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GENERATING SEMANTIC DESCRIPTIONS
FROM DRAWINGS OF SCENES WITH SHADOWS+

Abstract

The research reported here concerns the principles

used to automatically generate three-dimensional
representations from line drawings of scenes.

The computer programs involved look at scenes which
consist of polyredra and which may contain shadows and
various kinds of coincidentally a.igned scene features.
Each generated description includes informationabout
edge shape (converx,. concave, occluding, shadow, etc.),
about the decomposition of the scene into bodies, about
the type of illumination for each region (illuminated,
projected shadow, or oriented away from the light
source), and about the spacial orientation of regions.
The methods used are based on the labeling schemes of
Huffman and Clowes; this research provides a
considerable extension to their work and also gives
theoretical explanations to the heuristic scene
analysis work of Guzman, Winston, and others.

»This report reproduces a thesis of the same title
submitted to the Department of Electrical Engineering,
Massachusetts Institute of Technology, in partial
fulflliment of the requirements for the degree of
Docter of Philosophy, September 1972,
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1.0 INTRODUCTION

How do we ascertain the shapes of unfamiliar objects?
Why do we so seldom confuse shadows with real things? How do
we "fa_~or out'" shadows when looking at scenes? How are we
able to see tha world as essentially the same whether it is a
bright sunny day, an overcast day, or a night with only
streetights for illumination? In the terms of this paper,
how can we recognize the identity of figures 1.1 and 1.2? Do
we use learning and knowledge to Interpret what we see, or do
we somehow automatically see the worid as stable and
independent of lighting? What portions of scenes can we
understand from local features alone, and what configurations

require the use of global hypotheses?

Various theories have been proposed to explain how
people extract three-dimensional information from scenes
(Gibson 1950 is an exceilent reference), It Is weil known
that we get depth and distance information from motion
parallax and, for objacts fairly close to us, from eye focus
feedback and pazrailax, ?ut this does not explain how we are
able to understand the three-dimensional nature of
photographed scenes, Perhaps we acquire knowiedge of the

shapes of objects by handling them and moving around them,
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SECTION 1.0 9

and use rote memory to assign shape to those objects when we
recognize them in scenes. But this does not explain how we
tan perceive the shapes of objects we have never seen before,
Similariy, the fact that we can tell the shapes of many
objects from as simple a representation as a line drawing
shows that we do not need texture or other fine details to
ascertain shape, though we may of course use texture

gradients and other details to define certain edges.

| undertook this research with the belief that it is
possible to discover rules with which a program can obtaina
three-dimensional model of a scene, given only a reasonably
good tine drawing of a scene. Such a program might have
applications both in practical situations and in developing
better theories of human vision., Introspectively, | do not
feel that there is a great difference hetween seelng

“reallity" and seeing line drawings.

Moreover, there are considerable difficulties both In
processing stereo images (such as the problem of deciding
which points on each retina correspond to the same scene
point; see Guzman 1968, Lerman 1i970) and in building a system
incorporating hand-eye coordination which cou'd be - sed to

help explore and disamiiguate a scene (Gaschnig 1971), It
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seems to me that while the use of range finders, multiple
light sources to help eliminate shadows (Shirai 1971), and
the restriction of scenes to known objects may all prove
useful for practical robots, these approaches avoid oming to
grips with the nature of human perception vis-a-vis the

implicit three-dimensional information in line drawings of

iRt py

real scenes. While ! would be very cautlcus about claiming

WA

parallels between the rules in my p ogram and human visual
3 processes, at the very least | have demonstrated a number of
capable vision programs which regquire only f!xed, monocular

3 line drawings for their operation.

In this thesis | dexcribe a working collection of é
computer programs which reconstruct three-dimensional é
4 de. ~li3tions from line drawings which are obtained from
scenes composed of plane-faced objects under various lighting 5
conditions. In this description the system ldentifies shadow
iines and regions, groups regions whic! [ elong to the same
object, and notlices such relations as contact or lack of

contact between the objects, support and in-front-of/behind

T N N Y PPN

relations bertween the objects as well as information about
the spacial ortentation of various reglons, all using the

description it has generated.
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SECTION 1.0 11

The overall gcal of the system Isto provide a preclse
description of a plausible scerne which could give rise to a
particular line drawing., !t Is therefore Important to have 2
good language In which to describe features of scenes. Since
| wish to have the program operate on unfamiliar objects, the
é language must be capable of describing such objects. The
3 language | have used is an expansion of the labeling system
3 developed by Huffman (Huffman 1971) in the United States and

Clowes (Clowes 1971) in Great Britain.

The language employs labels which are assigned to line
j segments and regions In the scene. These labels describe the
edge geometry, the connection or iack of connection hetween

adjacent regions, the orlentatifon of each region in three

o icaiit

dimensions, and the nature of the illumination for each
'E region (illuminated, projacted shadow region, or region
facing away from the light source). The goal of the program
Is to assizgn a single label value to each line and region In

the iine drawing, except in cases where humans also find a

feature to be ambiguous.
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SECTION 1.1 12

This language allows precise definitions of such

1 concapts as supported hy, In front of, behind, rests against,
shadows, is shadowed by, is capable of supporting, leans on,
and others. Thus, if it is possible to label each feature of
a scene uniquely, then it Is possible to directly extract

these relations from the descrirtion of the scene based cn

this labeling.
1.2 JUNCTION LABELS

3 Much of the program's power is based on access to 1..ts
of posstble line labei assignments for each type ofjunction

.é in a Yine drawing. While a natural language analogy to these

labels could be misleading, | thirk that it helps in

explaining the basic operation of this portion of the

program,

3 If we think of each possible label for a line as a

4 letter in the alphabet, then each junction must bhe

' labeled with an ordered list of "letters" to form a

3 iegal "word" in the language. Thus each "word"
represents a physically possible Interpretation for a
given junction. Furthermnre, each "word" must match the
E "words' for surrounding junctions In order to form a

E legal “phrase', and all "phrases" in the scene must

3 agree to form a legal "sentence" for the entlre scene.

2 The knowledge of the sys*em Is contained in (1) a
dictionary made up of every legal "word" for ssch type

2 of junction, and (2) rules by which "words" can legally
¥ combine with other "words". The range of the digtionary
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SECTION 1.2 13

entries defines the universe of the program; this

universe can be esxpanded by adding new entries

systematically to the dictlonary,

in fact, the "dictionary" need not be a stored list.,
The dictionary can consist of a relatively small list of
possible edge geometries for each junction type, and a set of
rules which can be used to generate the complete dictionary
from the original lists. Depending on the amount of computer
memory available, it may either be desirahle to store the
complete lists as compiled knowledge or to generate the lists
when they are needed. In my current program the lists are

for the most part precompiled,

The composition of the dictionary islint:resting in its
own right. While some basic edge geometries give rise to
many dictionary entries, some glve rise to very few, The
total number of entries sharing the same edge zeometry can be
as low as three for some ARROW junctions, including shadow
edges, whi'le the number generated by some FORK junction elge
geometries is over 270,009 (including region orientation and

i1lunination values),
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1.3 JUNCTION LABEL ASS!IGNMENT

There Is a considerable amount of local information
which can be used to select a subset of the total number of
dictionary entries which are consistent with a particular
junction. The first plece of information isalready included
implicitly in the idea of junction type. Junctions are typed
according to the number of lines which make up the junction
and the two dimensional arrangement of these lines. Filgure
1.3 shows all the junction types which can occur In the
universe of the program. The dictionary is arranged by
junction type, and a standard ordering Is assigned to all the
line segments which make up junctions (except FORKS and

MULTIS).

The program can alse use local region brightness and
linc segment directlon to preciude the assignment of certain
labels to lines, For example, if It knows that one region is
brighter than an adjacent region, then the line which
separates the reglons can be labeled as a shadowregion in
only one way. There are other rules which relate region
orientation, light placement and region (1lumination as well
as rules which limit the number of labels which can be

assigned to line segments which border the support surface

3
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SECTION 1.3 16

for the scene. The program {s able to combine all these
types of information In finding a list of appropriate labels

for a single junction,

1.4 COMBINATION RULES

Combination rules are used to select from the initlal
assignments the iabel, or labels, which correctly describe
the scene features that could have produced each junction In
the given line drawing. The simplest type of combination
rule merely states that a label is a possible description for
a junction if and only if there is at least one label which
"matches" it assigned to each adjacent junction. Two
junction labeis "match" If and only If the line segment which

Jjoins the junctions gets the same interpretation from both of

the junctions at its ends.

0f course, each interpretation (line label) is really a
shorthand code for a numhber cf properties of the line and its
adjoinin- regions. |f the program can show that any one of
these constituent values cannot occur In the given scene
context, then the whole complex of values for that line
expressed Implicitly in the Interpretation cannot he possible

either and, furthermore, any junction labe! which assligns
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this interpretation to the line segment can be eliminated as
: well, Thus, when It chooses a label to describe a

i particular junction, it constralins all the junctions which
surround the regions touching this junction, even though the

3 combination rules only compare adjacent junctlons.

More complicated rules are needed If It Is necessary to

relate junctions which do not share a visihle reglon or line
segment, For example, | thought at tnhe outset of my work

3 that it might be necessary to construct models of hidden

vertices or features which faced away from the eye in order
to find unigue labels for the visible features. The
diffliculty in this is that unless a program can find which
lines represent obscuring edges, it cannot know where to
construct hidden features, but !f |t needs the hidden
features to label the lines, Itmay not he able to decide
which lines represent obscuring edges., As [t turns out, no
such complicated rules and constructions are necassary in
general; most of the labeling problem can be solved by a

scheme which only compares adjacent junctions,
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1.5 EXPERIMENTAL RESULTS

Catree bt

When | began to write a program to Implement the system

I had devised, | expected to use a tree search system to find
which 1abeis or "words" could be assigned to each junction,
However, the number »f dictionary entries for each type of
sunction is very high, (there are almost 3000 diffarent ways
to label a FORK junction before even considering the possible
region orientations!) so | decided to use a sort of

"filtering program" before doing a full treze search.

The program computes the full list of dicticnary entries
for each junction In the scane, eliminates from the 1!5t
those labeis which can be precluded on the basgis of local
features, assigns each reduced 1ist to its junction, and then
the filtering program computes the possibie labels for each
line, using the fact that a line label Is possible if and
only If there is at least one junction labe! at each end of
the line which contains the line label., Thus, the list of
possibie labels for a line segment !s the intersaction of the
two lists of possibilities computed from the junction labels
at the ends of the line segment. I|f any junction label! would
assign a interpretation to the line segment which is not In

this Intersection list, then that label can be eliminated
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from consideration, The filtering program uses a network
iteration scheme to systematically remove all the
interpretations which are precluded by the elimination of

labels at a particular junction,

When { ran this filtering program | was amazed to find
that in the first few scenez | tried, this program found a
unique label for each line, Even when | tried considerably
more complicated scenes, there were only a few lines in
general which were not uniquely specified, and some of th.:se
were essentially ambiguous, i.e., | could not decide exactly
what sort of edge gave rise to the line segment myself. The
other ambiguities, i.e. the ones vnlch | could resolve
myself, in general reculre that the program recognize lines
which are parallel or collinear or regions which meet along
more than one line segment, and hence require mors glaobal

agreement,

| have been able to use this system to lnvestigate 2
large number of line drawings, Including ones with missing
lines and ones with numerous accidentally allgned junctions.
From these investigatlons | can say with some certainty which
types of scene features car. ¢ handled by the filtering

program and which require more complicated processing.
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¥
“hether or not more processing is regquired, the filtering
system provides a computationally cheap method for a~quiring

a great deal of information, For example, In most scenes a

LARCER LA SO A e b i AR e Lgh N e o 7
' P
u

large percentage of the line segments are unambiguously
2 labeled, and more complicated procassing can be dlirected to
the areas which remain ambiguous. As another example, If |

only wish to know which lipes are shadows or which lines are

LG O e S e e S

the outside edges of objects or how many objects there are In

the scene, the program may be able tc get this information

even though some ambiguities remain, since the ambiguity may

only involve reglion filumination type or regior orientation.

Figure 1.4 shows some of the scenes which the program is
able to handle, The segments which remain amblguous after
Its oparation are marked with stars, and the approximate
amount of time the program requires to label each scene lIs
marked below it. The computer is a2 PDP~10, and the program
Is written partially in MICRO-PLANNER (Sussman et at 1971)

and partially in compiled LISP,

R R e TR Rt b 0 e GRS can Tping
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(22 SECONDS)

FIGURE 14




R e e B e i R a4 i e e e N S R
- G e 2m . T SRR A o A - i AN S 2 Y e Lo R O T A G A TP R R A TN AR N N e

TAGE 24

(39 SECONDS)

TIGURE 14




s LN RS i

cas e |

g o b I G S

e O A T e F

SECTION 3.5 23

1.6 COMPARISON WiTH OTHER VISIGN PROGRAMS

My system differs from previousiy proposed ones in

several Important ways;

Fiest, it is able to handle a much broader range of
scene types than have previous programs., The program
"understands" shadows, some junctions which have missing
lines, and apparent aliznment ¢f edges caused by the
particular placement of the eye with respect to the scene, so
that no speclal effort needs to be made to avoid problematic

features,

Second, tiie design of the program facilitates its
integraticn with line-finding programs and higher-level
programs such as programs which deal with natural language or
overall systam goals. The system can be used to write a
program which automatically requests and uses many diff rent
typez of information to find the possible Interpretations for

a single feature or portion of a scene,

Third, the program is able to deal with ambiguity In a
natural manner. Some features In a scene can be ambiguous to

a person looking at the same scene and the program preserves

B N SREE PR R RN i e e it S iy ‘*‘*“W“ =

<

Pre g

W, .



S D £ kel ke R

Tt 0 T ot TR TR T e, AR el ST N e s e TS R W RBEE N TR R TN A

SECTION 1.6 24

these various possiblities. This tolerance for ambiguity Is
central to the philosophy of the program; rather than trying
to pick the "most probable” Interpretation of any features,
the program opetates by trying to eliminate Iimpossible
Interpretations. |If it has teen glven insufficient
infurmation to decide on a unique possihility, then it
preserves all the active possibilities it knows, Of course
if a single Interpretation is required for some reason, one

can be chosen from this 1ist by heuristlic rules,

Fourth, the program is algorithmic and does not require
facilities for back-up If the filter program finds an
adequate description, Heurlistlics have been used in all
previous vislion programs to approximate reality by the most
likely Interpretation. This may simplify some prchlems, but
sophisticated programs are needed to patch up the cases where
the approximation is wrong; in my program | have used &s
complete a description as | could devise with the result that
the programs are particularly simple, transparent and

powerful,

Fifth, because of this simplicity, | have been able t9
write a program which operates very raplidly. As a practical

matter this is very useful for debugging the sys.am, and

Podean R R R I ST £t N

AR PG A,
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SECTION 1.6 25

allows modifications to be made with relative ease.
Moreover, be-ause of its speed, | have been able to test the
program on many separate line drawings and have thus been
able to gain a clearer understanding of the capabil!ties and
ultimate limitations of the program. In turn, this
understanding has led and should continue to lead tc useful
modifications and a greater underst2zading of the natura and

complexity of proceduras necessary to handle various types of

scene features.

Sixth, as explained in the next section, the descriptive
language provides a theoretical foundatlion of conslderable

value In explaining previous work.

1.7 HISTORICAL PERSPECTIVE

3 One of the great values of the extensive descriptive
apparatus | have develcped is Its ablility to explain the
nature and shcrtcomings of past work. | will discuss In
Chapter 9 how my system helps in understanding the work of
Guzman (Guzman 1968), Rattner (Rattner 1970), Huffman

(Huffman 1971), Clcwes (Clowes 1971), and Orban (Orban 1970);

and tc explain portlons of the work of Winston (Winston 1970)

and Finin (Finin 1971a, 1971b). For example, | show how
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SECTION 1.7 26

various concepts such as support can be formalized In my

descriptive language. From this historical comparison

RSN P

¢ emerges a striking demonstration of the ability of good
descriptions to both broaden the range of applicabillty of a

program, and simplify the program structure,

1.8 IMPLICATIONS FOR HUMAN PERCEPTION

Lt LA R e S U D DLV L e LD A

1 My bellef that the rules which govern the Interpretation
1 of a line drawing should be simple Is based on the subjective
: impression that little abstraction ¢~ processing of any type
seems to be required for me to be able to recognize the
shadows, object edges, etc. in such a drawing, in cases where
the drawing Is reasonably simple and complete, 1! do not
believe that human perceptual processes necessarily resemble
the processes in my program, but there are various apects of
my solution which appeal to my Intultion about the nature of
that portion of the problem which Is independent of the type
of percelver., | think It Is significant that my program Is
as simple as It is, and that the Information stored in it is
so independent of particular objects, Back-up Is not
necessary in general; the system works for picture fragments
as well as for entire scenes; the processing time required

is proportional to the number of line segments and not an
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exponenttal function of the number; all these facts lead me

to belleve that my research has been in the right directions,

Clearly there are considerable obstacles to be overcome
In extending this work to general scenes., For simple curved
objects such as cvlinders, spheres, cones, and conic
sections, there should be no particular problem In using the
type of program | have written. (For a quite different

1 approach to the handliing of curved objects, see Horn 1970.)

| also believe that it will be possible to handie somewhat
more general scenes {(for instance scenes containing
furniture, tools and household articles) by approximating the
objects In them by simplified "envelopes" which preserve the
gross form of the objects yet which can be described In terms
like those | have used. In my estimation such processing
cannot be done successfully untll the problem of
recocnstructing the invisible portions of the scene is solved. ‘
This problem is intimately connected with the problem of %
using the stored description of an object to gulide the scarch »
for Instances of this object, or similar objects In a scene.
The ability to label a line drawing in the manner | describe
greatly simplifies the specification and hopefully will
simplify the solution of these problems. Chapter 8 deals

with natural extensions of my program which | beilieve will
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lead toward the eventual solution of these problems,
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2.0 QUICK SYNOPSIS

This chapter provides a quick look at some of the
technical aspects of my work, All topics covered here are
treated either in greater detail or from a different
perspective In later chapters. For a hurried reader this
chapter provides a map to the rest of the paper, and enough
background to understand a later chapter without reading all

the intervening ones,

2.1 THE PROBLEM

In what follows | frequently make a distinction between
the scene Itself (objects, table, and shadows) and the
retinal representation of the scene as a two-dimensional line
drawing. | will use the terms vertex, edge and surface to
refer to the scene features which map into junction, line and

region respectively In the line drawing.

Our flrst subproblem is to develop a language that
allows us to relate these two worlds. i have done this by
assigning names called labels to lines in the line drawing,
after the manner of Huffman (Huffman 1971) and Clowes (Clowes

1971)., Thus, for example, in figure 2.1 line segment J1-J2

s BTG Cutite At




Porifedd 4 et e R S T TR A T - - BERAES A U ok S5 R oY
¥ e -~ IS A 7\ i, - "
Py Rt TRYVIR LN MER L T e s o F RTINS RS 3 Sl L Ly LS oy T '
SN R i T K
NS T TERRAIRE TV T iy d. W § T e & w4
e L e i v RO F R E“;:::;':‘"ww"';'m

PAGE %0

< < =Y K

(1) (ARRoW) (D (F6RK)  (K)

Ji 72 36 714 713

J4 J3 J1l Jis
J7 JS
o 3'8 Ji2

J10

FIGURE 2.1




I IR oy T

e FOENSTL Y BOTEEN . L L Tt SSIRATE TR T SR TR S SRS AR R TR Y

PN P T 18, O T O 2 TR TS il Lk eyt W AR UE L WL

SECTION 2,1 31

is labeled as a shadow edge, line J2-J3 Is labeled as a
concave edge, line J3-Jl4 {is labeled as a convex edge, line
J4-Js is labeled as an obscuring edge and line J12-J13 Is
labeled as a crack edge., Thus, these terms are attached to
parts of the drawing, but they designate the kinds of things

found in the three~dimensional scene,

When we 1cok at a line drawing of this sort, we usually
can easily understand what the line drawing represents. |In
terms of a labeling scheme elther (1) we are able to assign
labels uniquely to each line, or (2) we can say that no such
scene could exist, or (3) we can say that although It is
impossible to decide unambiguously what the label of an edge
should be, it must be laheled with one member of some
specified subset cf the total number of labels., What
knowledge is needed to enable the program to reproduce such

labeling assignments?

Huffman and Clowes provided a partial answer in their
papers, They pointed out that each type of junction can only
be labeled in a few ways, and that If we can say with
certainty what the label of one particular line Is, we can
greatly constrain all other lines which Intersect that line

segment at its ends. As a speciflc example, If one branch of
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an L junction is labeled as a shadow edge, then the other

branch must be labeled as a shadow edge as weli,

Moreover, shadows are directional, (.e. In order to
specify a shadow edge, It must not only be labeled "shadow"
but must also be marked to indicate which side of the edge Is

; shadowed and which side is 11luminated, Therefore, not only

the type of edge but the nature of the regions on each side

can be constrained.

These facts can be ti1lustrated In a jigsaw puzzle
analogy, shown in figure 2.2. Given the five different edge
types | have discussed so far, there are seven different ways
to label any line segment, This implies that If all line
labels could be assigned independently there would be 7% = 149
different ways to label an L, 73 = 343 ways to label a
three-line junction, etc. In fact there are only 9 ways In
which real scene features can map into Ls on a retinal
projection., Table 2.1 summarize: the ways in which junctions
can be assigned labelings from this set, In figure 2.3, |
_? show all the possible labelings for each junction type,

\ Iimiting myself to vertices which are formed by no more than

three planes (trihedral vertices) and to junctions of five or

fewer lines, In Chapter 3 | explain how to obtain the
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LA K (LS ]

junctions In figure 2.3; | do not expect that it should be

R

obvious tc you how one could obtain these junctions. In
general, for clarity, | have tried to use the word labeling
% to refer to the simultaneous assignment of a number of line
labels, Labels thus refer to line interpretations, and

labelings refer to junction or scene interpretations.
2.2 SOLVING THE LABEL ASSIGNMENT PROBLEM

E Labels can be assigned to each line segment by a tree

search procedure. in terms of the jigsaw puzzle analogy,

imagine that we have the following items:

1. A board with channels cut to represent the line
drawing; the board space can accept only L pieces at each
place where the line drawing has an L, only ARROW pieces
where the line drawing has an ARROW, etc. Next to each
junction are three bins, marked "junction number", "untried
labels'", and "tried labels",

2. A full set of pleces for every space on the board., |f
the line drawing represented by the board has five Ls then

there are five full sets of L pleczs with nine pieces in each
set,

3. A set of junction number tags marked J1, J2, J3,
ese, Jdn, where n Is the number of junctions on the board.

L. A counter which can be set to any numbher between 1
and n.,

The tree search procedure can then be visualized as
follows:
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Step 1: Name each junction by placinz a junction number tag
in each bin marked "junction number",

Step 2: Place a full set of the appropriate type of pieces In
the "untried labels™ bin of each junction.

Step 3: Set the counter to 1, From here on in Nc w!ll be
used to refer to the current value of the counter, Thus if
the counter 13 set to 6, then J(Nc) = 6,

Step 4: Try to place the top piece from the "untried labeis"
bin of junction J(Nc) In board space J(Nec). There are
several possible outcomes:

4A. If the piece can be placed (1.e. the piece matches
all adjacent pieces already placed, If any), then

Al, |f Nc < n, Increase the counter by one and
repeat Step 4,

A2, |If Nc = n, then the pieces now on the board
represent one possible labeling for the line drawing. |If
this Is true then

. Write down or otherwise rememher the
labeling, and

if. Yranster the piece In space n back Into the
n-th “untried labels" bin, and

iti. Go to Step 5.

4B, If the piece cannot be placed, put it in the "tried
labels" bin and repeat Step 4.

4C., |f there are no more pieces in the "untried labels"
bin, then

C2. If Nc = 1, we have found all (if any) possible
labeiings, and the prccedure is DONE.

C2., Otherwise, go to Step 5.

Step 5: Do all the following steps:




P
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{. Transfer all the pieces from the Nc-th
“tried labels" bin into the Nc-th "untried tabels" bin, and

it. Transfer the piece in space Ng-1 fnto its
"tried labeis" bin, and

iti. Set the counter to Ne-1, and go to Step L.

To see how this procedure works in practice, see fligure
2.4, For thls example assunme that the pieces are piled so
that the order in which they are tried Is the same as the
order in which the pleces are listed in figure 2.3. The
example is carried out only as far as the first labeling
obtained by tha2 procedure, There is, of course, at least one
other labeling, namely the one we could assign by !nspection.
The "false" labeling found first could be eliminated In this
case by a program if It knew that R3 s hrighter than Rl or
that R2 is brighter than R1. It could then use heuristics
which only allow It to flt a shadow edga in one orientation,
given the relative illumiration on both sides of a line.
However, if the object happened to have a darker surface than

the table, this heuristic wouid not help,

Cleariy this proczdure leaves many unsolved problems.
In general there will ba a number of possible labetings from

which a program must still choose one. What rules can It use

to make the choice? Even after choosing a labelinz, In order
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to answer questions (about the number of objiects in the
scene, about which edges are shadows, about whether or not
: any objects support other objects, etc.) a program must use

rules of some sort to deduce the answers from the Information

It has,

I will argue that what is needed to find a single
reasonable interpretation of a line drawing Is not a more
clever set of rules or theorems to relate various features of
the line drawing, but merely a hetter description of the
scene features, In fact, it turns out that we can use a
parsing procedure which invo::es less computation than the

tree search procedure.

etk ey s
TR RO o DAL 6 1 Aon b4

2.3 BETTER EDGE DESCRIPTION

So far | have classified edges only on the basis of
geometry (concave, convex, obscuring or planar) and have

subdivided the planar class into crack and shadow

sub-classes, Suppose that | further break cdown each class
according to whether or not each edge can be the bounding
edge of an object. Objects can be bounded by obscuring
edges, concave edges, and crack edges. Figure 2.5 shows the

results of appending a label analogous to the '"obscuring

ORI e s .
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edge" mark to crack and concave edges. This approach is

similar to one first proposed by Freuder (Freuder 1971a).

Each region can also be labeled as belonging to one of

the three following classes:

| = 1luminated directly by the light scurce,.

SP - A projected shadow region; such a reglion would be
il1luminated if no object were between It and the light

source,

SS - A self-shadowed region; such a region is oriented

away from the light source,

Given these classes, | can define new edge lahels which
also include information about the lighting on both sides of
the edge. Notice that in this way | can include at the edge
level, a very local level, information which constrains all
edges bounding the same two regions. Put another way,
whenever a line can be assigned a single label which Includes
this lighting information, then a program has powertui

constraints for the junctions which can appear around elther

of the regions which bound this lina.
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Flgure 2.6 is made up of tables which relate the region
illumination types which can occur on both sides of each edge
type, For example, If either side of a concave or crack eadge

is {l1luminated, both sides of the edge must be {1lluminated,

These tables can be used to expand the set of allowable
junction labels; the new set of labels can have a number of
entries which have the same edge geometries but which have
different region illumination values., It is very easy to
write a program to expand the set of labelings; the
principles of its operation are (1) each region in a given
junction labeling can have only one {llumination value of the
three, and (2) the values on either side of each line of the

junction must satisfy the restrictions Iin the tables of

figure 2.6,

An interesting result of this further subdivision of the
line labels is that, with four exceptions, each
shadow-causing junction has only one possible Il1luminaticn
parsing, as shown in figure 2.7, Thus whenever a scene has
shadows and whenever a program can find a shadow causing
junction in such a scene, It can greatly constrain all the

lines and regions which make up this junction. In flgure 2.7
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| have also marked each shadow edge which I35 part of a
shadow-causing junction with an "L" i{f the arrow on the
shadow edge points counter-clockwise and an "R" if the arrow
points clockwise, No "L" shadow edge can match an "R" shadow
" edge, corresponding to the physical fact that It Is
impossible for a shadow edge to be caused from both of Its

ends,

There are two extreme possibilities that this
partitioning may have on the number of junction labellngs now

L

needed to describe all real vertices:

(1) Each old junction label which has n concave edges, m
crack edges, p clockwise shadow edges, q counterclockwise
shadow edges, s ohscuring edges and t convex edges wiil have

to be replaced by (20;1(6{“(3)P(3)q49)s(8)t new junctlons, or

(2) Each old junction wiil give rise to only one new

junction (as In the shadow=-causing junction cases).

If (1) were true then the partition would be worthless,
since no new information cculd be gained, If (2) were true,
the situation would be greatly improved, since !n a sense al)

the much more precise information was implicitly Included in
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the origtnal junctions but was not explicitly stated,

i o R

Because the information is now more explicitly stated, many

KA o A

matches between junctions can he precluided; for example, if
in the old scheme some line segment L1 of junction label Q1
could have been labeled concave, as could line segment L2 of
junction label 02, ~ line jolning these two junctions could
have been labeled concave. But In the new scheme, if each

@ junction 'abel gives rise to a single new label, both L1 and

% L2 would take on one of the twenty possible values for a

' concave 2dge., Unless both L1 and L2 gave rise to the same
new label, the line segment could not be labe,.J concave
using Q1 and Q2. The truth lies somewhere between the two
extremes, but the fact that it is not at the extreme of (1)
means that there is a net improvement. In Table 2.2 |
compare the situation now to cases (1) and (2) above and also

to the situation depicted in Table 2.1.

ji | have also used the better descriptions to express the
restriction that each scene Is assumed to be on a horizontal
table which has no holes in it and which is large enough to
fill the retina, This means that any line segment which
separates the background (table) from the rest of the scene

can only be labeled as shown in figure 2.8. Because of this

fuct the number of junction labels which could be used to
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label ‘uncticns on the scene/background boundary can be

greatly restricted.

The value of a better description should be immadiately
apnarent. In the old classification scheme three out of the
seven line labels could appear on the scene/background
boundary, whereas in the new classification, only seven out
of fifty labels can occur. Moreover, since each junction
must have two of Its line segments bounding any region, the
fraction of junctions which can be on the scene/background
osoundary has Iimproved roughly from (3/7}3(3/7) = 9/49 = 18,453
to (7/57)(7/57) = 49/3149 = 1,6%. The results of these

improvements will become obvious In the next sectlen.

2.4 PROGRAMMING CONSEQUENCES

There are so many possible labels for each type of

junction that | decided to begin programming a labeling

system by writing a sort of filitering program to eliminate as

many junction labels as possible before beginning a tree

search procedure,

P
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The filter procedure depends on the following

3 observation, given in terms of the jigsaw puzzle analogy:

Suppose that we have two junctions, J1 and J2 which are
joined by a line segment L-Jl-d2. Jl and J2 are
represented by adjacent spaces on the board and the
possible labels for each junction by twoc stacks of
pieces. Now for any piece M In Jl's stack either (1)
there is a matching piece N In J2's stack or (2) there
is no such piece. If there is no matching siece for M
then M can be thrown away and need never bhe considered
again as a possibte junction label.

The filter procedure below Is a method for
systematically eliminating all junction labels for which
there can never be a match, All the equipment is the same as
that used in the tree search example, except that this time |

have added a card marked "junction modified" on one side and

"no junction modified" on the other.

Step 1: Put a junction number tag hetween 1 and n In
each "junction number'" bin, Place a full set of pieces
in the "untried labels" bin of each junction.

Step 2: Set the counter to Nc = 1, and nlace the card so
that It reads "no junction modified".

Step 3: Check the value of Nc:

A, If Ne= n+ 1, and the card reads 'ho junction
modifled" then go to SUCCEED,

B. If Nc = n+ 1, and the card reads "junction
modi fied" then go to Step 2, (At least one piece was
thrown away on the last pass, and therefore It is
possible that other pieces which were kept only because

ovg e
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this piece was present will now have to be thrown awvay
also,)

C. Otherwise, go to Step 4.

Step 4: Check the "untried tabels" bin of junctlion
J(Nc):

A, If there are no pieces ieft In the Nc-th
"untried labels" bin, then

Al. If there are no pieces in the Nc-th
"tried labels" bin, go to FAILURE.

A2. Otherwise, transfer the pieces from the
Nc-th "tried labels" bin back intoc the Nc-th "untried
labels" bin, add 1 to the counter (Nc) and go to Step 3.

B. |If there are pieces left in the Nc-th “untried
labels" bin, take the top piece from the bin and place
it in the board, and go to Step 5.

Step 5: Check the spaces adjacent to space Nc:

A. If the piece In the Nc-th space has matching
pieces In each neighboring junctlion space, transfer the
piece from space Nc into the Nc-th "tried tabels" bin,
and transfer the pieces from the nelghbtuoring spaces and
the neighboring "tried labeis" bhins back into thelr
"untried labels" bins.

B. |f there are empty neighboring spaces, then

Bl, If there are no more junctions in the
nelighboring "untried labels" bins which could fit with
the piece in space N¢, then that piece is not a possible
label. Throw it away, and arrange the card to read
"junction modified" If It doesn't already.

B2. Try pieces from the neighboring "untried
labels" piles until either a piece fits or the pile Is
exhausted, and then go to Step 5 again.

SUCCEED: The pieces in the "untrlied labels'" bins of each
junction have passed the filtering routine and
constitute the output of this procedure.
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FAILURE: There is no way to label the scene given the

current set of pileces.

In the program | wrote, | used a somewhat more complex
variation of this procedure which only requires me pass
through the junctions. This procedure Is similar to the one

used to generate flgure 2.9, and is described below.

When | ran the filter program on some simple line
drawings, | found to my amazement that the filter procedure
yielded unique labels for each junction in most cases! In
fact in every case | have tried, the resuits of thls
fllitering program are the same results which would be
obtained by running a tree search procedure, saving all the
labelings produced, and combininz all the resulting
possibilities for each junction., In other words, the filter
program in general eliminates all labels erxcept those which

are part of some tree search labeling for the entire scene,

It is not obvious that this should be the case., For
example, If this filter procedure is applied to the simple
line drawing shown in figure 2.4 using the old set of labels
given in figure 2.3, It produces the results shown in figure
2.9. In this figure, each junction has labels attached which

would not be part of any total labeling produced by a tree

T T W T LT o -, 22 PR - = o3 At e TR TATSSG R R JUTT Y mETONAT T TR T T e
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search. This figure is obtained by going through the

junctions in numerical order and:

(1) Attaching to a junction all labels which do not

E conflict with junctions previously assigned; 1.,e, If it is
known that a branch must he labeled from the set S, do not
attach any junction labels which would require that the

branch be labeled with an element not in S.

(2) Looking at the neighbors of this junction which have
; already been labeled; If any lahel does rnot have a
corresponding assignment for the same branch, then eliminate

it.

(3) Whenever any label is deleted from a junction, look
3 at all its neighbors in turn, and see iIf any of their labeis
can be eliminated. |f they can, continue this process
iteratively until no more changes can be made. Then go on to
the next junction (numericalliy). The junction which was
being labeled (as in step (1)) at the time a label was

eliminated {struck out in the figure) is noted next to each

el iminated label in figure 2.9.




AT R T At DU X L AL PR N i 2R A e - Ty REWTERSIESTEYSTY 0 - wocll v ST s T - - ¥ Amr TR R TN T e AL L A O f ety e A St Rty

W g Te

SECTION 2.4 61

The fact that these results can b2 produced by the
filtering prozram says a great deal about line drawings
generated by real scenes and also about the value of precise
descriptions, There is sufficlient local information in a
line drawing so that a program can use a procedure which
requires far less computation than does a tree search
procedure. To see why this Is sc, notice that if the
description the program uses is good enough, then many
jur_tions must always be given the same unique label in each
tree search solution; the filtering program needs to find
such a label only once, while a tree search procedure must go
through the process of finding the same solution on each pass

through the tree,

Quite remarkably, all these results are obtained using
only the topology of line drawings plus knowledge about which
region is the table and about the relative brightness of each
region. No use Is made (yet) of the direction of line
segmerts (except that some directional Information is used to
classify the junctions as ARROWs, FORKs, etc.), nor is any

use made of the length of line segments, microstructure

edges, lighting direction or other potentially uzerul cues.
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2,5 HANDLING BAD DATA

So far i have treated this subject as though the program
would always be given perfect data. In fact there are many
type: of errors and d.generacies which cccur frequently.

Some of these can be corrected through use of better line
finding programs and some can be eliminated by using stereo
Information, but i would like to show that the program can
handle various problems by simple extensions of *he list of
junction l1abels, In no case do | expect the prcgram to be

able to sort out scenes that people cannot easily understand.

Two of the most commen tyoes of bad data are (1) edges
missed entirely due to equal region brightness on hoth sides
of the edge, and (2) accidental alignment of vertices and
lines, Figure 2.10 shows a scene contzining !nstances of

each type of problem.

The program handles these problem junctions by
generating labels for them, just as it does for normal
junctions. It is important to be able to do this, since {t
Is in general very difficult to identify the particular
junction which causes the program to fail to find a parsing

of the scene. Even worse, the program may find a way of

- T I S
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interpreting the scene as though the data were perfect and it
would then not even get an {ndication that it should look for

other Interpretations.

2.6 ACCIDENTAL ALIGNMENT

Chapter 7 treats a number of different types of
accidental alignment. Figure 2,11 shows three of the most
common types which are included in the program's repertolire;

consider three kinds of accidental alignment:

(1) cases where a vertex apparently has an extra line

-

the vertex (see figure 2,11a), . ’

(2) cases where an edge which Is between the eye and a

vertex appears to intersect the vertex (see figure 211b),®

- »

and

3 " M) ry
(3) cases where a shadow s projected so that It

actually does intersect a vertex (see flgure 2,11lc).
»

. »

because an edge obscured by the vertex appears to be part of -

SRIA RN &»\H;.m
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2.7 MISSING LINES

T VIR o TR 77T

| have not attempted to systematically include aill

missing line possibilities, but have only Included labels for

the most common types of missing lines. | require that any

H
lii missing line be in the interior Of the scene; no line on the

i e

scene/background boundary can be missing. | also assume that

SO G B

: ali objects have approximately the same reflectivity on all
: surfaces. Therefore, if a cenvex line Is missing, | assume
that elther both sides of the edge were il1luminated or that
both were shadowed. | have not really treated missing lines
in a complete enough way to say much about them, Therew 1!
have to be facilities in the program for filling In hidden
surfaces and back faces of objects before missing lines can

be treated satisfactorily,

In general the program will report that It isunable to
label a scene if more than a few lines are missing and the
missing line labels are not included in the set of possible
junction labels. This Is reaily a sign of the power of the
rogram, since if the appropriate labels for the missing line
junctions were incl i “ed, the program would find them
uniquely., As an exemple, the simple scene in figure 2.12

cannot be !'abeled at all unless the missing line junctions

e N P ot s ~ e
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are included,

2,8 REGION ORIENTATIONS

Regions can be assigned labels which give quantized

Y T AT

values for region orientations in three dimensions. These
labels can be added to the junction labels in very much the

sam@ way that the region il1lumination values were added, It

is impossible to do justice to the topic here, but region

orientations are treated in considerabie detail in Chapter 8.
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Gk z Rt T e L b LR s

3.0 TRIHEDRAL JUNCTION LABELS

AR

The knowledge of this system is expressed in several

distinct forms:

A

(1) A list of possible junction labels for each type of

il e

junction geometry includes the a priori knowledge about the

ey it

pussible three dimensionai interpretations of a junction.

(2) Selection ruies which use junction geometry,
knowledge about which region is the table, an: region
brightness. These can easily be extended to use line segment
directions to find the subset of the total list of possible
junction labelings which could apply at a particular junction

in a line drawing.

(3) A program to find the possible labelings; 1t knows
how to systematically eliminate impossible combinations of
labels in a line drawing and, as such, contalins implicit

knowledge aktout topslogy.

(4) Optional heuristics which can be Invoked to select
a single labeling from among those which remaln after all the

other knowledge in the program has been used, These

Strd b ki I T R T S | L1 2o
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heuristics find a "plausible'" iInterpretation {f required.

i For example, one heuristic elimirates interpretations that
involve concave objects in favor of ones that involve convex
objects, and another prefers interpretations which have the
smallest number of objects; this heuristic prefers a shadow

interpretation for an amblguous region to the interpretation

TR,

hig s

of the region as a piece of an object.

In this chapter | show how to express the first type of

knowledge, and give hints about some of the others. A large

proportion of my energy and thought has gone into the cholice
of the set of possible line labels and the sets of possible

junction labels. In this | have been guided by experiment

i -0 R
R AR—— AP — .

g f with my program, since there are simply too many labels to
hand simulate the program's reaction to a scene. The
program, the set of edge labels, and the sets of junction
labelings have each gone through an evolution involving

several steps. At each step | noted the ambiguities of

ey

interpretation which remained, and then modified the system

appropriately,

The changes have generally involved (1) the subdivision

TIIRTIY

of on2 or more edge labels into several new latels embodying

finer distinctions, and (2) the recomputation of the junci.ion

g
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label lists to include these new distinctions., In each case
| have been able to test the new scheme to make sure that it
solves the old problems without creating any unexpected new
ones. Fcr example, the Initial data base contained only
junctions which (1) represented trihedral vertices (i.e,
vertices caused by the intersection qf exactly three planes
at a point in space) and (2) which could be constructed using
only convex objects. The present data base has been expanded
to include all trihedral junctions and a number of other
junctions caused by vertices where more than three planes

meet.

Throughout this evolutionary process | have tried to
systematically include in the lists every possibility under
the stated assumptions. In this part of the system | have
made only one type of judgement: If a junction can represent
a vertex which is physically possible, include that junction

in the data base.

3.1 EDGE GEOMETRY
y)
The flrst problem is to find all possible trihedral
vertices. Huffman observed that three intersecting plades,

-

whether mutually orthogonal or not, divide space Into eight

-m:i:—:ﬂ
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parts so that the types of trihedral vertex can be
characterized by the octants of space around the vertex which

are filled by solid material (Huffman 1971).

Dowson (Dowson 1971a) went a little further in
discussing how one could write an algorithm to find all
possible trihedral junctions and their labels (using the
simple three-label model of Huffman and Clowes). In fact he
never used his system to generate every class of junction
geometry but was satisfied to show that it could generate the
twelve labels which Huffman and Clowes originally used.

These twelve labels represent four different ways of filling
in the octants (where | have not counted ways of filling the

octants which differ only by rctaticn as different).

Dowson's scheme is useful for visualizing how to
generate the ten different ways of filling the octants which
I use. Consider the general !ntersection of three planes as
shown in flgure 3.1, These planes divide space Into octants,
which can be uniquely identified by three~dimensional bhinary
vectors (Q 9 Q) where the x, y, and z directions are
specified as shown. The vectors make it easy to describe the
various geometries precisely. | can then generate all

possible geometries and non-degenerate views by Imagining
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various octants to be filled in with solid material. There

are junctions which correspond to having 1, 2, 3, 4, 5, 6, or

TTTREFS

7 octants filled, Figure 3,2 shows the twenty possible

L rineg

geometries that result from filling various occtants, and in

3 Appendix 1 | have shown all the junction labelings (not

I

including shadow variations) which can result from the
geometries in figure 3.2A., The resuit of this process Is 196
different junction labels. Figure 3.2B consists of the
geometries which | have chosen not to us- to generate

; junction labels, | have not included these geometries hecause

each involves objects which touch only along one edge, and
whose faces are nonetheless aligned, an extreme'y unlikely
arrangement when compared to the other geometries. (In
addition, some of the geometries are physically impossibhle
unless one or more objects are cemented together along an

edge or supported by invisible means.)

The four geometries recognized by Huffman, Clowes, and
Dowson correspond to my numbers 1, 3, 5, and 7 in flgure

3. 2A.

In figure 3.3 | show how the 20 different 1-bels with
type 3 geometry can be generated. Baslcally thls process

involves taking a geometry from figure 3,2A, finding all the

PR S A YO\ EUMRRA g e Fo JMRBE .o g 7 o A M R XA Y e LasCli it it Au D

Bare
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ways that the solid segments can be connected or separated,
and finding all the possible views for each partitioning of
the quadrants. To generate all the possible views one can
either draw or Iimagine the particular geometry as it appears
when viewed from each octant. From some viewing octants the
central vertex Is blocked from view by solid matertal, and
therefore not every viewing position adds new labelings.
Appendix 1 is obtained by applying this process to each of

the geometries In figure 3, 2A.

Whenever one of the regions at a junction couid
correspond to the background (l.e. the region is not part of
one of the three planes which intersect at the vertex) | have
marked the region with a star (%) both in figure 3.3 and
Appendix 1., Later | will show how to use this information to
aid the selection rules., Only 37 out of the 196 labels in

Appendix 1 can occur on the scene/backgrou~1 boundary.
3.2 A USEFUL HEURISTIC

This section previews the general dliscussion later
concerning how to choose a single labeling {f ambiguities are
still left at the end of the regular program's operation.

The regular program keeps every conceivable interpretation,

e o N - b - PR AT v st ST C
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é

% Clearly in some cases the scene Is essentially ambiguous,

i i.e. human beings can interpret the scene in more than one

k way.,

1 Given the line drawing shown in figure 3.4, how can a

: program decide which of the interpretations, A, B, Cor D, is
1

g “"correct"? 1In a picture there may be cues about how the
objects srould be separated in the details of the edges
L-J1-J2 and L-J2-J3 of figure 3,4, But given only the line

drawing of figure 3.4, the program will find the four

interpretations listed, Because we generally prefer the
scene interpretation which has the smallest number of convex
objects, | have appropriately marked all junction labelings
which include either concave edges (whether visible or not)
or three-object edges. The output of the regular program is
then a single label or list of labels for each junction.
Obviously if theve Is only a single tabel, then there is
nothing left to do. But If more than one tabel is left, it
can purge labels corresponding to concave or three-edge

junctions,

This heuristic correctly labels all the scenes shown ..
fisure 3.5A, but finds the wrong labeling for figure 3.5B

because it always prefers to Interpret scenes as made up of

D e RN d ke o XN
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convex objects, and does not know enough to preclude the

PR I Mt Gl O o

convex labeling in this case because object A In figure 3.58

has no support. Of course, for ambiguous scenes like figure

3.4 the ‘suristic selects interpretation A,

e A AT T A W Ui

3.3 SHADOWS AT TRIMEDRAL VERTICES

To find all the variations of these vertices vhich
include shadow edges, first note that vertices with 1, 2, 6
or 7 octants filled cannot cause shadows such that the shadow
edges appear as part of the vertex, This can be statec more
generally: in crder to he a shadow-causing vertex (i.,e, a
vertex where the ceused shadow edge radiates from the vertex)

there must exist some viewing position for the vertex from

RN Seou N o

which either two concave edges and one convex edge or one

concave edge and two convex edges are visible, Consider the

geometries listed in figure 3.2A, First, a shadow-causing
¥ edge must be convex. Second, unless there Is at least one
concave edge adjacent to this convex edge, there can be no
surface which can have a shadow projected onto It hy the
light streaming by the convex edge. Finally, a junction

which has one convex and one concave edge must have at least

s | one other convex or concave edge, since the convex edge and

s
-
E
£
X
A
i

concave edge define at least three planes which cannot meet

o g,
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at any vertex with only two edges.

This immediately eliminates 73 out of 196 & the labels

in Appendix 1 from consideration. Appendix 2 shows the
shadow edges ('f any) which can occur at each of the
remaining vertices., Appendix 2 is constructed in the manner
Illustrated in figure 3.6; for each potential shadow-causing
vertex, imagine the light source to be in each of the octants
surrounding the vertex, and record all the resulting
junctions, | have marked each shadow edge which Is part cf a
shadow-causing junctior with an "L" or "R" according to
whether the arrow on the shadow edge points counterclockwise

or clockwise respectively.

Any junction which contains either a clockwise shadow
edge, marked "R," or a counterclockwise shadow edge, marked
"L," is defined as a shadow-causing junction, The reason for
distinguishing hetween the L and R shadow edges Is that this
prevents labeling an edge as if it were a shadow caused from
both its vertices., Without this device there would be no way
toc prevent figure 3.7 from being labeled as shown, with line
segment L-A-B interpreted as a shadow edge. (! use "L-" as a
prefix to mean "line segment(s) joining the following

points'"; thus L-A-B is the line segment joining points A and

. A
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PAGE 95
TO FIND ALL. THE SHADOW POSSIBILITIES TOR °
A TUNCTION , FIRST IMAGINE TT AS PART oOF
AN OBIEHCT, AND TEFINE A COORDINATE SYSTEM
CENTERED AT THE TUNCTION:

- - - e -

CETANT
o)

OCTANT
- 4Y1))

OCTANT  ~~3
(oot) _” S /

Lt u i e AT e A ST s R bt o e

,/ OCTANT
41-1D)

THEN IMAGINE THE LIGHT SCURCE To BE IN
EACH oF THE FOUR OCTANTS:

LIGHT IN (ocof):
{NO SHADOW EDEES
VISTBLE AT VERTEX)

LIGHT IN (101):

LIGHT ON BOUNDARY
OF (101) AND (111):
. (DEGENERACY;
LIGHT TN PLANE
3 OF A.)
FIGURE 3.6
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it ki Tt

B.) When the "L" and "R" marks are attached to ea.h shadow
causing junction, then the two shadow causing junctions at A E

and B in figure 3.7 no longer are compatible, and therefore 5

the labeling shown will not be considered possible by the

program.,

"

3.4 OTHER NON-DEGEMERATE JUNCTIONS

AT by ks g 4 b b ol

| now must describe vertices which do not fall into the

categories | have described so far. These Include (1) all

oG s g s

the rest of the combinations that shadow edges can form and

(2) obscured edges.

o 19 WO Kot

in flgure 3.8A | show all the other non-degenerate
vertices which involve shadow edges, and In figure 3,%8 |

show all the obscured edges.

Later | return to the topic of junction labels and show

how it is possible to also Include junctlions representing
common degeneracies and accidental ailgnments as well as
junctions with missing iines. In the degenerate cases | do
not include every labeling possibility; 1instead | include
the most common occurrences using certain observations about

junctions. This Is Important since | do not want to limit the

R I N T D T a a s
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SECTION 3.4 102
;i program to any particular set of objects. Fortunately
7? certain types of junctions are rare no matter what types of
3 objects are in a scene; four example, many junctions can only
f occur when the eye, light and object are aligned to within a
4 few degrees, and when these junctions alsc contain unusual or
ig aligned edges the combined llikellhood of the junctions Is low
“i enough so that they can be safely omitted. As shown in
1 Chapter 7, the program can still give iInformation about
fé junctions even if they do not have proper labelings listed in
.i the data base, provided that not too many of these occur
;f together In a single scene., Moreover, this approach is
*Eé reasonable, since any additional ability to use stereo Images
’é? or to move the eye or range-finding ability will allow a
"f’ program to disambiguate most of these types of festures,.
3
3.5 A CLASS OF DEGENERACIES
| ; As a final topic, | include one type of degeneracy which
;:f cannot be resolved by eye motion or stereo. This type of
?.; deg=neracy results when the light source s placed In the
;é plane defined by one of an object's faces. In this case,
; shadows 2re aligned with edges to produce junctions which are
\; unlabelable given only the normal set of labels described so
}% far., Two examples of such alignment are shown in figure 3,9A
3

PRI S5 -

RV O A PR T RO N X

s s WS A &

2 2wl SR EL S b S i B




Aatvew

T SRR

W

et e e o

TIGURE 3.8

. e gl AT R -
T by 7 13 4 1w L VSN S |

3
3
7
U
)
3
g
"
k]
z
1

e d AL

Tehis P PRl

o

1 hasn AU

B T S, oA A SEEN 5 27 BPRE P T2 A b SRt B Y Y

L T bl st

A

’
X

Bt ho

e St A,




R e = e R e S e o e LA S R} A bt g R LS i e e

SECTION 3.5 104

and figure 3.9B and a complete listing of this type of
junction is found in Appendix 3. | have excluded cases where
a shadow edge is projected directly onto an edge of some
other type (as in flgure 3.,9C)., These cases are excluded
since they would require me to define new edge labels which
are of very limited value, although there Is no technical
difficulty in defining such edges and junctions. | also have
exciuded, for the time being, cases like the one shown in
figure 3.90, since the two junctions marked only appear to ba
T junctions when the eye is in the plane defined by the light
source and the shadow-causing edge (L-A-B or L-C-D in figure
3.90). If the eye is moved to the right, the shadow-causing
junctions chang~ to ARROWs or FORKs as flllustrated in figure
3.9E. In contrast, notice that for the scenes shown in
figures 3.9A and 3.9B, no change in eye position can make any
difference in the apparent geometry of the shadow-causing

junctions,

Later (in Chapter 6) | consider some of the common
non-trihedral juncclions which the program is likely to

encounter, Some of these require me to define extra labels.
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The grand total number of legal trihedral junctions

listed in this chapter is 505. The interesting thing in my

i it

estimation Is that the number of junction labels, while

IR R B 5L L Bt 6 o Vs 350 . 5 B,

fairly large, is very small compared to the number of

Vi

possibilities if the branches of these junctions were labeled

independently; moreover, even though | have not yet shown

bt ikl i)

how to include various degeneracies and alignments, | believe 4

L

that the set | have described already is sufficient for most

Supd Mot o et o

scenes which a person would construct out of plane-faced

objects, provided that he did not set out to deliberately

confuse the program,

Since it may not be obvious what types of common
vertices are non~trihedral, figure 3,10 contains a number of

such vertices., Later sections show how to handie all of

v BEarde skt LR
b S Qe 1T
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T A g D

Yol

4,0 COMPLETING THE REGULAR DATA BASE

RS e

kb

It would be hard to devise a program which could start

R g P U

: with a few pieces of Information and eventuaily yield the

S L ZA N it o et s

E list of junctions described in Chapter 2. Moreover, even |{f

such a program were written (which would indeed be

theoretically interesting), it would be rather pointless to

R I b LS

generate labels with it every time the labels are needed In

e ot

an analysis, Instead the generating program could run once

b

and save its results in a table. In this form the junction

RS K

labelings table Is a sort of compiled knowledge, computed

P b

once using a few general facts and methods. The knowledge h

the current program s almost totally In this compiled form;

e 6 LA ot bl

this Is the reason for its rapid operation, but | have paid a

L

price for this speed in that | require a large amount of

Eane boiot il

memory (about 14,000 words) to store the junction labelings.

(All the rest of the labeling program occupies only about
4000 words of memory aven though It Is written In
MICRO~PLANNER and LISP, neither of which are particularly

noted for space efficiency.)
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k.1 REGION ILLUMINATION ASSIGNMENTS

Given tables of allowable region il1lumination values
(flgure 1,6}, it is easy to show how to write a program which
expands the Jata base to Include this Information. Suppose
that | wish to expand the labeling of the junction shown In
figure 4,1 to include region illumination values. As coded

for the data base, this labeling is:

(OCRM PLUS OCLM SHCCL)

where OCRM stands for OCclude Right Minus (see L-J-A In
figure 4.1), PLUS represents the convex edge (see L-J-B in
figure 4.1), OCLM stands for 0OCclude Left Minus (see L-J=C In
figure 4.1), and SHCCL stands for SHadow CounterClockwise

type L (see L=J=D in figure 4,1),

Each of these edges can separate regions which have the
following values (the first element is the valua of the
region located counterclockwise with respect to the edge, the
second element is the value of the reglion located clockwise

with respect to the edge):

]
:
2
2
P
=
3
2
%
E

PN W

oy BTnrad 28 b v R LA St e AL

3
3
4
e
%
p
B
X
4
3
E
A
2
E

b o RO T

o

seltrlsdimiatad A alicdont




R B A U AT N N N N T R R 0 T B T M T PO LS T AT N S L TR A e e AT T VU W AT RS [ R B AT S TS TR ST G KT O G S TR R T A TR A I Y R S e T T T TR TR Y,

PAGE 108

RY

R2

o p — % Qibgeana,

RO
Ticure 4.1

Rl

-
o

PRI

g g3

St td S,




SECTION 4.1 110

{The list of region lilumination pclrs for OCRM or OCLM>

= L1
2 ((1 1) (SP SP) (SP SS) (SS SP) (SS SS)).

{The list of region illumination pairs for PLUS>
= L2
= ((1 1) (1 SS) (SS 1)
(SP SP) (SP SS) (Ss SP) (SS SS)).

{The 1ist of region illumination pairs for SHCCL>
= L3
= {((SP 1)),

ILLUMINE is a function which takes two input lists as
arguments, and returns a single output list., Each member of
the output list is formed as follows: take a member of the
second input list whose first element Is the same as the last
element of some member of the first input 1ist. Concatenate
these two and eliminate the duplication of the matching
element, The ouputr list is made up of every possible element
which can be formed In this manner, While a verbal
description may be somewhat difficult to understand, the
function is not really very complicated, and t think the

following example should make its cperation clear, Using the

% M el
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P St i B A2 N o

lists L1 and L2 that | defined earllier:

ILLUMINE (L1, L2)

38 abg el

] = (i 1 1) (1 18S)

3 (SP SP SP) (SP SP SS)

(SP SS 1) (SP SS SP) (SP SS §S)
(SS SP SP) (S$ SP §S)

(sS SS 1) (SS SS SP) (SS SS SS))

= L4,

\
25 EE LA N S b S rEea i e B S &

Lt is a list of triples which gives all the possible

values for region illuminations in the regions R0, Rl, and R2

in figure 4,1, To include R3, compute L5:

&

S F e s e P R

ILLUMINE (L4, L1)

= ( L)

I S§ SP) (1 1 8§ SS)
(SP SP SP SP) (SP SP SP SS)
(SP SP SS SP) (SP SP SS SS)
(SPSSt 1)

(SP SS SP SP) (SP SS SP SS)
(SP SS SS SP) (SP SS SS S§)
(SS SP SP SP) (SS SP SP SS)
(SS SP SS SP) (SS SP SS SS)
(SS ss | 1)

(SS SS SP SP) (SS SS SP SS)
(5SS SS SS SP) (SS SS S§S S§S))

S

AR A T e b

iy T4

Sl jd £ et g b LG Y T

= L5,

Now | only need to include the pairs for the line L-Jd~D,
the shadow edge, Notice that very few of the possibilities

for i1lumination can agree with R3 when R3 is forced to be a
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type SP region:

ILLUMINE (L5, L3)

= ((1 1 SS SP 1)
(SP SP SP SP
(SP SP SS SP
(SP SS SP SP
(SP SS SS SP
(SS SP SP SP
(SS SP SS S°P
(SS S§ sP sp
(SS SS SS sP

-— > m— TS e aun eun e
e N Nt Nl sl Nt Nt

= L6,

Now, to find the labelings for this junction, the last
condition requires that since the first and last elements of
each labeling In L6 both refer to RO, their values must be
the same. Therefore ! apply function FINALIZE, which only
keeps members of a list whose first and last elements are the

same:

FINALIZE (L6) = ((1 1 8S SP 1)),

This represents the only possible region illumination
labeling for this junction as shown In figure 4.2A. As |
mentioned earlier, it Is true in general that shadow-causing
junctions (and a number of other junctions involving shadows)

have only one possible region il1lumination labeiing. The
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e o, e O L b, Sl A

exceptions to this rule are shadow-causing junctions where

g one region segment of the junctlion is obscured by the vertex E
which gives rise to the junction. To understand this

distinction, try finding the region illumination values for

the junction in figure u.2B as an exercise, especially if you
fé are not entirely clear about the operation cf |LLUMINE and

FINALIZE., You will need the list of possible region f
illumination pairs for L-V=-A and L-V-D In figure 4,2B; these

edges can each be assigned any of the possible region

illumination palrs:

<The list of region Illurination pairs for OCR edges (such as
L-V=-A) and OCL edges (such as L=V=-D)>

s ey
N e

= ((1 1) (Y SP) (1 SS)
(SP 1) (SP SP) (SP SS)
(SS 1) (SS SP) (SS S35))

= L7,

Your answer should be:

((1 sssP1 1)
(SP SS SP | SP)
(SS SS SP | S8S))

The answer is il1luvstrated in figure 4,2C,
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O L i e At

In order to include illumination Inforination in the data
base, | merely append the rezion i{llumination value names to

the name of each 1abel. Thus | subdivide each laebei type

il e e A LS AR A s

4 (except shadow edge labels) into a number of possihilities,

as shown in Table 4,1, As | mentioned in Chapter 2,

expanding the number of line lahels does not increase the
total number of junction labeis as mu-h as one might imazine

(see Table 2.2).

Fully 268 of the 505 labelings listed in Chapter 3, over
half, have only one possible region illumination
interpretation! The largest possible number of illumination
interpretations for any junction is 3", whare n Is “he number
of junction branches. A number of T junctions actually have
27 interpretations (for example, this is true of any T made

up of three occluding edzes).
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S o Q|APPEARANCE NEW LABELS
¢ CP
S | —f— | SHOC-SEI
TER
cuocrmsz?)
| SHCCL —— | sHCCL-SPI
SHCCR —%. SHCCR-SPI
3&}%&‘ gy | YT | sHELISP
SHCLL. % | SHCLL-ISP
SHCLR —x— | SHCLR-ISP |
- OCRM-IL, OCRIA-SESP,
c?gﬁﬁs —p OCRM- S‘PSS‘ ocm—SSSP
RIGHT- M) O CRM-Se8S
OC1L.M. . QCLMN-IT, OCLM-SPSP,
COCCLUDE PR QCLN‘.—SPS?. OCLM-SSSP,
LEFT-MINGS) OCLM-SSSE
I ~ M-II , -SPSP,M-SPSS,
(doncavg e M-gséP, M-S888
MX - MRX-11, MMRSPSP,
| cconcenv.s - X" | MX-SPSS, MX-SSSP,
| SeeimeTS) MX-ggsg”
OCRCR. OCRCR-TII, OCRCR-SPSP,
(OCLUBE, o — OCRCR-SSSS
OPLC& OCLCR-II, OCLCR-SESP,
cawpm | T | OCLCR-SSiS
PLTIS . PLUS-IT, PLUS-ISS,
—X— | PLug-¢41, PLUS-SPSP,
{CoNVEX) PLUS-SPSS PLUS-SSSP,
, PLUQ- 6888
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NAMES OF
OLD LABELS [AFFBARANCE NEW LABELS

OCR 0%12—1{11:, chc:a-m?,
‘RreiT) 5 OCR-SPI,OCR-SPSP, ;
OCR-SPsS ;

OCR-S8ST, OCR-4SSP :
OCR-5¢88 |

¢ OCirIT, OCL-ISP ]

cooccl?,m:z G e OCL-T88,
LEFT) OCdL-SP1, OCL-~SPSP
OCR-SESS

OCL-SST, OCL-84SP
oCL-~8839

OLD TOoTAL) NTEW ToTAL.
NUMBER: NUMBER:

15 57
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? 4.2 GSUMMARY OF THE DATA BASE
é Although there are 505 labels listed in Ghapter 3, the %
; antual number of elements in the label lists for each -g
. junction will be larger than we might expect, since different g
% permutations of labels count as different elements in some of %
é the lists, The total number of iist elements needed to ;
] represent the 505 labelings is 717, and this number expands ?
to 3255 when the region illumination information is added to i
the labelings. Table 4.2 shows the number of elements in z
each list with and without region illuminated information, ?
This table differs from Table 2.2 in that it includes only é
the differences in the list lengths which are caused by ‘
adding region illumination information, ?

A little cleverness is required to avoid duplicate
labelings when including the different permutations of X
junctions, This is because some X junctions give rise to two
elements in the X labelings list, while the rest add only one
element., Figure 4,3B shows an X junction which requires two
elements to be added to the list, while figure 4.3C shows two

labelings which each add onily one element to the data base.

Most shadow X junctions give rise to two elements in the data

base, and most junctions without shadows give rise to one.

b D S NI el AR
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TaBLE 4.2
TOTAL NUMEER OF LABELS TN DATA BASE
TIOR. BEACH JUNCTION T iPE
# OF LABELE  |% OF LABELS

JuNcTion | BEFORE APDING | [RCLUSNING
TYTE TLLUPINATION | TLLUMTNATION
1 24 9Z
ARROW 24 86

T 91 623
TORK 116 826
PEAR 10 10

K 42 213

X 129 435

XX 10 128
MULTI % 160

KA 20 20

KX 60 y{A
KXX 28 121
SPECIAL 40 466
TOTALS L7 5256
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FIGURE 4.3A TIGURE 43R
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It is now possible to describe how the program handles

e R

each junction it encounters:

[ (1) If the junction Is an L, ARROW, T, K, PEAK, X, KX,

s b st i e e

3 or KXX, It uniquely orders the juncilon's 1ine segments (by
: choosing a particular line segment and considering the rest

as ordered in a clockwise direction from this line segment),.

PTG LT Y kT

(2) If the junction is a FORK, MULT! or XX, it chooses

one iine segment arbitrarily.

(3) it then fetches a list of labels which contains

s sesaeada s At S S A

3 e
i,

every possible set of assignments for the lines (excluding

-

the possibilities of accidental alignments and degeneracles,

g ot

and junctions with missing lines) and assoclates this list

with the junction.

It makes absolutely no difference whether the program
j ¢ obtains this 1ist from a table (the complled knowledge case)
or whether it must perform extensive computations to generate

the list (the generated knowledge case). Similarly, it does

s o LR e ST R R 0, b 30 LG ik e B

not matter at all that various members of the list bear a

particular relation to each other, 2.g. as In the case of a
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FORK junction, where most elements of the list have two other
elements which are permutations of the element., When |
return to the issues of degeneracles, accidental alignments
and migsing lines, all | need to show Is how the labelings
corresponding to these cases can be added tc the appropriate
junction lists. The machinery to choose a particular element
operates independently of just what the labelings actually

are,

The only apparent exceptlions are those labels marked to
indicate that the vertices which cause them are either
non-trihedral or concave or the result of alignment of
surface and the light source, This information can be used
opticnally as the final step in the operation of the program
If it Is necessary to select a single labeling for an
ambiguous junction. In such a case these marks enable the
program to make a simple judgement about which
interpretations are most likely. Of course if onlysingle
interpretations remain before the final step, or If | do not
care that some junctions are not uniquely specified, then the
program does not need to use these heuristics at all. (Such
a case occurs when | only wish to find edge geometries and do
not care about vegion illumination, Often ambiguous labels

differ in the type of Il1lumination for varlous regions but
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provide a unique iabeling of edge geometry.)
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5.0 SELECTION RULES

Now that | have shown how to generate a large number of
possible labels for a junction, ! will show how to go about
eliminating all but one of them, The strategy for doing this

involves:

(1) using selectlon rules to eliminate as many labels
as possible on the basis of relatively local informatlion such

as region brightness or line segment directions, and

(2) wusing the main portion of the program to remove

labels which cannot be part of any total scene labeling.

5.1 REGION BRIGHTNESS

If 1 know only that line segment L-A-B Is a line In a
scene, then it can theoreticaily be assigned any of the 57
possible labels. Once | know that L-A-B has an ARROW & one
of its ends as shown in figure 5.1B, the number of
possiblilities drops to 19, Suppose that | know, in addition,
the relative brightness of Rl and R2 in the neighborhood of
L-A-B in figure 5.1C. There are three possibilities: (1) R1
Is darker than R2, (2) R2 is darker than R1l, or (3) the
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TIGURE 5.1A TIGURE 6.4B
/ c 4

A n B A B :
S7 LABBLS ART \
PosSIBLE FoR, L:A-B D ;
ONLY 19 LABELS

ARE PosSTRLE TOR. ;

1-AB IF LT IS

KNowW To BE THE

MIDDLE BRANCE

OF AN ARROW.

c c

i . |
A B

A B !
Yﬂ Re \ R
> D f
IF THE BRIGHTNESS IF THE BRIGHTNESS
IS KNownN FOR Ri OF R® IS ALdO
AND R2, THEN Ho KNOWN | THEN
MORE THAN 18 AS TEW AS §
AND AS TEW AS ANP NO MORE 4
1S LABELS Wild. THAN 18 1 ARELS

REMAIN PSSIRLE. WTILLREMATN

POSSTBLE,
TIGURE 5.1¢ TIGURE 5.1D
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brightness of Rl is 2qual to the brightness of R2.

If (1) Is true, | know for certain that if L-A-B is a
shadow edge, then R1 must be the shadowed side and R2 the
illuminated side, Obviously If (2) is true, then the
opposite holds, i.e. R2 must be the shadowed side and Rl must
be the illuminated side. If (3) Is true, then it Is
Impossible for L-A-B to be a shadow edge at all, (If | happen
to also know that each object in a scene has all its “aces
painted identically with a non-reflective finish, then | can
also eliminate more labels, In this case, If (1) Is true,
then L-A-B cannot be labelad as a convex edge with region Rl
i lluminated and R2 shadowed type SS, if (2) is true, then
L-A-B cannot ba labeled as convex with R2 [l1luminated and R1
shadowed type SS, and if (3) is true, then neither of these

labels is possible.)

5.2 SCENE/BACKGROUND BOUNDARY REVISITED

It is easy to find 311 the junctions which can occur
around the scene/background boundary. All that Is necessary
Is to make a list of all the line segments which can occur
altong the boundary and then look for segments of juactions

which are bounded by two members of this set.
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St

Each junction from Chapte: 3 which has a star in one of

Lok el B

its segments is listed separately from junctions which have
§ the same geometry but which cannot occur on the

scene/background boundary. Thus the list of RROW labels Is

4 St B e

divided into ARROW=-B, a list made up of those labels which

SR L B AR

can occur on the scene/background boundary, and ARROW-!, made

3 up of those which must occur on the interior of a scene. The

total list of junctions which can also appear in the iInterior
of a scene is found by appending ARROW=-B to ARROW-1, since

the scene/background labelings can appear on the interior of

Lol e et PO AN 2 S LTI

RS LI

the scene as shown in figure 5.2. Table 5.1 lists the number

of trihedral junction labels which can occur on the interlior

i et stk

and on the scene/background boundary for each type of

AL A

junction. Appendix 4 lists all of the junctions which can
occur on the scene/background boundary Including region
i1lumination information. To obtain Appendix & | have
assumed that the light source is positioned In oie of the
four octants of space above the support surface. This 3

restriction means that the background is guaranteed to always

be illuminated,

AR A
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FIGURE 5.2
THE SAME JUNCTIONS AND EDGES CAN
BORDER RO AS CAN AFPPRAR ON THE
SCENE/BACKGROUND BOUNTARY,
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TOTAL NUMBER OF TRIHEDRAL
JUNCTION LABELINGS WHICH

CAN ATPEAR ON:

TYITE
OF

JUNCTION

THE
INTERIOR OF

A €CENE !

SCENE/
BACKGROUND
BOUNDARY ;

THE 1

1
ARROW

TORK
TEAY

MULTT
KA

KX
KXX
SPECTIAL

92
6
623
826
10
2135
43S
128
160
2.0
76
1%L
466

16

12
96
26

2
2

12

TOTALS

3256
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I b b 4

N Fpdoess o

£
E Obviocusly, if | can determine which lires in the line
b

drawing are part of the scene/background boundary, this

1 g s b

3 knowledge can be used tc great advantage. It Is, In fact,

T B g

not difficult to determine this boundary; any of several

: strategies will work.,. Two examples are:

? (1) Lock foi regicns which touch the edge of the field

of view and aopend them aii together, or

(2) Find the contour which has the property that every

junction lles on or inside it {see Mahabala 1969},

Coth of these methods require that the scenebe
compiet2ly surrounded by the bazkground region or regions.
As shown in figure 5.3, method (1) works even If the

background s made up of more than one region.

Once the program has found which region is the
background region, It can also find how each junction is
oriented on the scene/background boundary. Some junctions
always appear in the same orlentation; for example, ARROW
and PEAK junctions can only be orlented so that the
background region is the region whose angle Is greater than

180 degrees, and K junctions can only have the reglion whose
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FIGURE 53

BY ATPENDING ALL THE REGIONS WHICH TOUCH
THE EDGE OF THE TIELD OF VIEW, WE OBTAIN.
ALl OF THE BACKGROUND EXCEPT THE SMALL
REGIONS R4 AND RE. DY FINDING AND CON-
TINUING COLLINEAR OBSCURED LINE SEGMENTS
(GuzmaN's MATCHED T°S) THESE REGIONS CAN
BE Fousp ANP ATDED To THE BACKGROUND ALSC,
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Tt s 5 B iy b st A

angle Is 180 degrees as the background ragion (see Appendix §

u)'

Of course there is no way to easily define the

orientations of FORK, XX, or MULTI junctions., However, as

S DOk Saesthitn Sra 4 touiidh

shown In figure 5.4, the L, T, X and KX junctions which

appear on the scene/background boundary can be sorted

according to which of their segments is the background

Qo

region.

S,

i o e b

Consider flgure 5.5. Each of the L, T, and X junctions
is marked to indicate which orientation it has., Table 5.2

shows that this distinction makes a signiflicant reduction In

ke s s e

the size of the starting list of label assignments for these

junctions,

5.3 EXTENDING THE SUPPORT SURFACE

’
L Gt bl it b e e B B

Consider a problem posed by the scene shown in figure

5.6. If my labeling program is given this scene with the set

L

of labels defined so far, the program will not find a unique

labeling for L-C-D, even though it finds L-A-B to be a shadow

S f et e 1

edge, and therefore labels Rl as a projected shadow region,
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NUMBELR OF NUWVWBER OF NUMBER IF
TARLE | LABELINGS [LABELINGS ON SCENE
=7 | IFINTHE 71 ON THE BACKGRO

5.2 SCENE SCBENE ROUNDARY &
INTERIOCR: BACKGROUND ORTENTATICNS
BOUNPARY#%; DISTINGUISHED]

%
4
1
3
i
3
1

T:
TO:
T
Ta:

14
33
38

(N
% XN
* »

96

1 92
1.0:
L1

% %
1 &
< -9l

X

X4
X2:
X3
R4

A

(&2
»x % % % &
111 IR
m§§ml

KX:
K1
KXz

% % &
| o0
o]

¥THERE IS NO WAY To PISTINGUISH A
PREFERRED ORIENTATION IN THE INTERIOR
- OF THE SCENE.

- K ASSUMTNG THAT I MAKE No ORIENTATION

DISTINCTIONSS THIS COLUMMN COPIED FROM
TABLE S.1.
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3 At one time | thought that | would need to write a
"demon'" program which would check for shadow edges on
the table, assert that such a shadow region Is coplanar
with the table, and then eliminate any adges other than
planar ones whenever such a region shares an edge with
the i1luminated portion of the table. This type of
approach seemed rather ad hoc to me, and started me
thinking about how | could include region information as
part of each junction label. There could be many added
benefits to such an approach: It seemed clear that just
as | was able to vastly reduce the number of labels from
which te select possible ones by knowing that a junction
was on the scene/background boundary, | should be able
to reduce the number cf labels for a junction which was
interior to the scene but which had the table as one of
its region segments.

TF

PRI AN

po L

o AT

Therefore | defined new labels as shown in Table 5.3 to

T e H

7

denote any edge which has the table as one of its adjoining

regions. Since | have restricted tha light source to be in
the quadrants of space above the support surface, | can be
certain that any region which Is part of the tal:le can never
be self-shadowed, type SS. | have used this fact In
constructing Table S5.3. Any edge which touches or obscures
the tcble is marked by appending a "T" to its name or
printing a "T" next to the line segment. The old labels
without "T" are understood to represent edges which do not
have the table as 2ither of their adjoining regions. The
addition of these Z4 edge types brings the total number c¢¥f

line labels to 81,
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Epers wuicer uave THE TABLE AS onE
ADTICINING REGTON; STARRED REGIONS ARE
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The tables which show the allowable region 1 llumination

pairs for these edges (analogous to flgure 2,6) appear In

Table 5.4.

To update the lists of junction labels, | must add to

the present set:

(1) A1l the junctions listed in Appendix 4, but with
"T" printed next to both line segments which bound the region
containiag the star. (These regions can be part of the
background of the scene, i.e. the portion of the table which
surrounds the sczne and Is i{lluminated.) Some of these
junctions can also have other projected shadow regions which
are part of the table, so that "T" must be added to line
segments other than the two bounding th: starred regior

These junctions are listed in Appendix 5.

(2) All the junctions which can bound a projected

shadow (type SP) reglon which is also part of the table.

Table 5.5 shows the situation now for the relative
numbers of junctions which can occur on the scene/background
boundary. While the numbers of labelings possible If the

branches were labeled independently has Increased sharply
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_—_ TABLES OF ALLOWABLE ILAUMINATION PAIRS FCR
NEW 1ABELS (CONTINUATION oF TaBin 2.6 )

3
3
i
3
t
8
1

; SET OF ALLOWABLE LABELS:

(A
NEEE ot o1
CONCAVE g :;
112 T |YES|No|no

P 222 fa ot g Gy 0
L2000 LRt b e b e S P et il g 3yl

————— ...'r N
i — g
No |YES|YES .
. a'r;; & gs
48 | No | No| No

i

& T gp ss :
i
OBSCURE "“Exg"#%r

T [YES|YESIYES
‘{2 —d$ o5t
SP | YES|YES|YES

] — ° GTI . ;SP 3

8P I 3

S8 | No [No | No e ] f
; sp * i SP

. gs‘g sP
SP S

A U a8 e S S i KPR .0 OB P it

DAL et e )

All, THE SHADOW COMBINATIONS ARE SAME AS
THOSE SHOWN FoR SHADOWS N Freure 2.6. :

TapLE 5.4
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TaBLESS

TOTAL NUMBER. OF

TRUMEDRAL JUNCTION

LNBEL.INGS U:srue SET
UGMENTED

OF LABEL

BY NPN M ARG SoR.

NUMBER. OF
POSSIPILITIES
IF EACH

BRANCH
LABELED

TYPE
OF
JUNCTION

THE

SCENE
INTHERIOR

THE SCEN
BACKGRO
BOUNDARY

TNDEPENDENILY
(BAS1S oF
81 LABELS)

L
ARROW.
T
TORK
PEAK
K

X

XX
MULTT
KA
KX
KXX
SPECIAL

118
109
809
1017,
10
213
563
152,
224
20
9z
121
466

16 {f‘!{
12

T0=i4
%{Ti-ss
T2:38

26

X2+28
T2982:28
X4:'8

6561
S21441
521441
51441

4.2x107
4.9x107
4,2.x107

94.2.x107
4.2x107

3.3x10"
3.3%x107
3.3x107
>2.6x10t*

ToTALS

59019

245

>3 x10t
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Bk DT

A e a e AT

with the !ncrease of the number of line labels from 57 to 81,
the actual numbers of junction labelings has not changed for

the scene/background boundary and has increased only

Wcatiasirauin? Sy hc Lo gt

moderately for the scene interior.

P R b L e ATl S

The value of these additions to the data base is

espacially pronounced for scenes like figure 1.2 where the
table surface accounts for seven of the interior regions as

well as the background region. In addition to the

it Ay

improvement for scenes of this sort, there are other

Cooguned

benefits. Consider figure 5.7. How many objects are In this

E:
2

scene?

Now look at figure 5.8, Given fligure 5.7, my program
will return both interpretations: the one we would usually
expect (region R as the table, with object C resting on the
table) or the interpretation shown in figure 5.8. Thus the

new labels enable the program to make finer distinctions than

it could before, Notice that we could also use the tabhle )
information to make another heurlstic rule: If there are two 4

interpretations of an Interior region, one as the table and

one as an extra object, choose the table interpretation.
(This corresponds to choosing the simplest Interpretation,

i.e. the one with the fewest objects.)




ST s ST T BN AT T TR TN TN RN T IR N % RS A M NN AT S bl TR StE v Sk s e b sl o £ il Sl RN o AR )

LS 3913

PAGE 1493
)
4

T Tty 3

xnt v 4

L Dy o g & L bt oo s b s B b g s ¥ et b o sy i ot




R A e R i S L i A R STl e e MR e S L Tt e e st B R B R RPN b s

PAGE 144

J
§
m

%,

oY Zadl

-
W 3
B 4
w p

) :
8 ;
b 3
% L

b

N e

-

PRSP NEANTIFRETOIY o, Fn B NE SRNRTEETRE A B0

oo eEE P

e bt 2ok e 2" et DO, il 2 05 L 9 o) gt o e g ALy i, il el ik et




E:
3

?,
E
E:

—AE s e g TS ISR T I S L D
- , e R TR, T T T T I I TR T e TERL T L T T R e s

e T T INRIEEIRUIR T g s Lt o Lin ROl >R SNEE R S S A = E

T = A

SECTION 5.3 145

5.4 DISCUSSION

This sectlion Is speculative; nothing In It Is critical

to an understanding of my program,

Underlying the previous section are some important kinds
of distinctions between levels of understanding which |
believe are worth pursuing at greater length at this point.
There are several levels of understanding which a program can
have about a particular property of scene features (e.g.

"this region is part of the table"):

(1) the first level of understanding is that the
program be able to express the fact that a given portion of
the scene does or does not have the property. As an example,
until the program had the labels which labeled regions that
were part of the table, it could not express the difference

between the two possible interpretations of figure 5.7.

(2) The next series of levels are ones where the
program recognizes more and more Instances of features which
cannot have the property (and consequently recognizes more

orecisely where the property can apply). My prozram's hard
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il

Rl bk

knowledge ends at this level; for some cases its
understanding is sufficient to uniquely recognize a property,

in other cases It Is unable to select between two or more

WAL et o2 Kok e Wl b e B e s o

possibilities.

{3) t believe that the next levels of understanding are

characterized b the ¢dllity to define a critical test (or

b bt g

series of critical tests) which will allow a prcgram to
eliminate remaining possibilities until only one is left. 3
Such a test might be "If | remove the object in front, | will
be able to see whether or not that region is connected to the

table surface" or "if | move to the right, and if that region

is part of the table, then | should be able to see an edge at

point (x,y)". 1 clalim that this must be the next level of

knowledge since many line drawings simply do not contain cues

which allow a program (or a person) to decide between varlous

2
-
P,
b
%
Ex
e

possibilities, 3

However, let me make a distinction between knowledge and

expectation, Even if | am not allowed to make further tests,

Lol G e

! still expect the scene to have a particular form.

Jit e

Moreover, | believe that this expectation, simulated by E
heuristic rules in my program, is Instrumental In deciding

just which critical tests | should make. For example, if n

T o R R L T Y O A T g
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interpretations are possible, my suspicion s that | pick the
one | expect to be true, and on the basis of this expectation
| then choose a test (or tests) to eliminate all the (n-1)

other possibilities. After performing this test, | then have

knowledge which either supoorts my expectation or forces me

to form or choose a new expectation.

The curious fact about my percept’on Is that | only see
one interpretation at a time even when | know that a scene Is
ambiguous. (Take for example the reversing Illusion which
alternates between a vase and two faces in profile, depending
upon which regions are viewed as figures and which are viewed

as background (Koffka 1935)).

Even when | have insufficient solid knowledge on which
to base my interpretation of a scene, my expectation seems to
carry the same force of conviction that solid khowledge
would. Nonetheless, | can change my Interpretations of
scenes either when | am faced with new evidence (by a change
in my relation to a scene or change in the scene) or iIf | am

challenged about my Interpretation (Are you sure?).
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Moreover, | am aware of ambiguity In another way; even
though my own interpretation may carry a sense of conviction
with It, and even though | don't usually change this
interpretation without reason, | can easily understand how
another person could interpret a scene in one way while at
the same time | am seeing it in a different way, where | am

using seeing to mean interpreting with conviction of truth.

I do not belleve it is worthwhile to delve too much
deeper into speculation aboui “Imilarities between my system
and human perception. For example, it doesnit seem to me to
make much sense to try and decide whether pecple generate
alternative interpretations when they are needed or whether
(as in my program) they keep all the active alternative
interpretations but are only aware of the expected one at any

given time.

Nonetheless, | think that in connection with ambiguity,
the notion of knowledge at "other levels'" as the ability to
eliminate interpretations, and the notion of expsctation as
the default choice of an interpretation when | run out of

solid knowledge, are ideas of central importarce.
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5.5 AN EXAMPLE

i have now shown how to use selection rules to narrow
down the choices for junction labels on the basis of various
kinds of cues from the line drawing. To give an idea of how
much these rules help, look at figure 5.9. Next to each
junction | have listed the numbers of labeis which are
possible for it before and afiar applying the selection
rules. | have assumed that the program knows that RO is the
support surface and that the clrcied numbers In each region
indicate the relative brightness (the higher a number, the
brighter the region). Notice that ore junction, the peak on
the scene/background boundary, can be uniquely labeled using
only selection rules, Most of the interior junctions remain

highly ambiguous.,
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6.0 THE MAIN LASELING PROGRAM ;

You will recall that ! described at some length In

Section 2.4 a ".11ter program" which systematically removes

TR TP T AT

Rind A2 e

junction label!s whenever there are no possibie matches for

g the labels at adjacent junctions, Now that | have shown a

; good deal more about the ‘unction labels and the use of the

é selection rules, | would like to treat this program again

from a somewhat different parspective,

PR oY SN L St Y WS e I d A

AN

ot yiae

6.” A SMALL EXAMPLE

o

Suppose that the program Is working on a scene, a

i e

portion of which Is shown in figure 6,1. Assumne that the
selection rules eliminate all labels for each type of
junction except those shown at the bottom of the figure.
Remember that the selection rules operate only locall,, 1.e. ?

they give tne same 1ist of possihilities no matter how the

label ing has prcceeded or In what order the junctions are

e T s A A L i

taken, All the step numbers refer to figure 6.2, which

summarizes the succesive lists attached to eaczh junction:

LTS
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RESULT'S OF  RESULTS OF  RECULTS OF
! SELECTION SELECTION SELECTION ;
RULEBS POR.J1. RULES TORT2. RULES FOR I3. ]
(FPIRST TLEMINT (FIRST BLEMENT (FIRST ELEMENT J
O EACH RETPERS To REFERS TO
LABELING REFRS 1:32-33,SECOND 1-73-37, SECOND ?
To 1+J1-I2, TO L:72-JS, To 13336,
SBEOND T £T1-39) THIRD To 1-72J) THIRD To L-73-33)
11=((A B) 1.2=((A B B) 13=((A B A% ;
(A &) (A BC B CA
(A D (B ¢ A (G H T g
(2 B (F AD (FBC
(B (> BT (> BE
c F A B ?% _
(F A) (> C E)
(G Hé
(B A ;
(B B))
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LABELS ASSIGNED TO
.1 1.2 L%

STF WRT
STEPL:

STEP 2: |[(ABXACYAD)

e — e

(BCA)(FAD)
(DBEY

(BBYBE)(CE) (WNCHANGED) —

FAYGCE)®S
EB)
STEP 2! |(AB)ACY(AD) (UNCHANGED) — ———
(BBXBECE)
7S
STEP4: ) (ABB(ABCL) —
(UNEHANGED) CBCA)(PBF)B
STEP 5: | (UNCHANGED) (uncHANGED) ((ABAN(BCA
(GHIXTBC
(DBE)(ABE)
(DCED)
STEP ¢! | (UNCHANGED) (UNMCHANGED) ((ABAXBCA)
STEP 7: | (uncHANGED) (ABB)(ABC)) (UNCHANGED)
STEP 8: |(BB)(BE)CE) (WNCHANCED) (UNCHANEEL)
No MoRE LABELINGS
CAN BE BLIMINATED
TINAL *
RESULT:| (BREECEIABEXABCH(ABAXBCA))

4
TIME
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Step 1: Suppose that the program starts with J2, and
that all of the other junctions are unlabeled. Then the

program assigns list L2 to J2, and since all the other

junctions are unlabeled, it has no basis on which to
eliminate any of the labels in L2, As far as the progiam

knows, all of these lairelings are still possible.

Ch i Lo e vt e L b e AL

Step 2: Now suppose that it next labels J1 by attaching
to It the list L1. When it checks the junctions adjacent to

J1 It now can see that J2 has already been labeled.

Step 3: Therefore the program looks at J2 to find what
restrictions, if any, have already been placed on line
segment L-J1-J2. In this case, the restrictions are that
L-J1-J2 must be labeied with either "B" or "C" or "A" or D"
or "F", i,e. with any letter which appears third in an
element of L2. Each element of L1 which does not have "B,
ncr, MAY, "D", or "F" as its first letter can then be
eliminated, Therefore the program drops "(G H)", "(E A)" and
“"(E B)" as possibilities and L1 becomes

(CAB) (AC) (AD) (8 B) (B E) (CF) (F A)).

E:
;g
2
1
K
4

A A AN L i

L

2

T SRR TN

b P o 2 A T 82 Bl B e et La A e

Ptk e et NS e

ST S T T O

bttt} e AT

M e A0 s et ki e P




NS REE YIS T TR T TR E LD,

S ETE TR W T TN SR I RER Ay T N A DY, TFUET TR VR IR TR
Z \;W'&';;zq’gﬂm\'r}{?&*}?&-,,_u TR T GRS TR Y Oy S Ao R R - utad v T § 5 TN ST Ry FEATEAE Ay S A e *

SECTION 6.1 155

3 Step 4: Now the program uses this same reasoning in the

TR E T

opposite direction., In what ways, If any, does the fact that

J1 must be labeled from the list restrict the lazbels of

Ltulons trg 2

adjacent junctions? Only J2 of the adjacent junctions has
been tabeled so far, so only J2 can be affected. The only

labels which are possible for J2 are those elements of L2

g

which have as a third letter "A" or "B'" or "C" or "F",

AT Lo e

Therefore, the program eliminates "(F A D)" as a possible

LRSS L o i

label and L2 becomes

AT g e o Wy

((ABB) (AB C) (B CA) (DB F)), ;

Can the program eliminate any other iabels because "(F A

3

D)" has been eliminated? No, since no other neighbors of J2 %
except J1 have been laheled, and the reason "(F A D)" was ;
eliminated was because it had no counterpart at Jl. ;
Step 5: The program now can move on to J3 and label it E

with L3, ;
]

2

=

3
E:

Step 6: Each label for J3 must have a third letter
equal to one of the first letters from a label In L2, These
letter are "A", "B" and "D", Therefore the program
eliminates "(G H 1)", "(F B ¢)", "(D B F)", "(A B E)" and "(D
C G)" from L3 and sets L3 to ((A B A) (B C A)).
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Step 7: What labels now are possible for J2? Since the
only remaining labels for J3 both set L-d2=J3 to "A", the
program eliminates "(B C A)" and "(D B F)" from L2 so that L2

becomes ((A B B) (A B C)).

Step 8: This time, a neighbor of J2, namely J1, has
been labeled already, so the program must check to see
whether eliminating the element of L2 has placed further
restrictions on L1, Only elements of L1 which have a first
letter "B" or "C" are possible labels now, so the program
eliminates "(A B)", "(A C}", "(A D)", and "(F A)". L1 thus
becomes ((B B) (B E) (C F)),

Since no other neighbors of Jl1 are labeled, the effects

of this change cannnot propagate any further,

6.2 DISCUSSION

| think it is easiest to view the process of the program

at each junction as having three actlons:
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(1) attaching labels,

(2) removing any of these labels which are impossible
given the current context of this junction, and

(3) iteratively removing labelings from the context by
allowing the new restrictions embodied in the 1ist of labels
for the junction to propagate outward from the junction until

no more changes in the context can be made.
There are two points of Importance:

(1) The solution the prozram finds is the same no

matter where it begins in the scene, and

(2) the program is guaranteed to be finished after one
pass through the junctions, where it performs the three

actions listed above at each junction.

Given a line drawing with N junctions, a data base which
has no more than M possible labelings for any junction, and a
situation where any number of junctions from O to N have
already been labeled, let condition C be one where for each
possible line label which can be assigned to a line segment

ei ther

(1) there is at least orie matching line label assigned
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to the junction at the other end of this line segment, or

TRV

G O AT

- else ;
i (2) the junction at the other end of the line segment §
% has not been labeled. §

This condition C must be satisfied before the program %
§ moves on to a new junction; the program keeps track of the %

E line segments on which the condition may not be satisfied.

R s

When the program begins labeling a junction J, assume

that C holds throughout the 1ine drawing. When the junction,

SR AT

previously unlabeled, has labels addad, the oniy line
segments along which C can be violated are the line segments

which join J to its neighbors, and it is possible for C to be

hwak Do e Y ey

unsatisflied in both directions or these segments (l.e, both J

A BRIR AN L

and J's neighbors may have unmatched line labels),
Therefore, to make sure that the program needs to consider 3
each line segment a minimum number of times, the program
first uses the lists of possible labels specified by J's

neighbors to eliminate all impossibie labels from J.

e il Ral o da i i

To see why this is the correct way to procced, suppose

that the program used J's initial set of labels to eliminate 3

some labels from one of J's neighbors, Jl. It Is then

> A% gy
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possible that the set of labels for J can be reduced further
because neighbor J2 has no match for one or more labels stiil
attached to J. The program would then have to go back to
line L=-J~J1 again to see whether more labels could be
eliminated from Jl. By considering the effects of each of
J's neighbors on J's labels first, the program guarantees
that as many labels as possible have been eliminated from J's
label list before using this list to recompute the lists for

J's neighbors,

Condition C can now only be untrue along line segments
joining J with its neighbors and, moreover, can only be
untrue in one dlrection, I.e. J's neighbors may have
unmatched labels, but not vice-versa. When the program
a2liminates the unmatched labels from each of J's neighbors, C
Is now satisfied on each line segment joining J to Its
neighbors and C can only be unsatisfied along the line
segments jolning J's nelghbors with the nelghbors of J's
neighbors, and agaln only in an "outward" direction, I.e. the
junctions two line segments away from J can have unmatched
labels, but all those junctions one line segment away (J's

neighbors) cannot have unmatched labels,
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The line segments on which C does not hold continue to

spread outward to the neighbors of junctions two segments

L
A e A i3 o oD VL B e Tt A s oA e

away from J, then junctions three segments away from J, etc.,

\y ey 4
s 3.

but only as long as labels are being removed from any

junctions. As soon as the program reaches a step where no

DA W) ATV S

Lle Al bty

labels are removed from any junction, then the program knows

RIS RYPTORN oo

that condition C must be satisfied everywhere in the scene,

and it can move on to the next unlabeled junction.

L0 B g ot S Oy

Flgure 6.3 traces a situation which could occur on

successive steps in a line drawing where all junctions except

J have been labeled already. | have filled in the line
segments along which condition C could be violated at each k|
stage of the program's iterations. The mark ">" Indicates
which junction can have unmatched labels; It Is used like

the same sign meaning "“greater than", so that you can read

NH > Jk

° g

LRI

as "the number of labels at Ji is greater than the number of

labels at Jk", i.e. Ji may have labels which are not matched

ATk st i

by ones at Jk.
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¢ INDICATES A JUNCTION WHICH HAS LABELINGS

REMOVED AT THAT STEP
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wh 0y p'\?ﬁ(‘%ﬂf'mx S s

The violations of C can spread outward to eventually
touch any line segment of a line drawing, but only If the

number of labels can be reduced at each junction on some path

T VL

between the junction the program is currently labeling and 3

the line segment. I|f any of the junctions in Figure 6.3 were

unlabeled or 1f a unique label had already been found for the

junction, then no violations of C could propagate through

that junction,

3
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Figure 6.4 reoresents just such a situation. The line
drawing is assumed to be completely labeled except for
junction J, but this time J1 already has been uniquely
labeled. Thus it can never be the case that J1 has unmatched
labels, Notice that Figure 6.4 also represents equally well

the case where J1 has nat yet been labeled.

Cne final point: the process Is guaranteed to terminate,
since if there are N junctions and no more than M labeis
possible for any one junction, the process can never go on
for more than M x N steps at the very worst, This is
important since the restrictions can propagate back to the
junction which initiated the process. To see that the
possibility of cycles does not creai » any difficulties,

consider the following trick. Suppose that as soon as the

AL
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T=13 PIGURE T8 EXACTLY THE SAME AS
EXCEPT THAT J1 I¢ TITHER UNLABBLED oR Ji

HAS ALREADY BPEEN 1ABELED UNIQUELY, so J1
¢AN NEVER HAVE MORE LABE.LNQQ T;—mq 32,33 R4,
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starting iunction has been checked against each of its
1 neighbors, that all the remaining labels are removed from it.
The restrictions can then spread outward only until no more

changes can be made; now look at the process as though the

AL R by B e £ A o T SIS At RS

junction were being labeled for the first time with the set

of junctions just removed as its starting junction set. This

I Rty Lo

process can then be repeated as often as necessary, but the
number of times can never be greater than the Initial number
of labelings assigned to the junction, since the process

terminates If no more labels can be removed from the list of

possibilities,

6.5 CONTROL STRUCTURE

While the program can start at any junction and still

arrive at tk: same solution, the amount of time required to

. TR IT R S I L ST LIPS PEDI AR TP AV S RSV A S ER SR IR RS R O

understand a scaire does depend or the order in which the
junctlons are labeled, The bacic heuristic for speeding up
the program is to eliminate as many possibilities as early as
possible., Two techniques which help accomplish this end are
to

(1) 1abel all the junctions on the scene/background

boundary first, since thece have many fewer Interpretations

HLEN D TLEL * arm £35 -t 21 ket 4 Rt o B Mt 2 M A n

that interior junctions do, and
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(2) next label all junctions which bound regions that

; share an edge or junction with the background.

To see why the program is faster when it eliminates as

B B AR A R M e 32 22 A TR S N T S SRS b s D,

many possibilities as early as it can, | must first give some
idea about the amounts of computation needed for various

phases of the program. The basic operaticn invoives removing

S Fhon PR fant 36 SIANG et AT s

unmatched labels from junction lists. The removal is done in

the following manner:

Assume that the junction whose list f labels must De

reduced is called J2, that its neighbor is Jl1, and that for

a0

any label In the lists of either J1 or J2, the first line 3

tabel represents the line joining them. Thus If (A B C) Is

one possible junction labeling in J1's 1ist, then "AY (s the
line label that this junction labeling would assign to line

L-J1-J2, and simitlarly, If (D E F) is a labeling from J2's

SRR e a8 S L el AN

list, the "D" Is the line label which refers to L-J2-Jl.

Since J2's list Is the one to be reduced, first look at
J1's label 1ist and make a list which consists of the labels
which J1 can apsly to L-Jd2-J1, Notice that | have up to now
glossed over the fact that for most lines, tha label appears

different deperding o9 which end of the line we choose as a

]
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reference point, Thus If line L-J1-J2 is labeled

1

SP
then from J1's end it appears to be labeled as "OCR-ISP" and

from J2's end It appears to be labeled as "OCL-SPI" (for
O0Clude Right-11luminated/Shadow=Projected and OCLude
Left-Shadow=-Projected/il1luminated respectively). Therefore
wnat we really want is the list of the opposites of the first
elements of each label for Jl. Suppose that | am given the
scene portion shown in figuie 6.5, If Jl's list of labelings

Is:

((OCR~11 PLUS-1I OCL~11)
(OCR=-1SP PLUS-SPI OCL-11)
(OCRM=11 PLUS-I} OCLM=-11)
(SHCLR-{SP OCR=SPI OCLM-11))

Then the list that | need to compare J2's labels to is:

Ll = ((opposite (OCR-11))
(opposite (OCR=iSP))
(opposite (OCRM=-{1))
{opposi te (SHCLR=-ISP)))

= (OCL-1|
OCL-SP!
0CLM=-1 |
SHCCR=-SPI)
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J2's label list can then be compared to L1; the

condition which must be satisfied by a tabeling of J2 in

order for it to be a possible 1abeling is that the line label

it would assign to L-J1-21 be a member of the 1Ist L1l.

X e, Mt A A A7, Y

Continuing with this example, suppose that J2's labeling list

L in i R e I

iss

L2 = ((OCL=11 OCR=11 OCR-11) ;
(0CL=1SP OCR~-SPI OCR-11) ;
(OCL-1SS OCR=-SS! OCR=11)
(0CL-SPI OCR=-11 OCR-1SP)

(OCL-SPSP OCR-SPI OCR-ISP) f
(CCL-SPSS OCR-11 OCRM-t1) 3
(OCL-11 OCR=11 OCRM=-11) 3
g (OCRi4-11 OCRCR~-11 OCML-E1)) 3
3 Then the labeling 1ist for J2 after comparing L2 to L1 is: :

Aetonp i

3 L2'= ((OCL-1! OCR=11 OCR-11)
3 (OCL-SP! OCR~-1! OCR-ISP)
(OCL=!! OCR=~if OCRM=i1))
Now | return to the original claim, that It is desirable

to remove as many labels as possible as early as possible,

Suppose a junction J has m+l branches and n+q labels, and In
the process of labeling, q of these labels are eliminated by
4 a propagating reduction which comes in on one of J's
branches: this requires the program to compare n+q labels for

members in a list. The prozram now has to check each of J's
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branches to see if any labels for adjacent junctions can be %

removed. Thus It must compute m lists analogous to L1 above

o 1 it B e

and each of these lists has n members. HNow when each of
these lists Is compared to the label lists for adjacent

junctions, the program must make an average of n/2 tests for

AR

equality for each labeling that is retained, and n tests for

equality for each labeling that is removed (for the case

CATII S NS IR E RN PR

where it looks through an entire list and Finds no match).

Therefore for each portion of the process the amount of

computation involved is at least propertional to n.

Because the amount of computation is at least
proportional to n, it is undesirable to label interior

junctions first, since most of these have much larger initial

values for n than do scene/background boundary junctions.

Not only does it take more computation to propagate any

o L st ST NSO 1 AN et Y LTS S e 2 d D S

reductions through these junctions, but each reduction is

likely to be smaller as well; If two adjacent junctions can

H oL T aehn B W S

each be labeled in n ways out of a totai of N theoretically

e

possible ways, then the expected number of labelings they

have in common Is nZ/N. (This number is obtafined by summing

28 Fasd e SO

the probabiiity of a match for each of the n labels at one

junction; thus
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=N
(n/N) = n x (n/N) = n%/N.)
(21,2,....
Typically scene/background boundary junctions have about

1/10 the number of possible labels an interior junction can
have, so that the expected number of labelings to
scene/background junctions will have in common Is only 1% of
the expected number for two interior junctions. Simllarly,
it is worthwhile to label next Interior junctions which are
connected to junctions on the scene/background boundary,
since the expected number of labelings in common for these
pairs is only 10% of the number for interior junctions.
Finally, as | mentioned earlier, it Is worthwhile to label
all the junctions surrounding regions which touch the
scene/background boundary, since these regions contain all
the "best" kinds of junctions, and because a chain of
junctions which closes on itse1f vends to be far more
restricted in its possibilit{es than a chain of the same
length which does not. (1 wi'l not attempt to prove that
this is so; | think it is fairly obvious that the effect is
true, although the prsof of the effect is not. It is much

more obvious for a tree search procedure than for this one,)
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| included this section so that an interested reads
could get a better feeling for the operation of the program
and also to suggest some [deas for extensions of this
program., For exarmple, if my 'abeling program were connected
to a line-finding program such as Shiral's, my program could
be adapted to provide intelligent guidance for deciding where
to look next in a scene on the basis of which features had

already been found (Shirai 1972).

Another idea which might be interesting to follow up is
a possible parallel bhetween the reasons why it Is better for
my program to start on the scene/background boundary and the
observed faég that people presented with a figure on a
background for short perlods of time see detaiil first on the
figure/ground boundary and require longer viewing durations

to see details in the flgure interior suggesting that our

perception proceeds from the outside inward (Koffka 1935).

| mentioned at the beginning of this paper that the
amount of time (and therefore computation) Is roughly
proportional to the number of line segments in a scene. This
may not seem to fit with the obvious fact that there is
really nothing to prevent the effects caused by labeling a

single junction to propagate to every portion of a line
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drawing.

Qi 3 S e

e

Thers are good physical reasons why this seldom happens.

Ll oA S s )

The basic reason is that some junctions simply do not
propagate effects to all their neighbors, and so the effects
tend to die out before getting too far., The prime type of
junction which stifles the spreading effects Is the T

junction,

NSy s MR I TRV TR SR T TS SRR LT LYY, G LR VO R WL R PR

In most T junctions, the labelings of the upright and

DU, o

crossbar portions are independent., Even If we know the exact
labeling of the crossbar portion we are unlikely to be able
3 to draw any conclusions about the labeling of the upright and
A vice-versa., Since objects are most commonly separated by T
junctions, the effects of labeling a junctlion are for the 3
most part limited to the object of which the junction is a :

part, and to the object's shadow edges, if any. :

3 Another reason wiy effects do not propagate far is that
when junctions are unlabeled or when they are uniquely :
labeled, they do not propagate effects at all., (This reason
was illustrated in figure 6.4.) Thus when few junctions are
labeled and when most of the junctions are labeled the

effects of adding restrictions tends to be localized,

) A o v
S U
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6.4 PROGRAM PERFORMANCE

R il He

3 The program portions | have now described are adequate

for labeling scenes without acclidental allgnments,

T T T T

non=-trihedral vertices or missing lines. Within this range

T LA P Lot o T LB S

there are still certain types of features which confuse the

program, but before showing its 1imits, | will show some of

i fai k8 o B e A )

its complete successes. In all the scenes that follow, |

A ek A TR e L B

assume that the program knows which region is the background

region, and that it also knows the relative brightness of

various reglons, The program operates nearly as well without

these facts but not as rapidly. Figure 6.6 shows a number of

scenes for which the program produces uniqus labelings or is ;

only confused about the (l1lumination type of one or two

reglions (as in flgure 6.6D and 6.61)., By varying someof the

region brightness values or omitting them, the program could
also be similarly confused in this way for the tops of
objects in figures 6.6A, 6.68B, 6.6E, 6.6G and 6.6H, |In
general, the program is not particularly good at finding the
illumination types for reglons unless the regions are bounded

by concave edges. This confusion has a physical basis as

o SV € St End A AR BN RIS Lot T

well. In all the diagrams | have drawn these top surfaces as

TR IR

though they were parallel to the table so that the should all

i e e vy x e it AL A
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be labeled as type | (!l1luminated), but since the program |
have described so far uses only the topolog§ of a line
drawing, It has no way of distinguishing the scenes | have
drawn from others which should be labeled differently. For
example, Iin figure 6.? | have redrawn figures 6.6A and 6.68
so that the top surfaces are type SS (Self~Shadowed), but the

figures are topologically identical,

To decide whether a surface is self-shadowed or
i1luminated, one must be able to associate shadow corners
with the vertices which cause them. In figure 6.7B, If C Is
caused by B, then the top of the block Is I1luminated, and if
C Is caused by A then the top of the block Is self-shadowed.
To verify that A causes C, place a straight edge on thre
flgure. There Is an interesting optical I1lusion in this
figure; it appears to me that the top surface of the block in
figure 6.8 should be type §S, but In fact If you use the
straight-edge test | described, you will find that It is
actually illuminated., (I did not put In any shading, to

prevent biasing the choice.)

In any case, | think that the Issue here Is not serious,
since the program still finds the correct edge labels for all

edges. In general | doubt that anybne will be too Interested
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In finding the (l1lumination values exactly; Iin the program
they serve primarily as labeling aids, not as ends in
themselves. However, before going on to something else, |
would like to use this topic to illustrate a situation | have
encountered several times in the process of performing this
research. | noticed early In my study of scenes that If all
shadow corners and their causing vertices in a given scene
are connected by straight lines, these lines have roughly the
same slope throughout the scene, provided that the light
source is reasonably far away from the scene compared to the
scene size. | thoughtlthat this fact might ald me a great
deal in finding shadows. What | did not see was that until |
could locate shadows and their causing vertices, | couldn't
connect the two to find the characteristic slope; but If |
could find the shadows and vertices, then | knew how to solve
the problem already, and so | would not need to find this
slope at all! There Is at least one type of case where this
slope is Important, as | describe in the next section, but
for the most part the topology of scenes provides adequate

clues for finding shadows.
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6.5 PERFORMANCE PROBLEMS

Shadows convey a considerable amount of Informaticn
about which edges of an object touch a surface, since a
shadow edge can only intersect the edge which causes It if
the surface the shadow is cast on touches the shadow-causing.
edge, as Illustrated in fligure 6.,9A, As long as shadows are
present, a program can find relations between the objects In
a scene. and the background, as shown In figure 6.95,

However, i{f all shadows are missing, then It Is Impossible to
decide how the pieces of a scene are related. For example in.
6.9C, the block on the ieft could be stuck to a wall or
sitting on a table or sitting on a smaller block vhich
suspended it off the table; there Is simply no way to decide
which of these cases Is true, glven only 2 shadow-free line
drawing. Moraover, the program does not use (at this point)
knowledge of line segment directions In a scene, so It cannot
even distinguish which way is up. |If you turn figure 6.9C
about 1/3 of a turn clockwise, there is a reasonable
interpretation of the two blocks with A supported by B,
Without line segment direction information the program finds
all these interpretations if there are no shadows,

-
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IN THESES SCENES THE
STARRED TUNZATIONS PROVIDE
EYIDENCE THE TWo OBIECTS

OR THE OBJECT AND TABLE TOUCH,

IN THESE SCENBS THI
STARRED JusMCTIONS TROVIDE
EVIDENRCE THAT THE TWo oBIECTS

OR THE OBJECT AND TABLE DO NOT ToucH.

FIGURE 69
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IN THESE SCENES
THERE IS NO EVIDENCE
T0 USE To RELATE THE

CBIECTS To EACH CTHER
- OR To THE TABLE: IT IS

NOT TOSSIBLE To OECIDE
MWHBTHER THEY TOUCH OR NIT,

FIcURE
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In figure 6.10A, each of the segmerits marked with a star

1 can be interpreted either as an obscuring edge or as a

)‘
) g
WA e o A A e SRR TR N R 8 .,Z.WM.;',&/IS.MMJ

concave edge, though in most cases choosing one or the other

o

for some line segmant forces other segments to be Interpreted

TR

uniquely, as shown in figures 6.,10B and 6.10C,

2 twekdln o b

TR

As in the previous section, there are scenes which are

2 b

topologically identical which can help to show why the

uwt & adngbin

program finds all these labelings as reasonable

interpretations, Figure 6.11 shows five scenes which are

APy S

topologically identical to the labeled scenes shown in Figure

6.10C; in each of these scenes, the labeling shown seems to

T R ThL Sk hte

. me to be the most reasonable one or at least a plausible one. 3

Figure 6.12 shows the next problem case., Such a case

s KU e

occurs when we can see only encugh of an object so that it Is
not possible to tell whether the region is a shadow oy an :
§ object, If it happens that the ambiguous region is brighter

than the background (or what would be tha illuminated portion

LIS POer

of a partiy shadowed surface of the feature occurs on the

o g o

interior of a scene), then the program can eliminate the £
possibility that the region is a shadow. Unfortunately, If E

E the ambiguous region is darker than its neighbor, it cannot

tell whether the region is a shadow region or a dark object,
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P TR,

In figure 6.12, do vou think that both A and B should really

KA ST ol R R O

ORI SR L U LRI

be labeled as shadow regions? In fact nelther A nor B can be
shadows! You can prove this for yourself by finding the
characteristic light source slope for the scene, using the
front object and its shadow. Then note that there can be no 3
hidden objects which could project A or B, Figure 6.13 shows :

this construction, it is this type of distinction for which

the tight source slope information could be useful,.

I will not go through the process again of showing how
each of the labelings could arise, Clearly the
interpretation of A and B as shadows is reasonable for this
scene, since | can easily find a topologically equivalent
line drawing where some obscured objects could cause the
shadows. The program needs to know about gravity, support
and line segment directions in order to eliminate some of the
interpretations of region A, Every one of the

interpretations is possible for 3.

Ay ik Y . “ - . n P e 4
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A closely related ambiguity Is i{llustrated in figure

6.14A. Again difficulties arise because a shadow-causing

B A gl bl si

junction is hidden, The fact that the program does not know

7 s

at this point about gravity can be visuallzed as meaning that

the objects which form both sides of a crack can aprear
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SINCE THE PROGRAM DOES NOT KNOW ARSUT

DIRECTIONS, IT FINDS THAT i~A-C CAN POSSIBLY '
BE A CRACK — WITHOUT DIRECTIONS IT CAMMOT

KNOW ABOUT GRAVITY. .i

Freure 6.149B




N S T T AN e AT T SR S =07 R BT AT ATR N S ATy

Y Y e AL L T Y TIReA AR R N AT RS I LIART SRR Ay R AR T A I T Y A T T T 4T T RN sl

¥
&
3
3
4
5
4
X
A
b
g
3

o~y

SECTION 6.5 194

LCEN I B

3 anywhere, just as if the two objects were glued together.

WL N

Figure 6,148 shows such a case.

L i e

The next tvpe of probiem Involves support directly. An
example of this type of difficulty Is shown In figure 6.15,
As in figure 6.10, each of the edges which is ambiguous Is
marked with a star (%) In figure 6.,15A, and the possibhle

labelings, both "reasonable" and "unreasonable'" are shown in

¥
Al n K Tl G L a0 WA 3 AP G R S DI e i

figures 6,158 and 6.15C respectively. | have redrawn figure
6.15C in figure 6.16 to show scenes with the same topology

which have what were previously unreasonable labhelings as

their reasonable ones. Actually in some of the cases | have
had to change the topology slightly, This happened because |

wanted to construct an example which contained shadows and

which exhibited all the ambiguities | show In figure 6.15;
while | was not able to easily find a scene which satisfied 3
these criteria and also did not require changes in topology,
there probably are such scenes. | do not believe that any

general rules can be derived from the needed modifications, ;

One final type of ambiguity is interesting and also

serves to emphasize one of the findings of the work reported

in this chapter. In figure 6.17 | show the two types of

interpretations my program returns for holes. One of these

INL - e s et TRy 2 2 R T T e P oy P s A3
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interpretations is the one | expected; | was surprised that
the hole was ambiguous, but even more surprised to find that
| had missed an obvious alternate interpretation of the sare
geometry. The alternate Interpretation shown in figure §,178
does not even need to be drzwn with different line segment

directions in order to appear reasonable.

The labelings which the program finds must be made up of
local features, each one of which is physlically possible, butg
it is not obvious that the features which remain should each
be part of a total labeling of the scene which Is physically
possible, After all, the only conditions | Impose are that
each of these features must agree with at least one other
feature at each neighboring junction. On the basis of the
fact that the main labeling program does not leave extraneous
labels on junctions, it seems clear that topology provides a

major portion of the cues necessary to understand a scene.

in the next chapter | show some heuristic rules which
can be used to eliminate some of the labalings which people
usualiy consider uniikely, In fact the true case is that
these labelings are not unlikely, but the scenes which have
these 1abelings as reasonable ones (to our eyes) do not often

arise2 In our experience. Unfortuntely, heuristics sometimes
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reject real Interpretations, and indeed would reject each of

the interpretations shown In figures 6.11 and 6.16 In favor

A S

of the ones in flgures €.40B and 6.15B. Nonetheiess, in the
absence of solid rules, thesa heuristics can be useful, In
the chapter on region orientations | deal with the types of
teciiniques which would enable a program to find the 1ahelings
which we would assign to these line drawings without resort

to heuristics.,
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7.0 NON-TRIHEDRAL VERTICES & RELATED PROBLEMS

BN PO PRI . 1 §

So far | have assumed that all the junctions | am given
are normal trihedral .junctions and essentially that the line ;
drawing which | am given is "perfect", When a program has to

be able to accept data from real line finders and from

e Rl s B g

arbitrarily arranged scenes, these criterla are rather

unrealistic,

!'n this chapter, | show how to correct some of these
4 problems in a passive manner. By passive | mean that the
program is unable to ask a line finding program to look more
carefully or to use alternative predicates at a suspicious

junction, and similarly that it cannot move its eye or

23 0 i 0 A R A LA SR MO S BN R

2 camera, or dlrect a hand to rearrange part of a scene in

o0 b

f: order to resolve ambiguities (Gaschnig 1971).

S 3.

et

e

Instead | handle these types of problems by including

E labels for a number of the most common of these junctions iIn

}é the regular data base. |n cases where the program confuses ;
these junction labelings with the regular lahelings and where 3
| want a single parsing, | can easily remove these new types %
of junctlion labels first, since | have irn. uded special 3

. markers for each labeling of this type, Moreover, depending

.

i
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on the reliability of the program which g2nerates the line
drawing, | may wish to remove labels in different orders,
For example, If a line finding program rarely misses edges,
missing edge Interpretations can be removed first; If a line
finding program tends to miss short line segments, then
accideatal alignments are probably being generated by the
program, and these interpretations can be retained until
last. Therefore the labels for each type of problem are

.marked with different iIndicators in the data base.
7.1 NON-TRIHEDRAL VERTICES

Some non~trihedral vertices must be included in the data
base; Indeed some are much more common than many of the
trihedral vertices. | will limit the number by Including
only those non-trihedral vertices which can be formed by

convex trihedral objects.

The first type of vertex is formed by the alignment of a
vertex with a convex edge as shown in figure 7.1 and In
figure 7.2, In figure 7.3 a similar set of junctions is
shown for objects which MARRY (i.e. have coplanar faces
separated by a crack edge; see Winston 1270) along one edge,

but which have difference face angles.
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Figure 7.4 lliustrates another common non<-trihedral
vertex which results again from objects with dissimilar face
angles, This time | need a new type of edge, a separable

convex edge, labeled as shown in flgure 7.4.

Figure 7.5 lliustrates the types of non-trihedral

vert’ . nich can occur when one block leans on another. In

order <o .2-p these cases from being confused with other
trihedral junctions, | have introduced three new edge types.
These types only can occur in a very limited number of
contexts., Figure 7.6 shows some of the ways In which these

edges can appear,

In the data base each of the labelings shown In flgures
7.1, 7.2, 7.3, 7.4, and 7.5, and any other junction labels
involving the leaning edges or the separable convex edges,
are marked as non-trihedral, Later, If | wish to find a
single parsing for a scene where there are still ambiguous
labels, removing these non-trihedral junctions, if possible,

may be a good heuristic.
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7.2 ACCIDENTAL ALIGNMENTS; FIRST TYPC

in this section | have not attempted to exhaustively
list every pussible junction labeling which results from
accidentai a!'ianment, but have concentrated on Inciuding only
the most common cases. There is scme justification for this,
in that ambiguitiec caused by accidental alignments can be

resoived by simply moving with respect to the scene.

Figure 7.7 1ists all the junctions which can take part
in the first type of accidental aiignment i wil) censider.,
This type of aligrmeat occurs when a vertex is closer to the
eye than an edge which appears to he hut s not part of the
vertax., Tnus the set of vertices In figure 7.7 are exactly
that subset of the scene/background boundary junctions
(Appendix 4) which contain only obscuring edges on the
scene/background boundary, Figure 7.7 shows only those
junctions which | include as sufficiently common. The rest
are excluded because they !nvolve unusual concave geometrles
like those found in SOMA cube pieces (SCMA cubes are
three-dimensional puzzles manufactured by Parker Bros. Inc.,
Salem, Mass,) or because they involve three-object edges or

because the resulting junction would have enough line

segments to require a designation of "SPECIAL" or because the

o puman
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junction would require the alignment of the eye with three

points In spacea.

There is no regular junction which could be confused
with anv of the ARROW or K junctions generated by the the
alignment of the junctions shown in figure 7.7 with edges
behind them. To see why this is so, comkider flgures 7,8 and
7.9. Fligure 7.8 gives names for the disctinguishable region
segments for each type of junction. Ftzure 7.9 shows all the
K and ARROW junctione that can result from accidental
alignment with =2ach each of the junctions shown In figure
7.7. Notice that the background region can only appear In
segments ARROW1l, ARROW2, K1, K2 and K3 in these accidentally
aligned cases, whereas for al! trihedral ARROW and K
junctions which can appear on the scene/background boundary,
only segments ARROWO and KU (the segments of these junctions
which are greater than 180 and equa! to 180 degrees,
respectively) can be part of the background. Of course for
the junctions where no segments are distinguishable (e.g,
FORKs) or where the junction appears on the interior of the

scene, these accidental alignment cases cannot be directly

distinguiched from the regular cases.
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At this writing, | have not included all these
accidental alignment types in the program®s data base, but |
have included most of the scene/background boundary cases and
a number of the interior cases. In general, | have assumed
that no non-trihedral edges or three-object edges will be
among those obscured since both the alignment itself and the
edge types are relatively unlikely, so their coincidence at a

single junction Is extremely unlikely.

7.3 ACCIDENTAL ALIGNMENT Wi /HOUT OBSCURING EDGES

Figure 7.10 shows some alignments which have shown up
frequently in scenes | have worked with, These junctions
have occurred because (1) our line finding program misses
short line segments (and therefore tends to Include more
lines than it should in a single junction), (2) our line
finding program has a tolerance angle within which It will
call edges collinear, so some edges are called collinear even
when they are not, and (3) edges which lie In a plane
parallel to the surface on which they cast shadows are
parallel to the shadows they cast, so that alignments become

particularly likely when we use bricks, cubes, and prisms.
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Figure 7.11 shows some other types of accidental shadow
edge alignment which our group's line finding program
frequently ylields; these junctions are relatively common
because of the tendency of the program to miss short line
segments, but each of these types of alignment can occur
naturally as well, (For information on our line finding

program see Horn 1971 and Shirail 1972.)

7.4 ACCIDENTAL ALIGNMENTS; FINAL TYPE

The worst type of accidental alignment, in terms of the
number of new junctlions It can introduce, occurs when an edge
between the eye and a vertex appears to be part of the
vertex, Fortunately, all of the types of junctions which
these alignments introduce are either Ks, KAs or SPECIALs.

To see why this Is so, look at figure 7.12, All these
labelings can be quite easily generated by a program which
operates on the regular data base. Notice that for each
obscured vertex labeling, there are three new labelings
generated, since the near region can have any of the three

it1lumination values,
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Alsc notice that any of thase junctions which appear on i

the scene/backgreund boundary can only be oriented with the

-/ backgroeund In a junction segment type K1, K2, K3, KAl, kA2, j

KA3, or KAL (see flgure 7.8). Therefore it Is not difficult

LR Pl g

to recogn:ze the cases where accidental allgnments of this

type occur on tne scane/beckground noundary since non2 of the

WA PR

regular trihedral junctions can ever appear on the

scene/backgrouna houndary In any of thesa ori ntatlicens. (The
background ¢an only appear normaily In segaents of type KG of

KAQ.)

The aumber of K junctions af this typ2 which can vccur

e ot Lr g W pcne

is limited by the fact that two of tha lline segmerts ‘tne

P

collinear cnes) musrt always be obscuring edges and sc can be

b & b P

iabeled in a total of 108 different ways {including region
illuminationsg); the other two ling segments can euch he 3
labeled in 81 ways, so ther2 can be no mors than 81x81x108 =
708,588 possible K labelings. In fact, as usual, there are %

not nearly this many iabelings., To find the limit on the

aumber of these junctions, use flgure 7.12 and Tuable 5.2

L8 WK B ted

together, as shown in Table 7.1. The numbers in Table 7.1

3
£

are obtainied by taking the total number of Interior labelings
for a tpe of junction (remember that this number Includes

TABLE tabels as well), multiolying this number by the number

\
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TYPE oF
JUNCTION

w

L
ARROW

FRAK

K
X

MULTT

ToTALS

NUMEER oF K‘:
LABELINGS THESE
TUNCTIONS CAN
(GENBRATE

NBX1 X3 = 359

109 x 21 3 = 459

1ox2LXx3= (0
2{3x2 X 3 =1278
53X 4x 3= €757
152 x L x 3% 450

224 x L x3= 72

18,221

TABLE 7.1

."\

WUMEER oF KA
LABELINGS THEST
JUNATTONS CAN
GENERATE

NoNg

109 x1 x3 = 327

: T 809 x2.x 3 = 4854 NoNE ;
FoRK  1lolz.x1 x 3 = 3036 NONE

Lok 2x3 = 6o
213 x 2x 3= 1278
563X 1x3~ 1689

NONE

224 x1 x3 = §72
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of ways In which it can form a K junction, and multiplying
this number by three (since the obscuring region can have
three types of lllumination, independent of what the other
iabels are)., Thus, for example, there are 109 ARROW
labeiings, and each can be used two ways to make a K label of
this type (see figure 7.12), so the total number of K
Juncticns due to obscured ARROWs is 109x2x3 = 654, Each
ARROW labeling can be used in only one way to form a KA

junction, so the total number of these {s 109x1x3 = 327.

While |t could include these labelings directly in the
data base, their number is clearly unwieldy. In any event, |
managed to find a way to include the labelings exactly but in
a manner somewhat different than those | have been dealing
with so far., In order to show this method, | first have to

fill In some gaps | left earlier.

7.5 MORE CONTROL STRUCTURE

In this section | return again to the main labeling
program and describe what happens when the program Is unable
to label a scene consistently, using the set of labels with

which it has been equlpped.
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5

The program Is written in MICRO~PLANNER, a programming
language with automatic back-up facilities {Sussman et al
1971)., Before the grogram begins labeling a junction J, !t
saves the context of the junction (l.e. the labeling which
existed before the program assigned any labels to J). As the
program iteratively eliminates the labels which can now be
removed because of the new constraints which J adds, it
checks at each step to make sure that at least one label
remains possible for each line segment. I|f this number ever
goes to zero for any line segment, the program assumes that J
is the source of the probliem, i.e. that J ﬁeeded a label that
was not in the list assigned to it by the selection rules.
When this happens, the program restores the context to the
state that existed before it began labeling J, and it marks J
to indicate that J cannot be labeled from the normal label
lists. Once J has been marked in this manner, it appears to
neighboring junctions to be just like a junction which has
not been labeled yet, and therefore J Imposes no conditions
at all on the possible line labels for its neighbors. The
program éan then continue and as long as two adjacent
junctions are not left unlabeled at the end of the program's
operation, every line segment can be assigned a value or set

of values, just as if every junction had been labeled.
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The problem with this arrangement is this: suppose that
the program is given a line drawing which has one junction
that cannot be labeled from the regular set of junction
labelings. Clearly If the program labels this junction last,
it will be unable to label the junction and will give the
correct result, However, If this junction Is :abeled before
any of its nelghbors, then it Is, of course, automatically
assigned labels from the normal set, for none of the
surrounding junctions impose any constraints on it. Ir this
case, one or more perfect.y normal junctions in the scene
will eventually be marked as unlabelable, and the resulting
total labeling for the scene will be Invalid. In general, If
the bad junction is labeled toward the end of the program's
operation, then the total scene labeling is orrect, and if
the junction Is labeled eariy In the program's operation, the

total scene labeling is incorrect.

My first attempt at sclving this problem was to label
all Ks and KAs last. In many cases the Ks and KAs were then
Iindeed correctly ldentified as unlabelable from the normal
set, However, | managed to come up with a much neater

solution which enables the program to generate labels for

these otherwise unlabelable junctions.
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As before, | have the program label all ks and KAs last,
but this time i modified the Tabeling procedure., If a
junction cannot be labeled from the normal set, Instead of
marking it unlabelable | generate possible labelings by
modifying the line drawing so that it contains equivalent
junctions which are not accidentally aligned, and then |
label these junctions in the normal manner. Thus, as shown
in figure 7.13, if the normal set of junctions Is inadequate
to label a K, the most reasonable alternative Is that the
junction is actually an obscured L vertex. Therefore !
change the line drawing (saving the original of course) and
try to iabel the new line drawing. This change is equivalent
to moving the eye slightly to see what type of junction is
obscured, except that since the program is unable to move its
eye and therefore does not know what the real vertex type Is,
it keeps trying various alternatives until one works, or
until it hits a default case, In the example shown, the
program finds a reasonable Interpretation on the first try.
If it had not, then the program would next have tried to

label the junction as an obscured ARROW, since ARROWs are the

next most comnon type of junction after Ls.
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Notice that the condition for a modification to be

RS

reasonable Is not as simple as the old condition for a single

EAPNL LNV IO PR LA TR SN WP VO VR IvI 2r 1N

junction, as illustrated In figure 7.14, The condition for

VAT L L

figure 7.14A Is that J, J1, and J4 must all be labelahle,

Before there was no condlition joining J1 and J4; If they do

Pt UL b e S

not match now, It does not matter whether J0 can be labeled

or not because a total labeling would be Impossible. This
mears that the program has to be able to save the context
until it has finished checking the laheling of several
junctions, and that it should only finalize the modifications
when it has proved that every portion of the new line drawing
is reasonabies, To Illustrate further, in figure 7.148 | show
the modifications necessary to interpret J0 as an obscured
ARROW junction, These modifications create a new junction,

and the two junctions, J0 and JJ0 must both be checked;

el B 2 latan a S bt e S e e A SR K e LS b B BT R DAL S s 2 v at et

unless hoth can be labelad consistently this Interpretation

A ulrdia .

is impossible,

in fact, ! can carry zhis ldea even further. Suppose
tihat a K junction, J0, is actu2lly an acclidental alignment,

but that since othaer K and KA junctions in the line dawing

LR L RS R e G ke L Rttt

have not yet been labeled 0 can be labeled from the norinal
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2t of labelings. Later another K, which should be iabelabie
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from the norma) set cannot be labeled, since the wrong choice
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was made for J0., To eliminate this type of difficulty, |
require all K and KA junctions to agree, and If they do not
agree, the program can back up to any of the K and KA
junctions until it has actually tried every combination of
Interpretations for the junctions. Thus the program should
not finalize any of the labels for K or KA junctions until

all of them agree.

This solution is still not guaranteed to contain the
correct one; the program will be satisfied with the first
set of modiflcatiors for the K and KA junctions which gives a
complete labeling. To be certain of including the correct
solution, the program would have to try every combination of
interpretations for every K and KA and save all the ones
which give complete labelings. Eventually | hope to include
this ability when | modify the program to run in t 2 CONNIVER
language (McDermott & Sussman 1972); this language has
better facilities for developing and saving parallel
contexts, whereas MICRO-PLANNER does not. MICRO-PLANNER Is
oriented toward a tree search model of problem solving where
the branches of a solution tree are explored until a correct
solution is found. in my case, the probiem Is that theremy

be more than one correct solution.
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B L B A B0 ) et

Irn any case, when | programmed this ability, | lumped a

PR T o WA T

number of junction types together into a default case for two

T

reasons: this lessened the possibility of stopping hefore

getting the desired ("correct") solution, and itenabled the
program to run much faster and required a much smaller
program than would have been needed if | had Included

separate machinery for each type of junction. The program

UYL e St T Wb A W R B

tries the possibilities for a K In the following order:

gl AR b St L

LRt

(1) try to label the K from the normal label 1lists.
(2) try to label the K as an obscured L vertex.

(3) try to label the K as an obscured ARROW vertex.

Shateatalan: B0t AL e p e e

(4) if all these fail, l1abel the K as two T junctions

npdn kit

{see figure 7.15).

The default condition represents the exact opposite of

the previous conditions., The two Ts result If Instead of

B s b

moving the eye (by imagination) to see what vertex |s behind

elbast'g

the obscuring edge, the program moves Its eye (by
imagination) to completely cover the vertex and eliminate the
accidental alignment. Notice that the default condition 3

gives much weaker constraints than could be obtained by

S G Lk gt

trying all the rest of the junction types explicitly. The

only relation that must hold for the two T uprights iIs that
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the region between them (marked R In figure 7.15) have an
il1lumination value which matches both uprights. Nonetheless
this Is a much stronger condition than is Imposedby leaving
the junction totally unlabeled and, in addition, the
collinear segments (L-A-B, L-B-C, L-C-D in figure 7.15) can
all be labeled unambiguously as occluding edges. The
information | throw away requires that the two uprights be
adjacent segments of the same vertex, where this vertex can

presumably be labeled from the normnal label lists,

7.6 MISSING EDGES

Missing edges usually occur when the brightness of
adjacent regions is nearly the same, since most line finding
programs depend heavily on steps in brightness to define
edges, | have made no attempt to treat missing edges
systematically, but have only included a few of the most
conmon cases in the data base. Clearly missing edge junction
labels could be systematically generated by a program merely
by listing all possibilities for eliminating one edge from
each junction label, This procedure would generate
(n-1)x(old number of regular labeis) for each junction type
(where n is the number of line segments which make up the

junction), and clearly this would be a rather unmanageable
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number of new labels., The number of new labels could be
lessened somewhat by noting that certain types of edges such
as cracks are llkely to be missed whereas certain other edges

such as shadows are relatively unlikely to be missed.

Even if a program such as mine can recognize that a
Junction must be labeled as having a missing edge, problems
still remain about exactly how the line drawing should be
completed. This difficulty Is Illustrated in figure 7.16.
Depending on the line segment dlrections and lengths, the
missing edge junction D can be connected to vertex A, vertex

B or vertex C, even though the topology of all the line

drawings is identical.

The missing edge junctions which are included In the
program's data base are all L junctions which result from
deleting one of the branches of a FORK junction with three
convex edges, Inclidentally, in the examples shown in figure
7.16, my program finds each of the given interpretations, but

finds no other interpretations, l.e. it finds no

interpretations which do not involve missing edges.
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A rule which can be helpful in removing impossible
missing edge interpretations is that if a region Is bounded
by only one junction which can be interpreted as having a
missing edge in that region, then that missing edge
interpretation is Impossible, (There must be another
junction to connect with the missing edge.) A similar rule
depends on including the label that the missing =dge would
have had in each missing edge labeling, In this case, the
rule is that not only must there be a pair of missing edge
junctions around a region in order for either of them to be
possible, but this pair must also match in the label that
each gives to the missing edge. One final rule is that the
previous rules only hold if the pair of missing edge
junctions are not adjacent to one another (l.e. each pair of

junctions can be connected by only one stralght line).

If more than one edge Is missing, then a program
requires greater constructive understanding than my program
has, although | believe that there are reasonably simple
rules which allow a program to solve scenes even [f they are
as bad as the one shown in figure 7.17, For example, Shiral
has demonstrated that the silhouette of a scene contains a
great deal of information about where interior lines and

junctions can appear (Shirai 1972), Although he does not
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consider scenes with shadows, | believe that the same
principles which he uses are applicable for shadowed scenes.
Freuder has also written a sophisticated heuristic program
which fairly reliably fllls in edges missed by our group's

line finding programs (Freuder 1971a, 1971b).

7.7 HEURISTICS

As | have mentioned earlier in several places, the
program is able to remove junction labels selectively
according to a crude probability measure of the relative
likellhood of various individual feature interpretations,
These heuristics are a poor substitite for foolproof rules;
in essence | view the heuristics as an expedient method for
handling problems | have not yet been able to solve properly.
As | explained in Section 5.4, these heuristics may

nonetheless be of considerable value in guiding programs

which find sound solutions.

There Is not much to say about the heuristics
themselves. The ones | am using currently lump all the
"unlikely" junction labels into one class, the "likely" ones
into another, and simply eliminate all the "unlikely" labels

as long as there are "likely" alternatives.
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However there are some Interesting cases where | have
found that ! can usually eliminate the unwanted the problem
scenes in Section 6.5, Obviously, to soive these cases

exactly would require a great deal more programming effort.

Heuristic 1: Try to minimize the number of objcacts In a

scene Interpretation.

implementations:
{1) Make shadow L junction labe': (see fig.ure 7.18A)

more likely than any other type of L junction.

(2) Make labels representing interior TABLE regions more
iikely than the equivalent labels that do not involve TABLE

regions.

(3) If regions can be Interpreted either as shadows or

as objects, make shadow interpretations moyve likely.

Heuristic 2: Elimlinate Interpretations that have points

of contact between objects or between objects and the TABLE

unless there is solid evidence of contact.
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Implementation: Make ARROW junction labals which have
two concave edges and one convex edge (see figure 7.18B) less

likely than ARROW 1abels of other types.

These heuristics select interpretations (1), (2), and
(7) from figure 6.10, Interpretations A(1l) and B(2) from
figure 6.12, Interpretation (1) from figure 6.14, and
interpretations (1), (2), (3), (4), (5), and (9) from figure

6.15.
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8,0 REG!CN ORIENTAYIONS

What has obviously been missing from all that | have
shown sc far Is a connection between line segment directions
on the retlina and possible labelings for these lines. Such a
conniection is axtremely useful if the program Is to
understand gravity and support, in this chapter | describe
approacnes to this problem which | have not yet included in
my program, There !s probably as much work required to
properly add the ability to handle direction iInformation as |
have alrcady invested in my program. Nonetheless, | believe
that this chapter provides a gooc¢ {dea of the work that needs
to be done as well as the physical knowledge that these

additions will allow one to Include in the program,

8.1 LINE LABEL ADDITIONS

To begin with, | investigate the partitioning of each
edge type into three subtypes, a technique analogous to the
ones 1 used earliier to divide concave edges into foui ciasses
and all edges into types according to their region
illumination values. As in the case of occluding elges, the
iine values are only defined with respect to a reference

point and direction, where the usual reference points are
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Junctions. The three values are:

(1) U (Up) -~ an edge directed up, away from the TABLE.
The reference end is closer to the TABLE than any other

points along the edge in the reference direction.

(2) D (Down) - directed downward toward the TABLE. This
is the opposite of U, the same edge but with the sther end of
the line and the oprosite direction on vhe iine as

references,

{3) P (Parallel) - parallel! to the TABLE or in the plane
of the TABLE.

Notice that there are some immediate limitations that

can now be set on the set of junction labelings:

AL IR ST L o by o Sy B s

(1) Any shadow edge or concave edge marked with a "T",

i.e. which is in the plane of the table, automatically can

have only one direction, P, in this partitloning.

(2) Any junction which has one or more shadow and
concave edges labeled "T" must have Its edges of other types

in the U direction, since the edges at such junctions must
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either be in the plane of che TABLE or above this plane.

{(3) Two edges which bound the same region and which are
parallel or collinear must hoth have the same direction
velue, U, D, or P, This fact can be chained through several

regions,

Figure 8.1 illustrates these facts; U !s Indicated by
placing an arrow along the side of a line segment pointing in

the Up direction.

Notice that these rules also allow a progran to find
horizontal surfaces, an important part of the notion of
support, A horizontal surface can be defined in this system
of notation as any region bounded by two or more edges which
are both marked P (}l) and which are not paralle! to each
other or collinear. Moreover, any edges which are In the
plane of a horizontal surface can then also be marked as
paralle) to the TABLE, regardless of the directions of these
lines on the retina, Finally, any junctions which bzar a
relationship to a horizontal surface, analogous to the one
that | mentioned earlier for junctions which had segments In
the plane of the TABLE, can similarly have their other

segments labeled U, Figure 8.2 tilustrates these points.
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3 These rules are not particularly helpful when there are

vt F RN AR WS

no parallel edges; !t is possible to chain some values in

i the absence of parallel edges and horizontal surfaces, but

] generailly such chaining cannot be carried very far.

1 Depending on the way that edges deviate from parallel, it is
sometimes possible to assign an Up direction. (In some of

the figures which follow | have not marked the lines wlth

Ao srodains st

s
AN ALY

E their normal label!s, but have only included the d!rection
3 labels for clarity.) See flgure 8.3, and note that since

A oS

edge L-A-B {s not parallel to L-C-D, | can mark L-C-D with an

ST

Up direction as shown. This means that since L-E-F Is

parallel to L-C-D, it can also be marked with an Up

o BT S S Kl W P

direction.

3
#
S
1
4

8.2 AN EXAMPLE

Using the methods | have already discussed plus one

&8 e e A e o . LY

other pliece of new information, | can show how to eliminate

some labelings for a line drawing if | know the line segment

At bt

4 e

directions. To see hcw these can help, consider again the

example | showed in figures 5.10 and 5.11, as lllustrated now

w0 T

in tfigure 8.,4A, Because L-A-B is parallel to L=-C-D and L-B-E

bl 2 £ LS s

is parallel to L-D-F, Rl must be horizontal, assuming that

1y
R
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-
.-

F the l1abeling shown is true. By the same kind of reasoning R?
4 must be horizontal. Now the additional rule Is: two

horizontal regions can only be separated by crack, shadow or

obscuring edges. Therefore, the labeling shown is
impossible, since L-C~G Is a concave edge, and consequently
A cannot separate two horizontal regions. Simitarly { can

eliminate the labeling shown in figure 8.48.

8.3 GENERAL REGIONMN.ORIENTATIONS

in this section | define a quantization scheme which
assigns to each visible region one of sixteen values. The

regions are named in as sensible and simple a manner as |

could devise, and are defined with respect to a coordinate
system which is itself defined by the TABLE surface and the
position of the eve viewing the scene, The region
orientation values are each shown In figure 8.5; | assume
that this flgure wil! serve as an adequate specificatior for
the meaning of the different orientation values, |If the

scene is moved with respect to the eye or vice-versa, then

st cad s e et R Sy Al ol

the region values (except Table and Horizontal) may change, 3
and regions previcuslyv invisible may hecome visible. Thus

the region orientation values are not Inherent properties of

.the surfaces, but are only defined with respect to a
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particular eye-table arrangement.

I1f a region R1 is type FRV (Front Right Vertical) and an
edge separating tnis region from region R2 is a shadow edge,
then region R2 must also be type FRV (see figure 8.5A)., The
problem is not quite so simpie when the other edge types are
involved, To give the flavor of what | would like to be able
to do in general, note that If an edge separating Rl and R2
is vertical on the retina, and Rl appears to the right of R2
on the retina, then R2 can only be type FLV or type FV or -

type FRY (see flgure 8.6B).

8.4 GENERAL LINE DIRECT:ONS

Before | can carry out this fype of association in
general, | must

(1) define line directions on the retina and

(2) define line directions in the scene domain with
greater precision, and

(3) show how to fi:d the scene direction values, given

a labeled line drawing and the retinal linre directions.

L ANRAEE I G e e g g e o o A e R R ; R A Ao it e -
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Throughout this chapter | assume that the eye Is far
enough away from the scene so that vertical edges In the é
scene project into North/South lines on the retina. Since
the definition of North/South edges includes a tolerance
é angle €&, the eye does not need to be at infinity for this

condition to hold. By the same reasoning | assume that

o

parallel edges can be recognized without resort to

perspective or vanishing point considerations.

First { define the retinal line directions in terms of

compass points as shown in figure 8.7, :

Next , in figure 8.8, | define the names for the
directions of lines in the scene by showing examples for each
type possible direction. These names resemble the names for
region orientations, bhut | will always use lower case letters
in referring to the line names and will use upper case

letters when | refer to the region names.

Now to make the connections between the retinal and
scene line directions, note that | can catalog all the
possible edge directicns in the scene domain which can map
into each of the direction values on the retina. As an

example of how to do this, in figure 8.9 | show all the edge

ALY
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directions possible for an edge which bounds a tvpe FRV
region, The diagrams In this fligure show that an NE
(Northeast) line on the retina which bounds a type FRY region
can be an edge of types bru, brp, or brd, that an E (east)
iine on the retina which bounds a type FRV region can only be
caused by a type brd edge, etc. Table 8.1 Is a summary of
the types of scene edges which can cause lines of each type

on the retina, arranged accordirg t> the types of regions

that each edge can bound,

Now to tie everything together, notice that an edge can :
only separate two regions if the edge coulid have the same ‘
direction in both regions bounding the edge. Therefore, to
find all the region pairs that an N (North) edge (as seen on
the retina) could separate, look down the N column in Table
8.1 and find all the palrs of regions which can share an edge
which points in a particular direction. A north pointing
edge can thus separate any of the following pairs of region

types (this is not a complete list):

((TA TA) (H H) (TA LU) (H LU) (H RU)
(RU TA) (RU H)

(FRV FRV) (FRV FLV) (FRV FV)

(FLV FRV) (FLV FV) (FLV FLV)
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AT G il A

(FV FV) (FV FLV) (FV FRV)
g (LU H) (LU RU) (LU LU)

(RU H) (RU LU) (RU RU)
(BLU BRU) (BRU BLU))

Po Doant L nnsdnda e § ot

mt

Not all these pairs can he separated bythe same types 3

of edges; shadows and cracks can only separate regions with

the same orientation values, and convex edge palrs become

UL 3 A AT S LI ETINR

concave edge palrs If the order of the pairs Is reversed,

For example, a North line separating regions with orientation

b tdned s b AR

values (FLV FRV) represents a convex edge (where the ordering
of the regions is in a clockwise direction), but If the
orientation values are (FRV FLV) for a North line, this must ;

represent a concave edge, This fact i{s illustrated in figure

by

8.10.

al o L M LR

If the Up/Down/Parallel designations are also :ncluded

ZRITELE LR S ER R I

in the regular labeling program, then it is possiblie to make

T

even finer distinctions, Table 8.2 shows some of the lists

of region orientation pairs which can be assigned to lines

having the indicated labels and directlons,
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-mé'élgﬁou 1L.ABEL POSSIBLE REGION PAIRS

((Fu FRUW)

CFRW FRU(FLU FLL)
(FLU FWELU TRY)

N PLUS-U | (FY FRY)

(FRV FRU(FLV FLV)
(FLV PY)(FLV FRY)

(¥D ERD)
(FRD FRDXFLD FLD)

(FLD TP)ELD FRD))

((H RW) )
N PLUS-P (RU. RUH(LU W)
(LU F)(LU RW))

((RRU. BRW(BLU BLW
N PLUSD | (3u BRW) )

(BLUW BUWY(BLU BRW))

Cconcave)
M-D or | ((BRW BWYBRUL BLW)
N Ofé%;\? S (BW BLW) )
OOLM-D (BLK BLW(BRK BRU
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._A progfam can use thls information In the foliowlng

‘ways:

(1) If there are ambigulties remaining after the
regular labeling program has finished, pick a single
labeling, assfgn region values using the lists shown in part
in Table 8.2, and see whether this ilabeling can represent a
possible Interpretation; If the Interpretation is not
possible, then the program will be unable to assign
orientation values to every region, very much 1ike the case
earlier in this chapter where a concave edge could not

separate two horizontal surfaces.

(2) Region illumination values can be tied In with the
region orientation values. For example, if a scene Is 1it
from the left, and the light-eye angle is less than 90
degrees (see figure 3.11; the light-eye angle jslhe angle
between the projections of the eye and the light onto the
plane of the TABLE, as measured from the center of the
scene), then a region cannot be labeled simultaneously as

orientation type FLV and illumination type SS (Self-~

Shadowed).
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(3) All these facts provide a neat way to Integrate
sterao information Into a scene description. For example, as
shown in figure 8.12, if an edge Is truly vertical (type vu)
then it must appear as N (No:th) in any retinal projection of
a stereo system, However an edge which is of type bp (back
parallei) can appear to be N on the retina because of the
particular placement of the eye with respect to the scene.

If the eye is shifted slightly to the right, this edge will
now appear to point NE (Northeast} and if the eye i5 shifted
to the left, the edgze will appear to point Nw (Northwest).
Clearly this knowledge would enable a program to much more
severely restrict the region orientation pairs, and
consequently the labelings, that can be assigned to s line
drawing of a scene. Mithout the region and edge orientation
formal isms {or other sinilar formalisms) it is not possible
for a program to understand this stereo Information, although
ore couid undoubtedly find ad hoc ways of using the

information,

(4) A1l the possibilities for region orientations can
be generated by the function | called |LLUMINE In Section
4.1, For each labeling which (he program finds, ILLUMINE can
select region pairs according to the line directions and line

i nels, and build up a set of region orier ation values in

el cten s on Gk

[ S S O DR ST U C e 3 T S0 U 1 DN E e X L TR

M

8 e R A A B A ST TAaed. L Sl i £ 5, o h 00w iin i b bebtvat eZidndieo [Ya VO FERE I RPE-T . TS SOV NI L) LS R WIS SACKECr LN

b b,
khﬁm:amm;‘.:ikm?;ﬂnw LeaAThAE s Wiead] T aae



R T T L T TG T R e
~ “

~ -

-
J
I
&

Ticure 812

L R T . e o T P

SHIFT
EYE
LEFT

e 0 . 2 0
B T e S L S I

B A - P NN Y




e - L0 AT LT I R g RS E T
N R S A ATy o e P T ST TR NI B 4 N T Y T T T T B (o T TR S S O R T T F Y B g vy

SECTION 8.4 27¢ E

il el

exactly the same manner that |LLUMINE bullds up sets of

region illumination values, The difference Is that there are
far too many region orientation values in general tc possibly
7 include them in precompiled form; the values must be

3 generated from the greatly reduced set of possibhilities that
remain after the regular labeling program has completed its
work, The reason why there are so many possibilitlies is that

there are so many possible region orientations, Fach edge

can potentially have 16x1é = 256 region orientation pairs as

opposed to the nine possible region illumination pairs.

8.5 SUPPORT

Using the region orientation values, I can now define

the set of edges along which support must hold, the set of

St 2/ T S P IS e B WS o T 03 0 BTN 0 AN A A EED AR 1 Uil aetnd e e, 2 s A e s 1 e e £ AR

edges along which support can hold, and the set of edzes
? along which support cannot hold., By support | mean what is

commonlty termed either resting on or leaning on.

To start with, | can eliminate from consideration any

edges which are shadows, convex edges, obscuring edges, or
concave edges made up of one object or of three objects, and
it zan say for certain that support !s exhibited along any

concave edge which has the TABLE as a bounding region. In
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addition edges lahbeled as "leaning" (see Section 7.1) point
to places where support relations must hold, although support
does not hold along the leaning =dgas themselves, since these ;

are either obscuring or convex edges. 5

The impertant fact (s that these edges exhibit support

regerdless of their directions on the retina, so that there
is no problem with edges such as L-A-B in figure 8.13. The

best previous rules to find where support holds in a scene

S et i

(see Winston 1970) are not able to handle cases like this;
Winston's rules were blased toward finding ARROWs, Ks and Xs 3
whkich have vertical (or at least upward pointing) lines as do
all of the cases In figure 8.14 (this figure Is a copy of

figure 2-41 Ffrom Winston 1970). In addition, Winston's rules

failed to find one support relation for the leaning block:

L e Ml

his rules assumed that objects would be supported by face

contact oniy, f

Although my program can find support in cases like
figure 8,13, it is Important to note that, in general, It Is
not possible to use my regular labelings and 1'ne directions
alone to find which edges exhibit support and which do not.
Suppose that on the basis of the frequancy of c¢rack adges

like the ones shown in flzure 8.15A | decided to label as

A i i R R e B A AP 0 i e
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SECTION 8.5 2872

Supporting/crack edges ones in which the arrow of the erack
label points SW, W, or Nw, and to class all the others
together as being crack edges without support relatlions,

Then in figure 8.1%B edges L-B-C and L-C-D would be correctly
marked but L-A-B would not. | could patch up the rule by
saying that if support holds for one non-collinear line in an
X function it must hold for the other non-collinear line of
the X as well. Unfortunately this rule causes the program to
assert that support hoids hetween the two objects In figure
8.15C, since support would he transferred by the rule from

L-B-C to L-A-B.

Simitarly, for concive edges | cannot use line
directions and the direction of the arrow on the lahel to
define suppovt. As an example, observe that while L-A-~B In
figure 8.15D does not exhibit support, L-C-D In figure 8.15F

does.

Region orientation values can help to avoid these
problems, at least for some cases. (There are some, cases
such as the one in figure 8.15F , where | do not kn~w whether
to say that support holds along L-A-B and L-B-C or not.)
interestingly enough, with region orientatlions specificd, |

do not necessarily need line directions, aithoursli | certainly
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need line directions to find the region orientation values to ]
A begin with, §
: An example of an edge where support must hold is any 1

TR

concave edge which has a horizontal surface on its left when

ot o

one looks along the edge in the direction of its "arrow", as

Aoty / By

does L=C-D in figure 8.15E,

Some examples of edges where support cannot hold are

e b L e

concave edges which have vertical surfaces (FRV, FV, or FLV)
or downward pointing surfaces (FRD, FD, or FLD) on the left
nf the edzes when looking along the direction of the "arrow';

line L-A-B in figure 8.15D is an edge of this type,.

While | do not show how to do so here, | believe that

the best way to add the understanding of support to the

24t e o, M A

framework of my program is to:

(1) add support labels to lines In junction labelings
where support can hold, and add these labelings to the

regular set of labels,

4
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>(2)_ as usual, do nothing when a line represents

unambiguously a support edge or an edge wlthout support, and

(3) when there Is ambiguity, use the region orientation
values to help decide the issue. To do this, note that since
there is a connection between the edges which can hive
support, line directions, and region orlentations, | can us»
the function ILLUMINE agaln to eliminate impossible
combinations and hopefuly dacide where support can and cannot

hold.,

| have no great c¢onfidence that such a system will show
where support must hold for c¢urtain, but the knowledge about
where support can hold combined with the knowledge that every
object must be supported somehow, should allow the program to
do quite well., | suspect that the program will be quite good
at finding places where support cannot possibly hold., To
solve these problems fully a program needs considerahle
knowledge about stabillity, gravity, and friction. These
problems are outside the scope of this paper:; for a
discussion of some of the issues involved see Blum et al

1970,
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To give a feeling for the number of new junctions which
é wouid be required in the data base, | have shown some

é iinctions in figure 8,16 which can Involve support, Flgure
8.16A illustrates the fact that any concave edge which
touches the TABLE must be 4 support edge. In figure 8.168,
if the crossbar of the T (the collinear lines) exhibhits

support on one of its halves, then it must exhibit support on

Lk hos ko clic S g Chatd B Bl

the other half as well and the support direction must be the

same for both of these edges. Similarly, in figure 2.16C
both non-collinear edges must have the same support or lack
of support values. |If each of the branches which can
potentially exhibit support relations were labeled
independently, then the cases in figures 8.16A and 8.168B
would each have 27 possible support assignments Instead of
three and nine respectively, and the case in figure 8,16C
would have 9 assigninents instead of the actual three, Thus
the same kinds of techniques which | have shown earlier for
other descriptions would almost certalnly work well for
support cases too. Finally, obscuring edges, which have up
to now accounted for the biggest increases In the numbers of
new 1abels when the old labels were split Into subtypes do
not even taike part In this partitioning, so that the increase
in the total number of iabelings cshould be wel! ~ithin

bounds.
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0f course my present program can already list lines
where support may held (i.e, al! crack and two-object concave
edges), and as before, simple heuristics would allow the
program to say with some confidence where support could or
could not hold. Clearly, it wculd also be quite natural to
call some of the support assignments In figure 8.16 "likely"

and certain others "extremely unlikely'",
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9.0 HISTORICAL PERSPECTIVE

It is instructive to reexamine earlier vision work which
dealt with similar problems in the light of the formalisms |
have presented in this paper, In this chapter | review the
work of Guzman (Guzman 1968), Rattner (Rattner 1970), Orban
(Orban 1970), Freuder (Freuder 1371a, 1971b), Dowson (Dowson
and Waltz 1971, Dowson 1971a, Dowson 1971b), Huffman (Huffman

1971), and Clowes (Cliowes 1971, Clowes et al 1971).

In what follows | hope to give you some appreciation for
the real advances in thinking about vision which were brought
about by these authors. Ten years ago the whole area of
computer vision was uncharted territory, and it was certainly
far from obvious where one should begin. Today, while there
are innumerable questions still unanswered, we have some
definite ideas about how vision systems could be organized
and about the reasons why many appealing systems such as
perceptrons and template matching schemes are inadequate

models for vision systems (Minsky & Papert 1970).
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Y

KW

9.1 GUZMAN'S SEE PROGRAM

A poe

e

Guzman's work is probably the most famous of the earlier

vision work, and indeed his approach was a dramatlc departure

LD T L L ok I M R

from what had been done before him. Hls formalisms were

TR AT

designed to group regions together into bodies., Basically

i 1 o 7 R

his program did this hy identifying each line in a line

S0 Pt kO . A S LT Al 5 At SRS S 03

R Ot

drawing as linking or not linking, where linking means that

the regions on both sides of the line belong to the same body

and not linking means that there is no evidence about the
line; It may be either linking or the regions on either side
of the line may belong to different hodies. Guzman used a
set of junction types exactly as my program does (L, ARROW,
T, etc.) but he included only one labheling for each tyne of

junction. Guzman's junction set is shown in figure 9,1.

There can be two conditions for iny line in a line

drawing after the labelings: have been assigned to each

junction:

the iabels at either end of a line agree, in which

labels are assumed to be correct, or

s S P S s Sl e A
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SECTION 9,1 291

(2) the labels on a line do not agree; Iin this case
heuristics are invoked to settle the issue in favor of one or

the other of the labels,

As examples of these heuristics, Guzman originally

linked regions if either end of a line were marked with a

linking label, Later he added a system using "weak' and

o
w wa \ PN K g | . o
AT L e 0 Y LB e S G 2t [t 0t B R S A B 010 D o L4 gt B ”"j

"strong" links to allow more subtle welghting of
3 possibilities and, still later, he added a link inhibition
: fedature which provided evidence azainst linking certain
regions. Rattner (Rattner 1970) worked out various

extensions to Guzman's work along these lines.,

As it turned out, the link inhibition feature proved to

be a much more powerful method than the previous methods he

i
E
A
s
2
-

had tried. Basically this Is because the link inhibition

technique was less local than the orevious links had bheen.

E |
3
3

The assignment of a link inhibition between two regions has
consequences for every line which separates the two regions,

unlike the linking mark which only serves as one piece of

evidence in favor of l!nking two regions. In terms of my
program, the program using links only is very much like what

my program would be if | divided my labsls up into those

which had PLUS (convex) marks and all the rest (assume that
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there are no shadows). The link inhibition lahels would he
those which have an arrow on the line segment, such as
occluding edges, cracks, etc. The onily strong evidence for
linking regions comes from ARROW and FORK junctions, and of
these the ARROW junctions are the more important, since
(ignoring shadows and separable P1US edges) every ARRNW
labeling links the two regions which bound the shaft of the
ARROW, I!n contrast, there are a numher of FORK junctions

which have non=linking lines (see figure 9,2).

But if Yink inhibitions are used there is considerabie
evidence in ARROW, T, X, and K junctions; In fact Freuder
has shown that If only link inhibitions are used, the program

works just about as well as Guzman's full program.

There are numerous problems with Guzman's approach,
First, his system simply does not work very well; for
carefully chosen scenes it will find the correct results, bhut
the program is very easy to fool. As Winston showed (Winston
1968) Guzman's program fails badly on scenes with holes, and
obviously the program is worthless for scenes with shadows.
If | map my labelings into Guzman's binary scheme there are
examples of virtually every possible labeling for each

junction type within my data base. Thus It becomes obvious
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that Guzman's ,abeals are simply the most probable
combinations of links for scenes without shadows. As such,
his program really has very little understanding of the world

(see Winston 1972a, 1972b),

i 2 e A T G bt e B et 3 e Lt St

Second, Guzman's approach Is difficult to extend. This

S g s ey

is due to the use of only one labeling for each junction and
consequent heavy dependence on special purpose heuristics,

and due also to the fact that virtually all the linking

oS e S G e B Hes i

information for a line comes only from the two junctions at
the ends of the line. There Is no systematic way to use any
information except locally. (The only exceptions are
Guzman's use of matched Ts, the link inhibition information,
and regions which meet along more than one edge,) As an
example, Orban's extension of Guzman's program to Include
shadows (Orban 1970) depends exclusively on the observation
that shadows frequently have chained L and X junctions. But
desi.ite the fact that Orban's program does have a slightly
greater understanding of the meani g that scene features can
have, it Is not a systematic extension. Llike almost all the
extensions suggested for Guzman's work, It is a patchwork
method: to handle a new distinction, pick a few common
features that display the distinction and then adjust the

rest of the program to avoid making disastrous errors.
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Third, this approach leaves a great deal unexplained,
Certainly there is a great deal more tc understanding a scene

than simply being able to connect the regions into hodies,

So far | have been dealing with the ways In which
Guzman's approach was deficient, but it has strong features
as well, Guzman was the first person, to my knowledge, to
get away from the idea of storing descriptions of particular
objects and trying to match these descriptions to a given
scene. Roberts (Roberts 1963) had used this method and in
fact others continued to do even less sophisticated template
matching of sorts well after Guzman published his work., 1In
contrast, Guzman's method works for arbitrary scenes
containing trihedral vertices and gives some answer for any
scene presented to it., Perhaps the most appealing feature of
SEE was its simplicity and clarity; there are no
tranformations, coordinates, or hidden lines, and In fact
only topology Is used. Guzman's great insight was that by
describing the physical characteristics of a relatively small
number of local features, one can use simple decisioﬁ
procedures to derive much less local facts about arbitrary,

unfamiliar scenes.
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Guzman's work was also instrumental in initiating two
fruitful lines of research which are still active. This
paper is along the line defined by Huffman and Clowes
(Huf fman 1971, Clowes 1971), The other line Is the work on

heterarchy (For excellent discussions of both Guzman and

heterarchy see Winston 1972a or 1372b, and #Minsky & Papert

1972),

9.2 WORK AFTER GUZMAN; HUFFMAN & CLOWES

Huf fman was motivated partly by his obs:-rvation of the

S S S N2 30 NLU TR T8 e e et e S o e e e A T B R i A% 't

lack of semantic content in Guzman's program to suggest a
richer set of labels than 1ink and do-not-link, (Whether
Clowes came upon the same ldeas independent of Guzman or not
I do not know.) Clearly both were influenced by Guzman's
"grammatical" approach to scene processing. Their great
insight was that by describing edges more precisely one could
use definite rules rather than probabilistically based
heuristics to choose scene interpretations. Moreover they
shpwed that one could even say with some assurance that
certain line drawing could not even correspond to real
physical scenes; compare this with the fact that Guzman's

N

program rather blindly returns some decomposition into bodies

for any line drawing, and you will get some idea of the
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z increase In understanding implicit In Huffman's and Clowes' z
é work, %
] 3
¢ i
% Both Huffman and Clowes also worked with a construction g
g for representing region orientations called the dual graph g
? which influenced my thinking on region orientations Huffman ?
] 1971, Clowes et al 1971). Unfortunately, there is no neat g
é way that | could see to integrate the dual graph into a ;
; labeliag scheme., In any case, | owe Huffman and Clowes a g
é considerable dabt. %
.

9.3 AN ACCOUNT OF MY EFFORTS é

When Dowson and | began working In this area, we 2

envisioned a tree searching program which would attempt to %

assign labelings from a reasonably small set (like those of §

Huf fman and Clowes) to a line drawing. Dowson came up with a Z

set of junctions involving cracks, and | generated a list of g

shadow junctions (Dowson & Waltz 1971). Dowson then ?

developed VIRGIN, a tree search type labeling program (Dowso- ;

1971b) to apply this knowledge to real scenes. e ;

immediately ran into serious problems, since even the %

simplest scenes required huge amounts of computer space, and %

the program ended up with many possible labelings for each
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e

scene., Most of these labelings only differed by one or two

il

line labels, but each of which took a considerable amount of

aolin

i

time to produce., It did not become obvious to me until
somewhat later that tree search was the wrong model for this

problem. ?

In my proposal for this work (Waltz 1971) | suggested a

rather heterarchical model for labeling line drawings., At
this time | had already noted that by beginning with the
scene/background boundary i could cut down the search space
consider~hly ~ya | listed a number of rules (related to the
sejection rules and region illumination types) 'vhich |
thought could further speed up and Increase the power of a
program, | also shoyed that region orientatior- ¢ould be
handled easily if | restricted the universe of objects to

include only those with right-angle edges,

My major breakthrough came when | saw that the region
orientations could be included as part of the edge labels,
and then saw that | could also subdivide each edge type into
several types according to the way that each edge could be
decomposed. This idea was first suggested to me by Freuder

(see Freuder 1971a) neariy a year before | used it,
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a2 v M B L W St

The last pleces fell into place when | made the decision

E to try using a filtering program before doing a tree search,

PR SRTE ST P8 W o

2 based on my observations of Dowson's difficulties. Since the
set of labelings | now had was far larger than the set which
had clogged his program, | felt that | needed such a program

to clear away the clutter of unneeded labelings and make tree

searching feasible., | was genuinely surprised when the

filtering program returned unique labelings for most of the
junctions in the first scenes | gave to It, From here on my
work followed directly from the success of the combination of
this filtering program and the much enlarged junction
labeling sets. | think It is noteworthy that this workis

the direct result of my interaction with the program, as

opposed to being the result of a system | worked out first by

T TR A, Bt b i bk S e e L0 Tttt A U S S A e B R 22 S TE Lttt i AL BN e

hand and only then imp'emented in a program.

There is one lesson which | think is Important, perhaps

i
ﬁ,:j
3
i

more important than any other in terms of the ways it might
aid future research. For a long time after | had found the
ways of describing region i(l1luminations and edge
decompositions, | tried to find a clever way to colliapse the
large set of line labels these distinctions Implied into a
smaller and more manageable set which would retain all the

"essential" distinctions, whatever they were. Frustrated in
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this attempt for quite a while, | finally decided to go ahead

b R U e e e

and include every possible labeling in the program, even

o
g
K
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though this promised to involve a good deal of typing. !

hoped that when | ran the program certain regularities would

2 ottt s Kl ] 1

appear, i.,e, that when the program found a particular

TR

labeling for a junction It would always find another as well,

so that the two labelings could oe collapsed into one new one

LU T Al

with no loss of Information., Of course, as it turned out, it

was the fact that | had made such precise distinctions that
allowed the program to find unique 1abelings. The moral of
this is that one should not be afraid of semi-infinities; a
large number of simple facts may be needed to represent what

can be deduced by computation using a few genaral ldeas.

It also seems logical that, {f anything, people e able

to make much finer distinctions than | was considering, and

Dol et oo e e B e S SN A, VRN o] A i A b R it i SR ENT L i b LT

that these distinctions had value for perception. For

example, people can distinguish between obtuse or "biunt"

i

edges (such as those of a regular dodecahedron), right angle

R R i

>dges (such as those of a cube), and acute or '"sharp'" edges

Lhaxiaw

(such as those of a regular tetrahedron), E
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ety

Finally, | do not see any reason to suppose that we

it 42 il L3

should be able to get along with distinctions on the order of

one or two hundred, any more than a language program with a

vocabulary of this slze could comprehend or express anythin,

vary interesting. But by the same token, It may he that a

vision system does not have to be too large for available

B Ml matioy e ALk R SRR L Vil draaa L L0

computers In order to reach a point of diminishing returns,

e

i

ﬁ Just as an lincrease In vocabulary beyond 10,000 words would

S B

probably not add much to a language program's (or a person's)

3 ability,
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MULTT-5E

NULTI-SG

ARBOW-SM

ARROW-SO

AT el
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SOURCE
JONCTION
NAME

L{ABELING

ALIGNED LIGHTING

TUNCTIONS & NAMES

ARROW-S8\

‘E'Fig; T-AL7

ARRCW-SS
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SOURCE ALIGNED LIGHTING

TUNCTIN| {ABELING |TTRICTIONS & NAMES

\

PEAKSE =~ 7-  K-ALS
) ;
PEAK-ST 3\1257- > - KALG
_.' + - -
PERKSG %J/— K-ALT ,:
oy T
PRAKSH " \&Q‘{b ¥-AL8
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s NS -
Kesq | k= s RAEALL

o 5L e o
RX-SR| A= ™ ~ KXX-ALR
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KX-ST| 4e <7 KR¥-Al4
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Kxsy 32lX < [F RXX-ALS
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SOURCE
TUNCTION
NAME

LABELING

ALTGNED L TGHTING
TWROTTIONS & Nanes
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SOURCE
NAME

LABELING

SCENE /BACKGROUN D
BOUN DARY VARIATIONS

ARROW-L

T-2A

T-28

1-2A

T-3A

XX-3A
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SOURE 1 e 106 | B SRR S

% ALL FORM THE SAWE COMBINATIONS:
FORK-3A ﬂ’k I, - I/*kf I;(’KSS
TORK-3B }*& /:;% X AN
Foxcac| od
FORK-3D I;QE I%S

S§ SP
ALl FORM THE SAME COMBINATIONS!

T-41

I\:ﬁr* TSRS
T o~ gl s
T I*j\

sp
S

SV il i

SS
ALL FORM THE SAME COMBINATIONS!
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SCENE /BACKGROUND
NG |LABELING | BOUNDARY VARTATIONS
)j/*?/ ALL FORM THE SAME ComBIMNATIONS:
T-4M > j;} spY*L o ¥*T
- 2
T-1N /fj/’/ =T 7 ap 27
T"“O //b*{ *T s *T
- 3
R /)(j/*/ lrsg < SE
Py * t/ ALL FORM THE SAME COMBINATIONS.
AT | e /’{4 j’%? %
X-43 | _Lx
X-4K o
S
X441 K/:
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T
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c < .I
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Y

%
b
j
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SOURCE
NAME

LABELING

SCENE/BACKGROUND
BOUNDARY VARIAITONY

T-GF

TORK-18
FORK-7C

FORK-7N
FoRK-TP

-

MULTI-3A
MuLTIi-3¢

MUATI-3E

MULTI-36

2

b 2
]

}P
l"’l'

MULTT -3B

MULTT-3D

MULTI-3F

MULTI-3H
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SOURCE
NAME

LABELING

SCENE /BACKEROUND
BOUNDARY VARIATTONS

XA
XAV
X-4w
X-4X

ALL FORM THE SAMC COmBINATIONS!

TERNATE
Cf‘r‘s":rekmrmuw;

SEE SECTION 4.2
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[¢ 3
* 2 Ly v =/ a
* *
' ' \ ] A

ALL FORM THE SAME COMBINATIONS:
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¥
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SEE SECTION 4.2)
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SOURCE SCENE /BACKGROUND
NAME | LABELING Bouw{a%{ VARIATIOMS

* AL FoRM THE SAME  COMRINATION S2

Kx-40 | -
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*
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SCENE /BACKGROUND
%X% LABELING g paRY VARIATION S
+ T |+ SS
PEAK-SB] - | = \-—‘ Ti
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: <P
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; <
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x T x
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ALL THESE, HAVE THE SAMWME
REGION ILLUMINATION ASSIGNMENTY
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SOURCE
NAME

LABELING

SCENE /BACKGROUND
BOUNDARY VARTIATIONS

L.-O&E.

L-OF

%

»*

*

%

TRESE ALL HAVE THE SAME REG ION
ILLUMINATION  ASSIGNMENT:

SP

o
s
;\
‘
*

o
hi
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1

P

{ i, ¢ ] ({
L 28
! . !ﬁ*' *'
[
h
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o
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\
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THESE ALL HAVE THE SAME REGION
ILLUMINATION ASSIGNMENTS!
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AME RCG|
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SOURCE

LABBLING

SCENE,/RACKGROUNTD
BOUNDARY VARIATIONS

T-0&

T-0H

BOTH HAVE THE SAME ASSIGNMENTS:

T-01
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A
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%
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0

T-0K

T-oL

BOTH HAVE THE SANVIE ASSIGNMENTS:
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SEE NEXT PANGE FOR REST
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SCJIRCE
NaMmg

LABELING

SCENE /BACKGEROUVND
ROUNDARY VARIATIONS

T-OM
t(mm NuEep)

Ii_ﬁf’ spl<t ss}«s—?
» T * T * T

T-ON

T -T T
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JUNCTION LABELINGS WHICH CANNOT BE
MODIFIED TO INCLUDE TABLE INFORMATION
BY 9mMPLY ADPING “T'' To THE TWO LINE
SEGMENTS THAT CAN APPEAR oN [HE
SCENE /BACKGROUND BCUNDARY TN LABELINGS
TRoM ArPEnprk 4.
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JUNCTION NEW JUNCTION NEW
NAME LABELING NAME LARBLING
L T ¥ S
ARROW-SF 1, | PRAK-OA | RT| 4T
1 RT
= T

FORK-5L

PEAK-SB

ARRAW-5F T-ALL o AT
I

SP It T

ARROW-SM T-ALS R —p

TORK-SM.

=
-.i
7

K-ALl

e %

ARROW-5N.
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JUNCTION
NAME

NEW
LABELINGS
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