MASSACHUSETTE INSTITUTE OF TECHNOLOGY
PROJECT MAC

Artificial Intelligence
Memo HNo. 204 July 1270

EXTENDING GUZMAN'S SEE PROGHAM

Martin Henry Ratthner

Bdolfo Guzman's SEE program groups the regions of a two-dimensional
scene into bodies, using local evidence in the scene to link regions
rogether. This paper discusses an extended version of the SEE pro-
cedure that makes extensive use of evidence in the scene which indi-
cates that two regions should be split into separate bodies.

The new procedure is bhetter in several wavys: 1) it correctly
analyzes many scenes for which SEE makes mistakes; 2) it can inter-
act with a higher-=level cbject-recognizing program; 3) it can provide
alternative sclutions on demand.
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1 Introduction

1.1 Computer vision

For the last several years, the Artificial Intelligence Group of
M.I.T."s Project MAC has been seeking to develop more complex and
powerful ways for computers to interact with their enviromment. One
of the products of this research is a primitive scene-perceiving
system, which is represented schematically in the flow diagram of

figure 1-1.

1.1.1 Preé-proceéssing

The system begins with an actual secene, from which all informa-
tion ultimately derives. The eye of the system is a television
camera specifically designed to interact with a computer. A program
developed by Griffith [1] processes the cutput of the camera to
produce a line drawing of the scene. This line drawing, appropriate-
ly corrected and encoded, is used as the representation of the scene

itself by all higher-level programs in the system.

1.1.2 PFrocessing of the line drawing

Much of the following description of the MAC vislion systeém 1s
taken from Patrick H. Winston's Ph.D. thesis [2].
1.1.2.1 Classification of vertices

A program written by H, N. Mshsbala [1] classifies and labels the
vertices in the scene according to the number of converging lines at
each vertex and the angles between them., Figure 1-2 displays the

vertex types which are recognized. Notice that pairs of Ts with
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crossbars lying between collinear upgighla are found by Mahabala's
program. These are called matching-Ts.

The program then procccds to ereate nomes for all of the regions
in the scene. Rigorously, "region" as used here simply refers Lo any
maximél area in which one can move from any point te any other point
without crossing a line. For example;, figure 1-3 has eight regions,
not counting the background. Various properties are calculated and
gtored for these reglons. Among these are a list of the vertices and
bordering regions which surround each region,
1.1.2.2 The SEE procedure

These results are then supplied to the program named BEE devel-
oped by A. Guzman [4). This program conjectures about which regions
belong to the same objects. For figure 1-3, the end result of the
program is the commeéntary:

Body 1 consists of A B C

Body 2 consists of DEF G H
Surprisingly the program contains mo eéxplicit models for the objects
it expects to see. It simply examines the vertices and uses the
wvertex classifications to determine which of the neighboring regions
are likely to be part of the same object. ARROWs, for example,
strongly suggest that the two narrew-angle regions belong to the same
body (figure 1-4), This evidence is represented by ZEE as a strong
link placed between the regions which are suspected of belonging to
the same body. Figure 1-5 depicts a link which has been placed

between regions 1 and 2 as a result of the evidence provided by the
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Since links are gften generated between regilons belonging to
different bodies, SEE is not satisfied with the evidence represented
by a single link; two or more links are required to bind two regions
together into & single nuclews, A nucleus represente a set of regions
which will eventually be reported as belonging te a single object in
the scene. Two or more links between a pair of nuclei will similarly
result in their conglomeration into a still larger nucleus. The
nuclei grow Iin this fashion until no two of them can be combined by a

double link; they are then called maximal nuclei. SEE then uses

weaker evidence in the form of weak links to further merge some
nuclei. Finmally, special heuristics are emploved to attempt to
eliminate nuclel consisting of a4 single réglon by combining them with
other nuclei. .

This fairly sophisticated procedure can Sort out the regions in
scenes as complicated as that in figure 1-6, borrowed from Guzman's
thesis. Twelve objects are reported and the regions of each are
remembered.
1.1.2.3 Higher-level analysis

Winston has developed and implemented procedures which use the
output of SEE to create network-structured descriptions of scenes.
These descriptions are used by Winston's programs for comparisons,
concept learning, and identification.

1.2 Possible improvements to SEE

Refer again to the flow diagram of figure 1-1. Winston has
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noted that all information in the system moves in ene direction only,
as indicated by all of the arrows in the diagram pointing from bottom
te top. He remarks: "There is as yet n; way & procoss can disceurse
with and modify the behavior of any process acting below it.™ [2]

One of the aims of this research is to enmable SEE to receive such
discourse from above.

Another possible improvement to SEE is indicated by the scene of
figure 1-7. WVertices a, b, and ¢ each generates one strong and cne
weak link, causing SEE to report a single body composed of regions 1,
2, 3, and 4. A wore satisfactory analysis would find two abutting
widges.,

In figure 1-8, which is ambiguwous, SEE again finds one body.
Either of the two alternmative analyses depicted would be better.

1.3 SEEMORE: an extension of SEE
1.3.1 Basic properties of SEEMORE

In view of the problems of S5EE noted sbove, it would be wseful

for a modified SEE procedure te fulfill the following requirements:

1) It should cerrectly handle all ecases which SEE handles
correctly.

2) It should correctly handle many cases, such as figure 1-7,
which SEE handles incorrectly.

3) It should provide for interaction with a higher-level
object-recognizing program such as Winston's,

4) 1In case its first analysis is unsatisfactory, or in case of
ambiguous scenes such as figure 1-8, it should be capable of
generating plavsible alternative answers,

1 have devised a procedure called SEEMORE which seems to satisfy

all of the above criteria for many scenes. SEEMOKE has nat been
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programmed, but has been developed Eétunaivtly through hand-simulacions
on & large number of scenes. For the scene of figure 1-6, for example,
SEEMORE produces the same answer as SEE, finding twelve bodies. In
figure 1-7, SEEMORE finds the wedges (1 3) and (2 4). For the

ambiguous scene of figure 1-2, SEEMORE p?aﬂu:eu both of the alter-
natives depicted, - _

SEEMORE can alsp handle the difficult scene depicted in figure
1-9. 1In this case, four bodies are reported. These are composed of
regions (2 3 &), (5 6), (8 9 10), and {1 7 11).
1.3.2 Splitting

Begides forming links in the manneér of Guzman's program, SEEMORE
also forms splits. While a link riprtsents evidence that two regions
are part of the same body, a split represents evidence that two
regions belong to distinct bodies in the scene, To implement the
splitting process I have developed a variety of heuristics, similar to
those of SEE, which utilize simple local evidence to begin splits at
vertices and extend them along edges of objects. These new heuristics,
along with a modified version of BEE, are incorporated into a
procedure which attempts to geénérate alternative answers, starting
with the most plausible.
1.4 A note on nomenclature

Figure 1-10 illustrates some of the abbreviations and symbols
which will be used in the text and diagrams of this paper. Numbers,
such as 3 or 5, repregsent regions in the scene, The background,

which iz region 5 in this scene, will often not be labelled in the
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remaining di-lﬂ.'l.'ﬂ.-ml- Lower-case Ittl:ﬂl::. #uch as a, b, and ¢ in the
figure, will represent vertices in the scenes. The wavy lines super-
imposed on edges cb and ba ropresent splits. These will be designated
in the text individually as c-b and b-a; or, equivalently, as onc
continuous split c-b-a. Strong and weak links are designated by short
solid and dotted lines as shown, following Guezman's usage. Conglomer-
ated regions will be indicated by enclosing lists of such regions in

parentheses. In this example, the bodies found are (1 2) and (3 &4).



2 The basic SEEMORE prucedure

The {lowchart of figure 2-1 {llustrates the general strucbure of
SEEMORE. The procedure beginas by applylng very cautlously thosc
heuristics which are believed to be most reliable; this step is
referred to as initial splitting and linking, or phase 1. The next
step in SEEMORE's analysis of a scene, called phase 2, i{s a more
tentative attempt to generate splits by applying heuristics thought to
.l:: less reliable than those of phase 1. If there is no splitting
evidence {in the scene, phase 3 is entered directly, and SEEMORE
reduces to & slightly modified version of SEE.

Finally, phase 3 applies the rest of SEE's h-lu.tial:ir..a to the
tentatively split scene and produces SEEMORE's first attempted solu-
tion. This is submitted to the higher-level program for approval. If
the higher-level program is dissatisfied with the first apalysis, _il:
will return to SEEMORE with an appropriate complaint. The processing
of this complaint is discussed in the next chapter. |

At various times in phases 1 and 2, before the analysis of the
scene i{s complete, SEEMORE may consult a higher-level program to find
out if certain sub-parts of the scene can be recognized as unoccluded
nhjint.ﬂ- This information is used by SEEMORE to generate additional
splits and links.

2.1 TFhase 1: generate initial splits and links
2.1.1 Splitting-vertices
SEEMODRE begins By 141:11:‘:1..‘.31115 thoae vertices in the ccene wvhich

may be used to initiate or extend splits, I refer to these, naturally
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enough, as splitting-vertices. A nunn-nnl.j pucurring splitting-vertex
is the generalized four-line wvertex, rEeratﬂIad in figure 2-2A. The
E and X joints are special cases of four-1ine vertices, More general=
_1:. any vertex of four or more lines is a splitting-vertex. In the
example of figure 2-3, SEEMORE marks vertices a, b, ¢, d, and ¢ as
splitting-vertices.

Notice in figure 2-4A that vertices a and b would be cln.uiﬂ-ef
as splitting-vertices. However, these are false vertices, in the
sense that they do not persist under a small change in viewing angle,
as shown in figure 2-4B. On the other hand, vertices c and d are
inweriant under small changes in wviewing angle. SEEMDRE assumes that
all vertices in the input scene are similarly invariant; scenes Like
figure 2-4A will, in geéneral, not be analyzed properly.

Any split which emanates from a vertex v s terminated at the
next vertex encountered on the split line, unless the next vertex is
an L. In figure 2-5, for example, & single split initiated at vertex
¥ along the line v-a is extended through vertex a and terminates at
vertex b as shown.

As illustrated in figure 2-6, a split propagates tﬁrnugh & palr
of matching-Ts if the same reglon R borders on the center lines of
both Ts.

2.1.2 Phase 1 heuristics

The phase 1 hlurlltl.“ are used to initiate splits and links

based upon evidence p:nv!ded by splitting-vertices and special |

configurations as desecribed below. These heuristics are consldercd
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to be more ::liible than those Hhiﬁh'éill be applied later in phase 2,
2.1.2.1 Heuristie: split around atrunnl;vcnnggunrratcd objects

In order to implement this hewristic, SEEMORE [irst invekes an
Initial-linking routine. These initial linke are placed much more
cautiously than the more general SEE-type linke. to be uscd later.
Vertices at which initial links are placed are illustrated in figure
2-7. These links are subject to the wveto of a link-inhibitor of the
sort used in SEE. Situations in which links will be inhibited are
fllustrated in figure 2-B. A more lenient link-inhibitor, to be
described later, will be used to complete the linking in phases 2 and
3.

Any two regions joined by at least two initial links are said to
be members of the same strongly-conglomerated nucleus. A region is
considered to be a member of such a nucleus only if {t is doubly
linked to another single region within the nucleus; single links to
two different regfons in the nucleus do not suffice. Each strongly-
conglomerated nucleus of two or more regions found in the scene s
submitted te a higher-level program capable of recognizing cbjects.
The higher-level program should wverify Ehé mucleus only 1f it makes
sénse as a4 complete unoccluded object in the scene. A nucleus so
verified {s called a strongly-conglomerated object. .

The use of these objects Iin splitting is {llustrated in figure
2-9. The general splitting rule is shown in figure 2-%A. Strongly-

. conglomerated object (1 2 3) has a splitting-vertex v on its boundary;

splits are made which extend from vertex v te neighboring vertices
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a and b along the boundary of object kl 2 3). For example, in fipure
2=98,; split c-d-e is made along the boundary of strongly-conglomerated
objeéct (4 5 B). It should be noted that the phase 2 split-extemding
heuristics, to be described later, are not applied te the splits just
described.
2.1.2.2 Heuristic: internal=-T

When a T=joint borders on background as shown in figure 2Z-10, a
gplit is placed on the center line of the T.
2.1.2.3 Heuristic: spécial MULTI

As shown in figure 2-11; if a wertex has four or more lines of
which two are collinear, and of which only one falls te one side of
the collinear lines, then a split is placed along that single line.
In the special case of a four-line wertex, this heuristic reduces to
the X-joint heuristic illustrated in figure 2-12, 1In this case, if
either of the links shown in figure 2-12 has been inhibited during the
initial linking step, then the splits are inhibited as well.
2.1.2.4 Heuristic: split to external concavities

This heuristic is best explained by an example. In figure 2-13,
the FOBEK vertex a borders on background; the line which does not
border the background connects to splitting-vertex v, In this casze, =
split is made along v-a. Vertex a is referred to as an external
concavity.

More generally, this heuristic places splits from splitting-
vertex v to external concavity & in either of the sitpations depicted

in figure 2-14,
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It is cnnjbftured that it would alse be useful te split between
FORKe and external concavities; in other words, to allow the vertex w
in figure 2-14 to be a4 PDOBEE. This additiunal heuristic would place the
important split a-b Im figure 2Z-15, enabling bedy (1 ¥} to be
separated from region 3. However, this heuristic is not included in
the current wversion of SEEMORE pending further study.
2:.1.2.5 Hewristic: split the crossbar of the T-ARRDW

The configuration for which this heuristic applies is illustrated
in figure 2-16. Splits propagate along the crosshar of the T in both
directions. In figure 2Z-17, this heuristic gencrates the split a-b-c.
A variation of this hewristic which {s employed in phase 1 {s the T=X
configuration depicted in figure 2-18. Under study but not being used

ig the T-link configuration shown in figure 2-19.

2.2 FPhase 2: Generate other plausible splits
2.2.1 Extending splits

Thie routine uses evidence provided by splitting-wvertices and
other configurations to extend splits which have been placed in phase
1. The routine appliés only a couple of heuristics at present, and
may represent an area in which new heuristice and some fine tuning
would help significantly the performance of the SEEMORE procedure
on difficult scenes.

A very common Situation for extending a split is represented in
figure 2-20. If exactly one split terminates at a four-lime vertex,
such as split a-b In the figure, shen the split 13 extonded along the

oppesite line b-e. In addition, links are placed across the two
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unsplit lines as shown. Figure 2-21A represents a scene in which in-
itinl splitting and linking has been completed, and the split-
extending hEurisnit ippliésl The result.is ghown in figure 2-21B.
Kotice that the link at wvertex € has been broken by the split from b
to 2. The split-extending would be finished at this point, since no
other splitting-vertices remain.

Thiszs split-extending heuristic applies to Ks and Xs as special
cases of four-line vertices, but does not apply to PEAKs.

_ Another, rather specialized, split-extending heuristic applies
to the five-line MULTI with two collinear lines, illustrated in
figure 2-22. Figure 2-23 shows an example of this configuration in
a ncene.

1f either of the links generated by one of the abeve heuristics
is inhibited by the link-iphibitor described below in the discussion
of phase 3, then the split is not extended. The other link is still
placed if mot inhibited.

Finally, another specialized heuriﬂtit ig depicted in figure
2-74A. Although FORK b and ARROW d have both linked regions 1 and 2
in the initial-linking phase, the split entering the FORK along a-b
provides strong encugh evidence to break both the links by extending
the split along b-d. Of course, the symmetrical split aleong b-c
would also have bngp sufficient evidence. A split is similarly
extended from the FORE to a PEAK as in fipgure Z-24B. Applied to the
ambiguous scene shown in figure 2-25A, this heuristic enables SEEMOHE

to produce the analysis represented in Elgurc 2-250.
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The split-extending routine iterates until ne further extending
can be done. 1If any strnngly-liHEEd.nu¢1Ei ere formed during split
extension or at any subsequent point in fh&lﬂ 2; the routines which
were employed at the beginning of phase 1 (section 2.1.2.1) are
invoked to wverify ebjects and make aplits accordingly.

2.2.2 Apply weaker splitting heuristics

After the initial splits of phase 1 have been extended, there
often remain splits which are incomplete or splitting-vertices through
which no splits have yet traversed. If this is the case, SEEMORE
employs weaker and more conditional evidence to propose and extend
additional splits. As will be seen later, SEEMORE stands ready to
generate alternative analyses, I{f requested by a higher-level program,
by backing up and placing alternative aplits,

The remainder of this section catalogues several configurations
which seem to provide weaker evidence for splitting in many scenes,
SEEMDEE attempts to apply these heuristics in the order in which they
are presented below. The first applicable rule is invoked in each
iteration until the list is exhausted; splitting is then complete,
2.2,2,1 Heuristic: split along the non-adjacent lines

This is & generalization of the split-extending rule for four-
line vertices. Given the generalized four-line vertex of figure 2-26,
this rule indicates the alternatives of splitting along either a-b-¢
or d-b-e. BSEEMORE takes these alternatives into consideration when

applying any of the heuristics below to a four-line wvertex,
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2.2.2.2 Heuristic: make the most cumflete gplit possible

The above title is actually a general statement of two specific
rules which are applied at each four-line wvertex which is not a PEAK,
has not yet received any splits, and does not border on the background.
One of these rules is: extend an unfinished split te the background or
to anotheér unfinished split whenever possible. For this purpose, an
unfinished split is5 defined as one which terminates at a vertex not
bordering on the background. Additionally, if a split traverses a
MULTI but leaves three or more adjacent limes unsplit as shown in
figure 2-27, an unfinished split is considered to exist at the MULTI.
Look at figure Z-Z3. HNotice that an initial split is made along e-4,
then extended along d-e. The present rule favors splitting c-a-b
rather than g-a-f, in order to complete the unfinished split ending at
vertex c.

The other specific rule, to be tried if the first does not apply,
ig: split to the background whepever possible. In figure 2-29, for
examfIE, we consider gplitting either b-a-c or e-a-d. The present rule
would prefer the former split, since b and c both border on the back-
ground, while e is an intermal vertex.

In the example of figure 2-30, the split-to-background rule
indicates splits E-E;d and c=b=d. The resulting analysis proposes
objects (1 I),.fﬂ 4), and (5 6), which could plausibly represent three
tetrahedra. Humans seem to prefer the analysis (1 3 5) and (2 4 &),
which is produced as an alternative by SEEMORE. Perhaps the appro-

priate heuristic here involves minimizing the length of splits used or
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the number of bodies found; neit£EI of these factors is takem into
account by SEEMORE.

One further example indicates the power of the most-complete-salit
heuristic. 1In figure 2-31, SEEMORE useés this heuristic to correctly
split along e-d-a, producing the plausible bodies (1 2 3), (4 &), and
{5 7). The inherent complexity of thie scene is reflected in SEE's

answer; bodies (1 2 3), (&4 5 7)), and (&) are reported,.

2.2.2,3 Heuristic: split between a pair of splitting-vertices

This rule applies only te pairs of splitting-vertices which are
neighbors on the same line (figure 2-32) or which have a common
nefghbor (figure 2-33). Each of the vertices a and b in the figures
must be either a FEAK, a MULTI of more than four lines, or a four-line
vertex which has thusfar received no splits. Furthermore, a2 and b
must be neighboring only each other in this fashion.

If these conditions are met, splits are placed as showm in
figures 2-32 and 2-33. The split-extender is used Iif applicable,

Both forms of this heuristic may simultaneocusly apply in some
cases. An example is figure 2-34, which containg two neighboring
PEAKs. The first analysis splits between the PEAKs directly, along
a-b. This will generate SEEMORE's initial guess: bodies (1 2 3 and
(4) are reported (figure 2-35). If an alternative i{s requested, the
alternative split to a common neighbor of the pair of splitting-
vertices is used. In this case, the only common neighbor vertex is g,
and the alternarive split 1= a=e=bh, The resulting alternative answer

.Iipﬂttﬂ bodies (1), (2), and (3 &), as shown in figure 2-36. Both
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these alternatives are plausible analyses of the scene.

2.3 Phase 3: link and conglomerate

When phase 2 of SEEMORE cannot start any new splits or extend any
existing onés, phase 3 is entered. FPhase 3 applies the remaining
heuristics of SEE, with a few modifications es outlined below. 1In
this phase the remaining links are placed; subject to the constraints
of splits already made. HNuclei are formed and single-region bodies
are handled inm similar fashiom to SEE. Phase 3 generates a tentative
analysias, which iz presented te a higher-level progras for approval.
2.3.1 Completion of linking

The initial linking has already placed links at FOBKs, ﬁRﬁﬂHs, and
X-joints as shown in figure Z2-37. Some of these will have been
inhibited by the phase 1 link-inhibiter. Others will have sub-
sequently been broken by splits. HNew links may have been added by the
phase 2 routines. The linking is now completed by placing strong and
weak links exactly as SEE does, except as specified in the paragraphs
below. Refer to Guzman's Ph.D. thesis [&], pages 81 through 88, for
detailed descriptions of the linking heuristics.
2.3.1.1 Inhibition of links

Figureg 2-38 and 2-39 illustrate the situations in which links
are inhibited during the final linking stage of SEEMORE. Figure 2-38
depicts inhibited links which are also inhibited by SEE. These
include links across lineés with passing-Ts; mnotice, however, that

ARROW links are not inhibited by the passing-T. Also inhibited are
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links between any object and hlckgrnu&d; and links actoss the cutside
line of & PEAE or an ARROW. Hotice that Fhe through=Ts function has
been restricted as shown in figure 2-39. In the matehing=-T situation
marked in the figure by a broad arrow,; the same region E must border
.tht ceénter lines of both of the T-joints. B in this case may not be
background.

Links are also inhibited across Eplif lines (figure 2-40%, Also
shown in figure 2-40 is the pair of neighboring FORKs, acress which
strong links are inhibited and a single weak link is placed as shown.

A linking heuristic used in Guezman's program is illustrated in
fipgure 2-41A. It is omitted from SEEMORE because it is inconsistert
with the assumption I have made that the type of each vertex is in-
variant under small perturbations of the viewing angle. Another
heuristic used by SEE, illustrated in figure 2-41B, is made unneces
sary by other heuristics of SEEMORE,

Unlike SEE, SEEMOEE doe¢s not place matching-T links at this step.
These are treated separately, as discussed below.
2.3.1.2 Formation of nuclei

On the basis of strong anmd weak links which have been placed up
ta this point, SEEMORE conglomerates nuclel vsing the heuvristics of

.Gu:man‘a program. After conglomeration is complete, matching-T links
are processed as déscribed In the next ;Ettiﬂn.
2.3.1.3 HMatching-Ts
SEEMORE's decision te link or mot to link across a pair of

matching-Ts is alwavs made provisiomally. If the higher-level program
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registers an appropriate ¢ump1ﬂinF. EEEHGRE stands ready to change its
mind about the matching-T links invnivedn

Figure 2-42 illustrates two possible matching-T configurations.
In figure 2-424, the same region R borders on the center lines of both
Te, In this'case, SEEMOBE will place a link between regions 1 and 2.
This heuristic still applies if R is background. HNotice that if
regions 1 and 2 were also identical, there would be no need to place
any links at all. The link between regions 1 and I will not be placed
if there is a split between any member of the nucleus te which region
1 belonge and any member of the nucleus to which region 2 belongs.

In figure i-ﬁiﬂ, reglons 1, 2, 3, and &4 are all distinet. In
this case SEEMOBE does not place links on the first pass, but plan:
to link 1 to 2 and 3 to &4 as an alternative. Ae before, matching-T
links between two different nuclei are inhibited if & split exists
between members of those nuelei.

Figure 2-43 illustrates some typical applicationsa. When presen=
ted with the scene of figure 2-43A, SEEMORE generates a split and
links a5 shown. The split inhibits all of the possible matching-T
links; SEEMORE finds bodies (4 6 73, (1 2 3), and (5 8). In figure
2-43B there are no splits. Using the matching-T heuristic, SEEMORE
places a single strong link between regions & and 5, and another .
single link between regions 7 and &. These are sufficient to con-
glomerate body (4 5 6 7 8). 1f the higher-level program indicates
that (& 5 & 7 B) must be split apart, SEEMORE will back up and remove

one or both of the offending links, depending on the exact form of the






complaint. The result will be two atﬁaratﬂ bodies, (& 6 7) and (5 £).
The scene of figure 2-43C would pres_ent prnblEmls for SEE due to

the large number of spurious matching-T links. Using the modified

matehing-T heuristic, SEEMORE does not place any of the spurfous links;

all of the separate bricks are correctly identified.



3 Producing alter£1tive answers
3.1 The nature of a complaint
If a higher-level procedure is dissatisfied with SEFMORE's first
~attempt, it should ideally return to SEEMORE with the follewing inlor-

mat lon:

1) =& list of the reglons which have not been satisfactenily
conglomerated

2) the nature of the complaint: body has too many regions/
is overlinked; bedy has too few regions/ is underlinked;
body (or bodies) unrécognizable [ does not make sense;
analysis of the scene {5 plausible, but alternative(s)
desired. Specific regions should be related to each
eomplaint.
0f course, it may not always be possible for a higher-level
progzram to provide & complaint in such detail. It is conceivable chat
a mmber of objects, or even the whole scene might be incomprehensible
to che higher procedure. If there are not many splitting wvertices in
the scene, the number of alternatives which SEEMOBE can geénerate is
emall and could be exhaustively eénumerated 1f neceéssary. Usually,
among these alternatives would be the original SEE's analysis of the
SCEnE,
3.2 The alternative-list
Each time a splitting heuristic iz employed in phase 1 or phase 2
of SEEMOBE, a notation is made at the top of a special list called the

alternative-list. Each entry in the alternative-list identifies the

regions for which the given heurlstic has made a splitting decision,
called reference-regions, amd indicates what step{s) should be taken

to generate an altermative splitting amalysis for the specified
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regions. The altermative-list entry Qlaﬂ indicates what sort of
change ecan be expected if the given alternative is employed:
specifically, the entry may indicate more-splitting, less-splitting,
or different-splitting. A more-splitting alternative is expected to
split apart two or more currently-conglemerated reglons; a less-
splitting alternative is likely to conglomorate currently separated
reglons; while a different-splitting alternative will help to gener-
ate an alternative partitioning of the indicated regions. The
gplitting and linking which is indicated ¢n the alternmative-list Ls
desgcribed, but not actually carried out unless a complaint is being
acted upon.

Kotice that the alternative-list is ordered according to a
heuristic measure of strength, with alternatives produced by less
reliable rules appearing neéarer to the top of the list. Later, when
processing a complaint, SEEMORE will try these alternatives in erder
starting from the top of the list, since the alternatives appearing
there were produced by heuristics more likely to make mistakes.
3.2.1 Producing alternative-list entries -- phase 1

There is only one alternative to applying a given splitting
heuristic in phase 1l: not applying {it. This will be entered at the
top of the alternative-list as a less-splitting alternacive, along
with the regions between which the given split passes.

3.2.2 Producing alternative-list entries -- phase 2
Let us first consider splits which are extended by one of the

‘split-extending heuristics. Im all such cases, the alternative is
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not to extend the split. This is entered on the alternative-list as
a less-splitting alternative, with the bordering regions of the
extension split as reference-regions.

For any split generated in phase 2 by the most-complete-split
heuristiec, two entries are made in the alternative-list. The first of
these, a less-splitting alttrnativi, inhibits the split entirely. The
other entry, representing a different-splitting alternacive, indicates
both omitting the original split; and placing an alternative split
along the pair of lineés originally unsplit.

Figure 3=1 illustrates the rule just stated for a four=line
vertex. In figure 3-14;, the most-complete-gplit heuristic has been
appiied to vertex a to pfuduce the splits and links shown. At the
same time, two alternatives are indicated an the alterpative=-list.

The less=pplitting alterpnative, with no eplits or links, is shown in
figure 3=1B. The different-splitting alternative is depicted in
figure 3-1C. Here the original split has been abandoned, while
alternative split c-a-b is made and links are produced as shewn,

1f the split-between pairs-of-splitting-vertices heuristic is
applied; one indicated alternative is to split Eo 4 common neighbor
vertex, &5 illustrated in figure 3-2. This is a different-splitting
alternative. Additionally, the alternative of no aplit at all is
indicated a5 a less-splitting alternati;E‘

Throughout phases 1 and 2, whenever a split is inhibited; a more-

splitting alternative is recorded which makes the inhibited split.
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3.3 The processing of a complaint

When a ¢amp1aiﬁt is issued by a higher-level program, SEEMDEE
expects to be provided, as mentioned earlier, with a 1list of regions,
and the nature of the complaint associated with the given regions.
Starting at the top of the alternative=-list, SEEMOEE examines each
entry in the list until it finds one whose reference-regions match
well with the list of troublesome regions, and which is of a type which
would tend to correct the complaint. For example, if the complaint
says that a body has too many regions, SEEMORE will look for more-
splitting entries with reference-regions from the given body. If an
appropriate entry is found, SEEMOEE takes the steps indicated im the
entry. Then the phase } routines are used te complete the linking and
see if an alternative analysis has actually been generated. If there
are no more-splitting entries in the alternative-list with appro-
priate reference-vertices, or if no alternative is actually produced
by the entries considered, then SEEMORE makes one last effort by

starching for different-splitting alternatives with the proper

reforence-vertices. If no alternatives are ultimately preoduced,
SEEMORE would have to report its failure to generate an alternative
analysis., If an alternative is produced, it is submitted to the
higher-level program for approval. Additiomal altermatives could he
produced in the same manner LE nEcEEaatf.

If the complaint had been that a body was composed of too few
régions, the above steéps would be followed, except that less-splitting

alternatives would be sought instead of more-splitting ones.



1f the higher-level program found the eriginal analysis plausible,

but desired an alternative if possible, then different-splitting

alternatives would be sought first, followed by more-splitting and
legs-splitting altérnatives if necessary.
| Finally, if the higher-level program complained that it could
make no sense of SEEMORE's anmalysis, any type of alternative would be
considered. In this case, it is of great help to SEEMORE if the
higher-level program specifies regions which it suspects of causing
difficulty.

SEEMORE's alternative-genérating procedure is successful in
producing the alternatives shown for the simple ambiguous scene eof

figure 3-3, and the more complicated scene of figure 3-4.
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4 Some examples
.1 A detailed example

1 can mow explain in detail the upEt#tiuns performed by SEEMORE
in analyzing the example presented earlier, which is reproduced in
figure 4-1.

Links made by the initial linking routine are depicted in figure
G=24. MNuclei (2 3) and (% 10} are proposed as uncccluded bodies which,
presumably, are rejected by the higher-level procedure. Figure 4-2B
shows the link diagram at this point. As shown in figure 4-3, the
initial splitting routine initiates splits along a-f, b-c, and j-e.
This completes the initial splitting and linking phase (phase 1}.

In the additional-splits phase (phase 2}, [urther splitting
operations are performed. First, the split along b-c is extended to
vertex h, which also linka regions (5 6) and (%9 B) at vertex c.
Bimilarly, split a-f is extended to g, and split j-e is extended along
¢-g. Then split h-d-k is generated at splitting-vertex d by the most-
complete-split heuristic. The split h-d-k also produces the links
(7 11) and (8 10) at vertex d. Additional-splits phase 2 has now
been completed, as illustrated in figure &4-4.

Finally, phase 3 iz invoked. The remaining strong and weak links
are placed, as illustrated in figure &4-5. The corresponding link
diagram is shown in figure &-6. MNext, procedures similar to the rou-
tines of SEE are used to conglomerate regions on the basis of the
strong and weak links which have been placed. The final nuclei are

shown in figure 4-7. SEEMORE reports the four bodlies (2 3 &), (5 6),
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Figure &4-4
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(8 9 10), and (1 7 11).
4,2 Other examples

Figures 4-8 through &4-12 present several additional Ex.nmpll:a in
abbreviated form. For each example the scene is preésented with all
splits and links indicated, and the bodies found by SEEMORE are listed.
In the eéxamples of figures 4-9 and 4-12; an alternative analysis

genérated by SEEMOBE is alse shown.



Figure 4-8
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5 Failures of SEEMDRE and recommendations

SEEMOBRE often reliés I‘Il.-kvilj" for success upon the technigue u.;‘.
conglomerating and recognizing unobscured objects early in its
analysis. For example, in figure 5-1, SEEMORE correctly splits along
c=a-b=-e by first verifying object (1 2). BSince the corresponding
object in figure 5-21 is not fully visible, splits c-a-d and e-b-d will
be generated. Consequently, SEEMORE reports objects (1 2 3), (& &),
and (7 5 8 9). HNotice that figure 5-2 is a difficult scene for
humans, too.

Although ESEHDRE does provide for interaction with a higher-
level routine, perhaps this interaction has not been carried far
enough. For example, an extended verslon of SEEMORE might be aware
of the kind of body it was looking for, say a rectilinear brick. It
might r;nngnizt a FOBE as the possible corner of a bfick, then extend
the lines of the FOEK looking for the other corners. Or perhaps,
having recognized an object in the scene, it would be able to
hypothesize what the scene would look like I1f that object were
remgved. It could then proceed te analyze the simpler scene. FPro-
cedures with such capabilities could only result from a major over-
baul of the present vision system.

Another kind of problem results from certain scenes in which ~
crucial splitting evidence is obscured. An example of such a scene is
fiture 5-3. What is needed here is a line-extender, whose use might

he indicated by the T-jointe at o, b, .E! end d,
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