundaries face. Thus on assembling the lines that belong to a

single boundary, all S and A junctions are remembered*; when the boundary

trace is terminated , we return to these junct ions , search for the other

end of its limb, and start there another line assembly for the same face

group. The limbs themselves are also added to this face group.

When all lines have been twice assembled, we may try sane further

data recovery actions. This second—level data recovery is carried out in

the three following configurations shown in Fig. 5.2.

1. Two lines 1 and k in the same picture, with one non—valid end

junction in each, are assembled into two face groups M and N,

k ,1 C M  and k,lcN. Action: Combine 1 and k into one line.

2. A line 1 with one non—valid end junction is assembled into two

face groups H and N, and there is in the same picture a 2—lines

junction J with lines m end n , m e H and n C N. Action : Extend

the line 1 to junction J. -

~ In Chapter III it ~~~ stated that the two non—limb lines in every S
junction are merged into one line. Thus, on assembling the lines,
there is no change of lines in an V 

S junction ; the junction is bypassed
and r ember.d.

V 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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3. There are two 2—lines junctions I and J in the same picture

with lines k,1 and h ,g, respectively , such that k and 11 are

assembled into face group M, and 1 and g are assembled into

face group N. Action: Create an “empty” line between the two

junctions I and 3.

The data recovery actions utilize the fact that two components

assembled simultaneously into two face groups must correspond to the

intersection of the two corresponding faces . There is of course the

possibility that this intersection Is sectioned into several separate

edges and that the two components correspond to two different sections;

but at this stage of the recognition phase, with no evidence to the

contrary, we assume that they belong to the same section.

After any second—level data recovery actions have been performed,

we try again to match lines, using the new conditions. Then conditions

for second-level data recovery are checked again, and so on until no

further line matching is possible. The face—group set is updated each

time new results are obtained.

5.2 Object Formation

Each of the face groups defines (corresponds to) a face of one of

the bodies in the scene • After the face—group assembly and second—level

V data recovery is completed, we are ready for the formation of objects.

Each object is a set of face groups, with no c~~~on elements between two

sets Every face group must belong to sane set • A new object is form ed

by picking a face group that is still free, then recursively adding to

the set every face group , not as yet in the set, which has a line in

cc on with any of the face groups already in the set.

V_V_~_~~~~ - - _ _ _ _ _ _ _

~~~~~~

VV*

~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~ ~~V - -~~~~~~~~
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5.3 Type of Face Determination

We would like to know for each face group whether it defines a

planar or curved face. Toward that end let us define the predicate C(A)

for every face group A as “the face def ined by A is curved ” . When—

ever a face group has a limb in it, we have, by definition, C(A) l.

When two face groups A and B share a straight line*, no informat ion is

conveyed about the faces ’ nature. However, when they share a curved

line, we must have C(A) + C(B) = 1, that is, one of the faces or both

must be curved. Thus, we have for every object a set of logical equa-

tions formalizing the constraints imposed by the types of lines.

The philosophy underlying our strategy for determining the nature

of faces is the following: Given several pictures, every curved face

will somehow manifest itself or there is no way to recognize it as

curved. Thus, we are looking for a minimal cover to satisfy the set of

logical equations for every object based on the information collected

from all three (or more) pictures. This minimal cover will determine

which of the face groups define a curved face.

We find the minimal cover by means of a minimum-cost tree search,

where the cost funct ion is the number of faces thus far determined as

curved . Consider the one—picture example shown in FIg. 5.3. The set

* In Chapter IV we discussed how we determine whether a line is straight
or curved . We say tha t two face groups share a curved line, it in
at least one picture ther e is a curved line which they share.

-v
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p 
of equations formalizing the lines constraints is:

i. c(B)=i.

*2. c(B) +c(A)—l

*3. C(B)+C(F)=l

*14k c(B)+c(E)—l

5. c(c)+c(E )—i

6. c(A) +c(C)— l

*7. C(B) +C (D)zl

8. c(F)+c(c)—l

9. c(c)+c(D)=] .

*10 c(G)+c(B)=l

The tree search, beginnIng with the first equatIon , is given in

Fig. 5 1 4 .  The starred (~ ) equations are those that give no

additional V óonstrajnt since one of their elements participates V

in a single-member equation (e.g., B) . The mInimum—cost tree search

gave the cover that determined the faces corresponding to B and C as

curved . (Which agrees with our intuitive interpretation of the picture).

After the nature of the faces ii determined we may wish to classify

those that are curved as to the type of their quadric equation. The

flowchart of Pig. 5.5 shows a. way of doing this. -

5.Is Face Equations

We have already explained how the approximate 3D location of a

point ii determined from it. two projections by taking tl~e point of minimum
s~~ of distances from the two projectin g lines . If we are given three

- V V V  _~~~~~~~~~~~~~~ V VVV V V _ V  ~~~ V V V VV V V . ~~~~~~V p V V ~~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~e~~~~ t~_V ’

V —~~~~~
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•1

[B I] (1)

*(2)

*(3)

*( 4)

B~E~9~] !B,E,d13I 
~~~~~~ JB~12J (6)

/ \
IB ,C ,F131 1B~CI 2 J (8)

1B ,CJ~3J \Cf2J  (9)

~(lo )

V Pig. 5.3 Tree Search for Minimal Cover to Determi ne Curved—
Fe.ce Group. (me number of the equation yielding
each part icular new level of nodes is indicated
a.t the right.)

- - V~~~ - V~~ C V V # V V~~~~~~~~..__ -- -
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G

B A

C

D B

7

Fig . 5. 1~ Curved—Fac e Determination (Note that Face
Group B viii Consist of Two Line Assemblies
and Two Limb.)

-

~~~~~ 
- t - 

V V ;  ~~~~~~~~~~~~~~~~~~~~~~~~ - ----ii
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Yes the face group 

f
~~No 

_ _ _ _ _ _ _ _ _

Are there two straight limb J Are there two lines in the face
lines in the same picture group, which are determined as J
[belonging to this face group? j___j straight*, in the same picture~J

No ~,
Yes Yes No

_________________  Are they 
__________

Is the limb an parallel J j Are they Parallel?1 Unable
ellipse? }—

~ 
—j-’ to

4 Yes 4.No 4,Yes No Lclassify

J ellipsoidj ~~~~~~ ~oneJ ~cylinder J J i e ~

[j~ 
it hyperbola? I—j

V Unable to

Yes classify

Make this check : Take a point x1
,y
1 
on a line in the

same face group in the sante picture. Substitute in
the hyperbola equation . Is

Yes r sign of a
5
z~ + a4x~ + a3x1z1 + a~x1 + a1z1 + a0 =

sign of a
5
a14 a0?

Nyperboloid of o
~~1 

ifyperboloid of two
sheet Bheets

* Note: straight lines exist also on other types of quadric surfaces
but we assume the most likely possibility. It is also assumed that
pe.rallelizatlon is not badly distorted .

Fig. 5.5 P low Chart for Determination of Type of Quadric Surface

—_________ - ~~~~~~~~~~~~~ - ~~~~ 
- ~V 

V 
V - -— —~~~~
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projections of a poin t , then for a better approximation we may determine

three 3D locations (by taking two projecting lines at a time) and

then take their mean. This will give a very good approximation of the

3D location.

If we wish to have the equation of a face which we know to be

planar, all Its vertices which have at least two matched images can be

collected in 3D and a plane equation fitted to them by minimizing the

sum of square errors.

We shall now show how the equation of a curved face can be deter-

mined from its limb line in three different pictures.

The equation of a quadric surface is

Q(x,y,z) uT~A u  = 0

where A is the matrix of coefficients

• a11 ~~l2 ~~l3 ~~i4 1
— A = ~~l2 a22 ½a~3 ~~24

— 

~~13 ~~23 a33 ~~~

L~14 ~~214 ~~34 a
~~J

and u is a point in homogeneou s coordinates

T
u (x ,y, z ,l)

If we denote by u1 the center of projection for 
picture i, then the

limb of Q with respect to u1 lies on the polar plane of u
1 
with respect

to Q.

P (x ,y, z) U T.A.u • 0

- 

- - _V~~_~~~~ ~~~~~~~~~~~ - —- -~
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The cone of projection belongs to the linear family

r
.A. -k(3!~~A~

u) 2 = 0

Since belongs to the cone of projection, we get

:1.k T
u •A.u.
—i—— i

and the cone of projection for the surface onto picture i is

T T T 2c(x ,yz) 
~~~~~~~~~~~~~~~~~~~~~~~~ 

•A’u — 

~ ,t •
~:’& = 0

Expressing this cone in picture i’s coordinate system and substituting

0 for y
1 coordinate, we get the equation of the limb expressed In terms of

the unknown quadric’s coefficients. The coefficients of the calculated

limb line , which are funct ions of the desired coeff icients a , should
n ,j

Vbe proportional to the coefficients of the fitted conic. This gives

us, for ideal data , six non—linear equations in bhe ten unknowns plus

the unknown proportionality coefficier.t:

F~~1
(a
11, ~l2 a33, a44, c~ ) 0

nl....6

A second picture will give us six more equations but only four of them

will be independent of the first picture ; it will add, however , an

tiMnove proportionality coefficient.

~~~~~~~~~~~~~~~ 12 •33~ a44, c~~) — 0

SSI.. .~~~
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The third picture will add six more equations and another unknown

V F
fl k

(all, a12 a33, a44, Ok) 0

n”l....6

but only two of the equations will be independent of the other two

pictures. This, together with the normalization condition

4 iir ~‘ 2
~ a~~~~~l

i—i i=I

give us thirteen non—linear equations in thirteen unknowns. In the

case of real data we can solve for the unknowns by looking for a

minimum for the functions F together with the last equality equation.

The algorithms concerning the faces ’ equations were not programmed.
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VI. EXPERIM ENTAL RESULTS

6.1 First Example

For the first example consider the scene which was discussed in

Chapters 3 and 4 (see Fig. 4.7). The face groups reported by the pro-

gram are as follows: (For line not&tion see Fig. 6.1, where also part

of the data recovery results are shown.)

Pic.l Pic.2 PIc.3 PIc4 Pic.2 Pic.3
Face Group 1

Lines: 33 26 28

Limb Lines: 34 28 26

Face GrouD 2

Lines: 33 26 28

Face Group 3
Lines : 31 24 10 23 21 13
Limb lines : 22 ,21 23,25 14,11

Face Grou~p 4
Lines : 31 24 10

Face Group 5
Lines : 30 31 —

25 29 V 
— -;

Limb lInes: 27 33

Face Grcup 6

Lines: 30 31 — 29 34 —
Face Group 7

V Lines : 29 34 — 25 29 —

Face Grou p 8 V

Lines : 23 21 13
Face Grcup 9 V

Lines: 20 — 19 13 13 —— 14 —



PICT1T~ E ‘. ~~~ 3

_  

oil
] ’

- 
‘ICTTJRB 2

H 
~~tq 

‘3
,,.

IIC”~UT~B 3L V ~~~~~~~~~~~~~~~~~~~

71g. 6.1 First Nxampie. (Tb. Circled Junctions axe Cyclically
Arranged. The Arrows Point it Data Necovel7 Results.
Tb. Broke n Lines Indicate “~~pty Lienew , for which only
tbs Lad Points are Known.)
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PIc.1 Pic.2 Pic.3 Pic.l Pic.2 Pic.3

Face Group 10
Lines: 17 19 21 i4 20 —

13 13 — 12 12 20

Face Group 11
Lines : 17 19 21 11 11 34

16 10 23 15 18 22

Face Group 12

Lines: 16 10 23 10 — 24— — 16 — 17 15

Face Group~ 13
Lines: 15 18 22 — 17 15

lIe 20 — — l~4 
—

Face Group lIe

Lines : 12 12 20 20 — 19

V 

V 1]. 11 34 10 — 24

— — 17 V

Face Group 15

Lines: 9 4 8 7 5 -

— — 6
Face Group 16

Lines : 8 9 9 35 35 2

6 6 — 7 5 —
Face Group 17

Lines: 8 9 9 9 14 8
2 3 5 3. 8 35

Face Group 18
V Lines : 6 6 — 14 1 3

- - 7

Face 0rou~ 19
LInes : Ii 1 3 35 35 2

3 8 35 1 2 14

~~$c!~~~ !o~~p 20 V

Lines: 2 3 5 — — 6
1 2 14 — — 7

~~~ V
I

Ø

~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~ 

V

~ 

- -  __________________
— V~~ V V P ~~~~~~~~~~~~~~~~~~~~~~ - 

-—

H ~~~~~~V;L~~ ~



The following face groups were labelled as curved: 1, 3, 5. The program

determined the following bodies :

Body 1 with face groups 1 and 2.

Body 2 with face groups 3, 14 and 8.

Body 3 with face groups 5, 6 and 7.

Body 4 with face groups 9, 10, 11, 12 , 13 and 114.

Body 5 with face groups 15, 16, 17, 18, 19 and 20.

6.2 Second Exarnple

The scene analyzed for the second example is shown iii Fig. 6.2. The

V input data are shown in FIgures 6.3, 6.4, and 6.5. Part of the data

recovery results is show Vj
~~~~ V

7jg
~~ 6.6. The computer output is given in

V 

Fig. 6.7 (a) through ( f) .  
V

6.3 Third Example

The scene for the third example Is shown in FIg. 6.8. Input data Is
V 

shown in Fig’s. 6.9, 6.10, and 6.ii. ~‘art of the data recovery results

$ is shown in Fig. 6.12. The computer output is given in FIg. 6.13 (a)

through (f). Of special interest is the determination of the curved

faces.

H V

V - - - - — — — -~~~~~ - 
- 

-~~ — - - — - — -
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-
~~ - -. (a )

-:

(b)

_ _ _ _  

V 

- (c )

~~~~

V V

Pig. 6.2 Second Scene Excmple. (a) Picture 1,
(b) Picture 2, (c) Picture 3



-79 —

.4

4
~~~~~~~~ 4

4 
~

%I~~ 4 4
;~

4 

:4 :1
4

4 4 4 _ 4. 4~~~! 
1

V1 
4.1

t+1ub4 4
4.ts

4’ +
+

‘4 4~4,

‘.4

~~4 4 4 4  •
~~~~4 444 ‘~~~~‘

4
$ 4

4
4

44 ,3 4$ 
•44 •

+ 4~~~
4

4
4 

‘
~
••t , 40

‘t44 + 4
4 + S

4. 4,

4 4
4 - ’
, 44

4- p

4

+
4 +

4-, •
4- 

~~~ La
~ 

4 4 4 4 4• :~ :.. 4

“4 .,.‘4
•4 ,4~~ 

S
4 4

4- o~~ ,4 V

4 0, •4,4. 4-4 4 4 4 4 4 +
S ‘4

, + , p  t~ P~~ —

- - . Fig. 6.3 Second Scene: Picture-l Input Data
1 -

a ~~~~~ —
________ 

_ _ _ _ _ _ _ _ _  - _ _ _  —



_ _  

— - -~~~~~~

0

*-

~~~
. 

4

44 
d~~~•4

94 4

i”? 4
4 

~~+
I~ t 4

4
,~
$ ~~~~$4

4 44. +e 4 4 •~~

4 ’  4
4 . :~

44.,
4- 

. 4 4 $4-’

4 4 44 4 
4

4 + 4- 4
4

4
4.
4
4 4

~~ 4
4 4-

~ 4 444

4 44 44-. 4

‘4- 4
4

4 4

‘—4 
.4.

.4’ ~ $ *
+ 44 ’s’  ~ 4. 4 — 

‘4-

~~~~~~~~~~ 4

+ 4 4. 4 4 4 44. 4 e

.4-’ 4. 4 4  4 4 4
q 4 4

4
4 4

p...,

4 ~~
..

4 8.

.4’ - ~~~~~~

4 .8
4.4. 

.8
.4 ‘14 4
8.4.
~~4. 44 #4+

Fig. 6.14 Second Scene : Picture—2 Input Data

___________________  

_ _ _ _ _- _

.1



— 8]. -

~~

+ ~~- + 44 4 +4  44
4

4 4 *

+
4

4.
~~~ 

~~+44 9~~~~ .~ 4-.
. 4 9 +

4’

.4 _ 4

-4.. .5
- V ‘p.

4.
j. ~r,4..

4 4+4 4 
(~%*

4 
~~~~ 

$
+ 4. + ,

~~ 
.4

4 9.
4’ 1.

‘44-14 44+
4

+
4 4~~~~~~~~~~~ $~~ 4 4k

,, 
4 4 ,4 4

+

4 4
+

44 4
4 4. ~~ 4. *

+ 4 ,.~ *4-4 -4- 4 44
4 4- $

4 
4.• 

4~~4+ 
‘S ~~~~~~~ 4

‘.4 •4~~~4

4 + 4

‘p 
+ 4

4+44 5444 44~, 
+ 4-

3 4 4.~~— 4*44 4’
4 4.

e 4
i4+4i 4 +
• -4 

~,4 
4

,44 4~~~~ 4~~
,,, 4 ~~~~~~~~

I . ‘4 • 4 4 4 4 1 4~~~

Pig. 6.5 Second Scene: Picture-3 Input Data

V - V- -- - 



—

-I

H

Fig. 6.6 Example 2 ( For Explanation of

- j Markin gs see Fig . 6.1)

_ _ _ _ _ _  - 
V~~ -



l.a

r ‘I

. ~. .~ .~ .~~

a)

~ ~~ ~~.! .‘~ ~~~~ 42
. V

4’

4-)

w ~ l.a

4- ~) —— 2÷ ’P. ~~‘ 4 0 — i~a — -4 4 - 4  — 4 P d  I.14 c
446 Pd Pd 04 04 04 4 4 ... 4- .e — -~8. ~ 0

I S 2
S S • 7 — 7 •• S C — — .
S 6 4 4
I I C .
I —• C
• . .

• C•• •5 I 4- •
• I • *

I S • C
i : :  : ~~• S C C
I 4 4- 4
,~~~~~ I S .

Pd IC ~ C. ~ Pd :~~~~: : 4 . . — .  _ ——Z S — S S 2 S 5 * ~~~~0 4 0 4— — — — — — U s.a I a s  w e
..a ~a .~~ - ~ 

~~;t:
V •

V 0 0 5 8 ~a ~ z 5 .~. I 5 C  — —
4- 4- 4- 4. 8•~~~U 4I~

~ ~ ~ • ~~~~~~~~ ~ :. ~ ;I i I I I I 4 -~~~ ~ C.I ~ :
C. 4 4- 4- C. IL 

4- !~~~.! ~~:

~~~~
‘

~~~~~~~~ ~~~~~~ ~~~4 4- 4 4 4 4- ii - ;~:
4 

~~~—— t:

- 83 -

_  

V



— - - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -

.44 4 4

C. I- P.
• I I

S. Q.•• 0.04
444 .4

5 7 7

4 9 .5 4- ~~~ ..4 P4 P. ~ 0. 4- 444 p.04 9 0 ‘4 P. ~ 04 4-0. 4 3 04 04 04
Pd — — . 0404 -. — 0404 144. 04 — ~~~444 N 444 .5 04 .. 44. - ... 4.)

S Z Z  £ 2-- --
4.)

.4)

a)

IC SC 4
C. C IC 5 4- U. C. s w C. l.a ~i 4.)

14 14
4) P. 4) I U ~4) — U — U U 4) — U U U 0 0

..-404 469 84.5 PdP.U~ — e  5G~~ P.044 -.0’- — 4 4  — e  4-44 ...P.4 —00 —
...44 .44 04 ..4 .0..~ Pd — ... -4- ... — 4- —  ..4-04 ~~~4~~~~4 4 . 0 . P 4 . .  ..l 4-a 2 7
2 — C C S * S • 7 7 C S • 7— C . C * — C — C — * — — * — 4- — —• C • C * C * C

• S S * * * S S
C S * . * * * S
• S C C S C C S
I I I * C * - S * ~—
S • • C S a S
• I C I * C I

* S C S I I S •
• C C 4 C C C
• C S C 4- 5 5
I I C * * * I S
C • I I 4- 5 C *
* * e • • *: * : : : : :
• C C C * * C S

* : : : : :
• S C C I * S I

4.. C 0 4 0 4 . 1 P44 *0404P. C P v P d~~.044- 4 - 4 4  * f S P d I a  C.... — C 0 0 0~~~ .-. 4 -8 4  * 0 00  *4 4-
04 044I04~~~Pd 04Pd4V* 0 . . 4 0 0 4 0 4 4-  04~~ 0 4 4 .5450404445 4 - 4 0 4 0 4 4 - * 0 4 0 4 0 4  • P d f f i 4 4 6r~~P d . X C 0 4 0 4 0 4 S * P d 4 4 .

C 44* 44* U. • * - J4S 4*

~ : ~~: ~~: U
~~: ~~: i: n 1: ~~: ~ :5$  5 s: ~ ~~: ~.

~ ~~.: , 8: 8* 8: 8 ~~: 8 ~~: ! ~ ~ ~~: ~
13 ~ ~~: ~~: ~~: .~: ~: ~: ~: V
C. S 5 S C IL 4- 5 ~ 5 ~~~ 5 IL 4- 4~ C IC * IC

Ca SIC 43 4 - C C  4 1 C C  43 40 4.5404- 5 *4 0 4-  5 * 4 0 4 -  43 4I~~ 4 - * 4 0~~ 5*404-• .4*9 ~~~~~~~ 4. 5 9  4- U S C  U S C  4 4 * 4 -  4- 4 4 *4  U *8
4* 44 5. 5 41.. 45..I S C. Ca 4 C I C 4 -  4C~~~~ 4 * 4 - S  C. I C C  4 *4 . 5  4* 4-
p.4 4 - *P .  U 4 - S C .  4 - I P . C .  U C. 4 - S 5 I L  .LIC.4 4.41.14. 4- U. 1 4 . 5 4 - C .  5 4* 1 .

*4- 4- *4 5 4 - 4- 4 4 - 5 C C. * 4-C  5 44. 4 54.4 4 U S C  5 4 . 5  *44.4-

~~~~~~~4* 5 * 4  4 - 4 8  5 5 45 4  ... 5 4 * 8 4-  5*84. 5 * 8 4-  ~- & 4-  4 5 4 - IL B 4 I L
l#’ C 4 4 4 0 C C .  4 -C  V~ .’C.C ...VVC. 54 4 0 4 0 4 - 5  40 5.4.1 4 0 4 5  _ V ~~~ U. ft 4 4 4 *  4044.C

)*.~
-
~~~I$ i:~~n1:~~~,i: 21~~~~~~~~1u:~;~~ z~~~~ 1:~~~~::~~~S_ :)C& ::.. 

*$~~::i:~~;:: ~::~~:‘;:1
’;:1~~~~~:: ;:t: ;:t ’;

U

P 
-



0 C. C.

P. 5-
La

.4
a S
C.

V

t

0 .44
.504 0404 .44 4-

2 2

2 2 (‘U
a)
‘-I24

0
4.4

— C.
4- — 4~~ 0. 04 .4 4- 0. 4- — 4 4- 4-4 04 4044 444 -4 4’
.5 — 04- Pd 04.04 -. -4 .4 04 04..04 — .~~4- P 4 0 4  ~~~444 54. ~~~444 N

S

4’
a)

43 r~
IC IC

541 IC ~~ ~ UI C. Ca
C

4) 1. 4-. 4.) 4- 4- 4-.
U — U U — 4) 4) 4) 0~~~~~~44- .. .-4 4- 4 - 5 4  4P4 — . S..- .44 ..404 4-4 8 4 -4-  0 4 44  4- 40  #0

4~~ .44 04 4- ~~0.04~~ •~~4 0 4
5 7 2 2 —£ • a S 5 — S C S C S C * ~ I

— 
— — I — — I — S — I * S C £ C)

C * * I S C
S I * I I S S: : : : *

• I
* 5 * 5 5 5 5
• C * C C C I

S * 
C C C C C
I * I S I

* 
I : * C C
C I  C C
• 5 5 I C C
5
* : : C I

C Sa
* : : : *

5 C S * C C
• C I 5 I

* * S S
C * C I

* P. 4- P.. 4 4 - 4 - p .  • 0 4 4 0 4 4 4 0 4 5 4  4 4 . 4  4 0 4 4 0  5 4 4 4  . 4 4 -  5 44 . 4 9 4 - 4  0 4 0 4 0 4  * 0 4 0 4
4-04 P44 -4 - 4 4 4-C 4 - P d P . 4 5 P d 5 4 5 4_ 4 4 - 0 4 P d 5 4 5 4~~~ $ 4 - 5 4 5 4~~~~~~5 4 4 - 4 - 4 I r 4 I54 ...C5... .4

W I  U.S 44. .4.V 4. .4. 4-C

U ~~ 
F4 US

1: ~~: IS I : ~ 1X
. . ) 5 8 4  ~* 8 a : 8~~ ~~~~~~

— 

~~~~~ CS ~~ 0 CI
a s ~ ~: *

* I~ U - 43 *  Ii 4..- 
. 

~~~~~ — — 

~ ~~: ~ ~ ~~: ; a • — ~~~~~
4.. 

‘ * ~‘ ~ 4- * ~ C . C 4 0  C. 40 4-I C ~~~C 4 0
C S I

SC C s  43 4. 404 - 4 - 5 4 0 4  40~~ 4 *4 04 4*4 0 4  4- ~4.. 4- 444 4- U S C  S . 4 4 5 ., 4 4 C C  .~ S U * C  U C U S C  4.5
4 4 4 4- 4 5.5 4*44.4 C. 4-4 454 5  4 1 4- S  4 5. 4 - C U .  4- 4- 4 * 4  .5*4-

4-S C. 1. C.5 C. C. 44. — 4-54-4. 4-4- 4-5-4- 
4 - 4 -  I da

~~ 
~ ~~~~~~ ~~~~ ~~~~ C. C C .  5. 4- 54

4. 7 4 .5 7u ~~u C. •u ~~:u u~~~ us us  4-t 4- C C4- *4- 0 5*  ! ~5’ -U4- ,•* 40U 40 5* 40 54 0 * 4  C C
*5 5 4  5 0.44. C I S C .  — 8 4 -  5 * 4 - 4  C I S C .  .58 5 5 8  S 4- 4- 4 * 0 .

4 0 4 - 5  4 4 0 4-  C. C I L C  .40404 4- 4 0 4 . 5  4 0 4 - 5  4 0 4 - C  4 0 4 4 4 - 5  4 0 4 0 4 .  V 4 4 I L a  ( 0 4 0 4 -5  40

!9~!!!* ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 2I~ ::~~~*s :~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S~~~ 4- 4 - 5 t~~~~~~4.*0...u .-. *5 V ’S. C.~. v..cS  C_ a l  4 0_ J I  ~~~~~*C . _ &  .. .. $S 5 l  —

-85 —



~

--

~

t f l -~~Q35 563 RFNSS~L*ER POLYTECh NIC iNST ‘ROY N Y COMPIflFR RESEAR——flC Ft’s V�
COMPUTER RECOPiSTRLjCTxr’ “3~ PS BOUNDED BY QUADRIC SURFACES F——€T C (tI)
SEP 76 R SH AP IR A AF —AF OSR —fl37—76

UNCLASSIF IED CPL—*S APOSR TR—77—0051 Pt

~~Oj5 ~~~~~~__
__ 

____ 
-

_I_



- 

I

3 UIJ

Iz Z X Z

I
£1

.4.-

~~n•.i .4 — P 4  ~~ fl~~~~~P4-Ø ~~~~~~~ ~PaO~o.~ IA P.. u ø . i ~ ..~ a — 4’# - ~~~~~ U UI 
~~~~~~~ f il •4.. SM

H,
004

~~~~~~~ IId~~~V%4~~ w~s I~ *p.~~~~~4 a. — W I~~~~4 I~~~~~~~~~~~~ ~~~~~~~~ ~~~~~~~~ UI~~~~~, U — . 4  —
~~~

—
~~~

— :  
~~~~~~• 3 • 3 .  • • • 3 s I I  .414 • ~~z • ~ . z • • z z  . . x • I I 4 4 1  I• . . • • I I I _

• I • • . I: : 1  :• • • * S S • ~~~~
* t :i~~~.o

I I I I I I I ‘I~III I I I I I ~I!I• •~~~0~~~S • S 4~~ IO .~~~., • P P ~~~~~~q •*i4 c~~... Ii — ..~.e l  .— — — ~ : — — — ~ g ——— — t : — — •  z: —
~~~* 

• 
~ * I H~.I•~ 1I’F

lit 111 ~•:~ ~:: ~ ~~ s~
~~~~~~~~~~~~~~~~~~~~~~~~~~ i!i ~~~I ~

- 8 6 -

~~- ,- -__ - -•--- ___
— ‘~r~



I i

f

~

30 000 0~ 1 344 .44.44441 44444 W 441w 444
• N N N N N ~ N — N —~~ ~~~IJ5J U 3.J U a ... Us)

4 44  ~~ 44  4 4 4
5.~ 5.1 U 1)5.344 445 .44 444 W 54444

• N 4444 44 0
14 4 U 4 44  U 4 4  4 U 4 4  .j sJ 4 4  ..,4 Z~~~ 4 1~~1Z  4 1 1  1 N I X  4 4  I T4. 445 44% 54. (0 (054% 44. 54 .45 54 (0 5 4  4. ~ . 54444 

~‘4

4)
ri

$4

42
44 4 0 4 3  04 414

* — — — — — r.4 — 43
~~ 0 ~~ 4 0 sIs • 0 • o j o  .44 4 0 •0 

~~~~4 3.44 154 III — 44 — — .11 — 544 04 04
3. 3.

N N
3

U 444
544 III 44 III SM
a 3 43
5• — 04 5..

N I I

-i1 +~~•51004 ~~4 C 4 00a 4 — S.l~ N N N
~~~I3~~~~~~ ~~53 5.3~~ ~ 0

0 05 4 44I&4 ~~I4.4.- 5144 14.....

- * 
5.IU.J 5.14J U.4 3~~~~~..15.) 0 —II U

4 4 4  44N~~~~~~ 4 50 44 4.44. 44. 4 4 445 44. 44. 4 14 44~~~~4 4 1444.~~~~4 o

~~~~ g#  $ ~ ~~~ ~~~~~~~~~ : ~~~~~., : ~~~ : ~~~~~~~~~~ ~~~~~~~~ * 4  ~~~~~~~~~~ S I  I 4 . j 4  • s  1 4 . 41 4  * 4  ‘4 . 4 . 4 4 . 2 1  * 4)
4 41  * 5  1 * 1  I *1 * 1  44 1  I I  I 44  4I .~~ • • 1  I S I  I 4

I I *~~ I * 1  •ii * 1  I • i  I

I I • I  * 1  I

i I~ .t~~ :i , :. .

444 .III,
~ ; 

4

4

!l 4 . j  ~~~~~~~ :i ,  : i
e l u ;  * I J ~ I

j
1441 1 • ‘~~i•14441 •~~ :~~~• — 5044 

~~ 3 .
I I — S I 3 1  — —  .5 C 5.

4 4 . I N 1  4 4 * 1 * 1  , 4 . 4 4* 1  4 4 *
3*

~~ ~~~* S  I 3* 1  I 0 * 1  I 3*
44 5 0 3 .•1 4 I 1 4 3  •3.*J4~~~S •3.*i~~~~i ~~3.* I~~~ I ø I  O 3 . * I % t~~~ 04*  3 . 4

— 
~~~I2~ ~~~I~~~l ~~ t I V  ~~~~~~~~~~~~~~~~~

54 • I 5 4 I  * 1 5 4 1~~* ‘ U.,  

*

~i1U5 4 ’  , gg~ f ;tIiI 4$

44.

~‘‘~~t ~~* l S M $  
~~~~~~~~~~~~Ii” ~ s i~i “si~ I

a.I 
~ l1~ 

?;~~I — 
~ j *I..“fir L~~~*p::s~

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~g 
~~~~~~~.4.1 5$ S 4 . 4 4..l’.gI ’ .4....1., 

~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~
• ~~ 5

~~~~~~~ ib i s  ~~~~~~~~ ~~~~~~~~~~~ •S 5 •I 4 .4.5 ‘ 5 • I  ~ • 1 0 4 1 5

- a ?-



~1
644% 50

04 04 04 I 3 0. 4 0. • W N..-04 4 50 1 54 -. 4 4 4

~ I I VS
I I a

• I I —
N I I 4

S4
04 05

4. — I
2 50 4 04 C5.J1 4 0 4 0 1 0  44 S....

44. 04
I4& • • I  • 5 54.
N— 4 5 0 4  s—I— I Z N_I U —

4 540. — Il ls4. .3
.4, I I- 0- 05

I 54 .5.4 5 . 44 0 4 —
~ I 0 04 44.

~ 
—

U I N5.3 4. 4
.4. ‘40 g

4.4
4450450 -3. 34. -3 0 4i~• . 0 5 .U S .4 505.3 3 ‘4 •  .

54 5
• 2 5 4 4 5 . 4

— zaco
.45-

II NI 54 3N 
~ a

Ui. — 44 444 4.3

~ I 
~ j~.j ! :
4 ~. — V

4 4 $  • ‘4 8• V. . •?  ~~EN 5.. 04 54.4 44 — S• 54 4 I — e  44. .~ s.4 4. .44 44 44 04 .5
54 • ‘ a 25 •••~~ • N N a‘4546*1 • 3 CS — — •44 50 5.

44 44 5054

444: C C  C i  . 
~ — -

~ ~~~ •

~

• a

— 8 8 —

• ____
• • •



I
(a)

~~~~~~~~~

_ _ _ _ _ _ _ _ _ _ _ _ _ _  

(b)

• Fig . 6.8 Third Scene Example. (a) Picture 1,
(b) Picture 2 , (a)  Picture 3
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VII. SUMMARY AND CONCLUSIONS

7.3. Summary

The objective of this research was to investigate techniques for

the computer understanding of pictures of scenes. Three important prin-

ciples guided the research: (a) No complete preknovledge of the scenes’

bodies should be presumed since that requires a limited repertoire of

bodies. Instead, the number of bodies should be unrestricted and merely

some general properties of the bodies should be prespecified. (b) These

properties should be flexible enough to permit inclusion of al]. bodies

likely to be encountered. Cc) Since the input is to be gotten from

photographs, the presence of data imperfections such as missing information,

wrong information, and geometric inaccuracies must be• taken into considera—

tion. The difficulty of the described objective is highlighted by the

fact that previous research in this area always presupposed the placing

of severe restrictions on the problem environment. Where imperfect data

was dealt with, only a small , fixed repertoire of’ polyhedra was allowed (6).

Where the fixed repertoire was replaced by general properties of a family

of bodies (though less general than those assumed in this thesis), per—

feet input data was required (3, 18).

To achieve the objective set here, set of’ multiple pictures of the

scene was assumed to serve as the input data. New gr*~~ar rules needed

for the analysis of these pictures were, formalized . A procedure for

establishing matches between features in the different pictures, and for

verifying doubtful features , were devised, as veil, as procedures for

eliminating wrong data and for r.cavering missing data. Finally, a

- -  - ~~~~ ‘— • 
~~~~~
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procedure for assembling the analyzed data into sets, each describing a

single body of the scene , was constructed , including the det ermination

of the bodies’ faces and their nature.

• A computer program based on this approach was written. The pro-

gram was able, given real input data, to “understand” the photographed

scenes, and to yield plausible descriptions. Tk~ie program is cautious in

the decision making process , at the expense of losing some of the given

features. Thus , although the description obtained may be incomplete, no

errors are expected. A coamon and crucial difficulty encountered in the

preprocessing stage is telling a T junction from a flat Y or W junction.

This can be handled by the program , if desired , by adding the flat Y and

V junctions to the junctions that need verification. No restrictions

need be placed on the intersection of two curved faces ; however , if the

intersection is of a degree higher than that of a conic , the determina—

tion of an A junction may be problematic.

The main weakness of the test of the program is that the program

was not linked to an existing preprocessor . It thus was not subjected

to a completed “reality” test . However, if and when such a link—up with

a preprocessor is achieved , the power of the main program will grow in

the following sense : In the stage of data recovery we made a final judg—

aent as to whether or not a line should be extended to a junct ion on

the basis of the fitted equation and a set of severe restrictions.

Once the program is connected to a preprocessor , this can be replaced

with a requ est from the program to th. preprocessor to take a closer

lock in the particular area of interest . Tb. data recovery decision can

:1 
then be made on the basis of nay sor, precisely determined data.
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During the course of the developnent of the matching procedure , it

became apparent that a set of three pictures is a good choice but not

opt imal. If we use a bigger set of pictures (covering approximately the

same visible range), we are likely to need less context support and are

aimost certain to obtain superior results.

7.2 Specific Contributions

• The following are considered to be the specific contributions pre-

sented in this dissertation.

3.. New grammar rules, crucial f or picture analysis, for a family

of curved bodies were formulated. These rules, when also

applied to polyhedra, complement the set of rules already known

and strengthen our ability for machine analysis of pictures

containing polyhedral-type bodies.

2. Procedures were developed for matching features in a set of

pictures taken from different vantage point s, taking into con-

sideration the possible presence of serious errors in feature

extraction.

3. A technique was developed for the verification of doubtful

features extracted from the pictures, and for the elimination

of some possible preprocessor errors.

h. Data correction and recovering techniques were developed having

the ability of knowledgeably instructing the preprocessor for

further dat a extraction efforts .
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0 5. A procedure was formulated for assembling the analyzed data

from all pictures into sets , each representing a body , and

sep~enting into subsets , each representing a face. In addi-

tion a procedure was given for determining the nature of each

face (i .e. ,  whether planar or curved and what type of curve if

curved).

6. A program was written and tested for describing scenes of

curved bodies on the basis of imperfect data extracted from

multiple pictures . Except for information about some general

properties, the program has no a priori knowledge of the bodies.

The program consists of about 3,500 PL/I statements and was

tested against data extracted from photographs of real scenes.

7,3 Directions for Future Research

In our search to provide computers with some kind of 3D perception,

there is a strong tendency to imitate the way a human being’s perception

abilities function . There are two difficulties with that approach .

Firstly we do not know how a human’s perception really works. All models

for human perception presented thus far at best are able to explain only

a email part of this ability. Secondly it is questionable as to whether

imitating human perception is the best approach for dev.’loping machine

perception . It is the wr iter ’s feeling that a breakthrough in machine

perception , which departs from the traditional approach , is needed and

due to come.
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Meanwhile , following the present approach it appears that consider-

able improve~nents In performance can be achieved if the preprocessor is

incorporated more intimately into the overall process. It should not

stand by it self but rather be an integral part of the whole picture—

understanding process. For example, in the process of determining an

intersection of lines to locate a junctiqn (a painful task for the pre-

processor) other pictures should be consulted, utilizing the geometric

relations described in the thesis. The process of extracting features

from the pictures should not be serial but rather parallel , and

thoroughly exploiting the matching tools described. Also , as already

mentioned in Section 7.1, the possibility should be considered of using

pictures from more than three vantage points to provide the data for the

scene analysis. Finally, thought should be given to broaden and unify

the scene description terms . The two present modes of description —
faces and their intersections and combinations of simple volumes -
should be used together , in addition to other future terms, in a formal

scene description language .
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information from the pictures. The outline information (set of line structure .)
-~~~ may be imperfect in that some j unctions may be erroneously reported and some

lines may be missing. However , aU lines due to shad6w s a le assumed to ha ve
been eliminated by the preprocessor.

The thesi s includes a technique for establishing the validity of the jun ctions pre
sented by the preprocessor as well as for matching corresponding features in
the line structures d.rive d from the different pictures. New grammar rules
for line-drawin g projec tions of curved and planar solid bodies are developed.
These are useful in parsing the line drawings. The y have also led to the defi-
nition of a new family of impossible objects. The program works simultaneous
ly with all the available line structures. The parsing of every line str uctu r e is
suppor ted dynamically by the results gotten thus far from the parsing of the
othe r line structures. Through the parsing of the line structure s the use of plc
ture comparison and the application of the grammar rules , many of the prepro-
cessor errors are detected and partly corrected. The program also can pro-
vide feedback to the preprocessor in the form of suggestion as to where to look
again for lines Lu the pictures.

The program ut ilimes the extracted line structures corresponding to the d iffer-
ent bodies In all the pictures to determine the set of face. (insofa r as possible)
for every body. Evsry face is defined by an orde red set of n-tuples. The n-
tuples are the ri~~tched line, and junctions in the n diffe rent pictures. The
three-dimensional coordinates of the vertices and the equations of the faces car

• then be determined from these n-tuples. The program was written in PL/I and
has been tested on several scenes.
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