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130%;. are tre able  t o  ascer ta in  tk:e sl.;.apes 09 unfz:;li?!i~r 

objects?  I:l'hy do we so  se1,dom confuse shc.do':e with rm.1 c;b;j.:;c t s ?  

!-!ow are w e  able t o  "factor  outu  sh~ld01.1~ w h e ~  we 2re i.ntcr,;c-c: t i q  
. - sce~ies? SOIJ are tre able  :to see the r.:orld as ha.vini; r.12 Y;C s c ~ " i : l ? r i  

ideritil;;? whether it is  E. bright  surny d2y, an o v e r c ~ s t  (.;.!?;;, c r  F 

nizbt  with cnly s t r e e t l i g h t s  for  iLiu:fiir:ation? In  t1:c t~rxs  cf  

t h i s ;  how can we recocnize the  identity o f  Zi,rurer; 0. l 

0.2? Do we learn t h i s  ident i ty  sad vse our Imowlcd:e to ilztcr2ret; 

. w h a t  we see, or  do we scmehcw a ~ ~ t o m a t i c a l l y  see the world as 

s t a k l e  wrd indepndent cf l igh t ing?  Fut another way, ao we med 

. to ' a b s t r a c t  ~ l o h l  -gropert ies oi' a scene such as lic;htii?~: ir! 

order t o  understand w t i c u l a r  scene featw.es, o r  is a knowiedp 

of relatively local fea tures  alone su f f i c i en t  f o r  i n t e r ~ r e  tz t ion  

without the format ion of global hypc theses? 

Various theories  h~.ve been advanced t o  explain how we 

e x t r a c t  three-dimensioml infomation from scenes. 3or exmy~le, ' 

we can ~ e t  uepth rind. distance i ~ f o r m a t i c n  ; f r o m  motion Aw.ralLax 

an& f o r  objects  fairly close t o  us f'ron eye. focus feedback znc! ' . 

prllax. E G ~  this does not explain how w e  2:re zhle  t o  vnciersta'id 

the thrce-diinensional nzture of photozrzphefi scenes, Yerhaps we 

ttcq*ire knort;ledce o f  the  s h s p s  o f  objects  by hsndlinfi then . 

mving s ro~uid  thsn, an6 then USF. r o t e  n:emory t o  assizn s h a p  t o  
- 







-- objects  tiller:, t.Je r e c q n i z e  then i n  scenes, r;ut tkis 2.02~ 20.t 

~xy i ,%in  hot1 !,re can rerccive the shnws cf o5;ectr i.lc >;-so nrv:,r. 

scel? ?,bef'ore, Sir ; i lar ly ,  the f2c-l; t ha t  we ca tel.1 t h c  :;?.,?,?-\z. c.; 

d e t z i l s  t o  zscertairi ~ i l ~ p E ? ,  tho~*:$=~ I& say. of col$rse use ;i..e:..,'~i.;.:? 

g racients  a id  other d e t a i l s  to  ~ e f i r , c  cer ta in  l i . i~es ,  

I uvldertook t h i s  r e s e a c h  rs i ih  the belj-ef -that i.t i.s 

possible t o  discover rules whick w i l l  allow a I ~ro..rrr., .-, t c  o;:)t::ii.; q. 

three-dinensioml m ~ d e l  of a. scene, given ordy 2. rezsoru?.bl:; ::ooc; 

l i n e  drmiq of a scene, It seetis to  me that  while the use cf 

r q e  f inders,  mult iple l i ,yht  scrurces Lc help e l imi~xi te  shz&ows, . 

and the r e s t r i c t i o n  of scenes to  known cbjects  may a l l  Trove 

useful f o r  v a c t i c a l  ro?ots, thcse e ~ w o a c h e s  A ... avoid corrjw t o  

airs with the r~tm-e of perception a d  the implici t  thee- 

aimensicnal information i n  line .clra~;iiigs of r e d  scenes, While I 

would 'oe very cautious a'oout c l a i n i r , ~  p,raU_els betwen the rules 

in xy prograi htui~an v isua l  rrocesses , at  . the  very least I 

have shown that i t  r:!W lye. ,nossible t o  \ , ~ i t e  ca,mble v is ion  

proL.,rms rtrhic3? t s e  only an "eyeJ1 of sorcte so r t ,  This nears tFat  

rescarcl. tax be concentrated on areas which nay have d i rec t  

iap1ications on our imderstandix,~;~ of' numn ;ercepticn, 



., - .  . These.aze some of the issues on which I h o p  t c  ,r,k~i?, ~l:::i,t 

i n  this Ampro In i t  I uescribe a sg7sten: whick s.ssi[.ns l ;>re~- 

dime~~sic-nal descriptions to  lilies m d  re~i0r.s i n  lilx dl-zy.>;i~;ys 

which are oktained from scenes composed of ~lai~c-faced c b j oc  t*t; 

under various l ight ing conditions. :his kys t.ern c a ~  then id.3~: %-. ti?; 

s h ~ ~ o w  lines and recions, s o u p  r e ~ i o n s  which b e l o n ~  t o  t l : ~  sz..i.i:c 

object,  fin^ re la t ions  such as supAmrt and iwfront-09/im~i?ij..i2 

. ' i t ~ e e n  objects, and provide inf'ormation about the spacial 

or ientat ion of vai-ious regions, a l l  us ing  tke d e s c r l ~ t l c n  i t  3% 

generated . 

The overal l  goal of the systen is t o  proviGe a precise 

description of the scene which cave rise to  a particulaz l i ne  

drawing. It is therefore ixnprtant t o  have z. good lwuage i n  

which to  describe features of scenes. Since 1 wish to  have the 

p r o s a n  operate on un fmi l i a r  objects, the l.awxe I use nust be 

Capable of describinz such objects. The 1-as I have developed 

is an expansion of the labels invented indezendently by i-Iuffnan 

(7) and Clot.:es (1). 

The lzxguqe ccnsis ts  of labels  which are assifled to line 

sep.ents a.nC recions i n  the scene. These lakels describe the e d ~ e  

geor.e t ry ,  t he  connect ior. o r  lack of connection Letwe5n ad jaccnt 



I 
regions, the or ientat ion of each recion i n  three dir::r3n~i.oii~, 2i'i,.: 

the nature cf tke illluminatcn fcr each region ( illur.:iii,?.te~Z., 

_po;ected shadot~ region, o r  reL$on f a c i r c  away f roil? t)ie l i p : ; "  2 '- L 

9 .  - 
source), ?he coal  of the TroTxn is to  assizn a sirz:_lr, ~ . i  .+:i 

value t c  each l i n e  2nd region ir, the l i n e  dralc~i~:z;, ~,:rcc:~.t i:- 

ases  ~ d ~ e r e  h u m s  a l s o  find a fea ture  to  be ,z~:Cr..i~v,ci~. 

This lwuase allows precise def in i t ions  of such ccncel-ts 2s 

suprorts ,  supported by, i n  f ron t  of,  bellii~d, r e s t s  a::air:,r-;t, 

shaLows, is shadowed 'oy, is c a p b l e  of s u p p c r t i ~ g ,  l c ~ w  on, azli 

others. Thus, if i t  is p s s i b l e  t o  l a b e l  each feature of' a Ecem 

uniquely, then it  is possible to d i r e c t l y  ex t rac t  these r e l ~ . t i o n s  

(. from the descr ipt ion of the scene proviaed ky t h i s  la'oeliq. 

The basic data  of the x r o g m  are lists of possible l i n e  

label assipuaents. f o r  .ezch type of  junction i n  a l i n e  drawins, 

mile a natural l w u a g e  analogy t o  these labe ls  could ke 

misleading, I think tha t  i t  h e l p  in e q l a i n i ~ z  the basic 

operaticn of' t h i s  portion of the prograrr,. 

If w e  think of each possible le'bel f o r  a l i n e  a. l e t t e r  in 
t h e  alyhabet , then each j w ~ c t i o n  must be 12'beled with a,n 
ordered list of uglettersll t o  form 2, l e ~ a l  " t ~ o r t i ~ ~  i n  the 
lar igua~e . Xwthergore, eack I'wordgJ m a s t  match t.he ll\rordsgl 
for  surrounain~. jwct ions  in order t o  form a l e ~ a l  ll~?jraselJ, 
an6 all ' l p h x a ~ e ~ l g  in tke scene nus-1; a,Tee t o  forn a le:.al 



Itsentence" for  the en t i r e  scene. The knowledze of the ~ ,y s t e r~  
is  contained i n  (1) a dictionary containiq: every lelzd. 
81word11 for each type of junction, and (2) ru les  by whick! 
IJwordsJf can legal ly  combine with other "words11, The rncze c E' 
the dictionary en t r i es  defines the universe of t hs ?ro:rar::; 
this,  universe can lz expanded by addinc new entr ier  
systematically t o  the dictionary, 

In fac t  the "dictionarytJ is not necesszrily a stored list. 

The dict ionmy can consist of a re la t ive ly  small list of +m~siblc 

edge gecmetries for  each junction type, and a s e t  of rules 1ihici.1 

generate the complete d ic t ionar j~  from the original lists. 

Depending on the amount of compt.ter memory available, it 

e i t he r  be desireable t o  s to re  the complete lists a s  c o n ~ i l e d  

knowleQe or  t o  generate the lists then they are needed. In my 

current progam the lists are p r t i a l l y  precompiled. 

The composition of the dictionary is interest ing i n  its otm 

right. While some basic edge geometries give rise to  many 

dictionary ent r ies ,  some give r i s e  to  very few. The t o t a l  nmber 

of en t r i e s  sharing the same edge geometry can be as low as three 

for  some AREOW junctions including shadow edges, while the nmber 

generated by some FORK junction edge geometries is over 270,000! 



There is a considerable amount of loca l  informp.tior, x:!hS.c!7_ 

can be used to  se lec t  a subset of tee t o t a l  numter ci' 2 i ~ t i ~ n z . r : ;  
C 1 1  en t r ies  which are a~prop r i a t e  fo r  a particular :unction. lilt. 

f i r ~ t  piece of information I have already included inp l i c i t l y  ia 

the idea. of junction tyse, Junctions are t y p d  ~ccordin~ to t 3 e  

num'cer of  l i ne s  which make up t h e  junction and the two 

dimensional arrangement of these l ines,  In figure 0.3 I shov aU. 

the junct.ion types which can occur i n  the universe of the 

program. The d i c t i o m y  is arraxged by junction type, and a 

standard ordering is assigned t c  a l l  the l i ~ e  segmects ~tihich make 

(.- . up :unctions (except FORKS and hiULTIS). 

We can also use local  region brightness and l ine  s e g e n t  

direction t c  preclude the assignment of certain labels  t o  lines. 

Tor e m p l e ,  i f  we know that  one recion is b r i a t e r  than an 

& jacent region, then the l i n e  which serarates the regions can 1:e 

labeled as a. shadow region i n  orJy one way. There are other rules 

which r e l a t e  region orientation, light placement and reeion 

illumination as wen as r u l e s  which l i m i t  the nwnber of labels  

which csn be assigned t o  l i n e  segments which border the s u m a r t  

surface for the scene. The Frogan is able to  combixe all these 

types of information i n  finding a list of a ~ p o r r i a t e  labek fo r  

a single jw~ction. 
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Soli.birlction rules E r e  use6 t o  select froa the initi .%l. 

zss~.:pzien.i;s the label o r  labe ls  which ccr rec t ly  ddcscribc i;h. 

s c m e  features  tha t  could have yroduced each jur c t ion j.2 t>:,i: 

~ i v e r i  1j.x ilra~vin,:. The s i n ~ l e s t  tyye of co~~bin.~l; iori  rci.3 ..ii.rf.?i;;; 
cj 

states tha t  a l a b e l  is a possible descr ipt icn fcr a 2iulctiol.; ii' 

and only i f  there is at l e a s t  one l ibe l  which "metcher;" i t  

assiiyneC to  each ad,iacer,t junction. Tr.jo labe ls  llmatch" if .r.z:G 

ordy if the in te rpre ta t ion  assifined b~r cne :~xiction l a b e l  i;c tkc 

l i n e  secment which 2oins the twc jmctions is t h e  sz;ie es the 

in te rpre ta t ion  a s s i ~ n e d  t o  the l i n e  segrient by the other jwncticn 

label. 

Of  course each in te rpre ta t ion  ( l i n e  labe l )  is r e a l l y  a 

shorthand code f o r  a nwr.ber of values assigned t o  the l i ne  and 

its adjoining regions. If w e  cac shcw t h a t  any one of these 

consti tuent values cannot occur i n  the given scene context, then 

the whole complex of vdlues fo r  tha t  l im  expressed i n p l i c i t l y  i n  

the in te rpre ta t ion  cannot be Apossible e i ther ,  and f 'wthermor~ my 

juiction. l a k e 1  which assigns t h i s  i c t e r ~ r e t a t i o n  t o  tbe Line 

seg~ient can be eliminated as well. Yhus when w e  choose a lzbel 

to ciescribe a paxt'icular jmct ion  w e  cors t ra in  all the :unctions 

G I ~ ~ c L !  touch t h e  regions s u r r o u m i i l ~  t h i s  jwlcticn, even thori?h 

the con'l:inf%-lion rules o ~ l y  compre a,d jzcen t junc t ~OYLT,  



Lore conplicated r u l e s  are needed i f  it is necessary t c  

rebate :unctions which do not share .  a visible resior:. o r  l i i l ~  

s e g ~ e n t .  Yor example, I thou&t at the outset  of 5;; r.!ork t k i  it 

rnir;l?t be necessary to  construct models of hiddea ve r t i ces  o r  

features which faced awzy from t h e  eye i n  order t o  f ind  w i c  UE 

laixls f o r  the  visible features. The d i f f i c u l t y  i n  t h i s  is t h t  

unless we know which. l i n e s  represent obscur iw edges, ve do n o t  

knok; where t o  construct  hidden features,  but if we nged the 

hidcien features t o  l a b e l  the lines, we may 12ot ke a k l e  t o  decide 

which lines represent o ' icuring edges. A s  it turned out,  no such 

comrlimted rules and constructions are necessary i n  ge~eral; 

most of the labeling p r o b l e ~  can be solved by a scheme which only 

compares adzacent junctions. 

RESULTS 

When I began to write a propan;, t o  implement the systeri~. I 

had devised, I expected t o  use a tree search .system t o  f ind  which 

labels or  "wordsu could be assi,ged t o  each junction. 1-Iowever, 

the nunher of dictionary entriez fo r  each type of junction is 

very h i l h ,  ( the re  are almost 3OCO di f ferent  ways t o  label a. ZaGRK 

junctior. be fo re  even cons ider iw the possible rezion 

or ien ta t ions! )  so I decided t o  use  a s o r t  of f i l t e r i n s  FrqPyani 

before coiry: a f u l l  tree search. 



Yi'l.1~ f i l t e r i n g  rxo::ram c o a ~ u ~ t e s  the f u l l  li;.; t 02 d . i c s  i ; i  fir. i.:n7: 

entries f o r  eack jjw~cticn i s?  t ! ?~  scene, clir.in;::l;e~ frr).,-: i;' ..:: :I:i;:'i 

t?!.oc;e l z i ~ e l s  which cam 1.e pr?ciuded cn the kssj.:: o F i.r~c;.L 

fe~turer . ,  a,c,si;q~s csch re,ducrx.l list t o  its ~ I ~ C ' L ~ . C ~ ~ * ,  i3.:':, 1;- *. :: 

cor:~:rutes the poss ible  l z b e l ~  fo r  each l i n e ,  ~xc;ir: -- L1 .:: YP:.:: t :.: I : : ! ;  7;. 

l i n c  lal:el is yfissible only i f  there  is at 3.ea:;? onc- ;iui..ci;i: i-; 
3 -. . .. . label at e x h  ena of the  l i m  wkicl., contains t h r :  l i r , ?  1;: !;<>,i. .:.,;l;.r; 

list is t h e  i n t e r s e c t  ior, of the two 1isl;s of' ~~oc:.::;i>j.].i t i c 2 2  

com~uted- from the j m c t i o n  labels at  the: emis of'  t ; : ~  lirie 

sc iyent .  If  any junction lake1  voulC a s s i cn  2 i r ; ter~:re tz.tio1 t o  

t h e  l i n e  s e s e n t  which is not ir, t h i s  i n t e r sec t ion  lis.l;, tl~cil 

that Label can te z l in ina ted  Tron ccnsiiieration. The filterin,: 

procram uses a network i t e r a t i o r ,  scherne t o  sys temat ica l ly  renovc 

aJl the i n t e rp re t a t i ons  which me precluded by the e l i n i n a t i o n  c:P 

la'ixls at a p a r t i c u l a r  :unctio,n. 

klhen 1 ran t h i s  filtering Irograrn I was mazed t o  f'inc! t ha t  

i n  the first few scenes I t r i e d ,  t h i s  prosran fcund a unique 

la'hl f o r  each line. h e n  when I t r i e d  considersbly nore 

c o r n ~ l i c ~ . t e d  scenes, there  were only a few l i n e s  i n  ceneral  which 

%!ere not  uniquely sr:ecif 'ied, an6 sone of' these vere e s s e n t i z l l y  

ambi,yovAs, i.e. I cculr! not decide exact ly  tihat s o r t  of e d , ~ :  :?aalre 

rise t o  the l i n e  secinelzt myself. The otkier anbi t -u i t ies ,  i.e. t h e  

ol?es ;$?rich 7; could rreoolve r:.yself, i n  :enere1 require t k a t  t.ke 



procrar! recognize l i n e s  which are p x a l l e l  o r  ~ o l l i n c ~ a -  or  

regions lqhich meet slow, more tlmn one l i n e  se,~:.snt, hercc 

requ.ire Illore global a ~ e e m e ~ t ,  

I have been able t o  use this s y s t e ~  t o  i n v ~ s t i ; s t e  a Irr;:~: 

numlzr of l i n e  drawinss, including cnes w i t h  missinf l i res  ::li-i 

oneE with numerous accidental ly  aliened junctiors, 5ro1.i t h w s  

inves t ica t ions  I can say with some cer ta in ty  wh.ich ty_ms of scel:e 

features can be handled by t h e  f ' i l . t e r i iy  _prozrm; a16 which 

require  nore c o ~ p l i c a t e c  process in^. kjhether o r  not nore 

processing is required, the f i 1 t e r i r . i ~  systenl provides a 

com~uta t ion j l ly  cheap method. fo r  acquiring a great deal of 

infornation. Tor exanple, in most scenes a lariye percentxe  of 

the  line s e m e n t s  are wnambiguov.sly labeled, and. more complicated 

processing can Le directed t o  tke areas which remain amkigucus, 

As another exam~le ,  i f  w e  only vish t o  know which lines are 

shaaows o r  which l i n e s  are the outside edges of objects  or how 

many objec ts  there are i n  the scene, we may be eble to  @t t h i s  

information even tho@ some amlliguities re ra in ,  since the 

ambiguity m+y only involve region illumination type o r  reeion 

or ientat ion,  



ii:r system t i i f fe rs  f'roni previously ~:roposed one2 ill C C > V F - : . ~ Y ~ ~  

inpor taxt ways : 

T i r s t  , i t  is akle t o  ha-ndle a auch broz.der r,ay:s of sccne 

types than have previous proFjarns , The rroivyail! uniiers t rnds'' 

slzaCows mu apAprent alippment of euges caused ky the ;:~.rt;icv.!-.x 

placement of the eye with respect t c  the scene, s o  thet no 

spec ia l  e f f o r t  needs. t o  be nade t o  zvoid problec?atic Eea.turcs. 

Second., the design of the Frogram f a c i l i t a t e s  its 

integration with l ine-f indiw programs and h i & e e l e v e l  proframs 

such as programs which deal with natural  1-a- o r  overal l  

system goals. The systerz can be used t o  write a program which 

automatically requests and appl ies  nany difYerent types of 

infornation t o  find the p o s s i b i l i t i e s  fo r  a s i n c l e  feature o r  

p r t i o n  of a scene, ' 

Third, the propam is able to  deal with ambiguity i n  a 

. nat.mal manrir, Some fea tures  i n  a scene can be ambiguous t o  a 

oerson looking at the szme scene and the prcgraxi is a b l e  t o  
J. 

preserve the t h e  v a r i o i l ~  poss ik l i t ies ,  This tolercmce of 

a.uobiz;uity is cent ra l  t o  the philoso$ihy of the p o p m ;  rather 

t h a i  tryii: t o  r ick the "nost probablet1 in te rpre ta t ion  cf any 



features, t h e  program operates by tryinf: to  elilr.inate ir:yossi'Sle 

in t e rp re ta t ions  If i t  has been ziven i r s u f f i c i  ent i.~lf'or1:,at i0i1 t o  

decide cn a unique p s s i b i l i t y ,  then i t  preserves rJl t ine  .~.ctive 

possibilities i t  ki~ows. O f  course if a sin@ i r t e r p x t s t i o r .  is 

required f o r  so%e reason, one c ra  be chosen fron t h l s  list Ly 

h e u r i s t i c  rvles, 

Tourth, the proparr; is algorithmic and  doc?^: not. req,uirc 

f a c i l i t i e s  f o r  back-up i f  the f i l t e r  popmi finds r;?.n aCiequzt2 

description- Heuristics have been used i n  all p r e v i ~ u s  vis icn 

prourns t o  approximate r e a l i t y  wi th  the most l i k e l y  
\ 

in te rpre ta t ion ,  thereby s i m ~ l i f y i n g  the description of r e a l i t y ,  

but requir ing sophis t icated proflams to  patch up the cases \!here 

the approximation is wrong; i n  ay propan 1 have used as cocplete 

a descr ip t ion  as I could devise with the r e s u l t  t ha t  the propaxis 

are par t i  cu la r ly  simple, transparent and powerful. 

Fifth, because of t h i s  s imr l i c i ty ,  I have been able to  write 

a program which operates very rzpidly. As a prac t i ca l  matter t h i s  

is very usefizl f o r  d e b w i w  the system, and allows modificst iori  

t o  be made trith relat ive ease. hioreover, because of its speed, I 

have been akle t o  test the rxogam cn many separate l i n e  d r a w i ~ s  

.and have thus been able  to  gain a c learer  mderstandinz of the 

c a p . b i l i t i e s  and ultimate l imi te t ions  of  the progrm, In turn, 

t h i s  unLerstanding has l e d  and should ccntinue to lead t o  useful 

. 



modifica.tions and a :~ jea te r  understanding of thc na iwo  xad 

c o n ~ l e x i t y  of procedures necessary to hsndle v?xi3ious t 3 r , r : ? ~  c C" 

S C ~ I I S  features, 

Sixth, as explaineti i n  the next sec t  iori, tk-e descri2t iv:> 

1a.rqua~e prcvides a theoretical  foundation cf ccnsiC,2rsi:..lc v ~ 2 . 1 ~  

i n  sxp la in i r ,~  previous tiork. 

In f i b w e  0.4 I show some cf the l i ne  &avin;~s f o r  whicli the 

systern produces unique labelingso In  ficure 0.5 the ambi3ov.s 

l i n e  segments are narkeii by thicker l ines,  m d  211 cthers are 

unar~biguous. k t  t h i s  writing the system does not use l i ne  se:-;:;rneht 

direction or r e ~ i o n  orientation, except that  the proprzm 

distinguishes between the table and all other regions, The time 

the pro~ram required to  comzletely label  each l i n e  drawing is 

noted below it. 





39 seconds 

FIGURE 0.5 



0.7 IlIS1ORICAL EERSEECTIVE 

One of the great vzlues of the extensive ilascriptivs 

appxatvs  I have develored is its a b i l i t y  tc e x ~ . l a i ~ ?  tile nntu.1'5 
- 

and s h o r t c o ~ i ~ s  of past work, I w i l l  sk.ow i n  t h e  @P -iiij:.? 

mper how my system can be used to claripj the ;:roGar:!s c f' t !x/;::iz:n 
.I. 

( 6 ) ,  Rattner ( IG) ,  Euff~san (7) and Clowes ( I ) ,  Crbrbar! ( ,  . t c  

explain portions of the  work of Winston (13) ant l i n i n  (4,3j. ?cr 

em~.ple, I show how various concepts such as lJsu.pprtu 2x6 
'I 'I ' l ~ k e l e t o n ~ ~  can le formalize6 i n  my descr ipt ive la.ngu.%e. l:rcrn 

t h i s  h i s t o r i c a l  comrarison ernerces a s t r i k i n g  de.monstration of 

the a b i l i t y  of  good descriptions t o  both broaden the r a g e  cf 

a p p l i c a b i l i t y  of  a popyam, and s imr l i fy  the prograx: s t ructure ,  

O i  8 IlYIPLICATIONS FOR HUlcAi I;ERC.PTION 

Ey belief that the  rules \&iich govern the in te rpre ta t ion  of 

a line drawing should- be simple is based on the subjective 

impression t h a t  l i t t l e  a-bstaction o r  processing of any type seem 

t o  be required fo r  me t o  be able t o  recogniie the shadows, object 

edges., etc, i n  such a drawing, i n  cases where the drawiri is 

reasonably simple m d  complete, While introspection has been and: 

should remain suspect i~?, juasinc the v a l i d i t y  of such 

imlpressions, there is nc other source for ju6ge~ents  on which 

course c Z  ii:vcstigation is mst l i k e l y  t o  prove successf'ul. I do 



not believe t lmt hum prceytuz.1 processes necessarilg:. ~ 3 . 5 ~ :  : i ibl .~  

the FJ-ocesses il: my propam, b u t t h e r e  a r e  vsri~us ~:;:ects c."' . A ... 2: 

s o l u t i o r  trkiich 2ppeal to  my in tu i t ion  aLout the n a t u e  c" 
. . .  perception, i.e, tha t  & x r t i c n  of' the probler:.. ~l?.fcl: :I.:; ~r!a~>rr.i.lci.-;r-:.z'i, a .- 

of the ty;m of xerceiver. I th isk  it is si:;n.ifj.cxnt .tii?.L ::iy 

rxo,l:ram is a simple as i t  is , and that  the in ior r~c t io~:  s-h<:r& 
I 

r7 i n  i t  is incependent of particulcw. cbjects.  lhe  fact; t h ~ t  'thzcI.c-~.;? 

is not necessary i n  general, the f ac t  tha t  the ~ystei.1 xcrks ?or 

picture f r a p e n t s  as well as for  e n t i r e  scenes, the fact t k 7 . t  tl:e 

processing time required is prorort ional  to  the nuaksr o f  l i n e  

s e g ~ e n t s  ma not an exponential Puiiction of the nunker, a l l  le& 

me to believe tha t  my research has keen i n  the r i g h t  directions.  

Clearly there are considerable obstacles tc be overcone i n  

extending this work to  general scenes. Ior simple c w e d  objects  

such as cylinders, spheres, cones, a d  conic sections,  there 

should be no par t icv lar  problem i n  u s i w  the t ~ p  of program 1 

have written, I also believe tha t  it w i l l  be pssible tc ha;r,dle- 

somewhat more -era1 scenes by approximating the objects i n  thela 

by simplified 81envelopes11 which preserve the gross form of the 

objects  but which can be described i n  terms l i k e  those I have 

used. Before t h i s  can be done successfully, the problen of 

reconstructing the invis ib le  &mrtiors of' the scene must be solved 

i n  n:y estilrstion. The sc lu t ion  t o  t h i s  ~ rob lem is ixtimetel:. 

comected t h e  problem of u s i ~  the stored description cf ah 



obScct t o  @de the semch f o r  instances of this ob:cct, o r  

s i n i l w  objects i n  a scene. Fwrther~ore, I kelicve t h a t  t kc  

a b i l i t y  t o  label a line drab:in~ in the rmnner I descri'w r-res"i;? .. .. 

simrlifies the specification an6 solut ion of these rroblsj;:s. A t  

the end of this p,wr I w i l l  discuss these ,cro?jlens .XI?. ot?!c:r 

directions i n  which I 'believe tkat vis ion r e s e ~ ~ c h  can y o f i  t.r i 'kiy 

e x p d .  



T .li LX. This ,pcrtion of tlie paArer was m i t t e n  s e p ~ x a t e l y  :L:" 
' 

included. with t h e  introduction to  my t hes i s  i n  crder to  nrol*i.de ;:. 

brief picture of my .r~ork, So:ae of the ra.te.rial j.n t l : is  c>~sz-l~?r i.s 

a l i t t l e  outdated, but I decided not t o  revise  tli5 cl.~~.-t:x- 1'0 

t ha t  I coulb produce t h i s  vision f l m h  ss ra2idly as ~oesi 'c:ls.  

In order not t o  confuse you, l e t  ne make some d is t inc t ions  

be tmen  the scene i tself (objects,  table,  w-d shadovs) 2nd t3e 

r e t i n a l  representation of the scene as a two-di~ensional l ine  

drawing. I will use the te rns  vertex, e d ~ e  m d  surfme t o  refer 

to  the scene features which map i n t o  jwction, l i n e  and region . 

r e s p c t i v e l y  irl the l i n e  drawin&. 

Therefore the  first subproblem is t o  develop a 1 q ; u q y e  t h a t  

allows u s  to  describe the scene itself, I b v e  done this by 

a s s i p i n z  m e s  called labe l s  t o  l i i~es  i n  t h e  l i n e  &awiv, after 

the manner of Huffman (7)  and Cloves (1). f o r  exanple, i n  

fi,qure L1 line segr.ent J1-J2 is labeled as a shadot! e d p ,  l i n e  

52-23 is labcled as a concave cdse, line 5 3 4 1 4  is la'mled as a 

convex edge, l i n e  54-55 is labeled zs an obscuring edge and l i n e  

212-Jl3 is labeled as a crack edze, 

c . 



FIGURE 1.1 



$ken we lock at a l i n e  d r a v i n ~  of t h i s  so r t ,  i n  ; w s r z l  we 
- caa eas i ly  understand that the l i n e  drawing rep2ssent.s. .In tc;r:i~. 

of the yroblem statement e i ther  (1) we ase able to a.ssi.cn i ~ h l s  

uniquely to  each l ine ,  or  (2) we can say that no such scene cou l~ i  

exis t ,  c r  (3) w e  can say that althou@ t!e tact decide 

u n a r ~ ~ i ~ o u s l y  what the l abe l  of an edge should be, i t  ji?t-st Ize 

labeled with one member of some sApecified sxbset of the l;otcn.i 

nmt.er of labels. \hat Imowledge is needed t o  eiiablc t;he _prczr(xii 

t o  reproduce our labeling a s s i ~ r n e n t s ?  

Kuffman and Clowes provided a prtial answer i r ~  the i r  

papers, They pointed out that each type of Junction can only be 

( labeled i n  a few w ~ s ,  and that  i f  t ~ e  can say with certainty what 

the label of' a p r t i c u l a r  l i n e  is, we can great ly constrain a l l  

the lines which intersect  the l i n e  s e s e n t  at its efids. A s  a 

specif ic  example, i f  one branch of m L junction is labeled as a 

shadow edge, then the other branch must be labeled as a shadow 

edge as well. 

)!oreover, shadows are  d i r e c t i o r d ,  i.e. i n  order t o  s p c i f j  

a shadow eQe, it must not only be labeled J1shadowM but must also 

be ~ a r k e d  t o  indicate which s ide  of the edge is shadowed and 

which side is illuminated, Therefore, not only the type of ed,~e 

but  the nature cf the regions on each side can ke constrained. 



These facts  can be i l l u s t r a t e d  i n  2. jicsaw T)UZZ~:: slzair-y, 
-r sl?o~~m ir_ f i ~ u r e  1.2. Given the five d i f f ' c r e ~ t  c d y e  ty-wc I S-,.~.vr, 

d iscussed sc far, there are seven different ways t o  label 2r.y 

l ine  se,.-inelzt. Tkis implies t h a t  i f  2.11 l ine  la-bels x 6 : . m k ?  a s s j . y i ~ ~ ! C  

indepenGentiy t h e r e  would be 72 = 45 d i f fe ren t  1:a;is t o  l G o i  :>I 

L, *,3= 34.3 ways t o  l a b e l  a three-line junctian, etc. I n  ik'ct 

there are only c;' ways i n  which real scexe features can r a ?  j . r~to  

Ls on 'a retinal p o j e c t i o n .  See tahle 1.1 f o r  a s u l r a ~ r y  of ti?a 

ways i n  which junctions can be assicned labels from t h i ~ :  set. Ir 

f igwel3,  I shot! all the possible labels  f o r  each junctiokz t y ; ~ ,  

limitiw myself t o  ve r t i ces  which are formed by no pore than 

three planes ( trihedral vertices). 
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i;a'lels can be assicned t o  each line secment 'uy a tree? f. 29~'c;1? 

procedure, In  term of the jigsziq puzzle ~ m s . l o , ~ ~ ,  irl;:3,:-:j.i.;u ti. ...? t r..~? 

have the  following items: 

1. A board with channels cut t c  rerresent  the li:ie dr~~t:in:-* .. 5 

the  board space can accept on1 L pieces at eack plece vherc tilc Z l i n e  dra.wix has an L, only AX:CI.II pieces where the  7 . i m  iira~:iq~ 
has an MROk, e t c ,  Next t o  each junction are three bins, a s k e d  

junction numberM, 9 m t r i e d  labels11, and " t r i ed  labelsI8. 

2. A full set of pieces f o r  every space on the h a r d ,  If t k e  
line drawing represented by the board has f i v e  L s  then there w e  
f i v e  f u l l  .sets of L pieces with nine pieces i n  each se t .  

3. A set of jwction nunber tags marked. J1, 52, 53, ..., JA, 
f-- 

where n is the number of junctions on the  board. 
\ 4. A counter which can be set t o  any number between 1 and n. 

The tree search procedure can then be visuzlized as follows: 

Step I: name each junction ky placing a junction number tag i n  
each bin rnarked JJ junction number". 

Step 2: Place a full set of the appropriate type of pieces in the 
I1untried labe lsN bin of each junction. 

S.tep 3: Set the counter to  1. r'rorn here on in  Nc w i l l  be used to 
refer t o  the current  value of the counter. Thus i f  the counter is 
s e t - t o  6, then J(Nc) = 6. 

Steg 4: Try t o   lace the top piece from the Ituntried labelsf1 biri 
of ;unction ~ ( I i c )  in board s,oace ~ ( l k ) .  There are several  
possible outcomes : 

A. If the piece can be placed (.i.e. the piece ~ a t c h e s  a l l  
ad jzcent pieces already placed, i f  any), then 

A l .  If Nc < n, increase the comte r  by one and repeat 

I S t e ~ :  4. 



A2, If fiic = n, then the pieces now on the I:occre 
represent one pcssible labeling fo r  the l i ne  drz:.wiw. If t h i s  i . ~  
t rue  then 

i. Write down or othervise remenber the  lakeli~: : ,  
and 

ii. Transfer -the piece i n  space n tack i n t o  the f+th 
"untried labelst4 bin, and 

iii. go to  Step 5. 

B, If the piece cannot. be ylaced, r u t  i t  i n  the " tr ied 
labelsu bin md re,wat Step 4. 

C. If there are no nore pieces i n  the "untried labelsI1 bin, 
then 

C l .  If N c  =I,  we have found all ( i f  my) possible 
labelings, 2nd the pxocedure is DONE. 

C2, Otherwise, go t o  Step 5. 

Step.5: Do all the following steps: 

i, Transfer al l  the pieces from the No-th "tr ied  
labelsJJ bin i n t o  the No-th "untried labelsu bin, and 

ii, transfer the piece i n  space Nc - 1 in to  its 
'#tried labelst1 bin, and 

iii. Set the counter t o  Nc - I ,  and go t o  Step 4, 

To see how this  procedure works i n  practice, see figure' 1.4.. 

Por this example I have assumed that the pieces are piled so that 

the order i n  which they a re  t r i ed  is the same as the order i n  

which the pieces are l i s t e d  i n  f igure 1.3, 1 have only carried 

out the example t o  the first labeling obtained by the pro&edure. 

There is of course at least one other labeling, namely the one we 

could &sig by insyection, The "false" labelinf: we find first 
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could be eliminated in th is  case i f  we knew tha t  33 is kri:;kter 

than R l  or  tha t  R 2  is br ia ter  than R1, We could then w e  

heur i s t i cs  which only allow us to fit a shadow edge i n  cnc - 

orientation, given the re la t ive  illumination on botl. s iu3s  of 

l ine .  However, i f  the object happened to  have a darker surfrcc 

thavl the table,  t h i s  heur is t ic  would not be h e l p  

Clearly t h i s  procedure leaves xany unsolved problems, in 

general there w i l l  be a number of possikle labelings from v~hich 

w e  must still choose one* What ru les  can we use to nake the 

choice? Even after choosing a labeling, i f  we wish t o  answer 

questions about the number of objects i n  the scene, about which 

edges are shadows, about whether or  not any objects sup-port other 

. objects, etc,  w e  must use ru les  of some s o r t  to deduce the 

answers from the information we have, 

There m u s t  be good reasons why we see only one 

in terpre ta t ion  of a line drawing i n  most cases, I will argue t h a t  

what is needed is not a more clever s e t  of ru les  or  theorems to  

relate various features  of the l i n e  drawing, but merely a better 

description of the scene features. In fac t  i t  turns out  tha t  we 

can use a parsing procedure which involves l e s s  computation than 

the tree search procedure! 



So far I have classed together a l l  edges o ~ l y  clz tl.:e L.s.sis 

of ceometry (concave, ccnvex, obscurin,? or  rlanar) 2nd kave 

subdivided the ~lanar class  into crack and shaC.c~ S U . ~ ~ - C ~ ~ S S C S .  

v IL  ;, L#i:.c:r Sup~ose that  I further break down each c lass  accordin.: tc-, **'.-. 'i 

or  not each edge can be the bornding e d ~ e  of an object. Ob2ccts 

can 'be bounced by obscuring edges,' concaxe edses, and crzc!: 

edges. In fi,gre 1.5 I show the resu l t s  of hppendinf n lzbcl 

amlogous to the "obscuring edgeJJ mark t o  crack and concave 

edges. In addition, the obscuring edge class  is divided into 

subclasses according t o  whether the edge obscures pzrrt of the 

object t o  which the edge belongs or  whether the edge is an 

outside edge o f  an object (see figure 1.6). 

I can a l so  label each region as belonging t o  one of the 

three following classes : 

I - Illuminated d i rec t ly  by the list source. 

SP - A projected shad011 region; such a region would be 

illuminated if no object were between it and the li&t source. 

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

fron the source. 



OLD UEELXNG NEW LmWESO 







Given. these classes,  I can define new edce labeis 1;:iiic;: G::o 

include i n f o r m t i o n  about the liati~ on bcth side,c: 0: th? a<,-c--'. 

itotice tkat i n  t h i s  way I can i i~c luee  at the eci8;e level ,  a -i.:?rTr rJ 

L o e l  level ,  information which constrains all edgss i;ounCin; $!I.:€: 

saxe two rekions, Figure 1.7 is made up of tables !:lk,icl~ r c l z ' z k  
. . 

the region illumination types which can occur on 'it:.l sid.3~ 
. .. 

eack edc.e type, Tor example, i f  e i the r  s ide  of 2, coi~cave o r  crsck 

edge is i l l m i n a t e d ,  both sides of the edge nust  be illu:ains:!ecii 

I./e can use these tables  to  expand cur s e t  of  a l loi~~zble 

junction labels; the new set of labels Eay have a nuinber of 

e n t r i e s  which have the same edge geometries but which hzve 

c d i f fe ren t  region illumination. It is very ezsy to write a p ro32a  

t o  expand the set of l a b e l i q s ;  the principles of  its o p r a t i o n  * 

are (1)  each region i n  a given !unction l a b e l i w  can have only 

one i l lumination value of the three, and (2) the values on e i t h e r  

side of each l i n e  of the junction m u s t  s a t i s f y  the r e s t r i c t i o n s  

i n  the tables  of f i cu re  I,?. 



YES KO No 

No YES YES M 





An interesting resul t  of t h i s  further subdivision of tl-is 

line labels  is that, with four exce~t ions ,  each s h ~ i o r  callsin; 

junction has only one possible illunznation ~arsins, C= s-Fiov:.n. ix, 

fibme 1.8. Tlzus whenever a scene h2s sh.adows a d  ~~;k;cl~cver I:E CCJI 

find. a shadow causing junction in such a scene, we c m  rreat ly 

constrain all t he  lines and regions which nske u.p t h i s  :unc.tiofi. 

In figure 1.8 I have also markeu each shadow edze which is yart 

of a..'shadow causing junction with an I1LN i f  the arrow OY! the 

shaiow edge points. counterclockwise and. an lli!lJ if the arroc;l 

points clockwise. No "L1l shadow edze can match an "F.'! shadoti 

edge, corresponding t o  the ghysical  fact  t h a t  it is impssikle 

for a. shadow edge t o  be caused from both of its ends. 
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There m e  two extreme ross i  b i l i  t i e s  that  tl.:is ~ 2 r . t  i t icj.ifi:; 

rmy have on the number of junction label i rgs  noyii nne~.Jeii t o  

descrik a l l  real vertices: 

( I )  Each old junction label which has r. co?cave r;.dl-~.:::;, :: 

crack cages, p clockwise shadow edss, q counterc loc~~wi~e G>-%~oF:  

edges, a d  s obscuring edges and t convex ebzes w i l l  have LC 

S .  -t replaced by (20p (6F (3)?(3)%(1€) (&) new Sunc-Lions. 

(2) Each old junction w i l l  cive r i s e  to olGy or:e new 

junction (as i n  the shaiow causing Junction cases), 

If (1) were true then the r a r t i t i o n  would be worthless, 

since no new information could be gained, If (2) were true ve 

would have great ly improved the s i tuat ion,  since i n  a sense all 

the much more precise information IGS i np l i c i t l y  included ix t h e  

o r i g i n d  junctions but was not expl ic i t ly  stated, &cause the 

information is now more exp l ic i t ly  s tated,  .many matches betoieen 

junctions can be precluded; for  exmple, i f  i n  the old schece 

some l i n e  se~ment  LA of junctior, l a b 1  GI could have been lkgeled 

concave,:. as could l i n e  segment L2 of junction label Q2, a l ine  

j o i r i q  these two junctions could have keen labeled concave. 5ut 

i n  the Kew schene, i f  each :unction label zives rise to a sin,:l~ 

new label,  Loth L1 and L2 would take on one of the twenty 

p s s i b l e  values for  a concavs edze. Unless both L1 and 12 zevc 



rise t o  the same new label, the l i n e  secment could no t  t e  1rbeit.d 

concave u s i q  $1 and Q2. In fact the truth l ies  soner;chere -be tween 

the two extremes, but t h e  fact that i t  is not at the extrene oE 
- (1) mew that we have a.net inyrovement. In table 1.2 I cor.-1:xr~ 

the situation'now t o  cases ( I )  and (2) above me. ',so ttc tCc 

situaticn depicted i n  table 1.1. 





I have a l so  used the better descrirt ions to exrresP the 

res t r i c t ion  that  each scene is assumed t o  be on a horizcntcd 

table tqhich has no holes i n  i t ,  and which is large enoufh tc  fill 

the ret ina,  This means that .any l i n e  s e ~ n e n t  which sepwates tke 

backgjound (.table) fYom the r e s t  of the scene czn orly 'i.c iebelccl 

as shown i n  figure 1.9. Because of t h i s  fac t  I can c;reatly 

r e s t r i c t  the number of ;unction labels  which could ke used t o  

label junctions on the scene/background boundary, 

The value of a better 6escription should be imLeciia.tely 

apAment, In the old c l ~ s s i f i c a t i o n  scheme three out of the seven 

line labels  could appear on' the s c e n e / b a c k ~ o ~  boundary, 

whereas i n  the new classification, anly seven out of f i f t y  labels 

can .occur. Eoreover, since each junction must hzve two of its 

1ine.segments boundiw any region, the fraction of junctions 

which can be on the scene/back$round boundary has improved 

roughly from (3/7) (3/7) = 9/49 t o  (7/50)(7/50) = 49/250C, which 

is less than one i n  f i f ty .  The results of these improvements will 

become obvious i n  the next section, 
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1.4 PI?OGRPlf.Q.iING CONSEQUEiVCE3 

There are so many pos.sible labels  fo r  each ty,p of :unction 

that  I decided t o  begin pro~xaming a labeling system 3y wrl. t i y  

a so r t  cf f i l t e r i n g  program t o  e l ia inate  as m a n y  jmciion i sce l s  

as possible before beginning a t ree  search procedure. 

The f i l ter  procedure depnds on the following okservaticn, riven 

i n  terhs of the jigsaw p z z l e  analo~ly: 

SSuppse that w e  have two junctions, J1 and 52 which are 
joined by a l i n e  segment MI-22. J1 and 52 are re~resen ted  
by adjacent spaces on the board and the. possible labels  fo r  
each Junction by two stacks of pieces. Now fo r  any piece M 
i n  J1 s stack e i ther  (1) there is a matching piece N in -  J2's 
stack or  (2) there is no such ~ i e c e .  If there is no 'matching 
*piece f o r  k; then M can be thrown away and need never be 
considered again as a possible junction label. 

The f i l ter  procedure below is a method f o r  

systematically eliminating al l  junction labels  fo r  which 

there can never be a match. All the equipment is the m e  as 

that used i n  the t r ee  search example, except that t h i s  time 

I have added a card masked junction modifiedu on one s i d e  

and "no junction mcdified8I on the other. 

Step I: Put a junction number tag between 1 and n i n  each 
l1junction number" bin. .Place a f u l l  set of pieces i n  the 
Nuntried labelslf bin of each junction. 

Sten 2: Set the counter to  Iic = I ,  and place the card so 
t h ~ i  it reads IJno junction modifiedN. 



Step  3: Check the value of  Nc: 

A, If. Nc = n + 1, and the card. reads "no :unction 
modified" then go t o  SUCCH!D, 

13, If Nc = n + . I ,  and the card reads ujurzctiol: 
nodifiedI1 then go t o  Step 2. (At least one piece SES ti.:ror.~~ 
away on the last pass, and therefore i t  is p s e i b i e  t lzzt 
other  pieces which were k e ~ t  only  because t h i s  piece v x s  
present w i l l  now have t o  be thrown away &EO. ) 

C. Otherwise, go t o  Step 4. 

S tep  4: Check the "untried l a b e l s u  bin of function J(1:c): 

A, If there are no pieces l e f t  i n  the iic-th I1untried 
labelsu bin, then 

A l ,  If there are no ~ i e c e s  i n  the Moth l8tried 
l abe l su  bin, go t o  PAILUilE, 

A2, Otherwise, t ransfer  the  pieces from the i b t h  
"tried labelsu bin back i n t o  the Iic-th ."untried bin, ! 

add I t o  the counter (Nc) and go t o  Step 3. 

B, If there  are pieces lef t  i n  the No-th "untried 
l abe l su  bin, take the top .iece from the bin and place i t  i n  
the board, and Go t o  Step 5 . 
Step 5: Check the spaces adjacent t o  space Nc: 

A. If the piece i n  the N o t h  space has matchine pieces 
i n  each ne ighbor iq  junction space, transfer the piece from 
smce Kc i n t o  the Lc-th I t tr ied l abe l su  bin, and t ransfer  the 
pieces from the neighboring spaces and the-neighboring 
It tr ied l abe l su  bins 
back i n t o  t h e i r  "untried labels t8  bins- 

B, If there  are enpty neighboring spaces, then 

El ,  If there  are no more junctions i n  the 
n e i g h b o r i x  "untried labels"  bins which could f i t  v i t h  the 
piece i n  s p c e  Nc, then tha t  piece is not a possible label ,  
Throw i t  away, and arrange tlie card to  read "junction 
modifiedt1 if it doesn't already, 

L2. Try pieces f roa the rzeighboring "untried 
l ake l s l '  piles unt i l  e i t h e r  a piece fits o r  the p i l e  is 
exkausted, and ther, go t o  E'tep 5 again. 



SUCCFZE,: The pieces i n  the "untried. labls'l b i r s  of' each 
jmcticn have passed the f i l t e r i n g  routine ay1d consi;itvte 
the output of t h i s  procedure. 

FAILURE: There is no way to label the scene given th? 
current s e t  of pieces. 

In the program I wrote, I use.d a somewhat nore ccjrirlcx. 

variaton of t h i s  procedure which only requires one pass 

throught the junctions. This procedure is sirnilar t o  the one 

used to  generate figure 1.5, and is described kelo~~:. 

- When I ran the f i l ter  procram on some s i m ~ l e  l i n e  

dmwings, I found to  my amazement that  the f i l t e r  ~rocedure  

yielded unique labels for each junction i n  most cases! In 

f ac t  i n  every case I have t r ied ,  the r e su l t s  of t h i s  

f i l t e r i n g  program are the same resu l t s  which would be 

obtained by running a tree search procedure, s a v i q  al l  tXe 
," 

labelings produced, and combining all the resul t ing .- 

poss ib i l i t ies  f o r  each junction. In other words, t he  f i l t k r  

program i n  general eliminates all labels  except those which 

are. part of some tree search labeling fo r  the  en t i re  scene. 





It is not obvious tha t  t h i s  should be the case. L o ~ ~  

exzmple, if  we apply t h i s  f i l te r  procedure to  t h e  si;~?lr? 

l i x e  d r a w i x  shown i n  figure 1.4 using the old silt of ln;>cls 

given i n  figure 1.3, we get the results shown i.ii fifyurc 1.5. 

In  t h i s  fieure, each junction has l a b e l s  attackzd v:hic%: 

would riot 't-R part  of any t o t a l  l a b e l i q :  produced b;: e trss 

search. This figure is obtained by going tbxou~~h tke 

junctions i n  numerical order and: 

(1) Attaching t o  a junction d l  l ebe l s  which t o  nct  

conf l ic t  with junctions previously assigned ; i ,e. i f  ~e !<mow 

t h t  a branch must be labeled from the set S, do not  a t tach 

any junction labels which woula require  th2.t the branch be 

labeled with an element not i n  S. 

(2) Looking at the neighbors of this :unction which 

have already been labeled;  if any l a b e l  does not have a. 

correspnding assignment for the same branch, then e l in ina te  

it, 

(3) Whenever any l a b e l  is deleted from a junction, look 

at a l l  its neighbors i n  turn, and see  i f  any of t h e i r  labels 

can be eliminated. If they can, continue this p o c e s s  

i t e r a t i v e l y  u n t i l  no more c h w . e s  can ke .mzde. Then go on t o  

the next junction (numerically). 



Tne jmction which w a s  being labeled (as i n  s t e r  ( I ) )  st ti;c 

t h e  a labe l  was eliminated (struck out iil the :i"i:;urz) is 

noted next to  each eliminated label in figure 1.5. 

fact tha t  these resu l t s  can be prcduced 'q t h e  

f i l t e r i n g  program says a great deal about l i n e  d r a v i n ~ ~  

.generated by r ed .  scenes and also about the value cf yecise  

descriptions. There is suff ic ient  information i n  a l i n e  

drewiw so that  we can use a procedure which requires f ~ r  

less computation that does a t ree search proced-ure. To see 

why t h i s  is so, not ice tha t  , i f  the description we use is 

good enough, then many junctions must always be given the 

. m e  unique label  in each tree search solution; i n  t h i s  case 

we need t o  find such a labe l  only once, while i n  a t ree 

search procedure, w e  must find the same solution on each 

pass through the tree. 

Quite  remarkably, all these results are obtained v s i q  

only the topology of l i n e  drawings plus knowledge about 

.which region is the table and about the re la t ive  brightness 

of each region. No use is made (yet) of the direction of 

l i ne  s e p e n t s  (except tha t  some directional information is 

used to c lass i fy  the junctions as ARROWS, TOEKs, etc.), nor 

is any use .made of the l e q t h  of l i n e  segments, 

microstructure of edges, l ight ing d i r e c t i o ~  or  other 



potentially useful cues. 

1-5 FfiIILU<G BP3) DATA 

So far I have treated t h i s  subject a s  thot'$~ I W G L ~ . ~  

always be given perfect data. I n  fac t  there are nary tt:res 

of bad data  which fkequently occur, Sone cen be corrcct~d 

through use of bet ter  l i n e  finding progrms an6 s0L.e ccn 2~ 

eliminated by using stereo information, but I t\;ould like to 

show that the prograu can handle var iow problems by simple 

extensions of the list of junction labels. In zio cslse ~o I 

e x p c t  the program to  be able to s o r t  out scenes t h a t  reo?le 

( cannot easily understand. 
T. 

I 

. Two of -the most common types of bad data are (1) edges 

missed ent i re ly  due t o  equal region brightness on both sides 

of the edge, and (2) accidentdl alignment of vertices anti 

l ines.  Pigure 1.10 shows a scene containiw instances of 

both type of problem, 





? - I handle these problexs by si~liply ~c~~E: - I .A  ti.n:.; la i;.?;,.::; .:'c. r 
-* lf-w.d'f e' +unctions as w e l l  as "goodu cnes, I t, is I~iy;rt::i.:il tr; 

'be able t o  do th is ,  since i t  is i n  U ~ e n e r a i  ver;? dii'. 'i 'ic~.l: t o  

ident ify the particular juccticn l~~kich causes t . k  .I. rc,yr.-2.i.. i..o 

fai l  to find a parsiw of  the scene, -Wen ~:orse, - $i..@;..'.y::~o.:.- .. . . & I , . -  -:- 

may f i ~ d  a way of interpreting the scefie as thcu:;!?. t?;r: +;.:I;. 

were perfect and we would then not even c e t  an iiliiicatiofi 
- I2w.t the prograa should look f c r  other interpretatioizs. I 

would l i n e  t o  be reasonably certain th2.t t k e  Frsi~:; I 

desire is amow those yzodu.ced by the rrograii. 

1 .5A ACCIDENTAL ALIGHliiEPiT 

I consider'three kinds of accidental a l i p a e n t :  

(1) cases where a vertex apparently has an extra  l i n e  

because an edge obscured by the vertex appears to be *prt of 

the vertex (see figure I-..lla) ; 

(2) cases where irn edge which is closer t c  the eye thm eze 

than a vertex appears t o  in tersect  the vertex (see f i i ~ v r e  

1.I~lb); and 

(3) cases where a shadow is projected so  that is ectue.11:~ 

does intersect  a vertex (see fieure I .I 1 c) . 







, 5B i4ISSII.iG LINES 

I have not at tempted t o  sys tena t i ca l l y  include p i t i  

missiw l i n e  poss ib i l i t ies ,  but have on ly  incltld.ec! 1abei.s 

f o r  the most common types of missing lines. I require that  

any n i s s i w  l i n e  be i n  the in te r io r  of the scere; no l i n e  cn 

the scene/background boundary can le missir~. I also C~SSU;IC 

t h s t  all objects h v e  approximately the sane re f lec t iv i ty  cn 

al l  surfaces, Therefore, i f  a convex l i n e  is missing, i 

assume tha t  e i the r  both sides .of the edge vere illuminsted 

or tha t  both were shadowed- I have not rea l ly  treated 

missiw l i n e s  i n  a com@ete'eno@ way to say too much about 

'them. I f e e l  .that i n  general, there w i l l  have to  be greater 

facilities i n  the pofsram for filling i n  hidden surfaces and 

back faces of objects before the missing l i ne s  can be 

treated sa t i s fac tor i ly .  

In general the prosam w i l l  fail  i f  more than a few 

l i n e s  are missing and the  missing l i n e  labels  are not 

included i n  the s e t  of possible junction labels, This is 

really a s ign of the power of the Frograa, since i f  the 

appopr i a t e  labels  for the missing l i n e  jmc t ions were 

included, the Frogram would find them uniquely. A s  an 

example, tke simple scene in figure 1-12 c~nnot be labeled 

at a l l  unless the r isaing l i n e  junctions are included, 





Regions can be assigned labels which give q . u ~ x ~ t i z ~ c ?  
r ' . l  values fo r  region o r i e n t a t i n  i n  three diserisior~, 12ew 

lakels can be 'added t o  t he  junctiou! labels i n  very nuck. th.e 

same way that the  region i l luminat ion va1u.c~ were z6dci. i'cr 

a full treatment of these labels you w i l l  bave t o  t.7.zi.t f o r  

my thes is .  
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