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~~ / ..‘ Abstract the pape rs by Rober ts 7], ~~~~~ [5], FaU [3], ,,Huffman [6], Clowc~ [2;, Waltz 11] and
A orocedure is described for ootai ning the Ganapat hy [4] are representative of the line of

descr iot~cn ~f ;ol ‘d ~ojies frc n a ~~~ of pictures research that has beCn pur o jed. tome researchers f /
taken from i fferent vanta;e Soi nt ; . The bodies contributed to toe underst andr nq of the process
are assomei to oc bounded bj f oc es  xur ico are of percept ion by ana l y zing 2e r fe c t  (but ~nf~~s-cianar or ousOric, a n ;  to have ier t r ,:es formed by ib le ) line draw ino . 3thers used real data

C n x o c t i y tn ree faces . Tr .~ line and j~ nction in — (slightly e d r t e J )  w ith ~ts imp erfect ions , but re—

~~.ot~on c — o v i d e d  0:) t oe proo r nrn Dy the p ,Veoro_ s t r i c t e d  tne is~ l leo ~V3 5 ~~~ c’ known bodie s.
oes s or s 0~~~~:-O1 to :ontaIn cei n c o ;  su c n as mi ss— N e a r l y eli u r n  ite.i ohemse i i e s  to a s ing le picture
in.: lire;  ~

V onr/ j  o l s i s i f i e d  ~ Un O O : O f l  types. of the s c e n e .  ~. ° ‘estr ictro n t oa t  led to ~‘5ny
:roo o :s ap ie  to  t o i l i  a les :r’ct :on o’ unnec esoary ~i f f i c o i t r e s . Tr~ work cy fl~~~~

V VCCOd
sones ‘i soite of fiode rSte f l UV O D C r i  ~f such and Coate ; [1) ]  jo e ;  ut i l i z e  m u l t i p l e  prc ures ri

~~~ ‘ :~~~ e o t i ;~~;. ~se is mace o f  a set of flew the a na j y s i s  of scene; of a s 1 i ) l e  convex t o l , —
o ’ f a r  ~uR s  ‘or i i n e - d r a w i n ~ pro~~ :t~ on; of oed ron - not to  ou~~roorie data usc anal ys:s prob—

o l ir’or solies . lems but merel y to kaie a look at all side s of
the body.

1. Introduct ion
A tte mo t ing to cetend the work from polyhedra

n c o m m u t e r  scene anal isi s a p :cture of a to even a rr~stri:t;d f~ :i i y of i rived bod es
1 scer e is :Onv e rt ; ;  nto an a r r i v  increases one j i f f ic u h ie s  to in ex t en t  w n ic n  may

~~ 
p. ,~~i;, w t n  C5 : n  :ss ;ne1 a r~~moe ’- cor respond— not :s io ’ent it .) la r :5 . bu cn an e f fo r t

OQ tO t n  x I ’ r S O e ;‘~~
j i e l j e  fl O f i a t  l O c a l  are a nas ccvii ~e~ c r iDe . i  oy Ch ien a r i  Chang [1 . Tney

toe O T h rV ! . A O O ~~l V f l f l  cco eoe f•~r preprocess — analy zed s e r f e c t  l’rc draw in ;o ~V e o r e s e n t r n g
:nrn toe o n l y  ‘or scene ; r t e r D r e t a t i o n  is to es -  bodies w t n  pIsn ar, co nic , or cy li ndr i c ~ices ,

‘ne; Onat are behaved to correspond to wnere no intersect ion ~f two c~~’ o e d  f a c e s  w as
bodre; e;i e s . To inter pr et a perfect line a l l owed . V

s c n i c o i o n  of a scene, a si ctur e graiiiiiar must be

~jc ;lied toso is based on the co m m on genera l proo— In this osoer we shall show how a program
C ’ t : e S  of o ne sce ne s  500:;;. When the line des- can be mode to Thn:~ — s t an d  a let of bodies with
cr~otic n c o n t a i n s  a~~ ors is a re; u lt of p’~eprc- planar or o u a d r i c  f a c e s , uti lici ng defective data
ces;or l in :tmo ’ons) , ~tS parsing and interpret s- ext rac ted  fro m a set ~f m ul t iol e :hotO~ro~ n~ . 4~.

on te c o s : ,  o : ”:cu lt if not impos sib le. in pre-knowled ge of o r e  bod ies is assumed , too :er-
a ~~~~~~~~ ~n1. n’3’ : i :r]  ~f the s0enn can be tam general p r o p e r t i e s  of the scene — such as

~a~~e1 my io: n~ a set s ’ l i ne  s t ruct ures  ~edch the ex is tence of precisely three faces in e~ e’~y
e~ t r ) c t C i  rom pictures ver tex - o re s t i pu la ted .

0: ‘10 o” .’ sce ne ‘r-V ~ ~~~~~~~~~ iantsge
:o’ nt ; , a s.: . -e ~C 1 C O  i S  mIs c ~se frjl for obtain- 2 • S 1 C  Assum ptions
ii; t r e e - • J  ~~‘lS~~ V ) r iVi l ~ ‘ f :  r V : 3 0 1 0  ri ~c ;ut  the
t o o l s ; . The te rmiino logy used has been ~d5~ ted fr om

that employed by ~oon and Freeman [l~ a n o
T he scene inter oretat ion given in ternis of Clowes [2].

ei:es jr ;ucec ‘:r o t  a .•:rlin g to faces and then
V~~o o r d i ng  t~ oo d m e s , ‘s t o ot  su i table for pol y- We impose the following restrictions:
-core , O ut  o r n  a l ;o  me o c o i m n i  to ~rved bod ies. I) Every lertex in the scene i~ •C,—med by exactl y
- :s paper i s r~ str oct .m l to t i e sash ;:; of three surfaces arO ~elon qs to e ’act l y t fr e e

20 bcdme; ,~ t; planar o’ :ojrmo ~aces . Ifle tech- edges; 2 )  Smooth t ran sition be tV ,nen two j o f f e n e n

~~
‘ I 0 0 0 C ,  ‘m0we , i’~, :ou ld ~~;il y be m n 1 i ’i~~,j to faces is not a l l o w e d  i . e . ,  t f ~ d e r iv a t i v e  mus t

i’nile 3 1 50 o od l e s  w f l O O C  ~u r s ~~i u : m ,  are c l e s e  to be d ; c o m m t m ’ U o u ;  c r o s s  the e i ; e ; 3) ~~

~~ 
oOdr.rl c ;~~ es , ari d t i’s inu ’ udm : i a r j e  sub- posi t ion is iOS V 4Lf l r i O .o se ‘~ t ’~~ri l ” . ( r ) r e a i n-
set o~ ‘ i ’ : - O r O S  toOl ; ;,  p I e ,  the p r o j e c t i o n s  of  dr ’f ,r”r ’. v e r t i c e s nay not

co inc ide in mfly p t V ~~re ) ;  i~ ‘Jo 1 mt pass e s
L..&.,J ~~ny ma b er s ~ v ”v p u c l i s r s 1  in recent yea rs through a v e rt ~~v .
,,_.,J dea l ing w i t is ,o l ,reir i  ;:ene i r ia l y c I s , j f  w h i c h

In Ccco rdanc ~: 
.,i th the f s r ~ ;oi na , j unct ions

L.L_. • “115 wGf ~ wSS S u 0 0 0 r t ’ : by the J i rec to r i t e  of coil  have no nip ’ i i r r  thr ee lm i m , ~~ . h~ , c m  be
V :il m i  : nt r V. at  t i n  S c ie n c e s , ii r Forc e :1 a ss f l ed  lil t ) ) tie’ o ,;m s .e , 0 , , T , A . and 5 .

Ct  o c Q  3 ~~1 f’: 5 1 i  IC ‘ m o o r s  ii • ‘ •  j r  it An e r I r o 1mm i eac h ~O’ is jix err in Fig.  1 ( a )
O f l A  ~~~~~ ~~7. T ypes 1 m d  Ia i r i s ~ be t ire o r c i r t O  ions of ve r t i ces .

• ?~~~~• T., r
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Type I results from the covering of part of an the trace. Now it f o l l ows  from ‘he de~ ir. ’~ fi
edge or a limb by a face. Types S and A are the that for ever y l<~ have A
projections of virtual vertices (intersections of ~~
eoues and l imbs). In a perfect line oescript ion A I k A I (k+l). Two LA ’ s are sai d ~o ~e

~s also a projection of a vertex , if they trace out line s corres~cn iinq to two dis-
t inct  bound arley . T.~o LA ’ s , A . . A , and

The scene data is assumed to be extracted 1 , 1 i ,fl

v i suall y ~rcr a set of real photographs. The data A~~1 
.. A

~~m~ 
are d is t inc t  if

inc l udes line information (as a set of points) and -

junction infor m ation consisting of coordinates and 
l) A 1 1  ~~~ and there IS at least  one

types. The aata is exoected to be ( in addit ion d i f ferent  from every A. , or
to the geometric inaccuracies) defective in the 1

sense that (1) visible lines or parts of visib l e 2) There are two successi ve ~u~ctio ns in the
lines may be mi ssing , (2) v i s i b l e junctions may two LA’ s Sucn That
be missing, (3) junctions may be reported incor- -

rectl y (V in stea d of V . W , I or S junctions). A i k  Aj h  and A i (k_ l) Aj h,l). or

We call a junction v a l i d  when it is a pro- 3) A. A. and the rel at ion ~~ , ,A <
.jec tion of a vertex . T hu s al l V and ~ junctions 

i~~~fl j,l 
~~
,

are valid , a ll A , S. and ~unct 1on s ire not A. A. exis t s.
v a l i d , and the nature of the V junctions cannot i , (n-l) i ,n

be dec iced until more evidence is collected (as - . .
.nll be expla ined la t e r ) .  In those cases in whi ch iwo ru les rorc ing a cyclic order in a Junct ion
a preprocessor has ii fficu lty in  dis ti nguishing can be stated now:

between a T junction and a flat ‘I or W junction ,
tney cm be included in the group of the undecided Rule 1 : If we have an LA A~ ,l A 1 n
junct ions , wh ich A

~ 1 a A. , then we must have in ~

3. C y c l i c  Order_PropertL t he relation A 1 A 1 (n1) ~

As already stated , eve ry vertex belongs to For example in Fig. 2(a) we have the LA 2 ,C ,J,A ,
exactl y three edges. We ief ine for these edges a B. (The LA is shown as an arroweii line). Tue

:r. the ve ’tec ~~~~~ as t re order i n— l i n e s  in B are thus forced to “ev e  the relation
c JC CO o~ w a l k I ng  around ’ tue vert€x in a clock-
v i l e manner , and numbering tue ed’jes in the order BA<BC

l’~2 ’3< l. IT we trace Out the edgec ~f a boundary ,
we .:ons i stent ly change edges at the vert ices , R :  If we have two distinct LA ’ s ,
e ither  a lwa ys  in a ‘ iec revs ing c y c l i c  order or A 1 1  . . .  ~~~ ~nd A~~1 . . .  A i m sucn that
a lways  in an increasing c y c l i c  oroer. Let us A .  A .  and A .  ~ A.  ~ then we must
always choose to trace e’ ::-~ in au incre asing . ~~~~~~~
order. Then we snail t r ay - - u .~ ~iury edge in two have in A 1 1  t ie  relation A

~ 1 A 1 2
di fe rent d~ rect i on s as ~.: ~ul~ around the two A. A.
aces t ha t  share it , as i~~ust~-ated in Fig. 1(b), j ,.m j , ( m- l )

,inen S ve r t e~~’ s pro ject~on h~~j  three l ines , their — .
:jclic order ’ :s leterinined b y tue arrangement ~~ 

For example in rig. 2 (b) we have the two distinct
tr.e line s ~n tee pict ur e. , The clo cxw ise sense of LA 5: E ,F ,C ,B and B ,A ,C ,E. Tnev are distinct

t ue cyc ic :rIer is preserved in a p ro jec t i on  w hen bec3use or ,tie ~j c vr:,er a l re ad y  e s ta b l i sh e d
tue t h rSe edges are i is i b le . However , when one fl junc t ion  B b y .~ule u .  ‘ lOw by Rule 2 the r e l y -
l ine is Inv is ib le  or m ismi ng , the c ’,c l i c  order is t ion ~F E G  must hold in E. (This in turn estab —

not kfl~wn . Let vs define Th~ ~ )tat ~ cn AB~~C to l~ shes tue LA M ,~ ,E ,G ,N.O).
mean that in junction A the l ine AC follows the
l ine AB imediatel y ii the cyclic orler . Then if A more complicated strateg y nay be adopted
A is a two- l ine v a l i d  j unc t iun , we l i ve  ei tr.er - the to force the corr ect order at a Junct io n when
re lat ion .1BcAC or the r e l a t i o n  AC<AB . these two rules cannot be applied directly. One

assumes a cyclic order in the ~unc :ion and tries

Knowledge of the cyc l ic  order at a jun ct ion to reach a con t r a c i : t i o n  by a suquence of i r i i u c—
is cruc ia l  it the assemb ly of the l ines belong ing t ive  s teps.  If a con tradiction is reacned , :he
to a s i nq le  region. Ther efore it is im portant to cyclic order oppos i te to the one se lec ted is
have ve ins det ermining the c y c l i c  irder in a forced on the junct ion . For eva mp l e , in
junction when the order 15 not J i v e r i  naturally. Fig. 2 (c( we assume an order iii ~unct ien R such

that P0’ R h .  Then we can e s t a t l i s n  th~ L A ’ s
We def ine a l ine assembl y (L A )  as the d i rec-  P , ) , R ,1I,G ,A ,O and 1),C ,F ,M ,?, The y are J i s t i n c t

ted path Collo we d in trjcin~’Thut the lines corre— because of the e x : ~t 1ng natura l order in D , ai uc
sp onding to a ;ingle boundary - or ,unv cont inuous hence by Rule 2 lui Q in P tue relation F2 . r;~,.

pa rt  of it - in increa s ing c y c l i c  orde r.  We de. At the same t i l e  we l ive the t w o  LA’ s R~j, ) and
note in LA in p icture i by the ordered set of O, N ,R w f l lch  ir~ J i .. t i n .t ive i i  tue o s s u r e i  ardo r
junctions A A . visit ed in the course of in R. By Rule 2 the re l ati o n l’~ Qi) is forced iii

i ,n 0. Thi s in turn o~ tahlish e s t~e LA M ,F ,L ,i ,N ,2 ,
Q, P ,M. how by P~ l~ 1 we m ust :.~v e i n  M Ire

2
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r~ l i ti o n  MP .MF , which contradicts the natural this condition are sai l to be ‘nv r c ’rdh le.
Order in 1 . Th is sequence of deductions was based
On the assu nption that the relation RQ RII exists Obviousl y, if a vertex I is in the p lane of
in R. The cont radiction reached le t s us conclude C., C., and 3, then A .  and A . a re .n a t c h a b l e ,
that the oppos ite relation , nam el y RNrRQ , must i ~l j ,J

exist in R. This establishes the LA O,N ,R ,0,O and so are A
~~j 

and A
,1~~

. To resolve Such

and , by Rule 1 , the rel ation OQrOhl In 0. We have ambiguities, we refer to the th ird picture, oic-
thus been able to find the cyclic or ler in 4 of tore k . We require that C ., C , C be not co-
The original 5 unordered junctions. Junction P . 

1 3 k
remains unordered. The final order ing of the linear . Then if A 1~~ . A~~3. and A x i  ar c ‘h~
junctions is given in Fig. 2(d). three projections .yf vertex 3 , tue three dif fer .

ent match lines on p1in ~ P form a triangle whose
A by-oroduct of the foregoing is a new class .

of impossible objects , in ad d ition to those des- ve rtice s are J j q~ - )
,
~~~~. and (Fag. 4). W e ca l l

crib ei Dv rluffrr ian [6]. The objects can be ident i- the set or three ju ‘i:t ions , f rom different plc-
fr el as being im possible i f  t i av i r  s t ructure is tures , that are m .utitrv bl e in pairs , a r.ri~~l e .
SuCh as to lOa d to contradictory cyclic order at By forming t r r p l e ~ we can elim i nate nanj ’itIrs
their junO tion s [3,~~l . that are ma tch. abie but are not projections of tre

same vertex . ‘lcu,eye’ , even iii InC Dure ‘:eon,etr~c4 Jun ction Matc hth g~ case we may nav y three uroJect ions or thre e dif -
ferent vertices l u l l  fonn a tri p l e [3].

To util i ze the data from all pictures , we
must know tru e parameters that relate each picture s We are dealing here with data extracted
coordinates to tTiOS~~ of the yther pictures and from actual pn oto qriohs; thuS we must accept A.
also to the universal coordinate system in wnit h . - - 

i ,J
the final description shoul~ be given. These and A~~3 as matchable even if J 1q is distant from

parameters are difficult to measure . Some of them the match line C. 3 - by an amount less than
are measured indir ectly ann some are calculated by i .~’i ~~~~

minim i zin g the sum-of-squires differences between 50me threshold. Relaxing the co linear ity requ i re-

the measured and calculat ed projections of a set urient on the match lines increases the annb i ’~uity

of predetermined po ints. A Jetail ei description of matc hing. Tne larger the threshold distance ,

of true parameter deter m in ation is g iven in [3] the greater the num ber of anub i sious cases.

In order to arrive at a true description of Two matchable junctions that are the projec-

the 3D scene in spit e of the data imperfections , tions of the same vertex are sari to 
~~~~~ eac h

we compare the line structures from the given plc- other . A triple in wn i ch the junctions ratch each
tures (three in our case) against each other and othe r is called a ‘latc ru tr iul e. io establish
use the inform ation found ~ii one picture to ver i f y ~~tc~~s , we f ind fO r ’ v ery Junction all .iatc hable
the informati on found in another. junctions in the two other pictures. Then we

form all the tr role s. To find the match tr ’ple s
Let us start with junctions. We nave two in the set of all triples , we must use some p ic.

goals. One i~ to determine those V junctions for ture context. The kind or conte st we shall use

which there is enough evidence to assume that they is li ne connect ions between ju ril ions. IT we

are valid Junctions. The second is to group from have three l)aies - ear ’~ in a jut rerent Dicture —

the different pictures , Ju n ctions that are the whose ends ra ms two triples , the two t r rp les are

projections of the same vertex. From here on in each considered a be a inat ru t i’ p le . l ,h e chance

this section , whenever we use the term ‘junction ” , of namin g a wronul triple as a niat on triple still

we s ha l l mean a Y , Y , or W junction , exists but iS low greatly ‘enj ucvi

If two junctions in two different pictur es Since it is poss ible that a vertes s pro-

are projections of tue same vertex , they must obey • d ’ b l  to es t ab lisui vatches between
certain geometric rules. Let 

~~~~
‘ C 1 arid A 1 3  be matchable pairs. Naturally, more context must be

the picture plane , the center of projection and used to est ab l i lui v caIr n on the bal l s of ur il y a
the projection of vertex J , respectively for two-p ictu re comparison. Tire p a r r  -u .mrcir is icne
picture i . Then for two pictures , i and .~ c. in two passes ari l o i l y  after ‘i’ t m i ~i l e  m yt~ h

i ‘ phase as c ,a ’lp I ~ teu1 . . It r~ n 1uu u ’s th e ncj rhr r of
J~ A 1 3 ~ and A

J J  are coplanar , and the lines free cand1 1,ute ~ arid , t h , ’ r ’ ” i r e , t~ e Chance o’
C 1 C~ C 1A~ ~~

. and C A. intersect any plane p error). We Sel~~C t  a ~r ’i ~1 lh r .’v junctions ‘arj ,j  q wh ich  one it t h I n  - :.u 1~ ‘~~~‘ i r i d l e  - is  cOn -
in three col rrae a r poin ts. ~~~~ 3 iq and 3

j q ’ nected by l i nes t ito - t ’ r , r ’ ,,ui t h a t  ire - ; r a t c h _

respectively (Fig. 3). We shall cy l 1 the line able  to a -;~ i ,r f  ‘‘ii n’ J l~ ‘ i ons lirrnC . r?d (in the
tormied by these points a it c h 1 in. ’ . Thus if we same W i f ) in an t” - ’ ;n ‘,1m ’ . Thn’ ’ir St Pas s
re-proje ct int o the plan e P , ju irvy uon •\. from C. we requ i re thur . :,‘ ‘ i , : i . ,’ i i  11)11 t ,.’ ti

unc *ion A 
-~ — 

i ,J i Or ’ W miii t ha t itt t.w ‘ I r S ‘ c i v.  itt’ l i l t’ c~c lrc

~ 
roe , and u .. from , we can pr ere d rcnii r ‘i Ill. , L w - n  J i r r - . ‘ 1 cr1  . The three sec —

check whether thi s c o ndit i o n is sati sfied. Two tion s arc ilin ri I ’ . i i . rr I ra:rra trn itt ’ .1’

junctions from Ii ~ f rnoru t pictur es th at sa t isf y t i m ,  iii t i l i’ ‘ i l I r ’ ? 11  ‘~ ,r , . In ‘‘~ t ’  ‘ r r ~~ O r’ n1 li,i~~S

~~~~~~~ ~~~~~~~~~~
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w C  allow one or both if true x i iile u r ir :Iio n s to the line from which we started , the trace is
cc ~f h O e  1 a i r S .05 nut . • k ‘ ‘.‘ c ,-J m c pi r . ’c r ’d -  terminated — and this face—g roup generation is
CrIOC (it 13 , ~t uk f l - 1w : i  - r  Irs V ~,.it on ;. Tire omiup le te , assum ing that the face has only one
second tat . ‘ u a litt ~e i,u r t ’ ‘cj,’jr -rD nuS si n ce we boundar y. Otherwise when we reach a line for
are .,na-n ie to ~se cyc ’. ic . re :n I , ’ r r . ’ , but ~ince it whi ch no next line in the LA is available , we
it ca rri co Jut i fte ” :uIiJSt J j i’ tiJil i are already check whether an LA trace can be continued from
‘rat. ”e .I, ‘.rmcre is ~i il y a ~; nnill :nt , ,re of fla kin g the line ’ s match in another picture . Th~ face—
Ir a err r . If one i~irtt I,)r , in a I r r o l e  i s ‘tuat~ ned group rjeneration nay thus pr ocrcell by “ J uI”pi ig ’
10 ‘!ie Oth e r  tw c by twa u i r t l i c , a t i j n i ~ -if a pair- frmir one picture to another. ,‘f the process is
-wr se -lator i , we con sl s ,~r’ t r ue  tripl e to be a match blocked in all pictures , we return to the start-
tr i o le; t h a t  i s , WC consi ls ” the re r ri a inin u j two ing point and try to follow t:re LA in the oppo—
IS itt ’Il i i -5 -a l so . site direct ion , again ‘jumpin g from one p icture

to ano tner , if necessary, until the process is
Every r/ junction that is matched to a junc— blocked again in all pictures. ~i l S an d A

tion in another pict . r’e Is narkod as valid. The junctions encountered in the trace are remembered .
ma tch s u o p l  es additional evidence that the junc— When the process terminates , tne limbs at these
11)11  is a oroi e ctio n or’ a vertex, The validated junctions are checked and if a limb’ s other end
1 J~ ncitc-nc irs ass igred a -:yc lic order , when junction belongs to a line not yet in the face—
DOSSID IC , sv suol y i ng the cyclic order rules. group (imply ing that another boundary of the same

face has been ‘Detected), tr,e trace resumes there .
5. Line ~atc hinq_h in The limb lines are also addv’i to the face Jr’jup .

Thy matching ~f lin es in different pictures When all lines have been traced twice ,
poses diffi c u l ties because of data in:perf tctions further data recovery xc t io n i s called for. ‘h is
arc because the number of lines between two junc- second — level data reccvery -car be carried out for
lio ns can vary from zero to three . Matchin g is the following three co rriqur ut ons , illustrated
don-n e for two pictures at a time for the lines in Fig. 5.
temoi natin c at matched junctions. There are three
cases to be considered : (I) The two matched 1 . Two lines 2. m d  .. i n  the same pic to re ,
junctions are both 3-line junctions , (2) one is a with a vii Li junct ion iii only one end
3-line and the other a 2-line junction , and of each , h avC 0’~’ein ~‘c~~’~’-bl ed into two
(3) toth Ju nctions are 1- l ine junct ions. For a f.ace- Jr ’n.nu ps ~i ari d ~~, 

.., M and k ,
let aiThd di5 cas;io n of this the reecer is referred -k
In reference I j1 . . . - -- Action : cou ’lb ine and k ‘itO one li r ~ .

When two junctions around which a match of - - . . -

lines is attempted are cotn cycl ic i ll y ordered , — . line with one vi ‘d end jun cti on
a c~atch of one pair of lines yields in turn the Pies been assemble d n rt o two race-qrou p s

corresponding match of the successors in the M and nd t’rerc is in tne swine pit-

cyc lic order. Also two lines in twa) pictures ~~me a _ - .i ne valid ;aoction 3 w ith

found to match to the same line in a third pic — li nes m arid ri , ru c ‘1 arid n c I .

lure are declared to mat on each other, A ction : Ea tend the li ne 2. to unct ion

When two lines of a cyclically ordered
junction are matched to two lines of an unordered 3. There are two 2-line va lid junctions i
;- ‘iut ion , the second jun cti on can be ordered and 3 in the same pi : ’-ur ’e w it ia lines
beca use i t t  :y c l i c  order niust agree w i t h  that ~f 2., 2. and ~u , g, rescsc t r-vei ~~, where
tire juncti on 10 wflic h i t  is matc hed . and n have teen ~ss~rr r,l..’j into ~3~ -~-.‘mouua “I, m d  3nuj h .,vo been .l~~J.~~’7l-

The line matching procedure makes it bl ed into face-group
possible to c e tec t  miss ing co nnec t ions  between - ‘ -

jsnctnons . The lines around the jan11 ions are A~t ion : Lreate an v’~tt y li ne between
m S s~-;ned indices that agree with tne cyclic order ~ht iwo jur~ct~ons~~ and J .
in ordered junctions, Or’ re-as signed to agree if An empty lin e is a line
t ie cyclic ornier is detcrmi i iied at a later sta3e. whose on l y ~‘1tiw iI points are its

end junct i ohs ac id whO5C ‘01 11

6. Object Formation has not yet been deter’u i riei .

The col l ection of lines from a l l  pic tures The data recovery acti ons utilize ‘he prop-
that corresuonri to the boundari es of a sing le face erty that tu., i compon e n t s aSJe” :ble .i si m ultaneousl y
w i l l  be re fe”red to as a C ic~ Jroup . Clearly, into two f3cC_ ,;rtu~rs - uu ~~t ccrit;~ und to the inter-
every line that is not a l imb belonO s to two face Sec tion ot the J S S O C l J t . -ln l 11 .05 

- 
here i s . or

groups. We bu i ld a f a c e  group by selecting a co urse , the p o s s i b i l i t y  that t m - n e inter section is
l i ne , in any pictu r’e, that does not vet belong r.~ 

sectioned i n to severa l sepurvI - ; edges arid T I - m t the
two face groups. -We then fol l iuw the LA in a two lines correspond to two In’ I .‘r”it Sm ’ct iOfl S;
d ir~ctron rot, previousl y followed , adding to toe but at th is ~ta-;c ii tse r’ecoi~n u t io n  ~~~~~ w i t h
group e se ry  l ine traced and its rl aic hy s in the lid ev nl’i ; c.? I.’ ili ~ contr m r’y , ~‘r’ assume t rmal t’l r~V

itty ” p ic tu res ,  If the trace returns us back to belong ti ti r e s,ar nr vdm . t uo n .

_ _  ~~~~~ . 
_  _ _  _  _



Eac h face grou p correspo n ds to a f - ace of bodies sho u ld Dc : r ” - ,: i t- ’c if ie d whi ch a re ~uffi-
uric of the too i~ c in t r r e scene.  Af er the face— ci erit i y -J t ’’a. ’’ .a 1 t,n ; ’’ n ’- nm i t m i d  us ion of a l l  too ies
group asse nr ib l y and se u on md- l r ’ v e l  da ta  recove r’y is l i k e l y to c r:l c , , ,s r i t e r r ; , 1 . (c) Since the i”~ ut is
co un ipl et ed . we are ready for tir e descr ip t ion  of to be qotteur 1 m - -vu r md) rO1 l( ’,aOi i ’. , trio ;ire’;.-’mce of a
Tru e oojects . Eac h object  is a act of face—g roups , lii i ted a c ufl t at - - I a T I ~l n ~r ,nrte 5t ions such as
with no courirmon elemiie nt ; between twO sets . Every missing lines, ~n m ’ rm1 j u n c t i o n s , end je vi l .m tr i r
r a c e group -J1a ~ t be i on-l n- i) SOHiC Sc - . I n ew ob)c’ I jnac,:ur.I,: I ‘i’s In ns 1 - I he per~nu i t Ied -

IS ‘ut-ned by ta ki no a i .uce  group that is as yet
un,asSr- in i ed and recnu r - ; iv e l y addin g to it every To ach ieve  tru e o b j e c t i v e , a set if c n u i t i p l e
un,ass ig ri .’-j it;e J ran uo that has a l ine in cou rlunon p i c tnu r r ’ or t i re -,cenie was ,a cs , u . ’- l to serve as I t

Iii any if InC t a d ,  groups a 1 ready in the Set - input Oat t . ‘) r ’ W  - i r ’ i i ’ ! ln , m i ’ ri j r . ’ S  Im ,.’,CJ fir tint!
a n a l ys i s o i To, -11 .‘ i it ui’es wt l l ” . ’  r - -,n ’n t l  i.’,ij, A

We a l s o  w ish  to deterini ine t i t se  tim groups oromeni r i r i - itr e s t a n i  itimii i ’ i nnat .j:m ’~~ Detwc ; r ”i ~ea-
that  correspond to curved faces.  C I ” a r l y,  ever .’  T ,, rr !5 in tht ’ 4 n i t .’ r rl nnt  P i C t u n ’~ 5 and ta r  vn -’ r it i i ng

5r~ ~‘d i.ti.’ DuSt mm i Tr ;tt i t- ;~ 1f s,o’rem uiw , or we doubt ful i “ala m e t  wCre Isv i sed , a;  wel l  as pro -

u - y e no w a - /  v nr recogn r z ii rig it as a r t - oS . We ce ilna res n or el nra r rat log ,~rom u ’ ; data and f~r re-
k n i w  tha t w i re ’ mC v ei ’ tw u) ~u cn- ’ ~n~~u~ s m m ’ ’’. in i t crvm ’rr umg r i n i ss n m ’ - I .~J t a .  n - l ’ i I l ly’  a pr-:-c~ Uure h r
l eas t  one p ic t . rr, , a -,um ’ c ” - s 1 n.’ , it Ic 1 St OflC )i itsC’ m lh i n c  t ie aria ;.‘ed ‘.51.1 i nt )  sets , ,‘.i,.’i It.’~ —
th,’-ii must :orrn; ’;toiid to i - : . u r ’i ,-d r u i - c ,  It is al~~ cm l i i i  0 si mi n i i rn l i v  D i  lbs 5 5’’.” , w a - ’ -: .. ‘n Stm ti —
Obvi ous th a t ever”, n i.’ ni ’ rnut r Inns t C nit u i f l S  .1 t e l , uri c 1 ud i n:g I ‘In ’ - ‘ tO n i . ’  i fl .tt:o u n of the DanDiCI -

I n- no must ,orres zono to a .‘.‘rved ~1, ’  - T’m’ n’, to faces iuid t la e r r ma il, , i n ;  - A :,.ril m’ ; ter ;nronlr,alii I’atenl
dete rm ri i ne tie ;urs ed ~acun , -wv bu i ld , Dv means ca r’ on th is  apjn usci u,h .,,c wm ’i t tCn - V -‘e pro ‘mlii was
a tree ;ei rcru , a m i n i m a l  se t or V1;’ p ’. con taining .‘jle. ‘give n real ir my ’ut d a t a , to - sn uer st i iid” the
ill t a l l y  a l l  those r’ic cs w hose time g rouj i s have J i o t u i r a p r e c  1 0 0 f l i’ , S r i ) tc- v i e -I a p i , a u s n n
a l im b , suc ru t hat  at lea st one uar’nei’ (actually les c ript Cii .
its corresoondin g face), Trim each c m l i ’ sharing a
Curved l ine , is present in i~ . 4 prncedui’e for Refe rynuce~
e cita Ct iri ,l inform ation abou t the n atjm ’e of the
faces i n :  n - o r a e tting the T ica.’s ’ equations is 1 . R. T. Ch iei i , V . H. Chang , “Recogn ition of
ac ri I in Curved Objec and 0i ~ D suror ib ly Proc

the Second lm it ~ i’mnit ioi i i l Jo in t  Confere nce on
—~~~~ Enpe n iin r~ 110 1 Rn su 1 s c a t  t e n  ii ‘~i LOiJ n it a ma I’ at I i  a i n n .1

Ccpe nmn .agei i , pp. .105— 510 , Au ,~uut
A scene that is typical of the kind con— 1 - 1 - 4 .

sidered for anal ys i s is snown in F l - I . 6. Th ree
views are shown , each v r;vi: .1 Ii ffer em r t vanta ge 2. M . B. Cl owes . “On Seeing Things ” , Arti fi clil
~O i f l t .  Sc mim y: a m t i c de s c r i p t i o n s  car Inc three pic — I m i t n ; l i i i r ’mnce , .~~. (1), 1970 , pp. ‘9 — l I t .
tures are - J r ’ven in Fi - 1 . . in the i n p u t  da ta ,
th e twO mion- l irib lines ~f an S junction , which 3. 0. Falk , “Computer Inter ’pretation of Imper ”ec t
are aCtu a I ly o,irt; of th~ sonic 1 inc . have -Ii s— Li tie Data as a Thre~ —l’- i : nnu ’ r ~ i ona l Scene ’ ,
ti m i d l atels ; nowtpver , ,ater on urn ’ of these can doctoral disCe r ’tjtioia , Loan iput rTr Sc ience
5’.’ in lety. i  - Depar ’t nm i emit , S tarif a iru l Uur i -. r ’r i t  y , S t u n  r ,.‘rd , VA

,i,uqust 15170. “I) 715 hOt; .
The procedure was it nl e to v a li da te 28 of

the 14 y Jhn mm : t. ions in tin e iii, , Ii on i— ,un,a t cmi ny phase - 4. S. Giniap,i t hy ,  “ -R~ Cins truc t ion of Scenes Con—
-\ f ’ er the I in e—-n .t t cni l m:q .ir ’ O r ’IS , a ll the ~n mn Ct iOniS t a n n i n g  Pol v l i enlri for’ Stn ’rr ’n.’ Pair 01 / I m - .~y

’

sho wn circled in F i- ; - V 1r ,c j  been c -c l rc ,u I l -
‘ At Mc.’mno .‘ , ‘ , 5 1 u m u  t a r - I  tJ m i i se rs  i t, , Dec . 1 115

or ICrCcl . ,:ata r’e,c sm .’i ’ i ,.‘t ciii ciused the ‘ em pty ”
l ines ; ;howmi dashed in Fi - i . 7 )  to DC generated , 5. A . C’,uzriian , “Couui pu ter Recoyn ition if Three—
.1, w e l l  as the line eltCn si one mn,a r~ v,1 by arrows. Dimens iu in al Ob ject s in a I n  11101 S~ e m ne ’

do c to ra l  Jrts , cm t ,t t io fl , M . L V . ,  C.a n b r i d r a e ,
The final scene description reported by the M,a -,s, , Deceo n ’e m l - ~tni . (A .’) rug,, ’ 2 0 3 ) .

:r,i,ir ann was ~ji yen iii the t0iifl of fa r ,~ .Jrc,ups
- r i s r s t I n i g  r’ se ts  of t r i o b e ’ s  of matched l i n e s )  6. D. A. Nuff nnn an , “ Inipossib i” .Ihjes’ts  - as ‘l~ m ns ~ nse

‘-mm ‘lic h -i t the S bodies in tine scene . Detailed Senitencn’~” , ~lia: hu nu ~ lr;t ~ I i - ~Cl. a’, 1’ , “ni.
r.’s i I t .s, a’; -.~‘ll as ,ntner scenes p rocessed ,  ,mr ’e B. ~l el t :r~m ’ m m,) 0 . ‘m c m i , ’ , - \I r ’ n ’ cur l i_ i
.leecrnt’ m’ni in ~,i ]. 197 1 , pp 30 5. 31 ’l

0i. Vi nc i I us no n ‘ 
- L . 0. Robei’ts , ‘‘li la i iii’ ~‘ ‘I’” .‘pt iOn 01 Thrp~ —

Drme nms n oni ,i I 0,r l u ,le ’’ , -‘)
~

n i ‘ - ,a ‘ m a )  ‘ 1
The ob .lm ’ctmve of t i ne  reseaat :n descr ibe-I oui t nc ,a 1 m if ocinm ,a t iran n- n, - . . n i ,  -

here was to invest i uJ1ate tatdimn i ,~na, ’’s ‘ ‘a ’ the coin— V - 7 . Ii ~~ ’,- - n ‘i , m~~~~~ I i cc , 
‘,n ’nn i a, r

paiter und erstandin g ~f pictures of Ss m ’ilt’ ,. T h r e e  Ma s s . ,  pp. l ’i g _ l i ’ , l i r li a
p r i n c i p l e s  mu ide -I the n- ,- ;,’ a r,.h : i,a ) l~o complet e
pr”kn ow l “,l’ir? ,) ‘ the s ini mm a’ ‘ 5 tn i r , l i ,0S shoul ’ l be 0. R. fin .t i’ u i ’.a , ‘ n,’ ‘;i;’a ,t , ’,’ R0c i i i t lm ’ 11- t  0 mt lcd n m ’;
i s - ; inmed s mac u ,’ t h a t  ml , ; ’  ~l i 1 rui n I i n m  i-e pe rto i  re of Boun rdm nd I’-,- -~‘ j . u ,h i ’ n , ’ su m ’ 1 u ,~~- , ‘ m e n  a se t  of I- ’ :—
bod i es . ) rr,~ aiusliii;em’ of t i - h a t . ’ , ‘shiou 1,1 be a rm — ~O ’ r r ’i ’ ‘ m r  ,‘rr n c  ‘ 

, -I - I n n !  r’ .~~ - . - r _a~ ru m ; ,
‘‘‘s t r i c t . - .’ air ,] Her ’’’ 1 7 , o r i m ’ pm r r )’ .’n ’ ti ’ - ’; ,if the ‘1, ’-., Y m ~~ h l u i n v c m ’  - n t , - , a n t t . l 1 ’ n ,‘)p \;lib fin _i’ ,

5
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Fl r ~. 4. The match-line tria ng le for -, ‘- r I ” y 3,
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~~~~~‘~~iFig. 5. Three configuratio ns for second—level “-m,_c.~— I
data recovery. 
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Fig. 7 . Schematic descriptions of three

______ - pictures pf sample scene. Results niarm1ed
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______ 
w it h ci rcles , arrows , and dashed lines.

Fig. 6. Three p ictures of sample scene. 
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