
A b s t r a c t 

A c o m p u t e r p r o g r a m , named MAPSEE, f o r 
i n t e r p r e t i n g maps s k e t c h e d f r e e h a n d on a 
g r a p h i c a l d a t a t a b l e t i s d e s c r i b e d . The 
emphas i s i n t h e p r o g r a m i s o n d i s c o v e r i n g 
cues t h a t i n v o k e d e s c r i p t i v e mode ls w h i c h 
c a p t u r e t h e r e q u i s i t e c a r t o g r a p h i c and 
g e o g r a p h i c k n o w l e d g e . A model i n t e r p r e t s 
a m b i g u o u s l y t h e l o c a l e n v i r o n m e n t o f a 
c u e . B y r e s o l v i n g t h e s e i n t e r p r e t a t i o n s 
u s i n g a new n e t w o r k c o n s i s t e n c y a l g o r i t h m 
f o r n - a r y r e l a t i o n s , MAPSEE a c h i e v e s a n 
i n t e r p r e t a t i o n o f t h e map. I t i s 
d e m o n s t r a t e d t h a t t h i s a p p r o a c h can b e 
made v i a b l e even t h o u g h t h e map c a n n o t 
i n i t i a l l y b e p r o p e r l y s e g m e n t e d . A 
t h o r o u g h l y c o n s e r v a t i v e , i n i t i a l , p a r t i a l 
s e g m e n t a t i o n i s d e s c r i b e d . The e f f e c t s o f 
i t s n e c e s s a r y d e f i c i e n c i e s o n t h e 
i n t e r p r e t a t i o n p r o c e s s a r e shown. The ways 
i n w h i c h t h e i n t e r p r e t a t i o n can r e f i n e t h e 
s e g m e n t a t i o n a r e i n d i c a t e d . 

1 . I n t r o d u c t i o n 

The p u r p o s e o f t h i s p a p e r i s t o 
r e p o r t on a p r o g r a m , MAPSEE, t h a t r e a d s 
s k e t c h maps. The i n t e n t i o n i s n o t t o 
d i s c u s s t h e o v e r a l l g o a l s o f t h i s r e s e a r c h 
n o r how i t f i t s i n t o c u r r e n t c o m p u t a t i o n a l 
v i s i o n c o n c e r n s e x c e p t i n s o f a r a s i t 
d i r e c t l y i m p i n g e s o n t h e m . Those i s s u e s 
a r e t a c k l e d i n d e t a i l i n a compan ion p a p e r 
( M a c k w o r t h , 1 9 7 7 ) . S u f f i c e i t t o say 
h e r e , b y way o f i n t r o d u c t i o n , t h a t one o f 
t h e g o a l s i s t o u n d e r s t a n d how t o e x p l o i t 
t h e s e m a n t i c s o f images d e s i g n e d f o r 
c o m m u n i c a t i o n a s t y p i f i e d b y s k e t c h e s , i n 
g e n e r a l , and s k e t c h maps i n p a r t i c u l a r . 

A n o t h e r g o a l i s t o t r a n s f e r some o f 
t h e c u r r e n t v i s i o n p a r a d i g m t o o t h e r 
d o m a i n s . One o f t h e u s e f u l c o n c e p t s t o 
emerge from" e a r l i e r work was an a p p r o a c h 
t o v i s i o n a s a t a s k o f u n d e r s t a n d i n g t h e 
i m p l i c a t i o n s o f l o c a l cues i n v o k i n g mode ls 
t h a t p l a c e d c o n s t r a i n t s o n t h e 
i n t e r p r e t a t i o n o f p i c t u r e e l e m e n t s i n t h e 
n e i g h b o u r h o o d o f t h e c u e . The H u f f m a n -
C l o w e s - W a l t z a p p r o a c h ( W a l t z , 1 9 7 2 ) , f o r 
e x a m p l e , used j u n c t i o n s a s c u e s , and 
c o r n e r s a s mode l s w i t h t h e c o n s t r a i n t s 
p l a c e d o n t h e edges a t t h e c o r n e r s , w h i l e 
POLY ( M a c k w o r t h , 1 9 7 3 , 1976) f o c u s s e d on 
edges and s u r f a c e s . One p u r p o s e i n 
d e s i g n i n g MAPSEE was t o d e m o n s t r a t e t h a t 
t h e c o n s t r a i n t s a t i s f a c t i o n a p p r o a c h has 
much w i d e r a p p l i c a b i l i t y t h a n j u s t t h e 
b l o c k s w o r l d . T h i s r e q u i r e d , i n p a r t , 
f u r t h e r g e n e r a l i z a t i o n o f t h e s o - c a l l e d 
n e t w o r k c o n s i s t e n c y a l g o r i t h m s 

2. The Maps 

The maps chosen f o r t h i s s t u d y were 
s k e t c h e d f r e e - h a n d on a g r a p h i c a l da ta 
t a b l e t . No g r e a t e f f o r t was made to d rav 
t h e map c a r e f u l l y . The map shown in 
F i g u r e 1 g i v e s many p e o p l e pause b e f o r e 
t h e y see t h a t i t d e p i c t s a n i s l a n d o n 

Thus one f o c u s o f t h e c u r r e n t work i : 
t o e x p l o r e t h e l i m i t s o f t h e 
c u e / d e s c r i p t i v e model a p p r o a c h t o v i s i o r 
w i t h p a r t i c u l a r emphas is o n t h e m o d u l a r i t y 
t h a t i t b u y s . A n o t h e r f o c u s i s a n aspect 
o f t h e c h i c k e n - a n d - e g g p r o b l e m ( M a c k w o r t h 
1975b) n a m e l y , can one segment b e f o r e 
i n t e r p r e t i n g ? I f s o , how? - g i v e n t h a t t 
c o m p l e t e s e g m e n t a t i o n r e q u i r e s p r i o i 
i n t e r p r e t a t i o n . I n t h i s d o m a i n , and i r 
many o t h e r s I s u s p e c t , t h e s e m a n t i c s ar< 
s o r i c h t h a t a p a r t i a l s e g m e n t a t i o n t h a i 
i s c o n s e r v a t i v e i n many d i f f e r e n t ways i ! 
s u f f i c i e n t t o a l l o w a b o o t s t r a p i n t o a r 
i n t e r p r e t a t i o n . B y ' r i c h s e m a n t i c s ' ] 
mean s i m p l y t h a t t h e r e e x i s t s a l a r g e 
number o f p a r t i a l l y i n d e p e n d e n t but 
m u t u a l l y c o n f i r m i n g i n f e r e n c e p a t h s . 
F u r t h e r m o r e , t h e i n i t i a l i n t e r p r e t a t i o r 
can t h e n , i n t u r n , r e f i n e t h e i n i t i a l 
p a r t i a l s e g m e n t a t i o n . ( S e e , f o r e x a m p l e , 
( Y a k i m o v s k y and F e l d m a n , 1 9 7 3 ) , (Tenenbaun 
and B a r r o w , 1976) and ( S t a r r anc 
M a c k w o r t h , 1976) f o r o t h e r a p p r o a c h e s t c 
t h i s p r o b l e m . ) 
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T o u n d e r s t a n d t h e g e n e r a l n a t u r e o f 
MAPSEE t h e f o l l o w i n g e x p e r i m e n t i s 
s u g g e s t e d . Cut a s m a l l h o l e i n a p i e c e o f 
p a p e r and p l a c e i t on t h e map. As you 
move i t a r o u n d t h e map ask y o u r s e l f "What 
c o u l d t h a t b e ? " I n i t i a l l y , i f y o u ' r e 
l o o k i n g a t a l i n e t h e n c l e a r l y i t c o u l d b e 
a r o a d , a r i v e r ( f l o w i n g i n one d i r e c t i o n 
o r t h e o t h e r ) , a b r i d g e , a m o u n t a i n s i d e o r 
a s h o r e l i n e ( o f a l a k e o r o f t h e s e a , w i t h 
t h e w a t e r o n one s i d e o r t h e o t h e r ) . I f 
on t h e o t h e r h a n d , you see a b l a n k s p a c e , 
a n a r e a l e l e m e n t , i t c o u l d b e l a n d , l a k e 
o r s e a . I f you now t e m p o r a r i l y remove t h e 
p a p e r w i t h t h e h o l e i n i t and see t h e map 
a s a w h o l e , you w i l l n o t i c e t h a t t h e 
l i n e a l e l e m e n t s appea r t o a g g r e g a t e i n t o 
u n i t s o f c o n n e c t e d l i n e s each w i t h a 
u n i f o r m i n t e r p r e t a t i o n . These a r e c h a i n s . 
S i m i l a r l y , t h e a r e a l e l e m e n t s w i l l 
a g g r e g a t e i n t o r e g i o n s t h a t have u n i f o r m 
i n t e r p r e t a t i o n s . 

As you resume mov ing t h e h o l e a r o u n d 
t h e map, you w i l l f u r t h e r d i s c o v e r a w i d e 
v a r i e t y o f i n t e r e s t i n g p i c t u r e f r a g m e n t s 
w h i c h c o n s t r a i n t h e i r p a r t s . A s h a r p k i n k 
i n a c h a i n , f o r e x a m p l e , r u l e s o u t t h e 
p o s s i b i l i t y t h a t i t i s p a r t o f a b r i d g e . 
I t c o u l d , o n t h e o t h e r h a n d , b e a m o u n t a i n 
t o p , i n w h i c h case t h e c h a i n i s a m o u n t a i n 
and t h e r e g i o n s o n e i t h e r s i d e a r e b o t h 
l a n d , o r i t c o u l d b e p a r t o f a c o a s t l i n e , 
i n w h i c h case t h e r e g i o n o n one s i d e i s 
l a n d , t h e o t h e r b e i n g sea o r v i c e v e r s a , 
o r . . . . I f a c h a i n s t o p s a b r u p t l y w i t h 
n o O t h e r l i n e s anywhere i n t h e v i c i n i t y i t 
most c e r t a i n l y i s n o t a s h o r e l i n e ; 
f u r t h e r m o r e , t h e r e g i o n t h a t i t s t o p p e d i n 
must be a l a n d r e g i o n . The f r e e end c o u l d 
b e a r i v e r s o u r c e i n w h i c h case t h e c h a i n 
i s a r i v e r f l o w i n g away f r o m t h e f r e e e n d . 
( R i v e r s may appea r o u t o f t h e g r o u n d b u t 
t h e y d o n o t d i s a p p e a r i n t o i t . R i v e r s 
a l s o s t a r t a t l a k e s and o t h e r r i v e r s . 
They empty i n t o o t h e r r i v e r s , l a k e s o r t h e 
s e a . They may, h o w e v e r , t e m p o r a r i l y 
d i s a p p e a r u n d e r a b r i d g e . ) O r t h e f r e e 
end c o u l d be a m o u n t a i n s i d e or . . . . 

These i n f o r m a t i v e p i c t u r e f r a g m e n t s 
a r e c a l l e d " p r i m a r y c u e s " because t h e y 
i n v o k e mode ls t h a t i n t e r p r e t t h e i m m e d i a t e 
l o c a l e o f t h e cue t h e r e b y p u t t i n g 

w h i c h t h e r e a r e two towns c o n n e c t e d by a 
r o a d w h i c h c r o s s e s a b r i d g e o v e r a r i v e r 
w h i c h r i s e s i n a m o u n t a i n r a n g e i n t h e 
n o r t h - w e s t , and r u n s to a d e l t a i n a bay 
o n t h e s o u t h e r n s h o r e . The o n l y m a j o r 
p o s s i b l e g e o g r a p h i c a l e l e m e n t s a l l o w e d 
by t h e c u r r e n t MAPSEE b u t m i s s i n g f r o m 
t h a t map a r e i n l a n d l a k e s . M o r e o v e r , 
t h e l a n d a r e a need n o t b e a n i s l a n d - i t 
c o u l d c o v e r t h e e n t i r e map. The c a r t ­
o g r a p h i c e l e m e n t s may be a r r a n g e d in any 
o f t h e l e g a l ways t h e i r c o r r e s p o n d i n g 
g e o g r a p h i c o b j e c t s c o u l d . 

3 . I n t e r p r e t a t i o n i n C o n t e x t : Cues and 

Mode ls 

c o n s t r a i n t s o n t h e l i n e a l and a r e a l 
componen ts o f t h e c u e . The i n i t i a l 
enormous a m b i g u i t y o f i n t e r p r e t a t i o n i s 
r e d u c e d b y t h e s e l o c a l m o d e l s . I t i s 
f u r t h e r r e d u c e d b y a l l o w i n g t h e mode ls t o 
t a l k t o each o t h e r and a g r e e upon t h e 
i n t e r p r e t a t i o n s o f p i c t u r e e l e m e n t s t h a t 
t h e y m u t u a l l y i n t e r p r e t . T h i s p r o c e s s i s 
h a n d l e d b y a n e t w o r k c o n s i s t e n c y a l g o r i t h m 
t h a t p r o g r e s s i v e l y e l i m i n a t e s 
i n t e r p r e t a t i o n s o f t h e p i c t u r e p r i m i t i v e s , 
t h e c h a i n s and r e g i o n s ( n o t t h e 
i n t e r p r e t a t i o n s o f t h e c u e s ) , u n t i l , i f 
t h e model i n f o r m a t i o n i s s t r o n g e n o u g h , 
t h e i n t e r p r e t a t i o n i n t e n d e d b y t h e u s e r 
rema i n s . 

A w i d e v a r i e t y o f g e o g r a p h i c a l and 
c a r t o g r a p h i c a l k n o w l e d g e , t y p i f i e d b y t h e 
sample i n f e r e n c e s g i v e n a b o v e , i s c a p t u r e d 
in MAPSEE by t h e p r i m a r y cue 
i n t e r p r e t a t i o n c a t a l o g u e . The v a r i e t i e s 
o f cue a r e shown i n F i g u r e 2 , w i t h names 
f o r t h e i r r e l e v a n t component p a r t s . 



4 . The I n i t i a l P a r t i a l Segmentat ion 

4 .1 Representa t ions 
MAPSEE rece i ves a map in the form of 

a procedure f o r drawing i t , c rea ted by the 
r o u t i n e s t ha t t r a c k the s t y l u s on the data 
t a b l e t . That i s , the i npu t i s a sequence 
of p l o t t e r commands where a command is 
move (pen up) to ( x , y ) or draw (pen down) 
to ( x , y ) from the c u r r e n t p o s i t i o n . 

There are so many p o i n t s in t h i s 
p i c t u r e d e s c r i p t i o n (more than 800 f o r 
F igure 1) t ha t one of the main p r i o r i t i e s 
o f a l l the segmentat ion r o u t i n e s i s 
computa t iona l e f f i c i e n c y . There are two 
ways in which t h i s i s ach ieved . In the 
f i r s t p l a c e , a v a r i e t y o f d i f f e r e n t 
r e p r e s e n t a t i o n s o f the p i c t u r e are 
m a i n t a i n e d . Each is a p p r o p r i a t e f o r one 
or more purposes. Secondly, when 
computing in a p i c t o r i a l r e p r e s e n t a t i o n , a 
segmenter on l y works at a l e v e l of d e t a i l 
a p p r o p r i a t e t o i t s c u r r e n t needs. 

The p rocedura l r e p r e s e n t a t i o n g ives 
way to a network r e p r e s e n t a t i o n which 
i n i t i a l l y con ta ins j u s t cha ins 
( consecu t i ve d raws) , l i n e segments and 
segment end p o i n t s . In t h i s 
r e p r e s e n t a t i o n , each cha in undergoes a 
process of g e n e r a l i z a t i o n , as the 

For each cue the re is a set of models 
as l i s t e d in F igure 3. Each model 
c o n s t r a i n s the i n t e r p r e t a t i o n o f each pa r t 
of the cue to belong to the set g i v e n . The 
i n t e r p r e t a t i o n s of F igure 3 are 
c o n t e x t - s e n s i t i v e i n t h a t i f the 
i n t e r p r e t a t i o n s of a p a r t are separated by 
a | then on ly one of them is p o s s i b l e . 
The d i r e c t i o n of f l ow of a r i v e r is 
handled t h i s way. A cha in has assoc ia ted 
w i t h i t the d i r e c t i o n i n which i t was 
drawn. I f , the r i v e r f lows in t h a t 
d i r e c t i o n i t i s l a b e l l e d " r i v e r " e lse 
" r i v e r * " . I n the f i r s t i n t e r p r e t a t i o n o f 
the TEE, f o r example, the r i v e r can on ly 
f low i n t o the TEE on the s tem-chain 

In order to use t h i s ca ta logue of 
models we must segment the p i c t u r e i n t o 
cha ins , r e g i o n s , cue ins tances and the 
b ind ings o f t h e i r components. 
U n f o r t u n a t e l y , t h a t segmentat ion cannot be 
done p e r f e c t l y , as we s h a l l see, but i t 
can be done w i t h s u f f i c i e n t care t ha t the 
models can s t a r t to make sense of the 
p i c t u r e . That i n t e r p r e t a t i o n can then be 
used to r e f i n e the segmenta t ion . The 
program MAPSEE, w r i t t e n in LISP, c o n s i s t s 
o f the th ree phases: p a r t i a l segmenta t ion , 
network cons i s t ency , and r e f i n i n g the 
segmentat ion. 



4 . 3 Cue Segmentat ion 

Each of the cue types has i t s own 
s p e c i a l i z e d r o u t i n e s t h a t d iscover 

ca r tog raphers c a l l i t , whereby a t each 
l e v e l o f d e t a i l the cha in i s represen ted 
to w i t h i n a c e r t a i n t o l e r a n c e . 

F i n a l l y , the re i s an a r ray 
r e p r e s e n t a t i o n indexed by the x -y 
coo rd ina tes o f the end p o i n t s . Th is is 
q u i t e coarse (32x32) but a l l ows qu ick 
answers to ques t ions such as "What are you 
near?" which uses a s p i r a l search in the 
a r r a y . As d iscussed in the next s e c t i o n , 
the a r ray r e p r e s e n t a t i o n i s gene ra l i zed i n 
the process of r e g i o n - f i n d i n g to form a 
space occupa t ion h i e r a r c h y o f a r rays o f 
f ou r elements each. 

4 • 2 Region Segmentat ion 
If we were to d e f i n e a reg ion as a 

connected subset of a 2D Euc l idean space, 
the p i c t u r e , in our domain, would always 
have e x a c t l y one r e g i o n ! Whenever the 
user i n tends to enclose a reg ion he leaves 
a smal l ( o r , sometimes, not so smal l ) gap, 
r e l y i n g upon the map reader to d i v i n e h i s 
i n t e n t i o n by read ing h i s mind as w e l l as 
the map. We cannot segment u n t i l we can 
i n t e r p r e t but we cannot i n t e r p r e t u n t i l we 
segment; t h i s i s the f a m i l i a r A I 
ch icken-and-egg prob lem. However, a 
i n i t i a l , p a r t i a l , conse rva t i ve reg ion 

segmentat ion is p o s s i b l e . A r e c u r s i v e 
a l g o r i t h m p a r t i t i o n s the image i n t o empty 
pa tches : s u b d i v i d i n g a patch of space on ly 
i f i t i s not empty. Th is top-down 
s u b d i v i s i o n stops we l l be fore i t cou ld 
lead to t r o u b l e , at a l e v e l whose patch 
s ize is much g rea te r than any 
u n i n t e n t i o n a l gaps in the ske tch . The 
empty ad jacent patches are then merged to 
form the f i v e reg ions shown in F igure 4. 
The conservat ism guarantees no leakage; no 
reg ion so found w i l l correspond to more 
than one ' i n t e n d e d ' r e g i o n . But some 
in tended reg ions may be represented by 
more than one found r e g i o n : the l a rge 
connected land reg ion has been s p l i t i n t o 
reg ions 2, 3, 4 and 5. Other in tended 
reg ions may not be represented at a l l : the 
two smal l land reg ions in the r i v e r d e l t a 
have been missed. Moreover, the extent of 
the found reg ions is somewhat less than 
t h e i r a c t u a l e x t e n t . As we s h a l l see, the 
cons is tency process i s very t o l e r a n t o f 
these necessary i d i o s y n c r a c i e s of the 
reg ion segmenter. 



4.4 F lesh ing Out the Cues 

Each cue ins tance needs to b ind 
v a r i o u s p i c t u r e elements (cha ins and 
reg ions ) t o i t s i n t e r n a l names. Aga in , 
the segmentat ion process is h e a v i l y b iased 
in favour o f s ins o f omiss ion r a t h e r than 
commission. I f , f o r example, i t i s 
l o o k i n g f o r the r e g i o n assoc ia ted in a 
c e r t a i n d i r e c t i o n w i t h a cue, i t c rawls 
c a r e f u l l y i n t h a t d i r e c t i o n from the 
i n i t i a l p o i n t . I f i t f i n d s a r eg ion 
w i t h i n a very shor t d i s t a n c e , a g a i n , 
determined by the minimum patch s i z e , w e l l 
and good. But i t i t does not i t w i l l g i ve 
up r a t h e r than r i s k r e t u r n i n g the wrong 
r e g i o n . I t i t g ives up i t c rea tes a 
reg ion ghost (Bobrow and Winograd, 1977) 

ins tances in the p i c t u r e . They lean 
h e a v i l y on the l e v e l s o f d e t a i l i n the 
r e p r e s e n t a t i o n s f o r e f f i c i e n c y . Moreover, 
they a l l have t h e i r own brand of 
conse rva t i sm. Each is designed to r e j ect 
a l l b o r d e r - l i n e cue i n s t a n c e s . As the 
J o l l y Green Giant says, "Only the best 
w i l l d o ! " A t e n t a t i v e f r e e end, f o r 
example, must be w e l l in the c l e a r 
( r e l a t i v e to the minimum patch s ize o f the 
reg ion segmentat ion) be fore i t i s accepted 
as a f r e e end. An obtuse angle must have 
arms longer than a g iven minimum, 
s t r a i g h t e r than a c e r t a i n t o l e r a n c e , angle 
c o n s i d e r a b l y less than pi . . . . No f a l s e 
cues can be found so, as a r e s u l t , many 
genuine ones are i g n o r e d . The cues found 
are i n d i c a t e d by the hexagons in F igure 5. 



t ha t stands f o r the reg ion which has t h a t 
r e l a t i o n s h i p to the cue but cannot yet be 
i d e n t i f i e d . The r e g i o n cor respond ing to 
the ghost may or may not e x i s t as a found 
r e g i o n . E ighteen r e g i o n ghosts were 
c rea ted du r i ng the segmentat ion o f the 
sample map. 

5. The Consis tency Phase 

The p i c t u r e is now p a r t i a l l y 
segmented i n t o c h a i n s , reg ions and 
p a r t i a l l y i n s t a n t i a t e d cues. I n 
d e s c r i b i n g the cons i s tency p rocess , I w i l l 
i g n o r e , f o r the t ime b e i n g , the f ou r types 
o f inadequacies in the segmentat ion ( the 
ex t r a r e g i o n s , the m iss ing r e g i o n s , the 
miss ing cues and the r e g i o n ghosts) and 
assume t h a t the segmentat ion is p e r f e c t . 
Subsequent ly , we s h a l l see how those 
inadequacies a f f e c t the cons is tency 
p rocess . 

Mackworth (1975a) d iscusses and 
extends a c lass of a l g o r i t h m s t y p i f i e d by 
W a l t z ' s (1972) arc cons is tency a l g o r i t h m 
( c a l l e d AC-2, t he re ) and Mon tana r i ' s 
(1974) path cons is tency a l g o r i t h m ( c a l l e d 
PC-1), designed to s a t i s f y a set of b i na r y 
r e l a t i o n s among a set of v a r i a b l e s each of 
which must be i n s t a n t i a t e d in an 
assoc ia ted domain. Network cons is tency 
a l g o r i t h m s are o f t e n b e t t e r than 
b a c k t r a c k i n g f o r such a task in t h a t , by 
a p p r o p r i a t e bookkeeping, they e l i m i n a t e 
severa l k inds o f t h r a s h i n g behav iou r . 

I n W a l t z ' s b locks w o r l d , f o r example, 
the v a r i a b l e s correspond to the j u n c t i o n s , 
the domains to the set o f p o s s i b l e corners 
f o r each j u n c t i o n type and the b i na ry 
r e l a t i o n s to the edges, in t h a t each edge 
must have the same i n t e r p r e t a t i o n imposed 
on i t by each of i t s two c o r n e r s . His 
network of r e l a t i o n s was then isomorphic 
to the p e r f e c t l i n e drawing being 
i n t e r p r e t e d . 

In MAPSEE, the " v a r i a b l e s " are the 
chains and the reg ions (which a lso must be 
i n t e r p r e t e d : e v e r y t h i n g need n o t , indeed 
cannot , be packed i n t o the chain 
i n t e r p r e t a t i o n s ) . The domains are t h e i r 
c o n t e x t - f r e e i n t e r p r e t a t i o n s , t ha t i s 
{ r o a d , r i v e r , r i v e r * , mounta in , b r i d g e , 
shore) f o r chains and { l a n d , l ake , sea ) 
f o r r e g i o n s . The r e l a t i o n s are the cue 
i n s t a n c e s , the c o n s t r a i n t being the 
d i s j u n c t i o n of the set o f models f o r each 
cue i n s t a n c e . 

The r e l a t i o n s are now n -a r y , not j u s t 
b i n a r y , because each model r e l a t e s from 
one to seven reg ions and cha ins . The 
network cons i s tency a l g o r i t h m used in 
MAPSEE g iven below is a s u i t a b l y 
g e n e r a l i z e d v e r s i o n of AC-3 (Mackworth, 
1975a). Note t h a t , i n l i e u o f network 
c o n s i s t e n c y , one c o u l d , o f course , 
back t rack on the va lues in the domains of 
the chains and r e g i o n s , f a i l i n g back when 
any cue ceases to have a model which 
s a t i s f i e d the c u r r e n t v a l u e s ; however, the 

f o l l o w i n g a l g o r i t h m , NC, is f a r more 
e f f i c i e n t . 

NC: An n-ary R e l a t i o n Consis tency 
A lgo r i t hm 

1. Cons t ruc t a queue c o n s i s t i n g of 
( v a r i a b l e , r e l a t i o n ) p a i r s in which each 
v a r i a b l e i s pa i r ed w i t h every r e l a t i o n 
t h a t d i r e c t l y c o n s t r a i n s i t . 

2. Whi le the queue is not empty do steps 
2.1 and 2 . 2 . 
2.1 Remove the f i r s t p a i r (x,R) from 

the queue. 
For each v a l u e , a, in the domain of 
v a r i a b l e x, Dx, do step 2 .1 .1 
2 .1 .1 Find at l e a s t one va lue in 

the domain of each of the 
o ther v a r i a b l e s d i r e c t l y 
cons t ra ined by r e l a t i o n R 
such t h a t a l l the v a l u e s , 
i n c l u d i n g a , s imu l taneous ly 
s a t i s f y R. I f such values 
cannot be found d e l e t e a from 
Dx. 

2.2 If any values were de le ted from Dx 
in step 2.1 then do step 2 .2 .1 
2 .2 .1 Tf Dx is now empty then 

r e t u r n f a i l u r e as the r e s u l t 
o f t h i s c a l l e lse rep lace the 
queue by the union of the 
queue and the set of p a i r s 
ob ta ined from a l l the 
r e l a t i o n s o ther than R t h a t 
c o n s t r a i n x , each r e l a t i o n 
pa i r ed w i t h a l l the v a r i a b l e s 
o the r than x t h a t i t 
c o n s t r a i n s . 

3 . At t h i s step the re are th ree p o s s i b l e 
s ta tes o f the ne twork : 
a) I f every v a r i a b l e has e x a c t l y one 
element in i t s domain r e t u r n t ha t set 
o f b ind ings as the r e s u l t o f t h i s c a l l . 
b) If one v a r i a b l e , y, has k (k > 1) 
elements in i t s domain and the r e s t 
have e x a c t l y one element r e t u r n the k 
s o l u t i o n s formed by b i n d i n g y to each 
o f i t s va lues and the o ther v a r i a b l e s 
t o t h e i r unique v a l u e s . 
c) If more than one v a r i a b l e has more 
than one element in i t s domain then 
s p l i t the domain of one of those 
v a r i a b l e s approx imate ly i n h a l f and 
r e t u r n the s o l u t i o n s ob ta ined by 
a p p l y i n g the a l g o r i t h m r e c u r s i v e l y t o 
the two subproblems so genera ted . 

The a l g o r i t h m e i t h e r r e t u r n s f a i l u r e 
(because some domain was exhausted) or one 
or more s o l u t i o n s each of which s a t i s f i e s 
a l l the r e l a t i o n s . The s o l u t i o n s are 
complete : no subsequent b a c k t r a c k i n g is 
necessary . The a l g o r i t h m can be t r i v i a l l y 
mod i f i ed t o r e t u r n j u s t the f i r s t s o l u t i o n 
i f d e s i r e d . Note t h a t the o r d e r i n g o f the 
queue is u n s p e c i f i e d : the process 
converges r e g a r d l e s s ; however, i t may be 
t r e a t e d as a p r i o r i t y queue. For example, 
s o r t i n g the queue so t h a t s t r o n g l y 



i n t e r r e l a t e d v a r i a b l e s are more l i k e l y t o 
be ad jacen t in the queue speeds 
convergence. 

Freuder (1976) independent ly 
gene ra l i zed the cons is tency arguments 
g i v e n , f o r b i na r y r e l a t i o n s , i n 
(Mackworth, 1975a) to app ly to n-ary 
r e l a t i o n s . His a l g o r i t h m i s very 
d i f f e r e n t from the one presented here in 
t h a t he e x p l i c i t l y c o n s t r u c t s sets o f a l l 
the n - t u p l e s o f va lues o f the v a r i a b l e s 
which s a t i s f y each r e l a t i o n and de le tes 
t u p l e s from those s e t s . Fur thermore , he 
c o n s t r u c t s s i m i l a r exhaus t ive 
r e p r e s e n t a t i o n s f o r a l l the i m p l i c i t 
r e l a t i o n s induced by the ones g iven up to 
and i n c l u d i n g the g loba l r e l a t i o n t ha t 
r e l a t e s a l l the v a r i a b l e s . As w i t h the 
b i n a r y r e l a t i o n cons is tency a l go r i t hms 
comp lex i t y a n a l y s i s o f these a l go r i t hms i s 
d i f f i c u l t ( f o r any th ing o ther than worst 
case) making e x p l i c i t comparison 
imposs ib l e . Rest assured , though, t ha t 
they are both i n h e r e n t l y e x p o n e n t i a l , i n 
the worst case, in t h a t the problem is 
NP-complete. For t h i s t a s k , however, NC 
r e q u i r e s f a r fewer CONS c e l l s and 
ope ra t i ons than F reuder ' s a l g o r i t h m . 
S i g n i f i c a n t c o n t r i b u t i o n s t o the 
development of network cons is tency 
a l go r i t hms have a lso been made by Gaschnig 
(1974) , Barrow and Tenenbaum (1976) and 
Rosen fe ld , Hummel and Zucker (1976) . 

In the imp lementa t ion of NC in MAPSEE 
each cue has a l i s t of models assoc ia ted 
w i t h i t . Each i ns tance of t h a t cue has a 
set o f b i nd ings f o r i t s subpar ts t o 
va r i ous chains and reg ions ( the 
" v a r i a b l e s 1 ' i t c o n s t r a i n s ) . I n step 2 .1 .1 
o f the a l g o r i t h m , a s t r u c t u r e matcher is 
used to match the cue ins tance aga ins t 
each model f o r the cue u n t i l a model is 
found a l l o f whose p a r t s match 
s u c c e s s f u l l y . A pa r t of a cue ins tance 
and the cor respond ing pa r t of a model 
match i f f t h e i r domains have a non-NIL 
i n t e r s e c t i o n un less the i ns tance p a r t i s 
the p a r t i c u l a r v a r i a b l e x in which case 
the model pa r t must have i n t e r p r e t a t i o n a 
i n i t s domain. 

For the sample map the cons i s tency 
a l g o r i t h m , NC, converged to unique va lues 
f o r a l l but one reg ion in a s i n g l e pass. 
The a l g o r i t h m d i d not invoke i t s e l f 
r e c u r s i v e l y . The chain i n t e r p r e t a t i o n s 
are as shown in F igure 6. The on ly 
remain ing amb igu i t y i s i n the 
i n t e r p r e t a t i o n o f the sur round ing r e g i o n , 
r e g i o n l , as e i t h e r sea or l a k e . The user 
may have in tended "sea" but the i s l a n d 
c o u l d , of course , be in a l a rge lake whose 
shore is beyond the bounds of the map. 
Regions 2, 3, 4 and 5 are a l l i n t e r p r e t e d 
as l a n d . The i n t e r p r e t a t i o n s a r e , 
presumably, as in tended by the user . 



6 , R e f i n i n g the I n i t i a l Segmentat ion 

In t h i s s e c t i o n we w i l l cons ider the 
e f f e c t o f the segmentat ion d e f i c i e n c i e s on 
the cons i s tency process and then see how 
the r e s u l t s o f t h a t i n t e r p r e t a t i o n process 
can be used to r e f i n e the segmenta t ion . 
Reca l l t h a t the d e f i c i e n c i e s a r e : the 
miss ing cues, the reg ion ghos ts , the 
miss ing reg ions and the e x t r a r e g i o n s . 

The miss ing cues have no se r ious 
e f f e c t on the cons is tency p rocess , 
p r o v i d e d , o f course , t h a t s u f f i c i e n t 
remain . A m iss ing cue s imply f a i l s to 
supply i t s e x t r a c o n s t r a i n t s on the 
p o s s i b l e i n t e r p r e t a t i o n s o f the chains and 
r e g i o n s . In t h i s domain, however, t he re 
is such a w e l t e r of cues i nvok i ng 
c o n s i s t e n t models t h a t t he re is a 
m u l t i t u d e o f p a r t i a l l y independent but 
mu tua l l y c o n f i r m i n g i n f e r e n c e pa ths . 
Breaking a few of those i n f e r e n c e paths 
causes no deg rada t i on in the 
i n t e r p r e t a t i o n . I t i s tempt ing t o 
p o s t u l a t e t h a t most pe rcep tua l t a s k s , in 
the r e a l w o r l d , have the r i c h semantic? 
which g ive r i s e t o t h i s robustness 
p r o p e r t y i f we can but d i scover the 
a p p r o p r i a t e language f o r the i n fe rences 
and a p p r o p r i a t e mechanisms f o r c a r r y i n g 
them o u t . (The q u a l i f i c a t i o n " i n the r e a l 
w o r l d " is added because p s y c h o l o g i c a l 
exper iments in the l a b o r a t o r y u s u a l l y use 
meaning-depr ived s t i m u l i t h a t r u l e out 
t h i s phenomenon (Clowes, 1972) . ) 

The reg ion ghosts a r e , i f you l i k e , 
reg ion i n t e n s i o n s wh i l e the found reg ions 
are ( i m p e r f e c t ) r eg ion ex tens ions (Woods, 
1975). A ghost is an i n t e n s i o n in t h a t i t 
may be s p e c i f i e d as, f o r example, " t h e 
reg ion on the r e f l e x angle s ide o f t h i s 
acute L". The i n t e n s i o n / e x t e n s i o n 
d i s t i n c t i o n forms a spectrum r a t h e r than a 
s t r i c t dichotomy here . Reca l l t h a t a 
ghost a r i s e s when a cue f a i l s to f i n d an 
assoc ia ted r e g i o n ; i t may f a i l e i t h e r 
because i t stopped l o o k i n g too soon even 
though the re is a found r e g i o n the re or 
because the re is no found r e g i o n . The 
ghosts p a r t i c i p a t e i n the cons is tency 
process j u s t as do the found r e g i o n s . The 
s i n g l e cue t h a t c reated a reg ion ghost 
c o n s t r a i n s i t and i t i s q u i t e p o s s i b l e f o r 
i n t e r p r e t a t i o n s of the ghost to be 
p r o g r e s s i v e l y r u l e d ou t . A f t e r the 
cons is tency process we s t i l l do not know 
the ex tens ion of a ghost but we may know 
more about i t than b e f o r e ; f o r example, i t 
may now be fo rced to have the 
i n t e r p r e t a t i o n " l a n d " . 

The miss ing r e g i o n s , as in the r i v e r 
d e l t a , f o r example, a lso do not s e r i o u s l y 
a f f e c t the cons is tency p rocess . The cues 
in the neighbourhood of a m iss ing reg ion 
w i l l have used ghosts i n i t s s tead . But , 
s tand ing in f o r a s i n g l e m iss ing reg ion 
the re w i l l be severa l ghosts so the 
c o n s t r a i n i n g e f f e c t w i l l be weakened 
somewhat. 

S i m i l a r l y , the ex t r a reg ions c rea ted 
by the s p l i t t i n g of a s i n g l e in tended 
reg ion p a r t i c i p a t e independent ly i n the 
cons is tency process thereby e x e r t i n g a 
weaker c o n s t r a i n i n g e f f e c t than i f the 
reg ion had not been s p l i t . However, the 
semantic r i chness overcomes t h a t weakening 
and fo rces the fou r found reg ions 
cor respond ing to the s i n g l e in tended land 
reg ion ( reg ions 2, 3, 4 and 5) to have 
t h a t s i n g l e i n t e r p r e t a t i o n . Aga in , as i n 
the o the r cases, i f the r eg ion s p l i t t i n g 
is so severe as to cut too many i n fe rence 
paths then the process w i l l degrade 
g r a c e f u l l y (Marr , 1975). In t h a t case the 
va r i ous found reg ions would not have the 
in tended i n t e r p r e t a t i o n u n i q u e l y . I t 
would simply be in the i n t e r s e c t i o n of the 
p o s s i b l e i n t e r p r e t a t i o n s o f the found 
r e g i o n s . 

The t h i r d phase of MAPSEE uses the 
r e s u l t s o f the cons is tency process to 
r e f i n e the i n i t i a l p a r t i a l segmenta t ion . 
There are fou r ways in which t h i s can be 
done: a ) e s t a b l i s h i n g d i s t i n c t g h o s t s w i t h 
the same i n t e r p r e t a t i o n and l o c a t i o n as 
co -ex tens i ve b) c o n s i d e r i n g the merge of 
found reg ions w i t h the same i n t e r p r e t a t i o n 
c) e s t a b l i s h i n g a found reg ion as the 
ex tens ion of a ghost w i t h the same 
i n t e r p r e t a t i o n and d) d i s c o v e r i n g a new 
found reg ion as the ex tens ion of one or 
more ghos ts . These i n v o l v e r e v i s i t i n g the 
p i c t u r e and segmenting more p u r p o s e f u l l y , 
more c a r e f u l l y and at a f i n e r l e v e l of 
d e t a i l i n the p a r t i c u l a r areas concerned. 
F igure 7 shows the f i n a l land reg ion t h a t 
r e s u l t s from the success fu l proposed 
merges o f the separate i n i t i a l land 
r e g i o n s . 



7. Conclus ions 
I cannot here d iscuss how t h i s work 

s a t i s f i e s the goa ls o f the p r o j e c t nor 
f u t u r e d i r e c t i o n s such as a) i n t e g r a t i n g 
s t i l l f u r t h e r the segmentat ion and 
i n t e r p r e t a t i o n phases, b) automat ing the 
gene ra t i on of the p r imary cue 
i n t e r p r e t a t i o n ca ta logue by the p r o v i s i o n 
of a language f o r d e s c r i b i n g the models so 
t h a t t r a n s f e r t o o the r sketch wor lds i s 
f a c i l i t a t e d and c) the use of schemata as 
p rocedu ra l models. S u f f i c e i t t o say t h a t 
MAPSEE is an ex i s tence p roo f of the power 
o f semant ics i n the i n t e r p r e t a t i o n o f 
p i c t u r e s . I t demonstrates t h a t the 
c u e / d e s c r i p t i v e model paradigm works in 
domains o the r than the b locks w o r l d , t h a t 
the network cons is tency a l g o r i t h m s can be 
extended, t h a t imper fec t data can be 
overcome by a thoroughgoing conserva t ism 
in the segmentat ion p rocess , t h a t a 
p a r t i a l segmentat ion can y i e l d an i n i t i a l 
i n t e r p r e t a t i o n , and t h a t the 
i n t e r p r e t a t i o n can s e n s i b l y r e f i n e the 
i n i t i a l segmenta t ion . 
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