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IITRCIUCTICHN

~1

v Virlcn Ilasres cre irforral working pavers intercded rrizerily
te etizvlate interrel irterocticr arong rarticirents in the A.7.
Tebtcretcry’s Visior ard Rctotics grour. lary of trem reyort
rieidy tentetive ccrclusiors or ircomylete work. Ctrers decl
witi  highly deteiled ecccouvrts of locsl ecvirrent an¢ pregrars
thet ieck gereral interest. Still cthers ere of pgrest

irpcerterce, tut lacl the polish 2rnd elalcerate sttention to Troper

referencing that cherecterizes the nore forrzl litersture.

kevertheless, tie Visior Flashes collectively represent the only
cocvrenteticn ¢f en irportant fracticn c¢f +*he worl dcne in
recrine vision £nd rctotics. ihe rurpcse of this reypcrt is to
rele tle findirgs rore readily svailable, tut cince they are nct
revired as rrerented tere, readers shcul¢ keep in rinc tre

crigirel purpose of the papers!

leny report on deteils of the 1'.I.7. blocks world visien syster.
Ihe ertire rrectrum of visicr trccessing is reyreserted, frcm lcw
level feeture Zindirng te righ level scene aralysis requirirge
extersive vorlc Incwledge erd deduvctive power. Cr. 211 levels,

trey reflect a rovenent fror: ac hoc pregrars ard testirg toward
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vrderctced rlane polyhren werld erd towerd two rew foci:

1) real world visicn

\

¢, avrriicetioncs fer mechires witlh vieicn.

rccent rerers shift ettertior evay from

the scurd theory thet cre evpecis frerm ruccesfull scierce.

Careful
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the nov well

stucy

wili ¢htceow that wor! in there new areas 1is yroductively guiced

the oveliving idces end reterhors of artificiel intelligence

cencral end by cur eerlier verk in simple visual

worlds,
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SUMIARY CF SFLECTFD VISICN TCPICS

Fatrick ' Vinster

July 1972

AESTRACT

This is an intrcduction to some of the F.I.%7. A.I. visicn werk cf
the last few years. The torics discussed are 1)valtz’s work or
line drzwing semantics 2) heterarchy 7) tlre arciert lesrning

4) corying scenes. All torics ere discussed ir more

Lusiness andé
ceteil elsevhere in vision flasres cr thresec.

This thesis was originally rublishecd as Vision Tlask =C.
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INTRCDUCTICN

Research ir machine visior is an ippertart activity in
artificiel intelligence laboratories for tvo rajor reasors:
First, understendirg visior is a wcrthy subject for ite owr sale.
The roint cf view of ertificiesl irtelligerce c¢llows a fresh rew
lock et old questions anc exroses a great deal sbout vicion in
gerera., irdependert co¢f whether ren cr rachine is the seeing
apent. Second, the same protlems found in urderstanding vision
are of central interest in the develorment of a broad thecry of
intelligence. Making a rachine see brirgs one to grirs with
rrcblers like that of I'nowledge interactior on many levels and of
large systen crgarization. In visicn these key issues ere
exibited with encugh sulstarce to be rontrivial and enough
sirplicity to te tractetle.

These ctjectives have led vision‘research et MIT tc focus
on two particuler goals: learring fror exsmples ard ccpyirge from
spere rarte. Poth gcals are fremed 1in terrs c¢f a world of
tricks, wedges, &and cther simple shapes like those fcund in
children’s toy boxes.

Goed rurpcseful description is often fundemental to
research in artificiel intelligence, and learning how to do
descrirtion constitutes a majcr rart of our.éffcrt in vision
research. This essay begins with a discussion of that rart of
scene enalysis known as body finding.  The intention is tc show

how our uncerstanding ras evolved sway fror blind fumbling towerd
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sutstartive theory.

The next =section revolves erourd the orrenizetioral
retarhcrs and the rules of gocd rrorremmire rractice crpprevriste
for thinkirg about large ¥novledsre-oriented systems. Findinge
grcurs  cf objects and usirg thre frours tc get at the prorerties
of their members illustrates concretely tow some of the ideas
abcut systers vork out in detail.

The topic of learring follows. Discussing Jearrine is
esyecielly appropriate here not only tecause it ic an imrortant
piece of artificial intelligence theory bPut also beczuse it
illustrates a rarticuler use for the elaborete analysis machinery

deelt with in the rrevious sections.
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EVCTUTICN CF A SEMANTIC THEECRY
Cuzren and the Fody Prctler

The’body findirg story Dbegins with an ad hoc but criso
cyrtactic thecry and ends 1ir a sirmrle, avprealirg theory with
seriour serantic rcots. In tkis the risteory cf tre bhcdy finding
vrcblen. seerns paredigretic of vision system progress in cenerszl.

Aldolfc Cuzman =started the werk in this area (Guzran
19€€). I review his vprogrem trere in orcder to anchor the
diecuscsion and shcw how better vprosrams ererge trrough the
interactior of observation, exrerirent, ancd theory.

The task is sirply to rartitior the observed regiors of a
scene intc distirct ‘todies. Ir figure 1, feor examrle, a
reesongble program would report sorething like (AT C) and (D E)
2s a rlausitle pertitioning cf tre five regions into, in tris
cere, two todies. Keep ir mird that the program is efter orly
one gcod, believakle answer. Meny simple ecenes heve several
equally justifiable interpreticns.

Guzran’s progrem coperates on scenes in twe distirct
racsses, beth of which ere quite straightforward. The first pess
gathers local evidence and the second weighs that evidence and
offers an opinion atout how thke regions shovld be groured
torgether into todies.

The local evicence pass vuses the vertices to generete
little pieces of evicence indicatins which cf the surrcunding

regcions belong to the same body. These quanta of evidence egre
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Figure 1

The task of the body finding program Is to understand how the
regions of the scene form bodles
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called lirks. TFipgure 2 1lists esch vertexr +tvpe reccenized end
chcws rcw cach contributes to the cet cf links. The errov lirks
alveys arrfue that the sheft-torderins repiors helongs together,
trhe feorl ncre srbitiously yrovides three such Zinks, ore fcr esch
reir of surrcurcéing refions, 2réd sc on. The resultings lirks for
the scene in figure 1 are disrlayed svperinposed cn the origsiral
drewing in figure Za.  Internelly the lirks sre revresented in
list‘ structure equivalent to the abstract disgrar in fisvre 7h.
There the circles eack reprecent the corresrondingly lettered
recion frer fipure 3a. The zrcs joining the circles rerresent
lirks.

The job of pass twc is to combine the link evidence into
& rarsing ryprothesis. Fow Cuzran’s pass two erprosched its firal
forr ray Ye urderstood by imaginirg e little series cf treories
abcut tow to use tre eviderce to best adverterse. Tirure 3¢ is so
sirrle that almost eny rethod vwill do. Corsecvently figure 4 end
firure 5 are used to further i1llustrate the experimental
obrervetiors behind the eveolvirg® secuerce cf treories.

Tre first thecry to think atout is very simple. It
ergves that ary two regiors belong to the seme body if there is
a link Dbetween ther. The theory works fine on mary scenes,
certairly on those ir figure 3a and figure 4. It is easy,
hovever, tc think of examples that fool this tleory because it is
fer toc inclined tcward enthusiastic regior birding. Wherever a

coincicence produces ar accidertal link, as for exemple the lirks
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The Guzman links for verious vertex tyres.
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Figure 3 e
The lirks formed by the vertices of a simple scene.
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Figure 4

Various lirking algorithms cause this to be seen as two, three,

or four bodiese.

T
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A coincidence cgu
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vleced by the spurious rsi vertex in figure ©y @n €rror occurs in
the direction of tco much conglemersticn.

The 7protler 1is corrected in theory twc. Thecry two
c¢iffers frcr treory one because it requires twe lirks for tinding
rather thar Just cne. By irsisting on more eviderce, local
evicence enomelies ere diluteé¢ in their rotertial to damese the
enc recult. Such 2 rethod werks fine fcr fipure 5, but as a
gereral sclution the two link scheme also felters, now on the
sice of stingiress. In figure 4, partitionirg ty tris seccnd
theory yields (A B) (¢) () (E F).

This stinginess car zlso be fixed. Tre first ster is to
refine thecry two into thecry three by iteratirg the aralgemation
preccedure. The icdea is tc think of rreviously jcined tcgettrer
rerion groups s subject themselves to conglomeration in tre senme
way refions are joined. After one rass over the links of figure
4, we have A end P Joined tcgetrer. But the combination is
lirked to C by twe links, causing C to be sucked in cn a seccnd
rur throueh the lirking locp. Thecry three then produces (A B C)
(D} (E F) es its orinicn.

Theory four surplements three bty adding 2 simple srecisl-
cace heuristic. If a region has only a single link to enother
region, they are combired. This brings figure 4 around to (A E C
D) (ETF) as the resvlt, without re-introducing the generosity
prcbler that ceme up in figure 5 when using theory one. That

scene is now also correctly serarated into bodies.
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Cnly one rore refinerent is recessery tc corplete tris
secuence of imagired theories and bring us close tc Guzmar’s
firel rTrogran. Tre required addition is rotivatecd by the sceres
like tret cf figure 6. There we have egair toc much linkirg as a
result of the indicatec fork vertex. Although not reelly wrorg,
the ore obtject answer seens less 1likely to hvmans then a revcrt
of two objects. Guzmen overceme this sort of protlem towerd the
end of his thesis werk not by augrenting still further the
evidence weighing %but rather by refiring the way eviderce 1is
criginelly generated. The basic change is thet all placerent of
lirks is subject to intibition by contrary evicence frcm acd jacent
vertices. In particular, no link is rlaced across a line if its
otrer end is the tarb of an zrrow, a leg of an 1, or a rart of
the crcssber of a T. This 1is encugh to correctly handle the
rrobler of figure 6.  Adding this link irhibitior idea gives us
Cuzmen’s prograr in its final ferm. Ir the first pass the
rreerar  gathers eviderce througsh the vertex inspired links that
are not 1irhibited by adjecent vertices. In the second vpass,
these links cause binding together whkenever two regicns or sets
of previously bound regions are connected by two cr more links.
It is a scmewhat comrlex but reasonably talented prcgram which
usvally returns the most likely partition of a scere into todies.

But does this program of Cuzmen’s corstitute a theory?
If we use an informal definition which essociates the idea of

useful thecry with tre idea of descrirtion, then certairly

—
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Figure 6
The fork vertex causes the two bodies to be lirked together .
unless the offending links are inhibited by the adjacent arrows.
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Guzran’s werk is a thecry cf tre regsior varsing astect of visicn,

 either as described here or nmarifected in Cuzren’s actual rachine

Treeral. I nmnmust hester tc sey, however, trat it stards
incorplete on scme of the dimensicns alorg wrich the worth of a
theory cean be measured. Cuzran’s vprogrem wes insightfuvl and
decisive to future develorments, &but as he Ieft it, the thecry
hac¢ little of the ceep sementic rcots that a food thecry shovld
have.

ILet us ask sore cuestions to better understand why the
preceran works instead of just how it works. . When coes it do
well? Why? VWhen coes it stumtle? Fow car it be improved?

Exrerirentetior with the yrogram confirms thet it works
best or scenes comyosed of objects lacking holes (Winston 1971)
an¢ heving trihedral vertices. (A vertex 1is trikedrel when
exectly three faces of the object reet in three-dirensional spsce
at that vertex.)

Why shculd this be the case? The answer is simply that
trihedral vertices most often rroject into a line ¢drawing es L’s,
which we ignore, and arrows ard fcrks, which create links. The
prcgran succeeds whenever the weak reverse imylicatior that
arrows and forks come from tribhedral vertices haprens to be
correct. Using the psi vertex amounts to a corollary which is
necessery because we humens cfter stack thirgs vp end tury an
arrow-fork pair in the resulting alignrent. From this point of

view, the Guzran rrogram tecores & one-heuristic theory ir which
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& link is created vwhenever a picture vertex mex have ccme from a
trihedrel space vertex.

Put wken does the heuristic fail? Apzin experimerts
rrcvide sorething cf ar answver. The trihedral vertex hevristic
rost cfter feils when =eligrment creates rerjurous  esrrovs.
Without scme sort of link inkibiticn mechenism, it is easy to
corstruct examples 1littered with bad arrcws. Tc combat pcor
evidence, two possibilities must te explored. Cre is to demend
nore eviderce, and the other is to find tetter evidence. The
couplexity and much cf the arbitrary quelity of Guzman’s werk
results from electing to use mnore evidernce. Bvrt using more
evidence wes not erougf. Guzran was still forced to imprcve the
evidence via the link inhititicn heuristic.

The startling fact discovered by Fugere Freuder is trat
lirk iphititicn is encugh! Vith some slight extensions to the
Cuzmar inhibition heuristics (Rattrer 1970), ccmplicated eviderce
wvelghirg is unrecessary. A precgram thet binds with one lirk dces
abcut es well as mcre involved ones. By éoing into tke semantic
Justification for the generation of links, we have a better
uncerstanding of the bedy linking protlem and we have a tetter,
more adequate program to replace the original one. This was a
serious step in the right directior.

Shadows
Continuing to trace the develorment of MIT’s scene

understanding programs, the rext toric is e scrtie irto the
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questicn of handling shadcws. Tre first work et MIT c¢n the
sutject was done by Crben (Crbar 1¢70). Fis rurpecse was to
eliminste cr erase shedows from ¢ dravire, The aprroach vas
cuite Cuzren-like in flavor =as Crhten verked erpirically with
vertices, tryirg tc leern their lensuege ernd cdisccver hevristic
clues thet would help estatlisk shedow hyvpcthesces. Fe fourd that
quité comrlex scenes could te Ytandled thrcugh the following
sirple facts: 1) & shedow bourdary often displays two or rore L

tyre vertices in 2 row 2) shadcw boundsries terd tc form psi type
vertices when they intersect 2 straight line and 3) shadcws ray
often e fcund by way cf tke L’s ard fcllowed through Tsi‘s.

Crtan’s prograr is objecticnable in the sare way CGuzman’s
is. Nerelyv, it is larfely empirical ard leckirg ir firm semantic
rocts. Tre ideas worlr in sore ccmplex scenes orly to feil in
ctrers. Farticularly troublesome is the comron situatior where
shert shadcw bcunderies involve no T. type vertices.

After Crbar’s program, the shadow prcbler remaired at
resture for scme time. The issve was evoiced by rlacing the
light source rear the eye, thus eliminetine tre ryroblem by
elirineting the  shadows. Aside from beirg disgusting
aesthetically, this is a yoor solution because shedows shculd be
2 yositive helr rather than e hindrarce to Ye erased ovt end
forgotten. |

Interest in shtadows wes reawalened in conjunction with a

decire to vse more kncwledge of the three-dirensional world in




Page 20

scepe enalysis. Among the obvious facts are tre fclloving:

1) The world of blocks and wedres Yas s preponcerarce

cf vertical linec. Civen that 2 scene has a single

Cistent light +cource, these vertical lines =all cest

cshadcws 2t the scme angle or the retins. Fence when

cne line ir identified as a shadcw, it renders =11

cther lires 2t tre sere engle suspect.

2) Verticel 1lines cest vertical shedows or vertical

faces.

7) Eorizontel lines cast shadows c¢n herizental faces

that are parzllel to the shadow costing edges.

£) If a shadcw line emerses from 2 vertey, that vertex

elmost certainly touches the shadow rearing surfrce.

With these facts, it is easy tb thirk ebout a rrogranm

thet weuvld crawl thrcugh the scere of figure 7, essociating
shedow bouvndaries with their rarert edges as shovn. One could
“ven irplerent somethirg, thrcugh poirt fcur, thet weuld allow ‘
the syster to kncw that the cube in figure 7 is lying on the
tatle rather then flosting abecve it. Such 2 set of rprogrems
wovld Dbe cn the =same level as TFreuder’s refinement cf Guzmar’s
rrcgrar with respect tc serantic flavor. Ve vere in fact on the
verge of implementing such a progrem when Valtz radicalized cur
uncerstanding cf beth the shadow wvork and the olcd bedy-finding

yrcblern.




Figure 7 o |
Sirmple heuristics 21low shadow lines to

~eédges causing them.
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be asscciated with the
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Veltz end ferartic Interrretation

This secticn deals witl the encrrously successful vork of
Veltz (Valtz 1C72a) (Weltz 19771). Peaders feriliar vith eitter
the vork cof Fuffren (Fuffren 1971) cr tret of Clowes (Cloves
1971) will  instentlr recogrize  trat their  worl is  the
corsiderable fcundetior on which Weltz’s treory rests.

A line in a2 drewirg arpears because of one or another of
several possibilities in the prysicel structure: The line nay be
a shadcw, it mey be a crack between tvo aliered otjects, it ray
be the sear tetween two surfaces we see, .or it ray be the
boundery tetween ar object end whatever is in Yack of it.

It is easy encugh to label =all tbe lines in a érawing
according to their perticvlar cause ir the rhvsicel werld. The
drewing in figvre‘E; f%r example; shows the Fuffmar latels for a
cute Ilyving flet or the fable. The rlus lebels represent seems
where the cbserver sees bcth surfeces and stends on the convex
sice cf tre surfaces vith the inside of the cbject lyine on the
corcave, The minvs labels indicate the observer is c¢n the
corcave side. And tre arrowed lines indicate a boundary where
the observer sees cnly cne of the surfeces that form the prysical
edre. .
A curicus and samezings thing sabout such lateled 1line
drewings is that only a few of the ccembiratorially pessitle
arzcngerents of labels earound ¢ vertex are thysicelly possible.

We will never see a L type vertex with both wirgs labeled 1lus no
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Figure 8

Huffmar latles for a cube. Plus implies a convex edge, mirus
imrlies corcave, and ar arrow implies cnly one of the edge-
.forming surfaces is-vigible.
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retter how many legel line draviness we exerine. (It is presured
thet tre oljects eore tuilt of trihedral vertices and thet the
viewroint Is such that certain typcs of coincicentsl =2lienrent in
the rpicture derair arc lacking.) Indeed it is easv to vrove trat
an enureration of 211 ressibilities 2llowed by three-dimersioral
corstreints  ircluces cnly six possible T vertex laYelires end
three each of the fork ard errov tyres. Trese are shcwn in
figure C.

Given the ccnstraints  the world pleces  or the
arrangerents of lire letels arcund a vertex, ore cen ~c the otrer
vey. Instead of usirg krowledge of the real physical structure
to assign cemartic labels, one car use the ¥ncwn constrairts on
how a drawing can possibly be labeled to get et ar uncerstanding
of what the physical structure must be like.

The vertices of a line draving are like tre pieces of a
Jigsaw ruzzle in that ©both are limited os tc hov they can fit
together. Selections for adjacent vertex lebelings sirply canrot
recuire different labels fcr the line tretween them. Civer thris
fact a simrle search schere car work trrough a draving, assigning
letels to vertices es it geces, taking care that no vertex
latelirg 1is assigned that 1is incorpatible with 2 previcus
selection at en adjacent vertex. If the searct fails vithcut
firding a comratitle set of labels, then the dJrawing canrot
rerresent a real structure. If it coes fin¢ a set of labels,

then the successful set or sets of labels vield much information
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Figure S

. e #ER
Physically possible corfigurations of lines arcund vertices.
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atcut the structure.

Waltz generalized the besic idess in two fundemental
ways. First he expanced the set of line lstels such that esch
includes ruch more information ebout the thysical sitvaticn.
Second, he devised a filtering prccedure that corverges cn the
rossible interpretaticns vith lightnirg syeed relstive to a mcre
obvious derth-first seerch strategv.

Waltz’s lakels carry irforreticn beth sbout the cavse of
the line end esbout the illumiraticn on the twc adiacert regiors.
Figure 10 gives Waltz’s eleven allcwed line interpretations. The
set includes shadows ard cracks. The regions teside tre line zre
corsidered to te either illumiratecd, shadowed ty fecing awey from
the light, or shadowed by another object. These possibilities
suggest that the set cf legal labels would irclude 11 X 7 X % =
99 entries, but a few simrle facts irmediately elimirate abcut
half cof trese. A ccrcave edge ray rot, for exemple, heve cne
corstituent surface illuminated and the otker shadcwed.

With this set cf labels, bcdy finding is eesy! Tre line
latels with arrows as part of their symtol (twc, tkree, four,
five, rine, ten, and eleven) indicate rlaces where one bedy
obscures another body or tre tsble. Once Valtz’s rrogram finds a
corpatible set of 1line labels for a drawing, each tody is
surrourded by line labels from the arrcw class.

To crezte his rrogram, Valtz first worled cut what vertex

corfigurations are possible with his set of lire lsbels. Figvre
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1 s CONVEX EDGE
> 2 '
OBSCURING EDGES -- OBSCURING BODY LIES TO
, 3 RIGHT OF ARROW'S DIRECTION
N
5% 4 ' )
CRACKS -- OBSCURING BODY LIES TO RIGHT OF
c, 5 ARROW'S DIRECTION
”
? 6 . .
SHADOWS -- ARROWS POINT TO SHADOWED REGION
1
i 7
— 8 CONCAVE EDGE
=N 9 | .
v , SEPARABLE CONCAVE EDGES -- OBSCURING BODY
- 10 LIES TO RZGHT OF ARROW'S DIRECTION --
AN
DOUBLE ARROW INDICATES THAT THREE BODIES
o 11 -/ MEET ALONG THE LINE
N\ ) =~
Figure 10

ILine interrretations recognized by Waltz’s program.

Pége 27
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APPROXIMATE NUMBER APPROXIMATE NUMBER
OF COMBINATORIALLY | OF PHYSICALLY

POSSIBLE LABELINGS POSSIBLE LABELINGS
" 2,500 ' 80
“‘€;> 125,000 70
"-<<: 125,000 - 500
\\<—" | 125,000 500
,,77\:\\ 6 x 10° 10
| ::;l\~ 6 x 10° 300
\ 6 x 10° 100
:><: 6 x 10° 100

g - 6

6 x 10 100
AZ 3 x 108 30

’

Fi re 11 ) ]
On§§ a few of the combinatcrially rossible labelings are

thysicelly possible.
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11 gives the result. Fapnily the possibtle vertex lalelires
coerstitute only a tiny fractior of the ways latels can be erraved
arcund a vertex. The numter cf 7tossible vertices is large tut
not unranageably sc.

Increacing the nurber of legal vertex labelings dces rot
increase the number of interpretations of typical line drewinss.
This 1is because a prorer increase in cdescriptive cetail strongly
corstreins the way things may go together. Asain tre enalcey
with Jigsaw ruzzles gives ar idea cf what is happening: The
shapes of rieces constrain how they rmay fit & together, but the
colors give still more constreint by addirg arother dimension of
conparison.

Interestingly, the numter of ways to lebel a fork is much
larger thar the nurber for an errow. /[ single arrcw ccnsecuently
offers more corstraint and less amtiguity than does a fork. Tris
exrleirs why experirents with Guzran’s prcerar shcwed arrcws to
te mofe reliable than forks as sources of éood links.

Figure 12 shows a fairly ccmplex scene. Fut with little
effort, Waltz’s prcgrar car scrt cut the shadow lines and find
the correct number of todies.

What I have discussed of this theory so far is but an
hors d‘oeuvre. Waltz’s forthcoming doctoral dissertaticn has
much to sey about hardlirg ccincidental alignmert, finding the
aprroximate orientatior of surfaces, and desling with higher

order object relations like support (Valtz 1972b). Fut vithcut
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getting into trose excitirg results, I cen ccmmert cn hew tis
work Tfits together with rrevious iders c¢n bedy finding and on
shedows.

First of all Veltz’s progrem hes a syntactic flavor. The
rrcegran has a table of possible vertices ard or sore level can be
theught to parse the scene. Fut it is essential to understend
thet +this is a progrer with substantive serantic rcots. The
tatle is nct ar amslgan of the purely &d hce ard empirical. It
is derived directly from ergurents about how real structures can
rrcject onto a two dimensicnal drawing. The resulting label set,
together with the rrogram that uses 1it, cen be thcought of quite
well es a comrpiled ferm of those argumerts vhereby facts about
three-cdimernsional space become constraints con lines and vertices.

In fetrospect, I see VWeltz’s werk as the culmiraticn of a
lorg effort beginning vith Guzran end rovirng through the werk of
Crtan, Ratrer, Winston, Huffman and Clowes. Fech rerscn built on
earlier iceas and experiments, producing either = refinerent, a
reacticn, cr &an explaration. The net result is a tredition
roving toward more and better 2bility to describe end toward more

and better theoretical justificaticn behind working progrars.
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CYETEM ISSUES
Eeterarchy

Waltz’s werk js prert cf understarding how lire drawires
corvey infcrrpation about scenes. This sectior discusses rsome of
our newer ideas eabout hcw to get such uncerstanding intc a
working system.

At MIT the first success in COIyin{ a sirple blcck
structure fror srare parts invclved usine a pass-oriented
structure 1like thet illustrated ir figure 13. The so0lid lires
rerresent cata flow anc¢ the dashed lines, control. The executive
in this aprroach is a very sirple sequence of subroutine calls,
rostly partiticned intc one module. The cellirg ur of the action
mocules is fixed in acvance ard the crder is indifferent to the
reculierities of the scene. Fach action rodule is cherged with
aurmenting the deta it receives accordine to its labeled
specialty.

This ¥ind of organizaticn cdoes not werk wvell. Its
rurrose is to rake a vehicle quickly for testirg thre mcdules tren
cveilatle. It is often better to have one system working befcre
exrending too much effort in srguing sbout which cystem is best.

Frem this base we have mcved toward another style of
organization which has come to be czlled heterarchical (Minsky
and Parert 1972).  The corcept lacks rrecise defiriticn, Tut the
following ere come of the charscteristics that we 2im for:

1. A comrlex system should be gcal oriented.
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Trocedures at all levels shovld te shrort and asscciated
with sore cefirite go2l. Goals <chould vrormelly be
catiefied by inveking a small nurter of sutgoals for
cther procecures or ty directly cellirg o few
rrimitives. A corcllary is thet tre svster shculd be
top down. Tor the most part ncthire <chould be dcne
vtnless recessary to accomplish somethirg et g higrer

level.

2e The execvtive cecntrecl should te distributed
throuvghout the syster. In 2 heterarchical system, the
rodules interact not lile s master end slaves but more

like a commurity of experts.

Ze Programrers should make as few essurpticns as
rossible abcut the state ir which the system vill be
vhen a rrocedure is celled. The prccedvre itself
should contein the necessery machinery to set up
whatever concditions ere required before it can do its
jobs This 1is obviocusly of prirme ivportance when meny
euthors contribute tc the system, for they shouvld be
eble to add knowledge via nrew code without comrletely
understanding the rest of the system. In practice ttis
vsually works out as a 1list of gcals lyirg like a

rreanrble neer the beginringe of a rcutire. Tyrically
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these gozls ere satisfied by sirtle refererce to the
cata base, tut if nct, rotes are left =2¢ to where help
ray te fcund, in the PLAINER (Fewitt 1972) or CCNNIVER

ctyle (McDerrott and Sussmen 1977).

4. The system should cortair sore Yrowledee of itself,
It is not encugh to think of executives =nd Trimitives.
There should be mocdules that sct as crities end
complein wher sorething lecoks susticious. Cthers must
Ynow how and when the rrimitives are likely tc fail.
Comrmunicetior emongs trese modules should be mcre
colorful thar mere flow cf deta end commend. It should
include what in rumar discourse would be called edvice,
supgesticns, rererks, corplaints, criticism, questiors,

enswers, lies, ard ccnjectures.

£. A syster should heve facilities for tertative
conclusicns. The system will detect ristskes as it
fFoes. # corjectured cornfiguration ray e found to be
unstable or the hand mey be led to gresp eir. When
this haprens, we need tc know what facts in the dsta
tase are most rroblematical; we need to know how to
try to fix things; 2and we need to krow how far-ranging

the consequerces of a chenge are likely to be.
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Grephically such 2 system lools mcre 1lilke a retwerk of
rrccedvres then ar orcerly, irmuteble sequence. Fach prcceduvre
is conrected tc others vie potentizl centrcl transfer linke. In
rrectice which of these links is used derends on the context in
/hich the various rrocedures are used, the context beirs the
Joint rproduct of the system ard the probler urdergoings anslysis.

Note particularly that this srrangement forces us to
refine our corncept of higher versus lower level routines. Mow
pregrars nermally thought to te low level may very well employ
other programs consicdered high level. The terms no longer
indicate the order ir which a routine occurs in anslysis.
Instead a vision system procedure is’high or low level according
to the sort of data it works with. Line finders that work with
intensity roints are low level but may certainly or occasicn csll
a stability tester thet works with relatively high level object
nodels.

Firin end Fnvironment Iriven Analysis

Cur earliest MIT vision syster interacted only nerrowly
and 1ir a predetermired way with its environment. The pess
oriented structure prevents better interaction. Fut we are nrow
noving toward a different sort of vision system in which the
envirorment controls the aralysis. (This idez was prominent in
Ernst’s very early work (Ernst 1961).)

Resders who find this idea strange should see an

exrosition of the notion by Simon (Simon 1969). He argues that
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much of whét passes as intelligent behsviof is in 1oint of fact a
harry cooperation btetween unexpectedly simrle elgorithrs end
cerrlex ervircnmerts. He cites the case of an ant wardering
alcng a teack rift with art sized otstacles. The ant’s
curvacicus rath might seem to be a2n insarely comrlex ritval to
soreone locking only at a histery of it treced on Taprer. But iﬁ
fact the hurble ant is merely trying to circumvert the teach’s
obstacles and go hcme.

latching the lccus of control cf our currert syster as it
strugeles with a complicated scene is like watchirg Simon‘s ant.
The up and down, the around end tacking off, the use of this
method then another, 211 seer to be mystericus =t first. Fut
like tre art’s, the system’s complex btehavior is the rrodvct of
sirple algorithms courled together and‘vdfiver by’the demends of
the scene. Tre rerairder of this section discusses scme elegent
rrccedvres imrlemented by Finin which illustrate two ways in
which the environrent influences the MIT vision system (Finin
1972).

The vision system contains a specialist wrose task is to
determine what we call the skeleton of =2 brick. A skeleton
consists of a set of three lines, one lying alorg each of the
three axes (Finin 1972). Fach of the lines in a skeleton rust be
corrlete ard unobscured so that the dimensions of the brick in
questicn nay be determined. TFigure 14 shows sore cof the

skeletons found in various situations ty this rodule.
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Figure 14
Sore skeletons fourd fcr bricks.
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The only problem with the rprosram lies in the fact trat
corrlete <ckeletons are mcderstely rare in rractice becesuse of
heavy cbscuring. Ever in the sirple arch ir figure 152, cne
oblect, tre left side suprort, carnot be fully anelyzed, lacking
as it coes a completely exrosed lire ir the derth dimersior. TFut
hurans have no trouble circumventirg tris difficulty. Indeed, it
gererally coes not even cccur to us that trere is a Troblem
because we so naturally assume thet the right and left supports
have the sane dimensicns. At this roint let us lcok 2t the
system’s internal discourse when working cn this scene to better
uncderstand how a group - hypothesize - criticize cvcle tyrically

works out:

Let me see, what 2re £°s dimensions. First i must’identify
a skeleton. Cops! Ve can orly get a partial skeletcn, two
cemplete lines are there, but only a partial line alcng the
third brick axis. This means I know two dirensions but I
heve only a lower bound on the third. Tet me see if A is
pert cf some grour. Oh yes, A ard B both surport C so trey
form a group of a sdrt. Let re therefore hypcthesize that A
ard P are the sare and run through ry check list to see if
there is any reascn tc doubt that.
Are A ard B the same sort of objects?
Yes, Both are bricks.

Are they both oriented the same way?
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Figure 15 C

In one case; A’s depth is extrapolated fror B’s. In the other no
4 hyrothesis can be confirmed. /
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Yés, thet clecks out toc.
Well, dc the observatle dimensicns ratch?
Indeed.
Is there any reasor to believe the urobservatle
dimensicn cf A is ¢ifferent from its enalcgue on
B?
No.
CK. - Iverything seers 211 ricght. T will
tentatively accept the hypothesis ard proéeed.

Through this irterral dialcgue, tre mechire succeeds in
firding all the necessary dimensicns for the cbscured suprort in
figure 15a. Figure 15t shows how the conflict search can fail at
the very last step. . | |

Grouping amounts, cf course, to using a grest deal of
cortext in scene aralysis. We have discussed how the system uses
grcups  to hypothesize rrorerties for the group’s memters and we
should add that the formation of =& grcup is in itself a matter
hyrothesis followed by a searéh for evidence cenflicting with the
hyrothesis. The system now forms frour hypotheses from the
following configuratiors, roughly in order of grouring strength:

Te Stacks’ or rows of objects connected by chéins of
support or in-frent-of relations.
e Objects fhat serve the same furcticn such s the

cides of an arch or the legs of 2 tatrle.
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?. Ctjects that are close togetlrer.

4. C(Cbjects that are of the =ame type.

To test the wvalidity of thece hypotheses, the rachine
males teste of good membershir on the individval elerents. It
basically performs corforrmity tests; throwing ovt arything too
unusual. There is a yreliminery theory of how this cen be done
sersibly (VWinston 1971). The basic feature cf Vinstcn®s thecry
is that it involves not only & measure cf how distant a
particvler element is from the norr, tut alsc of how much
deviation from the norr is typical and thus accepteble.

Note that this hypcthesis-rooted theory is much different
frenw Gestaltist notions of good groups ererging ragically from
the set c¢f &1l possible grours. Critics of artificial
intelligence correctly point out the ccemputaticnal implausibility
of corsidering/all possible grours but scmehew fail to see the
elternative of using clues to hyrothesize a 1limited numter of
gocd cendicdate groups.

Naturally all of these group - hypothesize - criticize
efforts are 1less likely to work out then are rrograms which
cperate through direct observatiocne It 1is therefore good to
leave data Dbase notes relating facts both tc treir degree of
certainty and to the progrems that fourd them. Thus an assertion
thet =says a perticular brick has such and such 2 size mey well
have other assertions cdescribing it as only probable, conjectured

frem trhe dimensions of a related brick, and owing the discovered
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reclticnship to 2 perticular grouping rrogremn. Using such
Incwledge is as yet orly rlanred,; but in rreraration we try to
refrair from using mcre than one method in a scingle prosrem.
This mekes it easy to descrite hew a verticvlar asserticn vas
race by sirply noting the rame of the rrogran that made it.

Vicual observetior of moverment rrovices enotrer vay the
envircrment car influerce end control vhat = visior system thirks
abcut. Ore of the first successful rrojects wes executed at
Stenford (Wickman 1967). The purrose was tc align two tricks,
one atcp the other: Tre method escentially required the ccmplete
corstruvcticn of a line drawing with subsecuent determination of
relative pcsition. Tre Jzpanese have used a similar epprcach in
rlecing a tlock inside a box.

The MIT entry into this area is a little cifferent. Ve
do not recuire corplete recorputetior of a scere, s ¢@id the
Stenford system. The protlem is to check the positior of a Jjust
rleced object to be sure it lies within some tclerence of the
assigned place for it. (In our arm errors in vlacemert ray
occesicrelly be on the order of 1/2v.)

Rather than recompute 2 lire drawirg of the scene to find
the otject’s coordinates, we use our model cof where the object
shculd be to direct the eye to selected key regions. In Dbrief,
vhat heppers is as follows:

Te The three-dimensioral coordinetes for selected

vertices are determired for the object vhose pcsition
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is tc be checked.

<. Ther tre supposed locations of thcse vertices on
the eye’s retina ore easily computed.

7« } vertex search uvsing circuler scans around each of
these surrosed vertex positicns hill clirbs to a set of
actuel ccordinates for the vertices on the retina
(Vinston ancd Lerman 19772). Revised three-cimersioral
coordinates car be determined from these retiral
coorcinates, given the altitude of tre otject.

4o Comparing the <cbject’s real and supposed
coordinates gives a correcticn vwhick is ther effected
ty a gentle, wrist-domineted arm action.

The vertex-locating progrem tries to =2void vertices that
form alignrents with those of other cbjects already in place.
This ccnsicderally simplifies the werk cf the vertex finder. With
a bit more wcrk, the oprcgrar could be made to avoid vertices
ocbscured by the hard, thus allowing performence of the feedback

cperation more dynemicelly, without withdrswings the hard.
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TEARNIIC TC IDFNTIFY TCY PICCK STRUCTUT FS
Leornirge

This <section cdescribes o working conruter pregrar which
ertodies a2 new thecry cf learning (Winston 197C). I relieve it
is wunlike vprevious theories becausé its tasic icea is to
understand how concepts cen be learned from a few Judiciously
selected exanrles. fhe sequence irn Figure 16, fer evample,
gererates in the machire ar idea of the arch sufficiert to handle
correctly 211 the configurstions ir figure 17 in srite of severe
rotaticns, size chanres, vproportion changes ard changes in
viewing angle.

Although no previous thecry in  the artificial
intelligence, rsychology, or other literstures can comrletely‘
account fecr arything like this ccmpetenée,‘tké Fésic ideas are
quite simple:

Te If you want to teach a concert, you must first be
fure your student, men or machine, can build
cescriptions adequate to represent that concept.
e If you want to tesch o cencert, you should use
samples which are a kind of ron-examrle. |

The first point on description should Te clear. £t some
level we must have an adequate set of rriritive ccncerts and
relations cut of which we can assemble interestirg ccncerts at
the next higher 1level which in turn becore the priritives for

corcepts at a still higher level. The operation cf thre learning
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rrcgrar  depends completely on the vower of the anslysis progrems
descrited in the previcus sections.

But whet is meent by the second cleim that one must show
the mechire nct Just exarples of corcepts tut comething else?
First cf all, something else reans sorething which is clcse to
being an examrle tut fails tc be admissatle Tty way cf ore or a
few crucial deficiencies. I cell these sarples necr-misses. My
view is that they are more irportant to learning then evamples
and they provide just the right informetior to teach the rachine
directly, via a few samples, rather than. latoricusly =and
uncertzinly through meny samrles in some kird of reinforcement
moce.

The purpose of this learnirg process is to create in the
rachine whatever is neecded to identify instances of Jearred
corcepts. This leads directly to the notion cf a model. To be
precise, I use the terr as follows:

A medel is a  proper descripticn augrented by
information gbout which elements of the description are
essential ard by informetior about what, if anythirg,
nust not be rresent in examples of the ccncert.

The descriptior must be a rroper descripticn because the
descrirtive language — the possitle relations — nmust naturally
be appropriate to the cefinitions expected. For this reacson one
carnot build 2 model on top of 2 data bese that descrites the

scene in terms of only vertex coordinates, for such a cescription
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is on too low & 1level. I'or can cne tuild = model or tor of a
higher level description that cortairs cnly colcer irforraticn,
for exemple, because that infcrmation is usurlly irrelevent to
the corcept in questior.

The key pert cf the definition of model is the idea trat
sor.e  elerents of the description must be underlired as
rerticvlarly important. Figure 18 shows 2 training secuence trat
corveys the idea of the pedestel. The first step is to show the
machine a samrle cf the concept to be learred. From a line
drswing, tre scene aralysis routines produce ¢ hierarchical
symbolic cescription which carries the same sort of information
abcut e scene that 2 humen uses and understends. Flocks =zre
descrited as bricks cr wedges, es standing or lyirg, and as
relatec to others by’relations like'in-froﬁt—of or suprorts.

This descripticn resides in the data bese in tre ferm of
liest strucfures, tut T present it here as 2 network of noces end
rointers, the ncdes rerresentirg objects and the pcinters
rerresenting relaticns betweer trem. See figure 1¢ where a
pecestal retwork is shown. In this case, trere are reletively
few things in the net: just a node representing the scene as a
whcle and two more for the otjects. These ere related to ezch
other ty the supported~by rointer znd to tre genersl krowledge of
the net via pointers like is-a, deroting set membershir, ard hes—
posture, which leads if one case tc standing ard ir the other to

lying.
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Now in the pedestal, tre support relstion is essential —
there 1is no redestal without it. Similarly tre rosture end
identity of the board and trick must be correct. Therefore, the
objective 1in & teaching sequence 1is to somehow convey to the
rachine the essential, emphatic queslity of those features (Later
on we will see further examples where some relaticns tecore less
essential and cthers are fcrbidden).

Returning to figure 18 note that the secord semple is a
neer-miss in which nothing has changed except thet the board no
lornger rests on the standing trick. This is reflected in the
descrirtion by the absence of a supperted-by poirter. It is a
sinple matter for a descrirtion corparison rrogram to detect this
missing relaticn as the only difference betweer this description
and thé criginal one which was an admissatle instence. The
rachine car only conclude, as we would, that the loss of this
relaticn expleins why the near-miss fails to qualify as a
pedestal. This being the case, the proper action is clear. The
nachine mekes a note that the suprorted-by relaticn is essential
by replacirg the original pointer with must-be-surported-ty.
Again note that this point is conveyed directly by a single
drawing, not by a statistical inferenée from a boring hoerd of
trials. Note further that this inforration is quite high level.
It will be discerned in scenes as long as the descriptive
routines have the power to analyze that scene. Thus we need not

be as concerned about the simple changes that incaracitate older,
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lover level learnirg icees. Fotatione, éize diietiors ard the
li¥e ere easily handled, giver the descriptive pcwer we rave in
cperating rrogranms.

Cortinuving now with our exsmple, the teacher proceeds to
btasically strengthen the other relations sccording to whatever
rrejudices he has. Ir this sequerce the teacher has chosen to
reinforce the pointers wvhich deterrine thet the suprort is
stendirg ard the rointers which similarly deterrine thet the
surported object is a 1lying toard. Figure 20 <chows the model
resulting.

Now that the basic idea is clesr, the slichtly ncre
complex arch sequence will bring out some further points. The
first sanple, shown back in Figure 16 is 2n example, s elways.
Frem it we generate an initiai descrirtion as tefcre. Tre next
step is similar to the cne taken with the pedestel ir thet the
teecher preserts 2 rear-miss with the surported object row
rercvec and resting on the table. PBut this tire nct ore, Tut two
differences are noticed in the corresponding description networks
as now there are two missirg supported-by rointers.

This orens up the big question of what is to be dore whren
more than cne relationship can explain why the near-miss rmisses.
Vhat 1is needed, of course; is 2 theory of how tc scrt ocut
observed differences sc that the rost impertart ard most likely
to be resronsible differerce can te hypothesized znd reacted to.

The theory itself is comevhat detailed, tut it is the
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exrlcretior of this deteil thrcugh writiﬁg and expverimentire with
rregrars  that  gives the overall treorv a crisp substance.
Pereated crcles of refinement ard testine of =a theory, as
emtodied in 2 progrem, is an inmportent rart c¢f sn ererging
artificiel intellirence methodclogy.

Now the results of this aprroach cn the differerce
rarking module itself include the fellewing points:

first of 211, if two differerces sre observed which sre
of the sare nature ard descripticn, ther they ere essured to
cortritute Jjointly to the failure of the near-miss ard beth are
acted cn. This handles the arch cese vhere twe surport relations
were cbserved to be absent in the neer-riss. Since the
differences are both of the missirg rcinter type end since beth
involve the same  supported-by relation, it is  deered
heuristically sound to handle them both together as a unit.

Secondly, differences are renked ir order of their
distance from the crigin of the net. Thus 2 cifference orserved
in the relaticnship of twe otjects is corsidered more imrortent
then a cherge in the shape of 2n otject‘s face, which in tvrn is
interpreted as more imrortant than an cbscured vertex.

Thirdly, differences at the sare level are ranked
according tc types« In the current implemertetion, differerces of
the missirg rointer type are renked ahead of those vwhere =
pointer is adced in the rear-missc This is ressonsble sipce

droppirg 2 pcinter to rake a rear-miss mey well force the
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introdvcticn of & new 7pcinter. Inceed we have 1ignored the
introduvcticn of a suppcrt rointer tetween the Jyings brick end the
tetle ‘teceuse the differerce resulting from this new poirter is
infericr tc the difference resulting from the missins pcinter.
Firally, if two differences sre foun¢ of the sare type on the
sere level, then =some secondary lreuristics are ured to try to
sort them out. Suprort relaticns, for evample, make ncre
inyortent cdifferences than one exrects from tcuch or left-right
pointers.

Now these factors constitute only a theory of hypcthesis
formation. The theory dces meke mistakes, especially if the
teecher is poore I will return tc this problem after comrleting
the tovr through the =arck example. Recall that the rachine
leernec¢ thre importance‘ of the surport relations. In the next
step it leerns, screwrat indirectly, 2bout the hcle. This is
corveved through the neer-miss with the two side svpports
tovchirg. Now the theory of rost impcrtart differences reports
thet two new touch pointers are rresent in the near-nmiess,
syrretrically indicating that the side surports have moved
torether. Here surely the ressonzble conclusion is that the rew
rointers have fouled the ccncert. The model is therefore refired
to have nmustenot-touch pointers between the rodes of the side
SUTPOTrtse This dissvades  identification  prcgrars, later
descrited, from ever rerorting an srch if such e forbidden

relaticn is in fact present.
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It is row clear hov crucizl irforrptién of the negative
sort 1is intrcduced into models. Trey cen cortair nct orly
infermetior abcut what is essentiel but elso infermation abeut
whet sorts of characteristics rrevent = sample from being
ascociated with the moceled corcept.

So far I have shown examples of emrhatic relations, bceth
of the must-be and must-rot-te type es intrcduced by neer-miss
sarples. The follewing is ar examrle of the inductive
gereralization introduced by the sample with the lying brick
rerlaced ty a wedge. VWhether tc call this a kind of =rch or
rerort it es a near-miss deperds cn the taste of the machine’s
instructor, of course. let us exrlore tre consequerce of
introducing it as an example, rather than = neer-miss.

In terms c¢f the description network cemparisor, the
machine finds an is-2 pointer moved over frem trick to wedge.
There ere, given this observation, a variety of things to do.
The simplest is to take the rost conservetive stence and form a

new cless, that of the trick or wedge, a kind cf superset.

To see what other options are available, look in figure

~

21 at the descriptions of brick and wedge and the portion of the

gereral kncwledge net that relstes ther together. There various

sets are linked together by the a~kind-cf relationship. From
this diagram we see that our first choice was = conservative
point cn a spectrur whcse cther end suggests that ve move the is—

a. poirter over to cbject, object beins the most cistent
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intersecticn cf alkinc-of reletiors. Ve chcose a ccnSerVative
rositicn ard fix the is-a rTointer to the clcsest otserved
intersecticn, in this case right-prism.

Agein e hyrothesis has to te mede, and the hypcthesis ray
well te wrong. In this case it is a question of differerce
interpretation rather than the cuestion of sorting‘ out the
correct difference fror mary, tut the effect is the sare. There
sinply must be mechanisms for detecting errcrs end correcting
them.

Errors are detected when on example refutes a previously
mace assumrtion. If the first scene of Figure 22 is reported as
an exarple of concept X while the secord is given zs a near-nmiss,
the natural interpretation is that an X must be stending. But an
alternate interpretation, considered secondary ty the ranking
rrcgram, is that an X must not be 1lying. If a shrewd teachrer
wiches to force the secondary interpretation, he need only give
the tilted brick as ar example, for it has no stendirg 7tointer
an¢ thus is a contradiction to the rrimary hypothesis. Under
these conditions, the system is prepared to beck up end try an
alternative. As the alternative may alsc 1lead to trouble, the
rrecess of backup may iterate as a pure derth first sesrch. Cne
could do better by devising a little theory that would tack up
more intelligentiy to the decision most likely tb have caused the
error.

I mentioned just now the role of a shrewd teacher. I
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Figure 22
A trairing sequence that leads to tackup.
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regard the derendence on e tescher ar a feature cf this theory.
Toc often in thre pest ristcry cf mechire learning theory the vuse
of a teacher was considered cheating £nd rechenisrs were instead
exrectec tc self-organize their wey tc urnderstancing by vay of
evclutionary trial ard error, or reinfcrcerent, or whetever.
This ignores the very real fact trat humars ac well as mechires
learn very 1little without gcod teaching. The first stterpt
shculd be to understand the kird of learning trat is at once the
rost ccmmor and the most useful.

It 1is clear that the system essirilates rew models from
the tescher and it is in fact dependent on pood teechirg, Tut it
derends fundarentally on its own good judgerent and previously
learned ideas to understand and disentangle what the teacher has
in minc. Tt must itself deduce whzt are the szlient ideas in the
treinirg sequence and it must itself decide on an eugmentation of
the mocel which cartures those idees. By carefully limiting the
teacher to the presentstior of a sequence of camples, low level
rote learring questions are avoided wvhile allowirg study of the
issues which underly all scrts of reaningful learning, including
interesting forms of direct telling.

Identification

Having develored the theory of learning rodels, T shell
say a little about using ther ir identification. Since this
sutject is both tangentiel to the nain thrust and documented

elsewhere (Winston 1970), I =shall nerely give the highlights




Page 62

here.

To ©begin with, identificetior is dore ir a variety of
roces, our system already exhititirg the following three:

Te Ve ray present a scene ard esk the system to
identify it.

Ce We may present a scene witk severzl ccncerts
represented and ask the system to identify all of them.
Z. Ve may acsk if a given scene contazins an instsnce of
something.

Of course, the first mede of identifying a whole scene is
the easiest. Ve simply insist that 1) all models must-te-type
rointers ere rresent in the scene’s description and 2) 211 the
mocels mnust-nct-be-tyre rointers must not be present. Tor
further refinement, we lock at all other differences tetween the
nocel and scene of other than the emphetic variety and judge the
firmners of model identification accerdings tc treir numter end
tyre.

When a scere centains many idertifisble rows, stacks, or
other groups, we must modify the identificaticn program tc allow
for the pcssitility that essential relations msy te nissing
because of obscuring otjects. The prcperties of rows and stacks
terd to propagate from the most observeble memter uvnless trere is
contrary evidence.

The last task, that of searching a scere for a particular

corcept is a wide opern question. The method now is to simrly
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feed cvur retwcrk matcring pfogram toth ‘the mcdel and the larger
networl an¢ hcpe for the best. If some objecté are ratcred
*geinst corresronding rarts of the nodel, their pointers tc otrer
extrancous objects are forgotten, and the idertification routine
is epplied. Fuch remeins to te dcne 2long the lires cf fuiding

the match contextuzlly to the right vart of the scene.
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COTYINC TOY BRLCCK STRUCTURFS
I here give a brief cescription c¢f the system’s higher
level furnctions aleong vith a scenario givire treir interaction in
2 very simrle situetior. The mair purpose is to illustrate the
tory dcwn, goal oriented ard environment cerverdent flzvor of the
system. Ccde samples sre 2vailable elsewhere (Winston 1977)
Figure 22 shows the possible call peths between scme of
the progrenms. Nete in particular the network oquality thrat
distinguishes the system from the earlier ress oriented metapher.
Clerity reguires that only a portion of the system be
descrited. Ir perticular, the disgram ard tte discussior omits
the following:
1) A large rumber of antecedant and eresings progrems
vhich keep tre tlocks world rodel uv to cate.
2) A large network of prcerars which find skeletcns end
locate lines with particular characteristics.
7) # large retwerk of rrograms that uses the grour -
hypothesize - criticize ides tc  find otherwise
inaccessible prorerties cf hidden objects.
4) A network of trograms that jigeles an object if the
arm errs too much when placing it.

The Furctions

COPY
As TFigure 23 chows, CCPY sinply esctivates prcgrarms that

hardle the two phases cf 2 copying protlem; nsmely, it calls for
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the spere rarte tc be fourd end yut 2way into tle srare verts
warehouse aree, end it initiates tle rerliceticn cf the rew

Scene.

STOFE-PARTS
To disessertle a scene and stere 1it, STCFE-PARTS locps
througl: a series cof cperstiors. It calls arprorriate rcutires
for selecting en otject, findirg a2 rlece for it, ard for eracting

the movemert tc storage.

CHCOSE-TO-FEMCVE
The first bedy exarined ty CFOCSF=TC-REMOVE cormes
directly from e successful effort to aralgemate some regiors irto
a2 tody usirg FIND-IFUW-FCDY. After sore bedy is created, CHOOSE-
TC-RENMCVE uses FIND-FFLOV to meke =sure it 1is not undernecsth
corething. Frequently, some cf the regions svrrovndirg a nevly
found Ytodv are not yet cornected to todies, so FIND-FELOV has a
recuvest lirk to BIND-RFGION. (The bodies so fourd, cf course,
ere placed in the date base ard are lster selected by CHOCSE-TO-

REI'OVE without appeal to FIND-NEW-FODY.)

FIND-NEW-RODY
FIND-NEW-BCDY locates some unattechec region anc¢ sets
BIND-REGICH to work on it. BIND-REGICN then calls collection of

prcgrars by Fugene Freuder which do a local perse and meke
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ascertions cf the form:

(R17 IS=A-FACF-CF T2)

(R2 IS-A PCDY)
These yprorrams avreal to 2 complicated retwerk of subrcutires
thet drive line firding ané vertex finding priritives srourd the

scene looking for complete regions (Virstor 1972).

FINI-BEICVY

As nmertiored, some regiors mey reed parsine before it
mekes sense to ask if 2 given cbject is below somethirg. After
assurirg itself that en adjacent region is sttached to 2 body,
FIND-BFIOVW calls the FINI-ABCVE rrograms to do the werk of
determining if the ©bedy originally in question 1lies below the
object owning that adjecent resion.

FIND-APCOVE-1 end FIND-ABOVE-2 and FINT-ARCVE-Z

The heuristics implemerted in Winston‘s tresis (Vinston
1970) and rany of these only prorosed there are now working in
the FIND-AFOVE programs. They neturslly have a collection of
sutordinate programs end a link to FIND-RECION for use in the
cvent an unbodied region is encountered. The essertions mede sre
of the form:

(B2 IS-ABOVE P7)

MOVE

To move an otject tc its srare parts positior, the
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locations and dimensicns are gathered up. Then MANIFULATE

interfaces to the machine language progranms driving the arm.

After MOVE succeeds, STORE-PARTS makes an assertion of the form:
(B12 IS~A SFAREPART)

FIND-TOP
The first task in making the location calculations is to

identify line-drawing coordinates of a block’s top. Then FIND-
TALINESS and TFIND-ALTITUDE surply other information needed to
prorerly ~supply the routine that transforms 1line-drawing
coordinates to X Y Z coordinates. Resulting assertions are:

(B1 HAS-DIMENSICNS (2.2 3.1 1.7))

(B1 IS-AT (47.0 -17.0 5.2 .%))
Where the number lists are of the form:

(< smaller x~y tlane dimension >

< larger >

<tallness>)

(< x coordinate > <y> <z> <angled)
The x y z coordinates are those of the center of the bottom of
the brick and the angle is that of the long x-y plane axis of the
brick with respect to the x axis. Two auxiliary programs make

the following assertions wherever approrriate:

STANDING
(B12 HAS-POSTURF LYING )




Page 69

CUBE )
BRICK
)
(B7 IS-A STICK )
BOARD )
FIND-DIMENSIONS

This program uses FIND-TOP to get the information
necessary to convert drawing coordinates to three-dimensional
coordinates. If the top is totally Obscured, then it appeals
instead to FIND-BOTTOM and FIND-TALLNESS-2.

SKELETON
SKELETON identifies commected sets of 3 lines which
define the dimensions of a brick (Finin 1971) (Finin 1972). 1t
and the programs under it are frequently called to find instances

of various types of lines.

FIND-TALLNESS-1
Determining the tallness of a brick requires observation
of a comﬁlete vertical line belonging to it. FIND-TAIINESS-1
uses éome of SKFLETON’s repertoire of subroutines to find a good

vertical. To convert from two-dimensional to three-dimensional
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coordinates, the altitude of the brick must also be known.

FIND-TALLNESS-2
Another program for tallness looks upward rather than
downward. It assumes the altitude of a block can be found but no
conrlete vertical line is present which would give the tallress.
It tries to find the altitude of a block above the one in
question by touching it with the hand. Subtracting the altitude
of the lower block from that of the higher gives the desired

tallness.

FIND-ALTITUDE
FIND-ALTITUDE determines the height of an object’s tase
primarily by finding its supporting object or objects. If
necessary, it will use the arm to try to touch the object’s top

and then subtract its tallness.

FIND-SUPPORTS

This sutroutine uses FIND-SUPPORT-CANDIDATES to collect
together those objects that may possibly be supports. FIND-
SUPPORT-CANPIDATES decides that a candidate is in fact a surport
if its top is known to be as high as that of any other support
candidate. If the height of a candidate’s top is unknown but a
lower bound on that height equals the height of known supports,
then ADD-TO-SUPPORTS judges it also to be a valid support. At
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the moment the system has no understanding of gravity.

FIND-STORAGE
Once an object is chosen for removal, FIND-STORAGE checks

the warehouse area for an approrriate place to put it.

MAKF-COFPY
To make the copy, MAKE-COFPY, CHOOSE~-TO-FLACF, and FIND-

PART rerlace STCRE-PARTS, CHOOSF-TO-REMOVE and FIND-STORAGE.
Assertions of the form:

(B12 IS-A SPAREPART)

(B2 IS-A-PART-CF COPY)

(B2 IS-ABOVE E1) ,
are kept up to date throughout ty arpropriate routines.

CHOOSE-TO-PLACF
Objects are placed after it is insured that their
suprorts are already placed.

FIND-PART
The part to be used from the warehouse is selected so as

to mininize the difference in dimensions of the matched objects.
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A Scenerio

In what follows the scere in figure 24a provides the
spare parts which first must be put away in the warehouse. The
scere to be copied is that of Figure 24t.

COPY

COPY begins the activities.

STORE-PARTS
STORE-PARTS begins supervision of disassembly.
CHOCSE-TC-REMOVE
FIND-NEW-EODY
BIND-REGION

CHOOSE-TO-REMOVE parses a few regions together into a
body, Bl. A great deal of work goes into finding these regions
by intelligent driving of low level line and vertex finding
primitives.

FIND-BELOV
BIND-REGION
FIND-ABOVE

A check is made to insure that the btody is not below
anything. Note that B2 is parsed during this rhase as required
for the FIND-ABCVE routines. Unfortunately B1 is below B2 and
therefore CHOOSE-TO-REMOVE must select an alternative for

removal.

FIND-EELOW
FIND-ABOVE

B2 was found while checking out Bl. CHOOSE-TO-REMOVE now
notices it in the data base and confirms that it is not below

anything.




Figure 24
A source of s
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b

pare rarts and a scene to be copied.
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FIND-STCRAGE
FIND-STCRAGE finds an empty spot in the warehouse.
MOVE
MOVE initiates the work of finding the location and
dimensions of BZ2.
FIND-TOP
FIND-ALTITUDE
FIND-SUPPORTS
FIND-SUPPORT-CANDIDATES
FIND-TOP-HEIGHT
FIND-ALTITUDE
FIND-SUPPORTS
FIND-SUPPORT-CANDIDATES
FIND-TOP-HEIGHT
. FIND-TATILNESS-1
FIND-TAILNESS-1
FIND-BOTTOM proceeds to nail down location perameters for
B2. As indicated by the depth of call, this requires something
of a detour as one must first know B2°s altitude, which in turn
requires some facts about Bl. Note that no calls are made to
FIND-ABOVE routines during this sequence as those programs
previously were used on both B1 and B2 in determining their
suitability for removal.
FIND-DIMENSIONS
A call to FIND-DIMENSIONS succeeds immediately as the
necessary facts for finding dimensicns were already found in the
. course of finding location. Routines establish that B2 is a
lying brick.
MANIPULATE

MANIPULATE executes the necessary motion.-
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CHOCSE~-TO-REMOVE
FIND-EBELOW
FIND-STORAGE

B2 is established as aprropriate for transfer to the
warehouse. A place is found for it there.
MOVE
FIND-TOP
FIND-DIMENSIONS
MANIPULATE
The move goes off straightforwardly, as essential facts
are in the data base as side effects of previous calculations.

CHOCSE~-TO-REMOVE
FIND-NEW-BODY

No more objects are located in the scene. At this Toint
the scene to be copied, figure 24, is placed in front of the eye
and analysis proceeds on it.

MAKE-COPY
CHOOSE-TO~-PLACE
FIND-NEW-BODY
BIND-REGION

B3 is found.

FIND-EEIOW

BIND-REGION
FIND-ABOVE

B3 is established as ready to be copied with a spare
pert.

FIND-PART
FIND-DIMENSIONS
FIND-TOP

Before a part can be found, B3°s dimensions must be

found. The first program, FIND-TOP, fails.

FIND-BOTTOM
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FIND-ALTITUDE
FIND-SUFPORTS
FIND-SUPPCRT-CANDIDATES
FIND-TOF~-HEIGHT

FIND-DIVENSIONS tries ar alternative for calculating
dimensions. It starts by finding the altitude of the bottor.

FIND-TALLNESS-2
FIND-SUPPORTED
FIND-BELCOW
FIND-ABOVFE
FIND-SUFPORTS
FIND-SUPPCRT-CANDIDATES

FIND-TAILNESS-2 discovers B4 is above B3.

FIND-ALTITUDE
TOUCH-TCP
FIND-TAIINESS-1

FIND-ALTITUDE finds B4°s altitude by using the hand to
touch its top subtracting its tallness. B3°s height is found by —
subtracting B3’s altitude from that of P4.

MOVE
MANIPULATE

Moving in a spare part for B3 is now easy. EBE3’s location
was found while dealing with its dimensions.

CHOOCSE~TO-PLACE
FIND-BELOW
FIND-PART
FIND-DIMENSIONS
FIND-TOP
MOVE
MANIPULATE

Placing a part for B4 is easy as the essential facts are
now already in the data base.

CHOOSE-TO-REMOVE
FIND-NEW-BODY

AT,
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No other parts are found in the scere to be copied.
Success.
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CCI CLUTING REMARKS

This essay begen with the clair thet the study of visicn
cortritutes both tc artificial intelligfence ard to a treory of
vicion. Verkirg with o view tcward these rurpcses has occurpiec
mary years of study at MIT and elsewhere on the toy world cf
sirple polvhedra. The progress in sementic rocted scere
anelysis, learning, and corying have ncw brought us to a platesu
where ve expect to sperd scme time deciding whet the next
imrortent rroblems are and where to lock for sclutions.

The complete syster, which occupies on.the order of
100,00C thirty-six bit words, is avthored bty direct cortritutions
in code frem over = dozen teople. This essay has rot summerized,
but rather has only hirted at the difficulty ard ccmplexity of
the prcblers this grour has faced. Mary irportant issves rave
not been tcuched or here at all. Iine finding, for exemple, is a
tack or which everythirg rests and has by itself occupied rore
effort thar all the otrer work described here (Roberts 1967)
(Herskevits and Birford 1970) (Griffith 1970) (Forr 1971) (Shirai
1972).
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SEFETLINC LICET CN SFADOVS

David T, VWeltz

July 1972

ABSTRACT

This verer describes methods which 2llow a rrogrem to aralyze ard
interrret a variety of scenes mede up of polvhedrs with tribedrel
vertices. Scenes mey ccntain shadovs, 2ccidentel edpe
elignrents, and some missing lires. This werk is besed on ideas
rrorcesed Initially ty Huffmen ard Clowes; I have aded methods
vhich erable the prcgrar to use 2 number of facts atout the
rhysical world to constrain the rossible interpretations of a
line drawing, ard have 2lso introduced = far richer set of
descriptions then previcus rrogrars have used.

This parer ves criginally putlished as Vision Flash 29.
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7.C ILTRCLUCTICH

lTow ¢o we accertain the shares cof urfarilier ctjects?
1w ¢c we so ccléer cerfure siodove with reel thirce? Tou do
we  "iecter out" shedcws vhen locling ot scenes? Fov are we
cile to sce tre vwerld es escsertially the come vhether it Is a
trirht surny deyv, en overcest cdey, or e nirht with conly
ctrectliskte  fer illurinctior?  In the terme of this parer,
Ycv cin we recosnize the identity of figures 1.1 end 1.2? Do
ve vee lecrnirge ord Vrowledge to Interrret whet we see, or do
we  ccrehow cutcretically cee the worléd es stetle and
ircerendert of lighting?  VWret rortions of sceres can wve
vrderetend frer lccel features 2lcne, ond vhet corfisvrations

recuire the ure of glctel hynctheces?

Vericus thecries hcve beer 7prorvosec to exrlain how
reorle extract three-dirensiona] irforraticn from scenes
(Citscn 1950 is en excellent refererce). It is well krown
tret ve get depth end distence irforraticn from motion
rerellax end, for objecte fairly close tc us, frer eye fecus
feecheck end rarallex. Fut this coes not exrlair hov we are
2¥le to uncderstand tre three-dirensionel  nstuvre of
vt ctcrrarhed sceres. Perhare we acouire Frowledgse of the
sherce of cbjects by handling ther erd rovirg around trem,

ard  use rote remcry to assisr shere to those objects wher we
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CTITTCC 4.0

e N

recocrize ther in sceres. Ut ttis cdces rct exrlsirn hov  ve

cer rerceive the chercs of oblects we heve never seer tefcre.

2y
[SEptEys

bt

lerly, tie fect that we cer tell the rheres of Tonv

ctjecte frerm s cirvle o revresertetion os

lire dZdrevins

8]

shcwe  thet we o not need texture or cother fine detsile to

ercervein shere, troust we mey  of course Uvre  texture

crediepts end other deteils te define certein edres.

vrcertcclr this resecrcr with  the telief that it is
yeesitle  to disceover rules with vhickh a rrégrern ceor chtain a
tiree-circreicral redel of 2 scere, siver onlv 2 recsonetbly

rced  linc drevine of s scere. Such 2 7rregrar nirht rave

8]
el
—1

rliceticrs Ycth ir rrectical situstions and in ceveloring
tetter treories cf huran visier. Irtrocrectively, T do not
feel thet there 1e o grect differerce bletieen secins

"reclity" end seeirg line dravincs.

l.crecver, there ere considersble dJifficulties Yoth in

.

rrecessing  sterec imeges (such £s  the rrobtlem of cecicinr
wkich poirts on each retire correspcrd te the sere  scene
rcint; see Cuzmen 1968, Lerrer 197C) end in buildire 2
sveter incorpcrating hanc-eve ccordireticn vhick cculd  tbe
uvrec  to helr errlore ard cisarbisvate 2 scere (Cesclnirs

1¢71). Tt seers to re tret vhile the use of ranre finders,

i
rvltirle liptt rsources tc relp elirinste shacows (Shirai




1¢71), enc the rectrictiocr cf sceres tc lrove objects wayr 211
rrceve useful for yrecticel rcotots, these arrrocches aoveid
ccrire te privre with the reture of hurer vercerticr vie—a-vis
tie frrlicit three—dirensionsl irforreticn In lire crawines
cf recl ~sccenes. thile T vcvlé be very ceuticur etout
cleirine rercllels betweer tle rvles irn 1v Trogrer ord hiren
vicval rrccesses, ot the verr leest I Ytreve dermcrstrated =
mrror  of careble viegion vrorreme which recvire orly fived,
rcroctvler line drevines fer their cprereticn.

¢

<

is theri

N

T cescribve a wvorkinse collection of
ccrrvter preerars  which  reconstruct  three—dimensicnal
c¢eccrivticrs  fror  line drevings which are otteaired from
scenes corroscd of plene-feced objects uncer varicus lirhtine
ccrditions.  In this cescription the syster icentifies shedow
lines and regions, groups regions which telcng tc the canme
ctject, end notices such relations as contact or lacl of
centact tetween tre objects, suprort and in-front-cf/belind
relations betweer the otjects as well es irforraticn altout
the sraciel criertation cf veriocus regicns, all using the

cdescripticon it has gerersted.
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1.7 DFSCRIPTICHS

“he cverall goal of the syster is tc rrovide s precise
cescrirticn of a rloueitle scere which cculd give ricse tc 2
rerticuler lire drawirg. It is tlerefore irpcrtart tc have o
oced lengrese in vhick to descrite festures of scenes. Since
I'wviel to haeve the rrcgrer operate on unfermilier ctiects, the
lerruece rust be careble of descriling suck obiecte. The
lersvese T have ured is  en errercion of the labeline system
cdevelcred by Fuffren (Fuffrar 1271) in tre Urited Stetes and

Clcwes (Clowes 1971) in Creat Fritain.

The lenguvege employs labels which are assigred to line
segrerts end regicns in tre scene. Trese latels cdescribe the
ecre  georetry, the ccnrectior or lack of cornection betveen
ac jacent regicns, the orientetior of each regicn ir three
dirensicns, eand the nature of the illumirsticn for each
regior (illurinated, prcjected shadow region, or region
fecing away from the light souvrce). The goal of the program
ic to assign & single label velue to each line and rerion in
the line drawing, except 1in cases wrere hurans alsc fird =

feeture tc be ambiguous.
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Tris  lenguvege e2llcwes rrecise  defiritiors ¢f  rcuch
ccncerts es svrported by, irn frent of, berind, reste see2irst,

3

sredoved ly, is cereble of surrorting, lesrs on,

)
™

srecovs,
cr¢ otrers. Thus, 1f it is pcssitle to lotel eaclh fecture of
& ecene vniguely, trhen it Is ressitle to cirectly extract
trese reletiors frer the cdescrirtion ¢f the scere tesed on

trie Jekeling.

1.6 JUICTICN TARLTE

iuch of the rrosram’s pcwer is Yesed on sccess 1o lists
cf rorsikle lire Izvel assignrents for each type cf unction
ir & line drevinge. Viile a neturel lengusgpe snelcey 1o trese
lerels cculd be rmisleacding, I think that 1t helps in

exrlairine the lesic oreration of this rortion of the

If we think of each pcssitle label fer 2 lire es a*
letter ir trhe elphebet, then each jurcticn rust De
labeled with earn orcerec 1list cf "letters" to form a
legal "werd" in the language. Thus each '"wcrd"
represents a rhysicelly rog¢1ble irterrretetior for a
given jurcticn. TFurtherrore, each "vord" must metch the
"words" for surrounding Jjurcticns in crder to form 2
legal "phrase", and 211 "pkrases" 1in the =scere rust
agree tc forr a legel ‘'sentence" fcr the entire scene.
"he Ynowledge of the cystem is ccentained in (1) a
cicticnary unace up cf every legal "worc" fcr eesch type
¢f jurcticn, end (2) rules by which "worcs" cen lepslly
corbine with other "words". The range of the dwctlorary
entries defines the uriverse of the rprcerer this
triverse cen e expended by  £ddirg rew entries
cveteraticelly tc the dictiorary.
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In fect, the "dicticrer;" reed rot te a sterec list.
1te cicticnery cen censist cf ¢ relatively srell 1list of
rcseitle edge georetries for each jurctior tyve, erd ¢ set of
rvles which cen bte used 1o pernerste the corriete ¢ictiorary
fren tre criginel lists. Dependirg or the sncunt of cenri ter
rcrer; aveilctle, it mey either be desirelkle to stfore the
cerrlete Zists as comyilecd kncwlecge cr tc gererate tre lists
wicr trhev ere neeced. Ir ry current prcrsrer the licts are
fcr tle mest vert precompiled.

the conrositicr cf the Cictionary is interestins in its

cir rirht. thile scre tesic ecre georetries rsive rise to
reyy  dictionery entries, sore give risce to very fev, The
tctel rurter ¢f ertries sherire tre sere edre reoretry car be
e lov as  three for core ARICY ‘unctione, ircluéin? shedow
ecces, vkile the nunter generated by some FCIK jurction edge
gecretries 1s over 27C,00C (irclucine region criertotion and

illvrninetion values).



1.2 JUECTICI TAEFT ASCICHITUT

»«-*

erc 1 a corsidcrablc aroumt of lcecel irfermetion
viich cern te vesed tec relect ¢ cutset of trhe tetel nurter of
icticrer; ertrice whick are ccnsictent with ¢ rerticvlar
Jvrction. The first riece of infermetion is rlrecdy included
irrlicitly in the icdec of junctior tyre. dJunctiore cre typed
ccecercing te the rurnber of  lines whick mele vy tre function
syd  tre tvo cirersicrel crrarremert cf trese lines Ficure
1.7 rlcws 217 the Jurctien tyres which cer occur in  the
vriverse cof trhe rrcerer. Tre dictioncry 1is arrenged by
Jurcticr tyre, enc o stencerd crderings is assigned to 211 the

lire repments which rpelke ur jurcticns (excert TFTCOIKS and

)

PLTTTE

o
.

“he rrorsrer can elco use local regior brifhtress ond
lire cegment cirectior to preclude the ascisnrent of certein
letels to lines. For exarrle, if it lnows thet ore regior is
trighter thar ar acdjacent region, then the 1line vwhich
scperctes the regions can be lebeled 2s & shadov resion in
orly one way. There are otrer rules vhich relete recicn
crienteticn, light tlecerent erd regicn illurireticon s vell

-

¢ rvles which limit the rumber c¢f lebels which car be

V]

ersirred to line segrents which Torder the cuppcrt surface

fer trhe scenc. The rtrcgrer is able tc ccrbire 211 trese
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trres of inforreticr ir fircdire o list cof errrenrirte lotels

i <

Fay -

fcr & eingle uncticn.

To0 COIEIVATICN RULES

Certirnetion rvles 2re vred to relect from tle initiesl
crcirvrre te the letel, or letels, which correctly cdescribe
tl e rcene fectures tret ccuvld have produced ezch Jvrctior in
tie given linc  drevire. The sirrlest {fvre of cortination
rulc rerely stetes thet & lakel is a rossible descrirtion for
e Jvrcticn if enc only 1if thcre 1s et leest one lehel which
"reteltes" it escifned to each adlecert  functior. Two
dureticn lebels "retceh" if anc only if the lire serrert which
Jcire the Jjunctiors gets the rare interprctetion from both of

the Juvrcticns at its ends.

(f ccurse, ecch interrretaticn (line letel) is reelly 2
stcrtland code for e rumber of precrerties of the line end its
ac¢ joiring regions. If the yroecrem cen show that eny one of
trese constitvent velues cenrct occur in tre giver scene
ccntext, ther the whole corvlex of values for trat line
evrressed implicitly in tre irterrretetior cernot te rossitle
either end¢, furtrerncre, eny Jurcticn lebel which eassigns
tris  interpretation to tre lire cegment can te eliriratecd as

vell, Thus, tvken it chcoses a2 latel to describe a

.92




e

SECYTCD .4

rerticular jurcticn, it conctrains 211 the 3juncticrs wlich
strrovnd the regicrs tcucring this jurcticn, even thoursh  the

ccrtiraticn rules only coryere adecert junctions.

bere corrlicatec rules ere reeded if it is recessary to
relete Jjurcticns vhicl do not shere a visible resicn cr line
serrert.  For everrle, I thcught at the outset of v vork
tiet It right be necessery to construct rodels of hicdden
vertices cor featuvres vhich feced away frorm the eve in order
tc  find vunicue labels for the visible features. The
¢ifficulty in this is thet urlesc g rrogram can firéd which
lires rerresert obscurirg edges, it cernot knew vhere to
ccretruct  hicden fectures, tut if it needs the hicden
feetures to label tre lires, it mey not be =able tc decide
which lines rerresent clbscurirgs edges. fs it turrs cut, no
such conrliceted rules end constructiors are recessary in

cereral; rnrost of the larelirg problem can e solved by a

schene which cnly comreres adjacert junctions.
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1.5 FYPERIMENTAL FESUITS

tren I leror to write a prosram to irrlement the sveten

I hed cdevieed, I expected to vee 2 tre

D

searcl syster to find
wrich labels cr "wordse" cculd te assignec to eecr urction.
Fcwever, the nunter c¢f cdictionary ertries fcr each tyre of
Juretion is very righ, (trere are zlmcst 7C00 differert vays
tc level ¢ TOLE Jurcticn tefore even conkidering'the rossible
recicr  orienteticns!) sc I decided tc use g  scrt of

"filtering preeran® before doing & full tree rearch.

Lre rrogren cemputes the full list of dictiorary entries

fer eech  Jurcticn ir tre scene, elimirates frer tre list

trese leabels vhick cen be 7precluded on the tesis of lcecal
feetures, assigns each recducec list tc its jurcticn, end then

the filtering prcgrar corrputes thé rossitle labels for each
lire, usirg tle Jact that a 1line latel is rossitle if and
orly 1if there is at least one Jjunction label at eact enc of
tte line wvhicl cortairs the 1ine label. Thus, the list of
roessitle labels for e line segment is the intersectior of the
two listes of possibilities ccmputed from the junctior latels
at the ends of the lire segmert. If eny Junction label wculd
essifr a interpretetion tc the 1line serment vhick is not in
tris dintersectior list, ther thet 1lsbel car bve eliminsted

frci censiderstiore. The filtering trogram uses & netvork
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iteration  scheme to  sysieraticelly rerove 221  the
irterrretetiors vhick ere precluded by the elirirctior of

letels 2t a perticvler jurcticn.

y

‘ren T ren this filtering rprogren I wes emezed to  ind
thet 1in the first few scener I tried, this prosren fourd 2
vricue latel for eech line. Fver when I tried ccrsidersbly
rcre  comrliceted  scenes, thcre were orly & few Jines in
serercl wrich were not uniquely srecified, and sore of trese
vere essentielly erbiguous, i.e. I ‘coulcd not decide exactly
viet cort of cdre gave rise tc the lire sesmert myself. The
ctrher anmtiguities, di.e. the ores which T cculd resclve
ryself, ir gereral recuire tlet the 7rogrem recosnize lines
which ere parallel or collinear or regicns vhict meet alcne
rcre then one lire segmert, and hence recuire rore glchal

asreenent.

I heve Teen able tc use tris syster to irvestigate 2
lerge numter cf 1line dravings, ircluding cones witk niscing
lines anc ones with rumerous accidentally aligned Jjurcticns.
From these investigations I cen ssy with some certsinty wrich
tyres of scere features can tYte hardled by the filterings
rrogrer gnd  which require more cerplicated rrocessing.
trether c¢r nct rcre rrocessing is required, tre filterine

sreter prevides e cenrutetionslly chesy method for escquiringe
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e ¢rcet ceal of irforretion. Ter everyle, in mcet ccencs o
lerce rercentese of  the lire cermente ere  urerbisuovsly
letelcd, ond rorc ceryliceted yrecessing car be directed to
tle aress which rereir enticucus. As encther exerrle, if T
crly wisl to lnov which lines src shedows or which lines ore
tie cvtgice edres of ctjiects cr hev meny chjects there are in
the ccerne, the rrcerer meyv be s2ble to get tris inforrmetion

ever  thovrh some erbigsvities remein, since tre articvity may

crly Irveolve regicr illumiraticn tyre or resicn criertation.

Tirvre 1.4 shcowe scre of the sceres vhict the yregrar is
2tle to rerdle. Tre sefgrents vhick rersin anbiruvove after
its creration are rerked with stare, ard +the eovrroxirate
ercurt of tire tte rtrorrem recuires to lebel ecch scene is
reried beleow it The corruter is 2 TTP-1C, ¢nd the rrorran
ir written perticlly in FICFC=PTANNIR (fussren et =1 1¢71)

er¢ rertielly in cerpiled TIST.
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1.6 CCMPALRISCI WITF CTOFFER VISTCI TRCOTALS

‘v osreter differs  fror  rreoviovsly vrerosed  cres  ir

ccvercl irrortent weye:

first, It ie 2lle tc terdle & ruck Troader ryarce of
cecere  tyrres  ther heve rrevicus vrosrere. Tre rtrosren

1

"vréereterde" shadevs, scre  Jurctiors  vhich ‘hsve riscing
Iirce, ard crrerert zlirnrert of edees  coused ty  the
Terticvler rlecercrt of the ere with respect to tre scene, SO
thet ro sreciel cffert needs to te mede tec oveid rrctlemetic

fcotvres.

cecord, the desigm of the ovrosrer fecilitetes its

97

irtesreticn vith lire-firdire rrosrerms  ond Firher-level

Trosrene such es rregrerns which desl vith retural lercuerse or
cverell cyster pcels. The syster cen e veed to write =2
rrogrer which autcreticaelly recquests endé uvses rmeny different
tyrce of inforration tc find the yeossitle interrretotions for

a sirgle feature cr rcrticr of 2 scene.

Third, the rrogrer is atle to ceal witr antiFvity in a
ncturel rmenner. CScre features in 2 scene can be erbifuvovs to
& rerrer locking et tre sere scene and the TrefFrar  rreserves

ttece vericus rossitlities. This tolerarce for ertiguvity is




.

ceptrel tc the thilecscrhy of ire rrosrer; rether ther trrine
tc rick the Miost rrctekle" interrreteticn of eny  fcatures,
tle ~rerrer creretes by tryine  tc elirirste irressitle
irterrretetiors. If it  krs been siver  Zrsvificient
irferreticn tc decide cor 2 urique rossibility, Tﬁen it
rrecerves  ell the ective roscibilities it kncwse. Cf covrrse
i 2 rirele irterrretetior is  recuired fer scre resscn, one

cer beo chesen fror this list v heuristic rulec.

Tecilities fer Yeck-up if  th

feurth, the rrosram is clporithric end coes rot require
| filter rrcesrar finds an
t

e
ocogue te description. Feuristics Yeve %Teen vsed in 211
rrevicus visicr progrers tc  ernrroximcte reelity Tv tre rost
likely interpretation. This ray simrlify sore vrrotlems, but
scrhisticeted rroframs are necded to retch ur the ceses wrere
the errroxiration is wrorg; in ry rtrosrem T heve vsed as
ccrplete 2 deccrirtior es I cculd devise vith the result that
tre rrogrems are rparticulerly sirple, trensrerert and

rcwerful.

Fifth, Tecavse cf this simplicity, I hrve teen able to
write a progren which operstes very rarpidly. As = prectical
retter this is very useful for delueging the system, and
allows  rodifications tc Te rade with reletive esse.

licreover, beccuse of its speed, I have teen stle to test the
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rregrer. cn meny  sereraete lire crawvirnes end have tlus leen
alle to gein ¢ clezrer uncersitending cf tre ccrebilities and
ultirste limitetions of tre rrogren. In turrn, this

N

urcerstending  has led and shculd cortinve te lesd te useful
rccificetions end e greater tunderstardine of the retire sand
cerrlexity of procedures recerserr to hencdle vericus tyres of

ccene featurers.

<=

¥

Cixth, es exrleired ir tre next cection, the descriptive
lerevere rrovides e thecreticel fourdation of considersble

velve in expleirirg previcuvs vork.

1.7 "TSTOFICAT PEFSPECTIVE

(re cf the great velues of the extensive descriptive
ayrereétus I heve develored is its ebility to explain the
neéture anc stortcomirgs cf rast worl. I wvill discuss in
Crerter ¢ how my system helrs ir urderstancing the wor! of
Guzrer  (Guznan 196€), Rattner (Fattrer 197C), Fuffman
(Fuffran 1971), Clowes (Clowes 1971), and Crten (Crbar 1070) 5
arc¢ tc exrlair portiors of the work of Wirstor (Winsten 1¢70)
erd Finin (Finin 19712, 1971t). Fcr exemrle, T stow how
vericvs concepts such as support cen le fermalizec ir my
cdeccriptive lensuege. Frerm  this historical corparison

ererces a  strikirg cerorstretior of the =atility cf food
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descripticns  to toth kroccden the rence of enrlicebility cf o

rrocrern, end simplify the rrogcranm structure.

1.8 Ti FLICATIC:S FCR FURAD PEICIPTICH

lv belie’ thet the rvles which gcverr the interrretation
ci & Zine draving shouvld Ye sirrle is based or the sul jective
irrrersior thet little abstractior or processing ¢f ary type
scere to be reguired fer me tc be able tc recosrize the
stecdevs, ctject edges, etc. in such a drewing, ir ceses
vhrere the drevine is ressonslly simrle ond cemplete. T do
rct telieve that huran percertual prccesces necessarily
resertle  the rrocesses ir ny rpregrar, but trere sre various
errects of ry solutior which eppesl tc nmy irntuviticn 2tout the
r¢ ture of that portior of the protlem which is incdeperdent of
tre tyre ¢f rerceiver. I think it 1is significent that my
rreerer 1s  as simple as it is, and thkat the infcrmation
store¢ in it is sc indeperdent of particular cktjects. Beck-
vy 1s not necessary in geperal;‘ the syster werks for picture
fregrents as well as for entire scenes; the rrocessing time
required is proportiorsl tc tle rumber of lire segmerts and
nct en exponentisl function c¢f the rumber; all these fects
lescd re tc believe that ry research has beer ir the right

directions.
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2.C CUICK SYNCPST

IS

©wa
H
.

2is charter rtrcvides ¢ cvicl loo a2t scre  of  the
tecehricel esovects of ry werk., It provides o crnorsis of verk

ccvercd rere fulle in ny tresis (/.T. TR=271).

2.1 TI'T PICELFIL

-t

ir vket follews I frecuently rel'e & distincticr betveen
tle score 1itrelf (otjects, table, ond sherdows) eond the
retirved rerrecentrtior of the scere ar o twvo-Cimersicrel line
crovire. I will vse the terrs vertex, edre ané surface to
refcr te tre rcene fectures which rap inte jurcticr, line and

rceicr rerrectively ir the lire drewirge.

Cvr first subprckler is  tc develor e lorrusre thet
ellcws ur to relete these twe werlde. T heve ccne this by
acsirring nemes celleé latels to lines ir the lire craving,
efter the ranrer cf Fuffren (I'uffren 1071) and Clewes (Cleves
1¢71). Thus, for exemple, In fipure 2.7 lire sesmert J1—J2
ie leleled as a shacow edre, line 72-J% ie lsteled =ar 1
ccreave  edge, lire J7=J1/ is lebeled a5 2 cernvey edre, line
J/=J% is leteled as on ctscirins edre ard line J12-J12  is
letelecd es 2 crack ecre. Trus, therce terms sre ottechec to

rerte of the crewing, tut ther decigmste the linds of thines
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fecund irn the three-Cirercicrel ccecre.

"ren wve lool £t 2 1linc cCrovine ¢f tlie cort, ve veuslly

cir ceeilyr uncersterd vhet the lire fdreowire rerrecente, Ir
terre  of o lrtelins rchere either (1) we ere stle +c sacimn

1=

clele unicuely tc esch lire, cr (2) ve cer scv tlet ro  ruch
ccere  covld exist, cor (7) e cen rey tret a2lttourh it is
irressitle te cecide vnernticucvsly whet tre lrbel of en edre
stevlc bey, It rust te lsbeled witkh cre rerter of cone
rrecified  sulset of the tctel nurter of lstels.  UVhat

"revledre  is reeced teo ersble  tre vrosrer to rerrocuce such
s

il

letelire cssirrrerts?

.

6]
-

t

Fuffriar end Clowes rrovided a merticrl snswer ir treir
TETETS o Trey reointed cut that eack tire of “urction cen
crlyv te lebeled ir & few waye, ard trat if ve cer sev vith
certainty whet tre letel of cne rarticulsr 1line is, we cen
rreatly ccnstrain a2ll other lines which intersect thet line
serrert at ite ends. As g spccific eremple, if ore rrerchk of

ar L Junctior is lateled es a rshadcw edre, ther tte other

tranch must be lateled as 2 sracdov edre as well.

lorecver, shedows are CcCirectiorel, i.e. ir order to

srecify e shecdow edge, it nmust rot cnly be lsbeled "shacow"

ry

1t rust elso te rarked tc incicete wrich sicde of the edre is

0l
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shedoved end vhick sicde is illuriratec. Therefore, rot cnly
the type of edre but the ratvre of the regicns c¢n esch ride

cen Ye corstreined.

“hese facts cen be illustrated 1ir a jiysaw‘ rurzle
aralerv, showr in fifure Z.2. Civen the five cdifferent edgee
tvres I heve Ciscussed so fer, there ere rever different vays
tc letel epy line serrent. Tris iprlies trat if 211 Jine
letels covld te ecsirred inderendcntly there vould be 7 = 49
different veve to label er L, 7 = Z47 ways tc latel e three-—
lire Jjurctior, etc. In fect there zre cnly @ weys in wkich
rcel e ne fectures cen meyp irto Is or a retiral 7projection.
£rle 2.7 strrerizes the weys 1in vhiclh Jjunctions car be
eccirred lebelings frem this cet. Ir ficure 2.3, I chow 21l
the ;cssible' latelirgs feor eack unction tyre, limiting
ryeelf to vertices which ere formed by ro rore thar trree
rleres (trihecral vertices) ard tc jurcticns cf five cr fewer
lires. Ir Chepter 3 I exrlair how to obtein the junctions in
firvre 2.7; I do not expect thet it should be obvious to you
hcw cne could c¢btain these jJunctions. In generel, for
clarity, I have tried to use the wor¢ lebeling to refer to
tre cimultaneous eassignrent of 2 runber cof line labels.

Tetels thus refer tc lire interpretaticns, an¢ lebelings

refer to unction or scene interrretations.
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THE NUMBERS REFER BACK
TO THE 'L" JUNCTIONS ©NR.
PAQE 27

FIGURE 2.2
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PEAKS:
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FIGURE 2.3
SECOND PAGE
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FIGURE 23
THIRD PAGE

(SPECIAT, JUNCTIONS CONTAIN
TWO COLLNEAR RELATIONS ]
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NUMBER oF AcdTual MOBER

JunerIon {i\l&%&nﬁcwms’ 3‘{‘&‘::”%%9 CAN
TYPES INDEPENDERTLY BE LABELED PERCENTAGE
L 49 9 184
ARROW G ¥ 9 2.6
FORK 43 17 5.0
T 34% 26 7.6
PEAK 24901 4 0.2
X 2401 37 1.5
K 2401 12 0.5
MULTI 2401 24 10
K-A 16807 8 0.05°
KX 16807 12 0.0T

TABLE 2.1
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Tebels cen te agsigred to €ach line scerrert Ty o tree
ccorer rrecedure, Ir terrs of tre Jirecew tuzzle eprolcey,

irepire trhet ve heve the fellcwinge iters:

e A tcercd with clernrels cut to rerrecert tre Zine
crevivres the beerd crace car occert only I vieces £t each
vicce where the line drewing hes ar 1, only /RRCU pieces
viere the lire drewirg tes er  fRRCl, etc. llext to each
Jurcticn  ere three bins, mnarled "jurcticn number", "untried
lebele, end "tried lebelst.

‘- A full set cf pieces for every erece on the bosrd.
<

Tf t¥c lire drewirg rerresented by the borrd razs five Ls then
tiere ere five full sets cof L pieces vith nine pieces in each
set,

. A ret cf jurcticn npurter tags merled J1, J2, J%,
«e+y o<y vhere n Is tle nurber of junctiore or the tosrd.

/. A ccunter which can Te cet to ary nmurber betweer 1
&Yc n.

“he tree searchk prccedure can then be visualized as
fcllovs:

Ster i: lere each jurcticrn by plecing 2 Zurction nurter tag
ir each bin merkec¢ "junction rumber",

Ster 2: Place a full set of the avrroprizte tyre of pieces
ir the "urtried labels" bin of each Jjurcticn.

Ster 7:  CSet the counter to 1. Trom here or in Ke vill be
used to refer to the current valve of the counter. Thue if
the ccunter is set to 6, then J(lic) = 6.

cter £: Try to plece the top riece from the "untried labels"
Lin of  Jurcticn J(lic) in bcard spece J(ic). There are
severel pessitle cutccnes:




LA.  If the piece cen e vleced (i.e. tle piece matches
1l ac jecent yieces elreacCy nicced, 1if anr), then

£l If lic < n, increare the cocunter bty cne and
rerezt Step 4.

12. If Y¥c =n, tlen the vieces row cn tre becard
cyrecent cne rossitle lebeling for the line drewirge. If
ie Zs true ihen

i Yrite dowr or othervise rerernber the
leveling, and

ii. Trersfer the riece in srace n becl into the
n—tr "untried labels" tin, and

Zii. Go to Step E.

F. If tre riece carnot te rlaced, rut it ir the "tried
1"

l.
lstele" bin ard rereat Ster 4.

{Co. If there are no rere rieces in the "untried labels"
Lir, iken

c2. Iflec =1, we rave fourd 2ll (if ary) rossible
lerelings, and the prccedvre is DCNE.

C2. Cthervice, o tc Step 5.
Ster ©: Lo all tre fellowing sters:

i. Trersfer all tre tieces Irom the Ilic=th
"tried latels" bir into tke lic=th "untriec latels" tir, ard

ii. Trensfer the riece in srace lc-1 into its
"triec¢ latels" bir, ard

iii. Set the counter to lc-1, ard gc to Ster 4.

To see hcw this procedure works in practice, see figure
2.4, For this examyle essure tret the rieces zre riled so
tret the crder ir which they ere tried is the serme as the
orcer in which the rieces ere listed in figure 2.7. The

evenrle is cerried ovt cnly es far es the first Ilebeling
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FIGURE 14
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STEP 3: IMPOSSIBLE TO
LABEL I3 .. REMOVE
LABEL FROM T2 & TRY
- ANOTHER.

N
N
J4
STEP4
‘3‘ I8
b
AP

;n
J9

STEP1D

J9 HAS A LEGAT. LAREL
SO0 THE RESULT IS A
POSSIBLE LABELING .
NoTIicE THAT IT IS NoT
IN FACT A VALID
INTERPRETATIONS
OMR. INFORMATICON 1
T00 LOCATL; R KOT
PRECISE ENOCUGEHT,



e

Ia el sl SRR
[N (/.‘. _‘,C; ‘e

~

7

otteired ty tre proceduvre. Trere is, of ccurce, ot lecest ore

trer labeling, nerely the one we could sesirr by inryecﬁion.
Tre ‘'felece" lebeling fourd first could be elirincted in this
cree Y a rrocrern if it krew that RZ is Tricrter ther B1 or
ttet L2 is brirhter than R1. 7t cculd ther use revristics
vrick conly 2llow it tc fit & rhadcw ecge in cre criertetion,
~iver the reletive illuriraticn on totld sides c¢f a line.
Icvever, 1f tre ol ject harrened tc have a derler svrfrce than

tle trtle, this heuvristic would nct helrp.

(leerly this 7prcecedure lesves rany vnsclved rTroblems.
Ir corercl trere will be 2 nurbter of vossible lerelirgs from

1

iich e rrogrem must still chcose one. Vret ruvles cer it use

-t

tc rele tre ctoice? TFTven after croosing ¢ lerelire, in order
tc orncwer cuesticns  (2bcut the number of cbjects in  the
scene, elout which ecdges arc shsdovws, atout whether or not
cry ot jects surport other cbjects, etc.) a2 progrer must use
rvlce of come sort to deduce the enswers fror the infecrmetion

it hers.

I will argve that whet 1is needed to fird o sirrgle
recsorgble interpretation of & line dJravings is not a rore
clever cet of rules or theorers tc relete various festures of
tte line dreowing, tut rerely & Dbetter description of the

ccere featurer. In fact, it turns out that we cer use 2
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rereire rrocecdurc vwiich  irvclver less  ccerruteticn then the

tieec reerch procecuvre.

o fer T heve clescified edpes orly or tre heeis of

(corceve, convex, cbscurirs or rlensr) end reove
ener cless into crecl” erd shadcw  sub-
ceror. cvrpese  thet I further tresk cown eoch class
cccerding te vhetlrer cor rot eech edre con te trhe ‘tounding
e ¢cf er ctject. Ctlects crn Te becunded v otscuring
eCros, corceve edres, and cracl edges. Tigure 2.5 stows the
rcevlie of orrerding a  lebel enalcrous to  the "otrscuringe

ec~e" rerl” tc creck end conceve edres. Tris errrcech  is

si1iler tc one first rropcsed ty Freuder (Freuvder 19712).

Iech rerfion cen elsc be lebeled as belcnecire tc one of

tie tiree followirg classes:
I - JT1lurinated directly tyv the lirht sovrce.
EP - A projected shaccw resicn; suck 2 regicrn weculd  be

iJlurineted if ro ctject vere tetween it ané tre light

SCUTCE
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Rl_- OF WHICH R1 IS A PART [OB(R1)] IS THE SAME AY

R2 THE 6BIECT OF WHICH R2 IS A PART [0B(RL) = 0B(R2)).
R - A SEPARABLE CoNCAVE EDGE; IF R1 IS ABGVE

R S R, THEN 6B(®R2) SUPPORIS ORB(R1).

RL - SAME AS ABWE; IF R1 IS ARSVE R2,THEN EITHER,
2z 7 CB(R1) SUEPORTS OB(RR) 6R OB(R2) T8 INTRONT OF (BRYD.
R = A ZWAY SEPARABLE CoNCAVE ETGE; NEITHER
RZ e OBJECT sSUPPCRT'S THE OTHER.

® o A CRACK EDGE; cB(RZ) I$ I ERONT oF OB(RD
R2 IF R1 TS ABOVE RR.

&1 C A CRACK EDEE; 6B(RR) SUFPSRTY OB(R1) I F

R2 R1 1S ABOVE RR. .

SETARATIONS :

=| —>-| (INSEPARABLE)

A —> A

.v.__.>\+'

'-+ —> Y
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TATION @

/

AN INSEPARABLE CONCAYE EDGE, THE OBSECT

F'IGURE 25
{SECOND PAGE>
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DISTINCTION BETWEEN 7~ AND r"f .

FIGURE 2.6




o

£S = A self-chedcvwed resicr; suct o recion iz crierted

)
-
o3

A

4

from the liglt scurce.

(iver trese clesses, I cen cefire new eégQ lerels wrich
alsc include inferreticrn stout the lirhtirge or toth sides of
tre ecce. lctice tret ir this wey I can include =t the edre
level, a very locel level, irforreticn wrich constreins =11
ecres  boundirg the sarme tve regicns. Pvt enotrer vay,
wvierever ¢ lire cen be ascigned 2 single lebel which includes
tris  lirftinge irforreticn, ther a rrcerar hes  towerful
ccrstraints for the Junctions vhich can srpesr arcunc either

ctf the rericns which tound this line.

Figure 2.6 is race ur of tatles vhick relzte the recion
illvriretion types which cen cccur on toth sices cof esch edge
t;re. Tor exerrle, if either side of 2 ccrcave or creck edre

is illumirestec, bcth sides of the edge rust be illumirated.

These tebles car be usecd to exrend the set cf sllowsble
Jurction labels; the new set of Jebels cen heve & nurber of
ertries which have the =sarme edre gecmetries but which rave
cifferent region illurination velues. It is very easy to
vrite a prorram to exrand the set cf lebelings; the
rrirciples of ite operation ere (1) eact regior in 2 civen

-

Jurcticn leteling cen have only ore illumination velue of the
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SET OF ALLOWABLE LABRELS:
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trree, and (2. the values cn cither sicde of erch line of  the

jurction rust setisfy the restricticns ir the tfrbles of

i

ly

irvre 2.€.

v irtercetirg result of thie further suldivisicr of the
sbele ie 1ket, with “our excertions, esch rshadow—
cevsirge  furction hes orly cne yossible illuminztion versing,
er ehcwn in figure 2.7. Thue vwlenever ¢ scene ras shacows
2r¢ vk pever o trorrer cer find e shedow ceusing Jurctior in
sver ¢ scere, it cer grestly  constrein 211 the lires and
reciors  vhich mele ur this urction. In figure 2.7 I rave
slcc T erved cech shadow edgse which is rert of a shacow-
ceusirge  unction witk en "L" if the errowv on the chacow edee

£

rcirts counter—clcckwise and an "R"™ if the earrow points
clockvise. o "I skedovw edére cen metch an "R" shadcw ecge,
ccrresrencéing to the rhysical fect thet it is impeseitle  for

e shocow cdge to Te ceused frcm bceth cf its erds.

There are two extrere roseibilities thet this
vertitioning ray have on the rurber of jurcticn lebelings now

neceded to describe =211 resl vertices:

(1) Tech old junctior letel vhich has n conczve edges, m
creck edres, 7p cloclwise slacdow edges, q counterclockvise

‘adoy edres, s otscuring edges 2rd t convex edges will tave
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\“ o AY Y . .
tc be replacec by (20, (&) (27 (%% (9] (éﬁtney jurcticns, or

(2) Fach 0lé Juncticn vill give rise to c¢rly cne new

‘itncticn (2s in the shadov—cavsing jurcticrn ceses).

T (1) were true ther the vrertition vevld be werthless,
sipce no rew inforration cculd te gaired. If (2) wvere true,
tre s’ tuation would be grestly irrroved, since in & sense all
tle ruch rore rrecise infcerration wes implicitly included in
tre cr girel Jurcticns tut was net explicitly  stated.
Pccevre  the inforreticn is ncw rore explicitly stated, rany
retehes between jurcticns can te rrecluded; for exemrle, if
ir tle ¢id schere sore line segrent 1.1 cf junction label 01
cculd heve been leleled ccencave, s cculd line segrent 12 of
Jtrceticn  label Q¢, a lire Jeinirng these two junctiors cculd
heve Teen labeled concave. Ivt in the rew cchere, if <¢ach
jurction label gives rise to = single new label, botlr L1 and
I1¢ would take on one of the twenty possible velues for a
ccnecave  edge. Unless beth 11 ard Lz geve rise to the came
new lebel, tre line =seprent cculd vrot te Iebeled concave
ucing Q1 and Q2. Tre truth lies scmewrere between the two
extreres, but the fact thet it is not at the extreme of (1)
reers thet there is a net improverent. In Table 2.2 1
ccrrere the situation row to caeses (1) and (2) abcve end elsc

tc tre sitvation cdepicted in Tekle 2.7.




Page 128

% TOVA LNLL TISy 22 T4Vl
looIx8'2Z~ [ L0'0 8 | 27 b [QTXSBY] ¥
| 901xze| Sa0 ¢ | 8 ¢ | ©Olxsby V-
pOIXS~| o Qv | 21 & |ussew|  0u
| ,olxs~| 07 % 52 i |nsieew| 1w
¢-91xy~| ST BE Lg & e X
| g-atxb~| 2o 8 ¥ OZLz | ILeT8ETE| AVEL
80 7 000Tv | 92 96819 | Terble AR
N0 0’ QS v A1 28ELH | 2ebBIE| STI0Z
'20'0 72 gL 6 2SeZT | 2ebblg | MOAAY
LT F8r 08 6 OTAY B2k "1
&9 (&) @) 3svp |G m w_MMn
Sl ot PR
SN 10| TOUOMAL [ 1 ey nensd|  HAL
TN NEAL oot | Smvnog ATV e SRS FoNa sz NoLloNne
™3N qlo| "IVALIVY Q| a4 ﬁ%wwa?g




{

N S G 129

1

T have 2lsc vsed trhe tetter cescripticrs tc exrress the

restricticn t1het eect scere ig pesured tc be on & horizortel
trble which hes nc holes in it erd wiich is lerrse encush  to
£213 the retine. Tris rears thaet eny linc sermert vlich
cererctes the baclsrovnd (teble) from the rest of the =scene

ccr orly te leteled ss shewn In figure 2.C. Fecouse of this

frct tre rurber of juncticn labels vhich couvld be vsed to

’_4

crel jurcticns on tre ccone/tackerourd ‘toundery car be

rreatlyv restrictec.

The velue cf & better descrirtior shcvld te immecdiately
errerert. Ir the o0l¢ clessification scheme three out of the
seven lire Jetels coulc earvear or tre scene/backerrcund
Levndery, whereas in the new clessification, only seven out
cf fifty labels can cccur. VYoreover, ~cince each jJunction
rust have twe of its line segmerts tcunding eny region, the
frection of jurctions which cen Ye cn the scene/backercund
beundery has improved roughly frem (7/7)(2/7) = €/4¢ = 1€.47
tc (7/57)(7/57) = 49/314¢ = 1.€9. The results of tlrese

irrrovemerts will become cbvicus in the next cectior.
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cof TICGRAMEIIC CONEECUTLICTE

“Fere eore o reny 7roscible  lebels for ecch  tyre of
Jurcticn ithet I decided to tecin Troererming o labelineo

cveter by writing 2 sc " filtering Trofrenm ~lirinate as
cveter by writing e scrt of filtering rror to el t

=

cry Junctior letels es possible tefore beginrine 2 iree

1

ccerel rrecedure.

“he filter rrocedure  derencs on the fclloving

4

cteervaticn, giver in terrs of the jifsaw ruzzle enelcey:

Currcse thet we tave two jurctiors, J1 erd J¢ which are
Joined Ty & 1line segrent I-J1-Jc. J1 end J2 are
verrcsented tv  g£djecent speces on the board end the
vessivle letels for eech Junction by twe stecks of
vicces. lov for any piece I' ir J1%s steck eitter (1)
there is 2 retching piece N in J2°s steck cr (£) trere
is nc such riece. If trere is rc metching riece for I
then 11 cen te trrowr awey end reed rever be corsidered
creir as e pessitle function label.

r

ihe filter procecure  below is £ rethed for
syveteratically eliminating 231 Junction latels for which
there can never be 2 ratch. /(11 the eguirrent is the same as
that vsed in the tree search exanrle, excert that this tire I
heve added a card rarked "jurcticn medified"™ on cne side and

"rco Jurcticn rodified" on the other.




ctep 1: Put & Jircticn nurter teg tetwcen 1 2rd n in
cach "jurcticr nurter" birn. Plece ¢ full sct ¢f ricces
in tre "untried Jetels" lir ¢f ecch “urction.

: Cet the ccurter teo ic = 1, enc rlece tle card
t It recads "po Jjuncticr mecifiecm.

itep Z: Check tre velue of lc:

. If 'e = n + 1, and the cerd recds '"ro Junciion
~ocified" then gc to SUCCFET.

[

F. If I'e =n + 1, end  tre cerd reads " upcticn
recified"  tler fo tc Step C. (At least ore riece was
throvn avey on the last vess, anc trerefore it is
~¢ssitle  thet other rieces vhick were lept cnly beccuse
t?is §iece ves presert will row have to be throin sway
¢ 1so.

C. Ctherwire, go tc Step 4.

:%ep\ 4: Check the T'urtried letele" tin of Junction
< (Iic , .

A. If there cre no rieces left in the Ile—=th
"untried lebtels" tin, then

A, I therc are ro pieces ir tle lc—th
"triec lebels" bin, fo tc FATLURI.

AZ. Ctherwise, transfer tre rtieces from the
Le=tl M"triec latels" ©bin beck into the lc—th "untried
labels" tin, add 1 tc the counter (Ilic) ard gc to Ster Z.

E. If there sre pieces left ir the lic=th "untried
lebels" tin, teke the tcp piece frem tre bin erd vlace

Py

it ir the boerd, and go to Step Et.
ctep 5: Check the sraces adacert tc spece le:

A. If the piece ir the Nc—th spece hes ratcring
rieces 1in each reigttoring ‘urcticn srece, trencfer the
rTiece frcr srece l'c into the Ne-th Ytried letelem tin,
¢nd  trarsfer the rieces fror the neishbering speces and
the reigrbtoring "tried 1labels" tins beck intc treir
"untried labels" tine.

F. 1If there are emrty reigltoring spaces, then
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E1. Tf there ere nc more ‘uncticrs in the
reistvorings "urtried lebels" bine wrich could fit vith
the rviece in srece Nc, tten thet riece ir not 2 vossible
latel. Threw it avey, eand exrenscc tre cord  to read
"Juncticr rocified" if it doesn’t slresdr.

PZ. Try vieces from the reirttorines "untried
izeels" rilce urtil citrer ¢ picce fite or the rile is
cxhevstec, ard then o tc Step 5 again.

CUCCITT:  The pieces iIn the M"urtried lebels" Tirs of
coch  Jurcticn rave rearced the filterins rcutine and
cerstitute tie ortrut of this nrccedvre.

TATIURE:  There is nc way to 1latrel the ccene given the
cvrrent set cf plecers.

“r the rrercren I wrecte, T vsed 2 screviet rere comrlex
sricticn ¢f thir prccedvre which conly recvires ore Ttass

ilrcurh the Jurctions. This rrocedure irs sirilar to the one

ured to genercte ficure 2.¢, end is descrited telcw.

then T ren the filter rrosram on scre cirrle line
drevirgs, I found to ry emazemert tlat the filter vrocecdure
vielded urique latels for each jurncticn in rmest ceses! In
feet in every cese 1 have tried, tle results of this
filtering prcgrar ere the gere results vhich wculd be
okteired by running & tree resrch nrocecure, cavine 211 the
letelings  produced, ard cerbining o1l the resulting
cseirilities for each jurcticn. In other vwcrds, the filter
Trorrer  in genercl elirmirsetes 2ll  letels except these wrich

ere vert of scre tree search lebeling for the entire ccene.
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It ir not olvicuve tlhet ftlis  chevld te the coec. Tor
crerrle, 1f this filter vrececure ir emrlicd  te tre cirrle
lire crevinge creowr in firvre 7.4 vedirs the ¢ld set of 1otels
siver  ir fifLre'ZQZ, it rreodices the resvlts chor ir firure
c.% TIn tris firvre, ceclk Jjurcticr hes lotbels aftecred vhich
net te yort of ony tetcl lsbelins trocuced tv o irec

SCETCl . Thic firvre dic olteired Tv coires irrovech the

(1) 7fttectins tc a Jurctier 211 letels wvhich do not

S

e

cerflict witr Jurcticns rrevicusly essigped

)
.
D
L]
1.
=h
(R
o o
[N
9

Irevrn thet e Trenck rust te lebeled from the set &, do not
ettecl arv  ‘urcticn letels vhich veould require that the

4

rrervrer e lebeled with an elerent not in &.

(2) Tockinge ¢t tre neightcrs of this Junctior which reve
eireecy  teer 1lebeled; 1if eny lalel deoes rot have a
ccrresvonding essignmert for the seme trarch, ther elirirete

it.

(%) VUherever enr lalel is deleted fror ¢ jurcticn, Jloolk
2t all ite neighbcrs in turn, end see if sny cf tleir Ilatels
cirn Te elimineted. If they can, cortinve this process
iteretively urtil rc reore charges can be rade. Tren fo or to

tre next  Junctior (rurmerically). The unction which was




teine  letelec  (es ir ster (1)) 2t the tipe - lrtel wae
elirireted (struck cut in the Tirvre, is notcd next to esch

cliviretec latel ir firure 2.€,

“re fact tret thesc vresults con te rrociced  tv the
filterine yrrosram sars e freat ceal elcut 1lire c(revines

Lo v
.

cererited by real sceres ond 2lsc sbcut tre value of rrecise

A

cescrirticrs. Trere is sufficicnt local irforreticn ir s

lire CJraving so that o rrofrer carn use =  rnrocedure wrich
recuires fer less computeticn thar dces a tree sesrch
rrececvre. “c ree wvhy this is sc, rotice thot if the
cecceritticn the rrogram  uses  is gcod  encvgh, then rany
Jtrceticrs nust alvweye te £iven tre sere vriove lebel in each
tree rearch sclution; the filtering rrosram needs to find
such « latel cnly cnce, while 2 tree cesrch rrocecure rust go
trrcusrh tre process of firdins the sare sclution cr esch Tass

tlrcurh the tree.

(uite remerketbly, 2ll trese resulte sre obteired using
orly the topology of line Crevings plus krowledge sbert wrich
regicr is the table ard 2tout the relstive trightress of each
‘régior. No use is rede (yet) of the directicn cof line
csecrerts (except that sore directional inforretior is useé to
clessify the junctiors 2s AFRCUs, FCEKs, etc.), nor is any

ze rede of  the length of lire cerments, microstructure of




CTCTTOD DL 137

ecres, lichtirge direction cr cther votentiell: useful cuer.

rc fer T have trested this suvbject as thcurh tre vrosren
vevid  elveys te civer perfect dote. In fect there cre renv
tyres of  errcrs  end cdegenerccies which occur frecuently.
Scxe cof these cen be corrected thrcush use of better line
firdire trogrers erd rsore cen te elirinstec Ty veine stereo
irferreticn, tut I weovld 1lile tc shcw that the prorranr can
rercle various yrctlers by sirrle extensions of the list of
Jurction lebels. If no case do I expect tre progrem tc be

¢lle to scrt cut scenes trat reorle cennot eacily understend.

Swe ¢f tre mest commen types of bad dete are (1) ecdres
rissec  ertircly cue to ecual region tristtness or toth sicdes
of trhe edre, &and (2) accidertal alirmmert c¢f vertices and

lirce, Tigure .70 shovs ¢ scene conteining irstencers of

ezch type of trobler.

ihe  prcgrar  hendles these  prolvlen Jurctions by
cenerating latels for them, Just as it dces for normal
Jvrcticns. It is irycertent tc te atle to de this, since it
ic in gereral very difficult tc icdentify the rperticular

Jtrction which ceuses the prcerar to feil tc fird 2 parcine
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of the scene. Iver wcrre, the vprogren rev find o wvev of
irterrreting the ccene es thovrh the cato were perfect anc it
vculc trher rol even get ar irncdicetion thatl it shouvld Iool- for

otrer intcrrretations.

2.6 FCCIDINTAT ALTCRITET

-

Crerter 77 ftreats ¢ mrter cof different tyres of
cccidental  alienrent. TifFure 2.71 chows three of the rost
ccrror tyres vhich ere included ir the pregrar“s rerertoire;

ccreicer three Lkirds of accidentel alignrent:

(1) cese

n

wlere & vertex arperently has ar extrs line
teceuse ar edre olscured by the vertex aprears to be rart of

tle vertex (see figure 2.71a),

(2) cases where an edge which is between tre ere ard a
vertex aprears to intersect the vertex (see figure 2.111),

oyl
ayc

(3) cases vwhere 2 shedow is prcjected so that it

actually does intersect a vertex (see figure Z.11%c).

N

L7 LISSIIC LINES
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FIGURE 2.14a.
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FIGURE 211b
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TIGURE 2ilc.
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I‘have rot attcurtcd tc Syeteratically include all
rissirg lire rossitilities, it heve ¢nly includec lalels for
the 1 ost comron tyres of riscipe lines, I require ilet ony

riegirge lire Ye ir the intericr of the scere; no line on tre
ccerne/bacl erovndé teuncery can te rissing. T £lso sestre that

o1l ot jects heve errrexinctels  tre sere reflectivity on all
strirces. Trerefore, if 2 convex line is nissire, T ascure
Yot cither beth cides of the edre were illurinsted cr that

bctr vere shacowed. T hzve rot rea 1ly trested misei es

‘2
bt
[N
o}

ir 2 cerrlete enovrh vey te sey much etout them. There will
reve  to te frcilities ir the Trcgrar fer fillire ir hicden
strfeces crnd Yeck faces of ot jects beforec riesinge lires can

ke treated satisfectorily.

In general the rrogrem vwill revcrt thet it is urable to
letel 2 scene if rore then = few 1lires ecre rissing end the
rissirg  line labels sre rot included in the set of rossitle

L
Jurnction labels. This ie reelly 2 sifn cf tre pcwer of the
rregrem, since if the arpropriste labels for the rissing line
Junctions were inclvéed, tre rrosran would find then
uriquely. As an exenrple, the simrle scene in fisvre £.12
cernot be labeled ét 21l unless the rissine line Jurctions

are irclucded.
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Clearly there are ccrsiceratle clstreles to Te

ir extendings this worl to general sceres. Fer sirrle curved

ctjects scuch as cylinders, crheres, ccnes, ond ccnic
cecticns, there chould be no rarticular rrotlen ir ucing the
t:rre ¢f gyrogram 1 heve written. (For @ cuite cifferent
eyrroech to tre hendling ¢f curved oblects, see Fcrn 1970.) I
clce telieve tret it vill e vossitle to tendle screwiat rore
rerercl  rcenes  (for instence scenes  containing furnituvre,
tcels end household articles) by eppreximetins the oblects in
trer Yy sirplified "ervelcres" which rreserve the sross form
¢t tre oblects vet which cen te described in terms lile trose
I reve vsed. In ry ectiretior such processing carrot te cone
stecersfully until  the 7prctler  c¢f recorstructire  the
irviesitle rortiors of the scene is sclved. This prcbler is
irtirstelyr corrnected with the problemﬁgf uring the stered
cdescrirticn of an object to gvide the search feor irstences of

this object, or rimiler ctjects in a scere. The ebility t%

greetlf

#Novel 2 line dr8Wing~-ir the renner 1 deseri

Wﬂ oAy X

sirplifies tre srecification end hopefully will sirplify the

sélu;%gg‘&ilgizﬁe proklems.
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£ VIEION POTFCURFI

Tim Finin

June 1972

AESTRACT

This perer discusses sore recent changes and additic
vision system. Amorg tre additions are the ability to use visuesl
feedback when trying to accvrately rosition en ctject =rd tre
2bility to use the arm ¢ a sensory device. Alco discussed are

some ideas and a descrirtior of rrelimirary wort on a rerticular
scrt of higher level three-cdirersioral reascning.

ns to tre

Thic rerer vas criginally publicshed as Visicn Flash 26.
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JIGGLING A BIOCK INTC PLACE

The vision system can now use visual feedback when trying to
accurately position a block. This is done without a costly
rescanning of a significant portion of the scene by using our
knowledge cf where the block should be to direct the eye. The
basic idea is tc determine the tlock’s actual location by lcoking
for certain key vertices using a circular-scanning vertex finder
developed by Wirston and Lerman < Vision Flash 24 >.

When rtlacing a block the arm sometimés makes rositional

errors up to half an inch and rotational errors of about 10

degrees. These errors are caused by poor hand placement due to
hysteresis and general slor in the arm’s Joints and by poor
information about the brick’s initial position and dimensiors due
to a distorted 1line drawing. Although these errors can te
disastrous in delicate tasks such as stack-building, they are
small enough to allow us to use the scheme described below.

The organization of the theorems is shown in figure 1. TC-
JIGGLE, the tor level theorem, first calls TC-FIND-BCDY whose
goal 1is finding the actual location of the just moved trick.
This is done by locating a three-vertex ‘skeleton’ on either the
top or bottom of the brick, examples of which are shown in figure
2. Candidate skeletons are suggested by the theorems TC~LOCKFOR-
TOP, TC-LOOKFOR-BOTTOM, and TC-IOOKFOR-SKELETON which predict the
locatiors of vertices and decide whether they should be visable.

TC-FINDRODY then locates the three vertices comprising the
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skeleton with the circular-scar vertex finder and calculates the
true position of the brick. If it feils to find one of the
vertices, it asks fer another skeleton and tries again.

Once the location of the brick is found, TC-SHIFT—BODY
calculates the rositionzl ard rctational errors and, if they are
greater than a tolerance, corrects them through a c21l1 to TC-
MOVE-GENTLY. This theorem differs from the ususl TC-MOVE in
calling the arm with GRASP and UNGRASP commends instead of FICKUP
and DRCP.  PICKUP and DROP raise the arm several feet above the
table when moving to avoid obstacles, whereas CRASP and UNGRASP
1ift the hand less than an inch (using the wrist) and thus,
hopefully, are less prore to error.

The most difficult rart of this jiggling rprocedure is
deterrining which vertices of a brick will be visable ard not
obscured by other objects. Ve must alsoc avoid locking for
vertices which are adjacent to others already in the scene, for
exarple the vertices where two bricks are aligned. Such
situations may confuse the vertex finder and cause it tc find the
wrong vertex. Since these theorems are written to work in the
context of a copying task, they use information about the model
scene that is being copied. For instance, before TC-LCOKFCR-TCP
looks for any vertex on the tcp of a brick it must either find
that:

1. The top of the matching trick in the model weas

comrletely visable, or
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IE;QE?GLE

« N
TC-FINDBODY TC-SHIFTBODY

VERIFY-VERTEX

TC-LOOKFOR-TOP  TC-LOOKFOR-BOTTOM TC-LOOKFOR-SKELETON T@OVE'GENTLY

GRASP UNGRASP
TC-CLEARVIEW TC—CHZ?KPOINTS
TC-NEIGHBORING-BODIES TC-GOOD-CHECKPOINT TC-SKELETON
FIGURE 1

FIGURE 2
R
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2« All bricks which could be adjacent to the cne in

question are either below it or have not yet beer placed.
The theorers lean toward conservatism in accepting vertices as
good candidates to look for and will reject all of them in some
cases.

One exciting ©possibility for further work is the
incorporation of a model of the hand. Vith it we could adart the
system to avoid vertices occluded by it, doing away with the
necessity to release the brick and withdraw the hand. This would

result in a more dyramic and accurate feedback system.



L

Page 153

OUR ROBCT HAS A HAND, TCO

Until now the vision system has made no wuse of its arm in
getting information about the world. We now have a limited
ability tb reach out and touch in order +to disambiguate some
scenes, using a new arm primitive written by Jerry Lermaﬂ.

Sending (TOUCE X Y) to the arm causes it to position itself
above the point (X,Y), slowly descend until it touches something,
and report its final height. An optional third argument can
specify a maximum height at which something is expected, allowing
the arm to rapidly dror to this height and then more slowly feel
its way downward.

A series of theorems have been written which actively use
the arm as a sensor and other theorems have been taught to use
them, resulting in the system nretwork shown in figure 3. With
these theorems we can now handle scenes such as the pedestal in
figure 4. In this scene we can’t determine the tallness of B1,
since it could touch the bottom of B2 near the front, the back,
or somewhere in between. As a result, we can’t get the
dimensions and location of B2 either.

We can however determine the location of B1 in the X-Y plane
(through TC-FIND-LOCATION-BOTTOM). Moving the arm down over this
spot until it touches the top of B2 gives the altitude of B2’s
top. With this information we can calculate the location and
dimensicns of both btricks.

Previously, when we wanted _to._find the 1locatior or
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dimensicns of a brick we had to find its altitude above the
table. If it was not resting cn the table, we had to find the
dimensions of its supports, necessitating knowing their altitudes

above the table, etC...... We recurse downward until we reach the

- table or fail by hitting a brick for which no tsllness or

altitude can be found. With these new theorems we have another
alternative: recursing upward until we find a brick we can touch
with the arm.

One problem is that we aren’t wvorking with a very good three
dimensicnal model. TC~TOUCHTCP is the theorem vwhich tries to

- touch the top of a brick. Checking first that there is nothing

above the trick, it tries to touch it above the center of cne of
its suprorts. The brick could, however, not be above this spot
(as in figure 4b) causing the arm to miss it. One Trecausicn
that TC-TOUCHIOF takes is calculating the minimum height to
expect the top of the brick. If it touches something below this

height, it assumes it missed.
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y B1

FIGURE 4
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TC-FIND-SUPPORTS

TC-FIND-SUFPORTS and its related theorems have been modified
to handle situations with which they previously could not cope.
Figure 5 show? the new organization of this part of the system.
The strategy of TC-FIND-SUPPORIS was to take each object below
the %brick in question (found through TC-FIND-ABOVE-1 & -2) as a
support candidate. The altitude and tallness of each candidate
were found and summed. The object or objects (if there were
several with nearly equal combined altitude and tallness) with
the largest sum were then taken as the actual supports. This sum
was then asserted as the altitude of the supported brick. The
theorem failed if it could not find an altitude or a tallness for
one of the bricks below.

The new TC-FIND-SUPPORTS works in much the same way, but has
been modified to handle many cases where the tallness or altitude
of an support candidate can not be found. In such cases it
determines the minimum height that the top of the candidate could
have.

It will also yield useful information in cases where it is
still ambiguous which objects support another. Before failing it
makes assertions of the form:

(B1 may-be-supported-ty B4)
(B1 may-be-supported-bty B7)
(B1 has-minimum-altitude 4.12)

These assertions can later be used by other theorems with more
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real world knowledge to clarify the scene. TFor example, we might
call on a theorem which knows about stability or one which can
recognize a table top and legs to decide who is doing the
suprorting.

Two auxilliary theorems are used, TC-ATD-TC-SUFPORTS-1 and -
2, which contain some 3-D knowledge. TC-ALD-TC-SUFPORTS-1 looks
for a marrys relation between the brick in cuestion and a support
candidate. If one is found, the theorem reports that it must be
a support (assuming gravity and no glue). TC-ADD~-TO-SUPPCRTS-2
is explained below.

The capabilities of the new TC-FIND-SUPPORTS are test shown
in the scenes ir figure 5 . For each Qf these scenes the old TC~-
FIND-SUFPORTS would simply fail, leaving no assertions in the
data base. TFigure Se is rarticularly interesting , showing the
application of some three dimensional reasoning. On this figure
TC-FIND-SUPPORTS first calls TC-FIND-SUPPORT-CANDIDATES which
reports that B2 and B3 are likely support candidates and that BR1
must have an altitude of at least T. TC-ADD-TO-SUPPORTS-1 then
finds that B2 marrys B1 along B1’s bottom edge, implying that P2
must support B1 and that B1 has an altitude of T. TC=-ALD-TC-
SUPPORTS-2 is activated and notes that B1’s altitude is now known
to te T. Discovering that the rinimum tallness of B3 is also T
(within an epsilon) it asserts that B3 must also marry B1 and be
a support.
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TC-FIND-TALLNESS
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« T1C-TOPHEIGHT

TC- FIND-SUPPORT-CANDIDATES

TC-FINDABOVE 1

TC-FINDABOVE 2

TC-FINDABOVE 3
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_;E, TC-FIND-ALTITUDE

—

TC-FIND-SUPPORTS

\\\\\sTC-ADD-TO4SUPPORTS

TC-ADD-TO-SUPPORTS

TC-MARRYS

-——————————_——_—’;ayTC-LINE-BELONGS-TO-REGION

——

Assertions made by

TC-FIND-SUPPORTS:

is-supported-by B2)
is-supported-by B4)
is-supported-by B5)
is-supported-by B3)
has-altitude t)
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(B1 is-supported-by B2)
(B1 has-minimum-altitude t)

(B1 is-supported-by table)
(B1 has-minimum-altitude t)

(B1 may-be-supported-by B2)
(BT may-be-supported-by B3)
(B1 may-be-supported-by B4)
£B1 has-minimum-altitude t)

(B1 is-supported=by B2)
(B1 is-supported-by B3)
(B1 has altitude t
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CHANGES TO TC-SKELETON
TC-SKELETON has %Yeen changed to return a 1little more
infcrmation if it can’t find a2 complete skeleton for a brick.
When TC-SKELETON fails to find a 1line of 2 particular type it
tries to find the longest line fragment of that type and makes
partial-skeleton assertions of the form:
(B3 type-two * (V1 V2))
(B3 has-partial-skeleton V4 V1 * (V1 V2) V1 V14)
Figure 6 shows some examples of partial skeletons.
This partial skeleton information is used by other theorenms
which hypothesize what the rest of the brick may be 1like. From
it we can get a handle on some three~dimensional informetion such

as a brick’s orientation, its minimum dimensions, and some idea

~of its location. Since other theorems make hyrotheses that

complete parts of the skeleton, an antecedent theorem has been

added to keep the skeleton assertions up to date.

FIGURE 6

e =

(B4 has-partial-skeleton * (V] V2)*(v1 v3) v2 v4

(B1 has-partial-skeleton V1 V2 V1 V3 * (V3 v4))
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/TC-LINE-BELCNGS-TO-REGICN
A new theorem exists which will determine vwhether 2 line is
physically associated with a particular region in a picture.
This question crops up in numerous places in the vision system:
finding the skeleton of a brick, finding a ©brick’s tallness,

finding bottom 1lines, deciding whether a face of a brick is

~vertical or horizontal, etc. 1In each of these rlaces several

heuristics were emrloyed to find lines which “belonged’ to a
region. TC-LINE-BELONGS-TO-REGION is a collection of these
heuristic and several new cnes which can be <¢called whenever
needed. It makes assertions of the form:

(I-V1-V2 belongs~to R4)

One of the heuristics is that an interior line of a body
belongs to both regions it bounds, so that TC-LINE-BFLONGS~TO-—
REGION should not be used on self-occluding bodies. 1In general,
the heuristics are applied conservatively, sometimes calling on
the theorem  TC-OCCLUSION-1 to loock for supportive or

contradictory evidence.. Consequently some lines will not be

- recognized. Having this information at hand makes many tasks

much easier. For example:
* A region is a vertical face if there is a vertical
line which belongs to it.
* Two objects marry if we find a line which belongs to

a region from each body.
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’ M&M HACK

How many things can you find wrong with this ricture?

In a picture such as the one above where one brick obscures
the bottom of another, we can extract some information on the
whereabouts and size of the obscured brick. Examine the scene in
figure 7. B2 could be a very tall brick which was touching B1,
or a shorter brick far behind Bi1, or anywhere in between. It°’s
ambiguous. Knowing the range of rossible heights and resulting
locations of the obscured brick will be quite useful to other
thoerems which try to decide what the situation really is. To
get quantitative three dimensional information we use the
procedures described below.

To get the maximum tallness ofB2 we assume that it is
directly behind and touching Bi. Assume for the moment that the
ends of B2°s three vertical edges (b, ¢ & d) touch the edge a-e.
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These three points would then have an altitude of h (the 3-D

tallness of B1) from the table. From this we can get their 3-D
coordinates and the resulting lengths of the three verticals. We
then take the shortest of these 1lengths as the maximum tallness
of B2. This corresponds to selecting the vertical ending in ¢ as
the only one which could touch E1.

To get the minimum tallness we assume that B2 is far btehind
B1 and its Dbottom edges just barely obscured. For the moment
assume all three roints are on the table. We get their 3-D
tallness coordinates and calculate the lengths of the verticals.
The maexicum of these three lerngths gives us a minimum tallness
for BZ2. Taking the longest corresponds to selecting the point b
as the only one which could actually be on the table.

~ The rproblem with the picture on the rrevious page is that,
aésuming the ocscured object is a brick, its apparent minimum
tallness is greater than its aprarent maximum tallness.

A further refinement of this heuristic is shown in figure
8, In this picture, to get the minimum tallness of the obscured
brick we assume that the points a and b rest not on the table,
but on the regions R1 and R2 respectively. Ve must check of
course, that these regions are not vertical, as in figure 8t.

The same situation exists for the inverted case, the
pedestal in figure 9. If we assume that B1 surports B2, we can
put upper and lower bounds on the height of B1 (and the resulting
altitude of B2). VWe know that the top of B1 must touch the
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bottom of B2 somewhere near the front, the back, or in Dbetween.
Getting the mirnimum tallness is trivial, just measure the length
of the three vertical edges of P1 and take the largest of these.
This corresronds to a situation where B1 and B2 marry along their
front edges. To get the maximum tallness we start off ty
locating the visible bottom edges of B2 and predicting where the
others should be. We then extend each vertical until it
intersects one of the back bottom edges of F2. After calculating
the 3-D lengths of these verticals we take the shortest as being
the upper bound on the height of Bi.

Considering the stability of such structures would of

course lead to more refined upper and lower bounds.
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ONE KIND OF THREE-DIMENSIONAIL RFASONING

Everyone agrees that future advances in computer vision will
come with the incorporation of 3D knowledge and reasoning. One
type of 3D reasoning we could add is shown in figure 10. In
figure 10a the average human viewer (trusting and non-cynical)
sees two identical bricks supporting a third s e€even though P1
could be longer or shorter than R2. Because B1 and B2 serve the
same furction (supporting B3) , have the same orientation, and as
far as we can see, could be the same size, we eesily assume that
they are. Similarly , in figure 10b , we see B4 as being the
same size as the other three standing bricks. Here the evidence
is:

* There is a preponderance of tall, thin standing bricks
* B1, B2, and B3 form a row, which would include B4
if it were the same size
* B1ly, B2, B3, and B4 all have the same orientation
* B4 could be the same size as B1, B2 and B3
Humans do this hypthesizing and filling in of details to a
great degree. It is an integral part of perception, as it would

- be impossibly costly (in time and effort) to try to disambiguate

everything we see. Teaching the machine to do such hypothesizing
would be a natural way to incorporate some three dimensional
reasoning and to enable it to consider the glotal context of the

scene.
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A similar form of reasoning was pointed out ty Winston in

his thesis < Learning Structural Descripticns from Examples , AI

TR-231 >. In figure 11, B2 aprears to be a wedge, while we see
B4 as a brick, even though they show the same arrangement of
lines and faces. In both cases since the two objects form stacks
and are exactly aligned we first assume that they are identical.

~ We uight object that this presupposes an orderly scene , one
which is carefully set up or contrived. However, the world we
humans create, and which robots may inherit, is just such an
orderly, contrived world. Fven in the mini-world of plain white-

faced tlocks we use in our present research we tend to build

- little arches, stacks, and other structures containing identical,

interrelated parts. 1In the larger world of human constructicn
this orderliness is more apparent. We tend to build things which
are symmetric and unsurprising in details. Complex objects such
as tuildings, electronic circuits, and cars are built using
smaller identical parts (e.g. standard-sized windows, resistors,
bolts). Who would surpose that the wheels on one side of a car

- are any different than those on the other? Long hallways usually

have identically dimensioned doors uniformily spaced. The legs

~of a table or desk are nearly always the same.

We might also object that a robot would do better to spend
his time trying to disambiguvate a sceme by removing some
obscuring obstacles, by walking to one side, or by reaching out

his hand and touching. In many cases however, our robot may find
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it impossible to change his viewpoint or to interact with the
scere. Even more importantly, the ability to do this sort of
reasoning would allow him to have sone expectation as to what
will most probably be seen if obscuring objects are removed, or
the viewpoint is changed. The robot can then quickly test his
previously formed hypothesis. If this verification fails, he can

flush the hypothesis and examine the scene more carefully.
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The following pages describe initial work in creating =
system of theorems to do just this sort of reasoning. A skeletal
system has been implemented which will handle a number of the
simrler situations (such as those with fairly obvious group tyre

relationships — rovs, stacks tables, arches, etc.).

Whenever we can’t find the complete dimensions of a badly
obscured object, as in figures 10a and 10b, we check for evidence
that this mystery object might be just like some other object in
the scene. Typical of the evidence we look for are:

* Chains of relations (rows, stacks, walls)

* Identical relations to a third object, or functional
similarities (e.g. supports of an arch, table legs)

* A preronderance of identical objects in the scene

* Exact alignment with another object

* Other relations and properties such as attitude,

nearness, placement, marrys, abuts, etc.

If we find such a candidate we check for contradictory ev-
idence. Things we check are:
* That the known dimensions of the obscured object
agree with the corresponding dimensions in its
supposed double.

¥ The unknown dimension(s) lie within the




Page 172

apparent maximum and minimum bounds
we have calculated.

* That the hypothesis yields no colliding otjects (i.e.
those occupying commor space). |

* That we do not contradict any previous assumptions

we have made (e.g. support).

In some cases we need not require an object which might %be
an exact double, btut only one which implies a similarity that
might resolve the hidden dimensions. TFor examrle, in figure 12
we hypcthesize that that the two stacked bricks have the same
depth, even though their heights are different.

F/GURE 13

If we find any contradictory evidence, we reject the
candidate and can lcok for another. If no contradictory evidence
is found, then we make our calculations and tentatively assert
the dimensicns and location of the object given our hypothesis.
This 1is done with pointers to the theorems which suggested this
hypothesis so that we can reconstruct our reasoning if needed.

With this information we can proceed to analyze the scene
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and hope that we have not been tricked. Alternatively we cen try
to verify the hypothesis by sore other means. For instance, we
could create a daemon theorem to lurk in the background waiting
for some of the obscuring otbjects to be removed. VWhen they are,
the eye can be asked to verify critical lines or vertices
suggested by our hypothesis. For our paradigm arch case, as soon
as the top brick is removed, we can look for the top back
vertices of the mystery brick. If the vertices aren’t found near
their proposed locations then the hypothesis is flushed. In such
a case we could use the eye to more completely scan the area to
resclve the problem. In other situations we might be able to use
the hand as a sensor to verify the hypothesis .or find out what

has gone wrong.
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ABSTRACT

Pieh level cermartic lmowledee will te errloyed in tre develcpmert
cf 2 rechine vision proeram flerible encugh to deal with a class
of "everyday obects" in varied envircnrents.

This rerort is in the neture of 2 thesis prerosel fer future
work.

This rarer ves criginally publiched as Visicn Flash 23,
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Foreword

This naterial is rot rresented as = discovery but ratrer es
a jecurney or the path leid down by Frofessors Minsky, Pepert ard
Winston 1in Visicn. Please igmore any dogratic tcne which mey
arreer in the efforts to overcome my natural tendency to the

orrosite "I thirk, rerhaps, mayte..." school of rhetoric.

Abstract

A  prorosed progrem cf research in Machine Visior is
descrited. The first section, the Sceraric, lays cut succinctly
and infcrmally the airs of the project and summarizes the

tackground of the work, the protlems to be faced and the aprroach

to te taken. Ar extended descripticn of the Probler follows with }:
its background and its formulation for the rresent work. We next
discuss the Artificial Intelligerce Issues involved, ard the
Approach we will take. Benchnarks are laid down for specific
Progress. Our research Iinterests are once agein carefully

forrulated in tre Summary.

s
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Scerario

Picture the following scenario.

We walk into the street, ard hijack the first Tasserby. Ve
héve him go home, retrieve his toolbox and return tc the AI
Robot. He grabs a handful of tools and dumps them ir front of
the eye. The Robot identifies these objects.

The key element here is flexibility in dealing with real
objects in real situations (surreal perhaps in this instance).

The flexibility to desl with reality will be the basic aim

of our research.

Why has previous work in visual recognition often teen sadly
lacking in this regard? VWhy does this effort have a tetter
charce of success?

Considei first some recent contributions.

1. Minsky and Papert—The heterarchical approcach essentisl
to the flexibility sought (4,5,6,7).

2. Winston—Network structure, data driven control, basic
structural description, learning by  failure, grouping,
quantitative analysis of relaticnal concepts (11,12,13).

3. Shirai—A.I., and vision research in particular, as en

experimental science, as demonstrated most recently by Shirsi(8).

4. Waltz——The extent to which cconpleteness of description
can rerlace flexibility of control (9).

5. Charniak—The 1role and extert of knowledge in
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understanding (1).

6. Winograd——Semantic/syntactic  integration. Frontal
attack on global problem; large systen structure.
Visual/linguistic analogies (10).

Te Hewitt—The power of a vproblem oriented control
structure. The ease cf a pattern directed data base. Two way
flow of control; flexibility of non destructive failure (2).

As a framework for these developments, we have the Vision
System. This has provided the exrerience and facilities for a
broad besed background in vision research plus the specific
technical and organizational rsults of the Systenm, itself
(Comrlemented by the more formal seminar structure).

Perhaps most importantly we want to deal specifically with
the protlem suggested in the first paragraph. This is very
different from most previous efforts at visual recognition.

Often the descriptive problem has teen dealt with separately
as a pattern recognition issue. When real visual input has been
used, the aim has been generally to transform this input, with 2
single low level rredicate, into a "prerrocessed" data base.
Features could then be extracted from this data base and dealt
with as a pattern recognition or tree search problem.

In fact, we maintain that there is no real problem, on the
macroscopic level, in distinguishing a resyectable set of rezal
objects. In some respects, the more complex and unusual the

objects the better. It should not be at all difficult to



Page 178

"serarate these objects in parcnmeter srace" with any rumber cf
redundartly distinguishing features.

The rrcbler is to get some of these gress features:

2. frem arid 211 this redundart mass of inforraticn

k. ir particuvlar, frcm the mess of "meaningless" low level

C. 1in differirg:

1. dindividual semples of objects (variations in size,
share, criertation, texture, etc.)
2. scene contexts (occlusions, shadows, etc.).

Cn a local level these changing corditions create great
differences. If we deal only from the "bottom up" we cannot hore
to deal with such chaotic variation.

Fovever, with higher 1level interaction we can hope fer
glotal guidance at levels that can deal with such veriation. Tre
old saw: "it’s easier to find something if you kncw what you’re
locking for". We reed to know what we are looking for to fird
the features.

I think my goals cen be aprroached in two stages.

1) TFirst I will pick a single object of some semantic richness,
€.£. a hammer. I ‘will then write the world’s greatest hammer
reccenizer. This is not as trivial as it may sound.

The program will needless to say not merely reply "hommer®

wher faced with any object, on the grounds that hammer is the




Page 180

cnly otject it knows =2tcut. Tt will have to decicde wrether the
ctiect is a hammer cr nct 2 hamrer.

Tt  should be atle to make tris dJecisior =atout yovr
roecrrete’s favorite hamrer (or screwdriver). It skould be able
to cecide after a stranger is 2lloved to place the object in tre
field of view ard arrange the lights. It stould decide correctly
wher visitirg Cub Scouts come ir ard are allowed to enrty their
pockets over and arcund the object to be studied.

This is a hard rrotlem.

2) ftssuring Part I is nct a thecis in itself, the next stage will
be tc integrate krnowledge of several objects irto a syster.
Fopefully the experience of part I will provide princirles for
enccding visual knowledge thet will facilitste addirg tre iritiel
ability to deal with several new objects.

We will want to design the analytical structure tc take
acventage of the hyrothesis and verification techniques developed
in Fart I. Note that the problem domair of Part I encourages us
to exrlore the practical implications of cur Thilcsphical bias:

errlication of specific higher level knowledge.

Preceding page blank
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Problen

Machine Vision involves toth "low 1level" image Trocessing
and "high level" descriptive analysis. The failure of Machine
Vision]to date has teen in adequately linking these levels.

Much of the work in this field has restricted itself rather
strongly to one or the other of these levels. There are several
reasons for this. In the beginning there was 2 tendency for
image processing people to believe they could "do it all" with =
clever enough set of Fourier Transforms.  The descriptive
analysts, on the other hand, tended to underestimate the problem
of rreprocessing a suitable data base for their descriptive
schenes.

Problems in each of these areas have been formidable enough
to rerhaps demand single-minded concentration. But now that =
groundwork has been laid we are in a position to take a more
comprehensive arproach. It has in fact become clear that such an
épproach is mandatory for continued progress in Machine ,Vision
(4-7,11-13). The rressures for thesis work at a single level of
the problem have begun to lead away from the overall goal.
Search for the most sensitive 1line finder sidesters the natural
context in which the problem is to decide which lines to ignore,
not which obscure lines to find. Yet work continues on idealized
"picture grammaers" which assume the preprocessor has given them

Just the data tase they need (without any knowledge of those
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needs).

Part of the reascn that work on these two aspects of the
vision rroblem has often remaired unnaturally isolated must te
the distinctior in interests ard skills required for work in the
two fields. We therefore think it might be advantageous for two
students to pocl their experierce in these separate areas. In
any event a "pincer" attack is called for specifically on the
interface between high level and low level analysis.

This does not mean regarding present accomplishments in
these areas as "black boxes" and wiring them together. Rather,
rrocesses at each level must be organized with the requisite
cooreration in mind.

Seeing at any level beyondrthe feature point is a matter of
organizing visuval information according to some visual model of
the world. In the past we arbitrarily used only the most
elerental physical units of the model to process the visual date-
—the most basic physical regularities and anomalies such as lines
and points. The rest of the higher level knowledge was stored
separately to be "matched" agairst data that could hopefully te
organized 1into meaningful structures without knowing which
structures were meaningful. This knowledge must also be pert of
the visual machinery that organizes the raw visual input and thus
"sees", Instead this information has teen so independent of any
inherently visual process that researchers have been atle to

roirt pridefully to their ability to rerceive and program this



Page 183

"recognition" apparatus as instances of highly general abstract
mathematical models.

In poirt of fact, higher 1level context assumptions (a
parallelipired environment, for example) have long teen implicit,
or even explicit, ir much of our work. Exrerience has shown the
utter necessity for such guidance in order to mske sense out of a
chactic sensory reality. It is time to fully integrate our
higher level processing intc the organization of our visual dats.

We have seen how difficult it is to obtain even 2 line
drawing of a cube without suspecting that we sre 1looking at 2
cube. How can we expect to obtain some idealized data
represertation of a horse and then recognize that representation
as a horse. We cannot choose the ideal descriptive model of 2
horse analytically and expect some syntactic predicate to produce
this descrirtion for us. ‘

The conclusion we come to is that there is a2 need to
eliminate the old distinctions tetween rreprocessing, description
and recognition. One cannot ottain a preprocessed result which
is then analyzed to produce a description which is then meotched
with a model to be recognized. Rather seeing is a homogenized
process, the "model" is built into the structure of the
processor, the description of a data set is the protocol of its
processing. Recognition is coincident with description.

Recognition is not a matching of templates against a

rrocessed data structure. Rather it is a many layered silk
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screen rrocess that begins with the raw inrut and leads to the

richly ratterned perceptual world we seek.
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Issues

We feel that an approach which is rredicated or the intimate
interaction of descriptive apparatus and description rredicates
is the best hcpe for practical rrogress in Machine Vision.
Beyond that we believe that such a project would rrovide an
apprropriate laboratory for the illumination of several current

A.I. corceptual concerns.

1. Heterarchy '

Problems in reconciling low level results with high level
idealizations, even in a very simplified domain, provided ore of
the early motivations for the heterarchy concept (4-7,12).
Return of recognition level advice to the preprocessor is perhars
the most saliert example of heterarchy practice (4). It is
significant that, except on a most general level, even this case
study of heterarchy has not been implemented and its imrlications
certainly not fully explored.

Our investigation of heterarchy in vision would emphasize
the crucial role of recognition level knowledge.

We do not analyze heterarchy in terms of interaction or
advice between major discrete processing modules or stages. Ve
do not view "high level" knowledge as criticizing the descriptive
structure resulting from low level "“preprocessing". Rather we
believe that ir general no useful structure can be derived

without high level knowledge directly involved in the
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construction process from the beginning.

In any case, a working fully ramified case study should
provide useful insight intc the theory and practice of
heterarchical interaction. In'rarticular:

2. Sensory/perceptual systems

The heterarchical interaction between 1lcw level sensory
systems and high 1level rerceptual systems is of particular
interest to A.I. research at present. Having worked "down" from
chess-playing and integration, A.I. is now facing the far more
obscure protlem of enabling machines to durlicate the essential
"automatic" processing of real world semsory data. Techniques
and processes atstracted from ocur results in melding low level
and high level visual processing should prove relevant when we
provide our robot with other sernsory apraratus. The rossibiity
of higher level semantic intervention in the auditory analysis of
speech, for example, is already a live issue.

3. Knowledge—"the size of infinity"

In develoring a system that can deal with in a real world
context we will face certain problems analogous to those faced ty
Charniak in his work on understanding childrens’ stories.
Previous successes in machine vision, or even machine 'pseudo-
vision, i.e. analyses of hypothetical input, have dealt largely
with a severely restricted domain. The recognition set has been
either highly stylized or.simply very small. There is an analogy

here to syntactic uni-directioral theorem-rroving systems, which
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bresk down cn a non-restricted data base. First we will have to
get a rractical idea of what the size of infinity is in the
visual domain, and then we will need techniques for organizing
it. in particular:

4. Knowledge—as procedures

- Our knowledge—about shares as well as subjects—will te

organized as procedures. This is more than a fashionatle device
in a system where knowledge will often consist of krowing the
right questions to ask of some other module, Prerrocessing
modules in rarticular. ("Preprocessing" is obviously 2 misnomer
here, reflecting an organizational mode we hope to replace.)

Recognition will not consist of preparing a description of
an 1input scene and matching it with a description of a model.
Rather description and recognition will occur simultaneously
during the processing of the scene. A description will te
essentially the protocol of a process, not a result.

5. Parallel processing

If parallel processing techniques are to prove significant,
this would certainly seem to be an area in which they might
demonstrate  their value. Ve envision a system in which
processing would proceed simultaneously on visual subunits or on
conceptual subrrocesses. Proceedings would be dependent

continually on the . results of intermodule communications and

questions, toth as to the results being attained in different

"higher" 1level investigations, and the results of additional low

AN
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level processing. It would seem plausible that dizloguves of thre
following style could take rlace profitebly:

a: 1 think these four thirgs are legs. Is anybody lcoking
at anything above them all?

b: Yes, I am.

a: Can you tell me if it’s planar or tumpy?

b: Not yet.

a: Well, look, work on it; take your time and wake us when
you have something.

a: (Yawn) Wazzat? Bumps huh? Probatly an animal. We“ll
activate hoof, raw and knee searches. You send your stuff to an
animal tody parser.

c: I can’t find any subdivisions on this thing for head or
tail. Can anybody make head or tail out of any nearby blobs of

relative size x and position n?

This particular dialegue may be vacuous. Investigation of many
possible dialogues may reveal some essential usefulness of this
type of organization.

6. Grouping

As even the brief dialogue above indicated, grouping
protlems will be central. Cuzman-like techniques will not

suffice, particularly for higher level organization. Rather than
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very sersitive lccal predicates carable of distinguisting fire
variations, we will require broader based cruder Tredicates
caralble of deterninirg relstive homogeneity. Centextual,
coencertuval cues will be needed to distirguish overlarrirg ot jects
froiw furcticnal groups. A program that kncws zbout collars will
not te dismayed to find a dog’s head serarated from its body; it
will bte capable cf seeking the ‘"severed hezd". Alterrative
hypotheces will te explcred for conjoining rarts of the picture,
ignering occlusions, or melding sequences into single urits. Tre
same subscene nay te viewed ir each of these ways: as linked
units, overlarring distinct wunits, sirgle textured units.
Successful interpretation will direct the choice.

7. Organizaticn

Direction will be available from both the lower level ard
the vpper level. That is, knowledge atout a shape ss well as en
object cr class of objects, will be embedded in procedures which
will in turn direct the flcw of Trocessing throvgh other
rroecedures. This flow will not te locked irto any riece-by-piece
or level-by-level decision tree or network search. The systen
can skip to high level hypotheses, rtlan an approach or that
basis, fail, review what it fourd in the process and use this es
a2 tasis for <come more "from the ground up" investigetion.
Details can be verified on a hroof before during or after the

search for a head; whatever is expedient.
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Approach

We expect our progress on this prcject to reflect the
structure of the results. That is, both will rroceed by 2
process of "successive approximation®.

Professor TFapert has characterized one approach to problem
solving as ‘'"neglect all comrlication, try something®". The
results may serve as a "plen" on which to base further
refinements or 2 basis for "debugging".

There is a distinction between simplifying the problem and
simrlifying the solution. One technique involves splitting the
protlem into a number of separate or successive simplified
protlems. For example: ignore shadows, texture, etc., and just
consider ideally 1lighted ideal planes, then consider shadows,
ther consider texture, but no shadows, Ftc. This arproach can te
very fruitful. However, it may leave us far from a2 solution to
our total rroblem, particularly if the various aspects of the
protlem are related in a non-linear fashion. In this case it may
prove necessary at times to arproach the total problem with a
simplified solution. We can then rework this solution
successively to arproach a more adequate solution. The
intermediate results serve to indicate directions for
improvement. We may Yproject" structural aspects of the problem
from the solution, rather than relying on an a priori division of

the problem.
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We expect a continuing dialogue durirg the research thet
reflects and suggests the dialogue that will be tuilt into the
system:

>Is that side straight?

>I can’t tell; it peters cut in syots.

>Ch really? Maybe they‘re 1lined up wrinkles. Are there
more of them?

>Could be.

>Can you characterize their profile?

>Yes, I can give you a ‘“possible wrinkle" predicate; but
that predicate will also work on soft corners.

>But the surrounding planes for a wrinkle will be similar?

>Yes, and aligned shadows often occur with wrinkles.

>Now can you ...

>No but I can ...

>Well then if I tell you ..., then could you ...

Dees

The important thing is that many of the technical realities
of the system will flow from real experience with the problems of
processing real data. This dces not mean that the results will
lack theoretical content, but that the theory will bear a valid
relationshir to the reality of the vision rroblem. We want the
theory to flow' from and reflect the structure of visual
experience, rather than attempt to distort visual data to conform

to rreconceived and inapprorriate analytic theories.
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Fencrrarks

Ve might rroceed 1in severzl vphacses. A possible secuence
would be as follows.

As a first stage exercise, we could corsider the develcpmert
cf & syctem that dealt with sirple georetric mcdels, e.g. cube,
cylinder. This system would rrovide experience ir melding high
level knowledee with a suitetly varied set of low level
rrecicates. The idea 1is not to push ary cne predicate or
aprroack tc its 1limit but to allow the extent of hisher level
knowledge and variety of low level approaches to work back anrd
forth, to zero in on the correct perception.

A btrief example is a simrle cube. Ve avoid working very
harc to fin¢ tre precise edges from a feature point analysis.
Rether we obtain some rough regions with a crude hcmogeneity
predicaté (that averages out not only surface roise but
textures). We mascage these a bit and get a rough idea of their
shere, 1f vwe suspect a parallelipiped, we may apply a finer test
to verify this shape. We find enough tc guess 2 cure or at least
a planar object. Ve then a2pply a crude line verifier over the
vide bard between regions. Meeting success we ray home in cn the
lines with a sensitive 1lire verifier in & narrow region. (If
some regions were lumped into ore at the start we use our rnodels
to guide predicates in 2 parsing attempt (4).)

This example already illustrates severzl interestirg pcints.



Page 193

Unlike a pass criented system, we do rot have to 2apply all our
rrecicates at orce, but only as (ané where) needed. Ve make use
cf ‘troed besed, rerion oriented predicstes to svoié the prcblers
cf hirh sensitivity until we heve come hyrotheses to gfuide thre
search for finer features. By working down from the general to
the specific we avoid losing the forest for the weecs. Ancé even
at the lowest level we are setill dealing with ¢ broad based
rrecicate, a lire verifier. Ve also avoid an initizl commitment
to a world model of straight lire planar objects.

The next stage would provide experierce in dealing vwith =
corrlex of surfaces in non linear terms. A limited set of "regl"
objects, a set cf tcols for example, wculd provide a riniworld.
The second stage system would te able to function in this world.
Here we would have to incorrorate a greaster variety of cdata types
and predicates cr procedures.

Ancther simple exemple is a hammer. Ve fird er iritiel
region. Ve suspect and verify e roughly rectengular shape.
Relative length versus width prompts a handle hypothesis (or vice
verse ). This initiates searches for regions at either end,
either crosswise or colinear tc the handle axis (we could rave =
screwdriver). We find a chunky region crosswise at one end. Ve
hypcthesize a hammer with hendle and head. We move back dcwn to
verify a few firne details to assure our success.

Notice here scme further principles emerging. Precisely

what 1is required to see a hammer head varies depending on where
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or from what direction you "enter" the observation. Think, for
example, how carefully you would have to draw a hammer head to
make it identifiable in the followirg contexts: at the end of =
roughly drawn hammer handle, stending alone by itself, =t the end
of a carefully drawn hammer handle, in 2 picture of the head
alore to be viewed only partially and in isolated pieces. The
requirenents are different if we move "down" from a knowledge, cr
hypothesis, of "something at the end of a hammer", or if we move
"up" from a detailed picture of the contour of a piece of the
head. Generally we have a rarge of redundant informetion that
srecifies an otject; any particular set of details, e.g. of
share, are not always required for identification, =2nd may te
easier to verify than to obtain by "prerrocessing”.

A flexibly programmed "understanding® of hammer heads should
be able to be "entered" at several levels. TFrocessing should
proceed in parallel, with mutual calls, modified by the current
state of knowledge.

It may be appropriate here to initiate a Charniak-type study
of "everything we need to know" about, e.g. hammers, in order to
perceive them in varied contexts. VWhy should such extensive
knowledge not be necessary to "understand" in visual contexts,
Jjust as it is required in verbal contexts?

Another miniworld would be established to rrovide experience
in dealing with classes of objects. A set of saws, for example,

or a set of doll house furniture, could form such a class. The
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third stage effort would provide = system that could mcve easily
through the perceptual space of this class.

Some of Wirograd’s ideas on organizing knowledge might be
useful here. A systemic grammar might be a useful metapher for
at least one asrect of the organization. Also some convenient
rethod of 1inputting knowledge would be useful at this point.
Ideally the system would be such that someone could eventually
hoock ur the output of a Winston learning program to the inrut cf
this system. (And the outrut of this system to the irput of =
Vinston learning program, of course.)

Firally, a rich miniworld would be chosen to combire our
Trrevious exrerience in 2 more varied envirorment. A cutaway doll
house, or a multipurrose workbench, for example. By the
conrletion c¢f this last stage our genersl principles for an
integrated perceptual system should have teen demonstrated, and
new principles for implementing this integration should have
emerged.

This is rather an ambitious program. We could only hbpe to
lay the groundwork really, to build an instructive testimonial to
the possibilities derivable from a proper conjunction of high and

iow level knowledge.
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Sumrary

In summary, in order to make a quantum jump in vision
research, a nunber of bold sters are required. The thinking cf
pre-eminent theoreticians in the field has long tried to push us
in these directions. However, "rractical" considerations have
too long held us back.

Instead of studying the parts and then deriving the vglue",
we must study the glue and then derive the rarts.

It has for some time now been reccgriized that the real
protlems in vision 1lie in understanding the cooperation of the
various subrrocesses. In practice, it has been easier to define
and deal with srecific pieces of the spectrum of visual
knowledge. However, we eventually end ur sitting saround
bemoaning the difficulty of putting the pieces together.

The solution is not simply to learn more about more pieces.
Neither 1is it to treat the pieces we have as "black boxes" to te
tied together. Aside from the thecretical arguments that could
be mounted against this approach, it has proven rather barren so
far in practice. To learn something about the mysterious
"binding energies" as it were, we nmust simrly grit our teeth and
attack the problem directly. This approach will often mean
messy, tentative, ad hoc progress. We must be willing to pay
that rrice. We may utilize our hard won piecemeal knowledge, of

course. However, when we have finally won our way to some
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understandirg of the interactive process cf visior, we may fird
ourcelves in a tetter rosition to identify the essentisl
sukrrocesr-es involved. ’

Insteacd df generating data types ard predicates to handle en
ideelized data tase we must pgenerate idealized data types ard
precicates to hendle a real datz base.

Pecomirg atsolute experts cn line drawings will only qualify
us as experts in graph theory. The humor of this arproach is
evident when we consider that "real" vphysical data is
nanufactured at great cost and effort to match this idealized
data base, and even then the predicates derived for the lire
drawing model carnot succeed in rproducing a satisfactory
translation of the rhysical objects into lire drawing deta types.

Our lire drawirg studies have provided us with some useful
methodologies and results thet should rtrovide guidance and
subrodules for a mcre general study. However it is time to
returr for insriration and guidance to more realistic data: not
to set up another rpanacea predicate, but to extract whatever
infcrmation is required to organize the sensory input; rot to
orgenize simply and dogmatically as line or cormers, but sas
reccgnizable perceptions, as is appropriate for the data.

Most fundamentally, the easy but aortificizl distircticn
between seeing, describing, and recognizing must be broken dowr.
Ve canrot merely crganize the visual inrut eccording tc sore

"neutral" data Tbase. Ve must not partition out part of our



Page 198

knowledge to function as a template to "match" our results. The
cnly way we can hope to organize the visual data to "match" a
high level form is to use that high 1level knowledge to perform
the organization. The concept of a "model" as such is outdated.
The medium 1is the message. Recognition is the oprocess of

description. Description is the process of recognition.
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A HETERARCHICAL PROGRAM FCR RECOGNITICN OF POLYHETRA

by Yoshieki SHIRAI

ABSTRACT

Recognition of polyhedra by a heterarchical program is
presented. The program is based on the strategy of recognizing
objects ster by step, at each time making use of the previous
results. At each stage, the most obvious and simrle assumption
is made and the assumption is tested. To find a line segment, a
range of search is rroposed. Cnce a line segment is found, more
of the line is determined by tracking along it. Whenever a new
fact is found, the program tries to reinterpret the scene taking
the obtained information into consideraticn. Results of the
experiment using an image dissector are satisfactory for scenes
containing a few blocks and wedges. Some limitations of the
present program and rproposals for future developments are

described.
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1. INTRODUCTION

We do not know how to make a program to recognize otjects
visually as well as a human being. One of the shertcomings of
many computer programs is, as Minsky has pointed outy their
hierarchical structure. A human may recognize objects in the
context of the environment. The environment may be recognized
based on his a rriori knowledge. The recognition rrocedure is,
however, well rrogrammed so that the simrle obvious parts are
recognized first and the recognition proceeds to the more
conrlicated details based on the previous results.

The work ir this paper studies an examrle of a heterarchical
program to recognize . polyhedra with an image dissector. Most
previous works begin by trying to find feature points in a entire
scene and make a complete line drawing. It is very difficult to
get a complete line drawing without knowledge atout a scene. It
the line drawing has some errors, the reccgnition by a theory
based on the assumption of the complete 1line drawing such as
Guzman’s might make still more serious mistakes. Our work is
an attenpt to recognize objects ster by step, at each time making
use of the previous results.

We assume in this paper that the difference in btrightness
between objects and the background is large encugh to detect the
boundary approximately. At rresent, this program works for

recognizing moderately complicated configurations of blocks and
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wedges. The limitations and proposals for future development

are described later.
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2. GENERAL STRATFGY

2.1 Priority Of Processing

For convenience, we set ur the edges of the objects in s
scere as falling into % classes. A line formed at the boundary
between the bodies and the outer background is a contour lire of
the bodies. Ir Fig.1, lines AB, BC, CD, DE, EF, F¥G, GH, HI, IJ,
JK, ¥L, LM, MN, NO, AO, VW, WX, XY, YZ and ZV are contour lines.
A Toundary line is a line on the btorder of an object. Contour
lines are boundary lines. 1In Fig.1, the boundary lines are the
contour 1lines and lines on the boundary between two bodies, i.e.
CpP, PH, 1IQ, QR, and RM. An internal 1line occurs at the
intersection of two planes of the same body. Lines JS, LS, QS,
PT, NT, AT, FU, GU, DU and XV are internal lines.

The global strategy 1is shown in Fig.2. At first, the
contour 1lines are extracted (because we assume a priori enough
contrast between the objects and the background). If more than
one contour is found, as in Fig.1, one contour for bodies Bl, B2,
B3 and another for body B4, then the boundary lines and internsl
lines are searched one by one for each contour. The global
strategy in block 2 in Fig.2 is as follows.

A) Find boundary lines before finding internal lines because
boundary lines often give good cues to guess internal lines.
Note that to find boundary lines implies to find bodies.

B) In searching for 1lines, different situations require
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examination of larger or smaller areas. In our strategy, the
smaller the area required to search lines, the higher priority
we give to that search. In Fig.1, for instance, to determine
the existence of a extension of line BC, it is enough to search
a small area whose center is on the extension of the line. To
find 1line IC, however, we should consider all possible
directions of a line between IP and 1J. Thus the former search
has priority over the latter.

The rriority to extract the most obvious information first
is in the following order.

1. If two boundary lines make a concave point (such as
point B in Fig.?), try to find an extension of them. If only
one extension is found, track along this line. Most of such
cases are like in Fig.3 (b) where one body hides the other.
We can determine to which side of body this line belongs.

24 If no extensions of two concave lires are found, try
to find another line which starts from the concave roint. If
only one lire is found, track along this line. Most of these
cases are as in Fig.3 (c) where it is not clear locally to
which body this line belongs. In Fig.? (c¢), line FD belongs
to the upper body; but this is not always true. That is the
lines AB, BC, BD are not sufficient to decide the relation.

3. If both extensions of two 1lines are found at a
concave point, try to find a third one. If only one line is

found, track along this line. This is the case as shown in
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Fig. 3. Examples of concave boundary lines
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Fig.3 (d) where the third line is the boundary line.

Whenever tracking terminates, an attempt is always made to
connect the new line to the other lines that were already found.
If more than one line segment is found in (1), (2) or (3), the
tracking of those lines is put off hopefully to be clarified ty
the results of knowledge obtained in simpler cases. Fig.4
illustrates twoc extensions found at concave point P. The
interpretation of the two lines is put off to treat simpler cases
first. That is, one would continue examining the contour and
lines AE and CD might be found rext; then, by a eircular search
at points B (which is explained later), line EP would be found.
At this stage it is easier to interpret lines AB and FP sas
boundary lines which separate two bodies. Then line DP might te
found similarly and interpreted correctly.

4. If an end of a boundary line is left unconnected as
PQ in Fig.5, try to find the line starting from the end point
(Q in this example) by circular search. If multiple lines
are found, try to decide which line is the boundary. If 2
boundary 1line is determined, track along it. In Fig.%5, the
dotted lines are found by circular search and the arrows show
the boundary lines to be tracked.

5. If no line is found in the case (4) as stated above,
extend the line (PQ in this example) by a certain length and

test if the line is connected to other lines. If not, then
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apply circular search again as in (4). This is necessary
because the termination point of the tracking is not always
precise.

Note that this process can be répeated until successful
(that is either the line is connected to other 1lines or 1lire
segments are found ty circular search).

6. If the Ttoundary lines of a body are known, select the
vertices of the boundary that might have internal lines
starting from them. The selection of vertices is based on ‘
heuristics such as selecting uprper right vertex rather than
lower right vertex. At each vertex, try to find ar internsl
line which is nearly parallel to other boundary lines. If
one line is found, track along it. 1In Fig.1, for exesmple,
internal line JS is parallel to the boundary line KL or IO,
and QS is parallel to R1 or IJ. Line FU is parallel to FD
and XV is rarallel to XZ. Thus it is often useful to find
internal lines parallel to toundary lines of the same body.
Note that search for parallels has small area.

7. If no 1line is found in (6), try to find one by
circular search between adjacent boundary lines. When one
line is found, track along it. In Fig.6, circular search
between BA and BC is necessary to find the internal line BF.

8. If two internal lines meet at a vertex, try to find
another internal line starting at the vertex. This process

is used in two cases. One is where no .internal lirne was
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found in (7) because of little difference in brightness
tetween adjacent faces. Suppose in Fig.1, that the intermal
line SJ was not found at vertex J, but that LS and QS were
found. Then try to find an internzl line starting at S
toward J. If there is enough contrast near S, a line segment
is found. The other case is where a body is partly hidden ty
~other bodies. In Fig.6, the triangular prism is partly
hidden. After BE and CE are found, EF is searched for. In
both cases, the direction of the lire is sometimes
predictable and sometimes not. If it is predictable, then
try that direction. If it is vunpredictable or if the
rredicted direction failed, then aprly ecircular search
between the two internal lines. If one line is found, track
along it.

9. 1If an end of an internal line is not cornnected to any
line, try to find lines starting from the end by circular
search. If lines are found, track along them one bty one.

10. If no line is found in (9), extend the line by s
certain length as in (5) and test if it is connected to other
lines. If not connected, try circular search again as in
(9). This process can also be repeated until successful.
Fig.7 illustrates this process. In Fig.7 (a), line MN° is
not connected to others at N°, thus step (9) is tried at N°
and fails. The 1line is extended to P and (9) is again

applied. This process is repeated until the 1line is
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