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Abst ract 

P a r a m e t r i c c o r r e s p o n d e n c e i s a t e c h n i q u e f o r 
m a t c h i n g images t o a t h r e e d i m e n s i o n a l s y m b o l i c 
r e f e r e n c e map. An a n a l y t i c camera model i s used to 
p r e d i c t t h e l o c a t i o n and appearance o f landmarks i n 
t h e image , g e n e r a t i n g a p r o j e c t i o n f o r an assumed 
v i e w p o i n t . Cor respondence i s a c h i e v e d b y a d j u s t i n g 
t h e p a r a m e t e r s o f t h e camera model u n t i l t h e 
appearances o f t h e landmarks o p t i m a l l y match a 
s y m b o l i c d e s c r i p t i o n e x t r a c t e d f rom t h e image 

The m a t c h i n g o f image and map f e a t u r e s i s 
pe r fo rmed r a p i d l y by a new t e c h n i q u e , c a l l e d 
" chamfe r m a t c h i n g " , t h a t compares t h e shapes o f two 
c o l l e c t i o n s o f shape f r a g m e n t s , a t a c o s t 
p r o p o r t i o n a l t o l i n e a r d i m e n s i o n , r a t h e r t h a n a r e a 
These two t e c h n i q u e s p e r m i t t h e m a t c h i n g o f 
s p a t i a l l y e x t e n s i v e f e a t u r e s o n t h e b a s i s o f shape, 
w h i c h r e d u c e s t h e r i s k o f ambiguous matches and t h e 
dependence o n v i e w i n g c o n d i t i o n s i n h e r e n t i n 
c o n v e n t i o n a l image based c o r r e l a t i o n m a t c h i n g . 

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

Many t a s k s i n v o l v i n g p i c t u r e s r e q u i r e t h e 
a b i l i t y t o p u t a sensed image i n t o co r respondence 
w i t h a r e f e r e n c e image o r map. Examples i n c l u d e 
v e h i c l e g u i d a n c e , p h o t o i n t e r p r e t a t i o n (change 
d e t e c t i o n and m o n i t o r i n g ) and c a r t o g r a p h y (map 
u p d a t i n g ) . The c o n v e n t i o n a l app roach i s t o 
d e t e r m i n e a l a r g e number o f p o i n t s o f 
c o r r e s p o n d e n c e b y c o r r e l a t i n g s m a l l p a t c h e s o f t h e 
r e f e r e n c e image w i t h t h e sensed image. A 
p o l y n o m i a l i n t e r p o l a t i o n i s t h e n used t o e s t i m a t e 
c o r r e s p o n d e n c e f o r a r b i t r a r y i n t e r m e d i a t e p o i n t s 
[ B e r n s t e i n ] . T h i s a p p r o a c h i s c o m p u t a t i o n a l l y 
e x p e n s i v e and l i m i t e d t o cases where t h e r e f e r e n c e 
and sensed images were o b t a i n e d under s i m i l a r 
v i e w i n g c o n d i t i o n s . I n p a r t i c u l a r , i t c a n n o t match 
images o b t a i n e d f rom r a d i c a l l y d i f f e r e n t 
v i e w p o i n t s , s e n s o r s , o r s e a s o n a l o r c l i m a t i c 
c o n d i t i o n s , and i t canno t match images a g a i n s t 
s y m b o l i c maps. 

P a r a m e t r i c c o r r e s p o n d e n c e matches images to a 
s y m b o l i c r e f e r e n c e map, r a t h e r t h a n a r e f e r e n c e 
image . The map c o n t a i n s a compact t h r e e 
d i m e n s i o n a l r e p r e s e n t a t i o n o f t h e shape o f m a j o r 
l a n d m a r k s , such a s c o a s t l i n e s , b u i l d i n g s and 
r o a d s . A n a n a l y t i c camera model i s used t o p r e d i c t 
t h e l o c a t i o n and appearance o f l andmarks i n t h e 
image , g e n e r a t i n g a p r o j e c t i o n f o r an assumed 
v i e w p o i n t . Cor respondence i s a c h i e v e d b y a d j u s t i n g 
t h e p a r a m e t e r s o f t h e camera model ( i . e . t h e 
assumed v i e w p o i n t ) u n t i l t h e appearances o f t h e 
landmarks o p t i m a l l y ma tch a s y m b o l i c d e s c r i p t i o n 
e x t r a c t e d f rom t h e image 

The success o f t h i s a p p r o a c h r e q u i r e s t h e 
a b i l i t y t o r a p i d l y ma tch p r e d i c t e d and sensed 
appearances a f t e r each p r o j e c t i o n The m a t c h i n g o f 
image and map f e a t u r e s is pe r fo rmed by a new 

t e c h n i q u e , c a l l e d " chamfe r m a t c h i n g " , t h a t compares 
t h e shapes o f two c o l l e c t i o n s o f c u r v e f r agmen ts a t 
a c o s t p r o p o r t i o n a l t o l i n e a r d i m e n s i o n , r a t h e r 
t h a n a r e a . 

I n p r i n c i p l e t h i s app roach s h o u l d b e 
s u p e r i o r , s i n c e i t e x p l o i t s more knowledge o f t h e 
i n v a r i a n t t h r e e d i m e n s i o n a l s t r u c t u r e o f t h e w o r l d 
and o f t h e i m a g i n g p r o c e s s . A t a p r a c t i c a l l e v e l , 
t h i s p e r m i t s m a t c h i n g o f s p a t i a l l y e x t e n s i v e 
f e a t u r e s o n t h e b a s i s o f shape, w h i c h reduces t h e 
r i s k o f ambiguous matches and dependence on v i e w i n g 
c o n d i t i o n s . 

Chamfer M a t c h i n g 

P o i n t l andmarks such a s i n t e r s e c t i o n s o r 
p r o m o n t o r i e s a r e r e p r e s e n t e d i n t h e map w i t h t h e i r 
a s s o c i a t e d t h r e e d i m e n s i o n a l w o r l d c o o r d i n a t e s . 
L i n e a r l a n d m a r k s , such a s r o a d s o r c o a s t l i n e s a r e 
r e p r e s e n t e d a s c u r v e f r a g m e n t s w i t h a s s o c i a t e d 
o r d e r e d l i s t s o f w o r l d c o o r d i n a t e s . V o l u m e t r i c 
s t r u c t u r e s such a s b u i l d i n g s o r b r i d g e s , a r e 
r e p r e s e n t e d a s w i r e f rame m o d e l s . 

From a knowledge of t h e e x p e c t e d v i e w p o i n t , a 
p r e d i c t i o n o f t h e image can be made by p r o j e c t i n g 
w o r l d c o o r d i n a t e s i n t o c o r r e s p o n d i n g image 
c o o r d i n a t e s , s u p p r e s s i n g h i d d e n l i n e s . The p rob lem 
i n m a t c h i n g i s t o d e t e r m i n e how w e l l t h e p r e d i c t e d 
f e a t u r e s c o r r e s p o n d w i t h image f e a t u r e s , such a s 
edges and l i n e s . 

The f i r s t s t e p i s t o e x t r a c t image f e a t u r e s b y 
a p p l y i n g edge and l i n e o p e r a t o r s o r t r a c i n g 
b o u n d a r i e s . Edge f r a g m e n t l i n k i n g [ N e v a t i a , 
P e r k i n s ] o r r e l a x a t i o n enhancement [ Z u c k e r , B a r r o w ] 
i s o p t i o n a l . The n e t r e s u l t i s a f e a t u r e a r r a y 
each e lemen t o f w h i c h r e c o r d s whe the r o r n o t a l i n e 
f r agmen t passes t h r o u g h i t . T h i s p r o c e s s p r e s e r v e s 
shape i n f o r m a t i o n and d i s c a r d s g r e y s c a l e 
i n f o r m a t i o n , w h i c h i s l e s s i n v a r i a n t . 

T o c o r r e l a t e t h e e x t r a c t e d f e a t u r e a r r a y 
d i r e c t l y w i t h t h e p r e d i c t e d f e a t u r e a r r a y wou ld 
e n c o u n t e r s e v e r a l p r o b l e m s : The c o r r e l a t i o n peak 
f o r two a r r a y s d e p i c t i n g i d e n t i c a l l i n e a r f e a t u r e s 
i s v e r y s h a r p and t h e r e f o r e i n t o l e r a n t o f s l i g h t 
m i s a l i g n m e n t o r d i s t o r t i o n ( e . g . , two l i n e s , 
s l i g h t l y r o t a t e d w i t h r e s p e c t t o each o t h e r , can 
have a t most one p o i n t o f c o r r e s p o n d e n c e ) [ A n d r u s ] ; 
A s h a r p l y peaked c o r r e l a t i o n s u r f a c e i s a n 
i n a p p r o p r i a t e o p t i m i z a t i o n c r i t e r i o n because i t 
p r o v i d e s l i t t l e i n d i c a t i o n o f c l o s e n e s s t o t h e t r u e 
m a t c h , no r o f t h e p r o p e r d i r e c t i o n i n w h i c h t o 
p r o c e e d ; C o m p u t a t i o n a l c o s t i s heavy w i t h l a r g e 
f e a t u r e a r r a y s , 

A more r o b u s t measure o f s i m i l a r i t y between 
t h e two s e t s o f f e a t u r e p o i n t s i s t h e sum o f t h e 
d i s t a n c e s between each p r e d i c t e d f e a t u r e p o i n t and 
t h e n e a r e s t image p o i n t . T h i s can be computed 
e f f i c i e n t l y b y t r a n s f o r m i n g t h e image f e a t u r e a r r a y 
i n t o a n a r r a y o f numbers r e p r e s e n t i n g d i s t a n c e t o 
t h e n e a r e s t image f e a t u r e p o i n t . The s i m i l a r i t y 
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measure is then eas i l y computed by stepping through 
the l i s t of predic ted features and simply summing 
the d is tance ar ray values at the predicted 
l o c a t i o n s . 

The distance values can be determined in two 
passes through the image feature array by a process 
known as "chamfering" [Munson, Rosenfeld] . The 
feature ar ray ( F [ i j ] i . j = 1 N ) i s i n i t i a l l y two-
valued: 0 fo r feature po in ts and i n f i n i t y 
otherwise The forward pass modi f ies the feature 
ar ray as fo l lows 

FOR i <- 2 STEP 1 UNTIL N DO 
FOR j <- 2 STEP 1 UNTIL N DO 

F [ i . j ] <- MINIMUM(F[i, j ] ( F [ i 1 j ] + 2 ) . 
( F [ i - 1 j - 1 ] + 3 ) ( F [ i , j - 1 ] + 2 ) , 
( F [ i + 1 . J - 1 ] + 3 ) ) ; 

S i m i l a r l y , the backward pass operates as f o l l ows : 

FOR i <- (N-1) STEP -1 UNTIL 1 DO 
FOR j <- (N-1) STEP -1 UNTIL 1 DO 

F [ i , j ] <- MINIMUM(F[i, j ] , ( F [ i + 1 , j ] + 2 ) , 
( F [ i + 1 , j * 1 ] * 3 ) , ( F [ i , j + 1 ] + 2 ) 
( F [ i - 1 . j + 1 ] + 3 ) ) ; 

The incremental d is tance values of 2 and 3 provide 
r e l a t i v e distances tha t approximate the Euclidean 
distances 1 and the square root of 2 

Chamfer matching provides an e f f i c i e n t way of 
computing the i n t e g r a l d is tance ( i . e . area) or 
i n t e g r a l squared d is tance, between two curve 
fragments, two commonly used measures of shape 
s i m i l a r i t y . Note tha t the distance array is 
computed only once, a f t e r image feature e x t r a c t i o n . 

Parametric, Correspondence 

Parametric correspondence puts an image i n t o 
correspondence w i th a three dimensional reference 
map by determining the parameters of an ana l y t i c 
camera model (3 p o s i t i o n and 3 o r i e n t a t i o n 
parameters). 

The t r a d i t i o n a l method of c a l i b r a t i n g the 
camera model takes place in two stages: f i r s t , a 
number of known landmarks are independently located 
in the image, and second, the camera parameters are 
computed from the pa i r s of corresponding world and 
image l o c a t i o n s , by so lv ing an over-constra ined set 
of equations [Sobel , Quara, Hannah]. 

The f a i l i n g s of the t r a d i t i o n a l method stem 
from the f i r s t s tage. The landmarks are found 
i n d i v i d u a l l y , using only very l o c a l context ( e . g . 
a small patch of surrounding image) and wi th no 
mutual c o n s t r a i n t s . Thus l o c a l fa lse matches 
commonly occur. The r e s t r i c t i o n to small features 
is mandated by the high cost of area c o r r e l a t i o n , 
and by the fac t t ha t la rge image features co r re la te 
poor ly over small changes in v iewpoin t . 

Parametric correspondence overcomes these 
f a i l i n g s by i n t e g r a t i n g the landmark-matching and 
camera c a l i b r a t i o n stages. I t operates by h i l l -
c l imbing on the camera parameters. A 
t ransformat ion matr ix is constructed for each set 
of parameters considered, and i t is used to p ro jec t 
landmark desc r ip t ions from the map onto the image 
at a p a r t i c u l a r t r a n s l a t i o n , r o t a t i o n , scale and 
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perspect ive . A s i m i l a r i t y score is computed w i t h 
chamfer matching and used to update parameter 
values. I n i t i a l parameter values are estimated 
from nav iga t iona l data. 

I n teg ra t i ng the two stages al lows the 
simultaneous matching o f a l l landmarks in t h e i r 
cor rec t s p a t i a l r e l a t i o n s h i p s . Viewpoint problems 
w i th extended features are avoided because features 
are prec ise ly pro jected by the camera model p r i o r 
to matching. Parametric correspondence has the 
same advantages as rubber-sheet template matching 
[ F i s c h l e r , Widrow] in tha t i t obta ins the best 
embedding of a map in an image, but avoids the 
combinatorics o f t r y i n g a r b i t r a r y d i s t o r t i o n s by 
only consider ing those corresponding to some 
poss ib le v iewpoin t . 

An Example 

The fo l l ow ing example i l l u s t r a t e s the major 
concepts in chamfer matching and parametric 
correspondence. A sensed image (Figure 1) was 
input along w i th manually der ived i n i t i a l est imates 
of the camera parameters. A reference map of the 
coas t l i ne was obta ined, using a d i g i t i z i n g t ab l e t 
to encode coordinates of a set of 51 sample po in ts 
on a USGS map Elevat ions for the po in ts were 
entered manually. Figure 2 is an or thographic 
p ro jec t i on of t h i s three dimensional map. 

A simple edge fo l lower t raced the high 
cont ras t boundary of the harbor, producing the edge 
p ic tu re shown in Figure 3. The chamfering 
a lgor i thm was appl ied to t h i s edge array to ob ta in 
a d istance a r ray . Figure U depicts t h i s d istance 
a r ray ; distance is encoded by br ightness w i th 
maximum br ightness corresponding to zero d is tance 
from an edge p o i n t . 

Using the i n i t i a l camera parameter est imates, 
the map was pro jected onto the sensed image (Figure 
5 ) . The average d is tance between pro jected po in ts 
and the nearest edge p o i n t , as determined by 
chamfer matching, was 25.8 p i x e l s . 

A s t ra igh t fo rward op t im iza t ion a lgor i thm 
adjusted the camera parameters, one at a t ime, to 
minimize the average d is tance. Figures 6 and 7 
show an in termediate s ta te and the f i n a l s t a t e , in 
which the average d is tance has been reduced to 0.8 
p i x e l s . This r e s u l t , obtained w i th 51 sample 
p o i n t s , compares favorably w i th a 1.1 p i x e l average 
d is tance fo r 19 sample po in ts obtained using 
convent ional image chip c o r r e l a t i o n fo l lowed by 
camera c a l i b r a t i o n . The curves in Figure 8 
charac ter ize the l o c a l behavior of t h i s minimum, 
showing how average d is tance var ies w i th v a r i a t i o n 
of each parameter from i t s opt imal va lue. 
Approximately 60 i t e r a t i o n s (each i nvo l v i ng a 
parameter adjustment and r e p r o j e c t i o n ) . were 
requi red for t h i s example. The number of 
i t e r a t i o n s could be reduced by using a be t te r 
op t im iza t i on a lgo r i thm, f o r example, a grad ient 
search 

Dscussion. 

We have presented a scheme fo r es tab l i sh ing 
correspondence between an image and a reference map 
tha t in tegra tes the processes of landmark matching 
and camera c a l i b r a t i o n . The p o t e n t i a l advantages 
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of th is approach stem from 1) matching shape, 
rather than brightness, 2) matching spat ia l ly 
extensive features, rather than small patches of 
image, 3) matching simultaneously to a l l features, 
rather than searching the combinatorial space of 
alternative local matches, 4) using a compact three 
dimensional model; rather than many two dimensional 
templates. 

Snape has proved to be much easier to model 
and predict than brightness. Shape is a relat ively 
invariant geometric property whose appearance from 
arbi trary viewpoints can be precisely predicted by 
the camera model. This eliminates the need for 
multiple descriptions, corresponding to d i f ferent 
viewing conditions, and overcomes d i f f i c u l t i e s of 
matching large features over small changes of 
viewpoint. 

The a b i l i t y to t reat the ent irety of the 
relevant portion of the reference map as a single 
extensive feature reduces s ign i f icant ly the r isk of 
ambiguous matches, and avoids the combinatorial 
complexity of f inding the optimal embedding of 
multiple local features. 

A number of obstacles have been encountered ir 
reducing the above ideas to practice The distance 
metric used in chamfer matching provides a smooth, 
monotonia measure near the correct correspondence, 
and nicely interpolates over gaps in curves. 
However, scores can be unreliable when image and 
reference are badly out of alignment. In 
part icular , discrimination is poor in textured 
areas, al iasing can occur with paral le l l inear 
features, a single isolated image feature can 
support multiple reference features. 

The main problem is that edge position is not 
a distinguishing feature and consequently many 
alternative matches receive equal weight. One way 
of overcoming th is problem, therefore, is to use 
more descriptive features brightness 
discontinuit ies can be c lass i f ied, for example, by 
or ientat ion, by edge or l i ne , and by local spatial 
context (texture versus isolated boundary). Each 
type of feature would be separately chamfered and 
map features would be matched in the appropriate 
array. Similar ly, features at a much higher level 
could be used, such as promontory or bay, area 
features having part icular internal textures or 
structures, and even specif ic landmarks, such as 
"the top of the Transamerica pyramid". Ideal ly, 
with a few highly di f ferent iated features 
distr ibuted widely over the image the earanietric 
correspondence process would be able to home in 
d i rect ly on the solution regardless of i n i t i a l 
conditions. 

Another dimension for possible improvement is 
the chamfering process i t s e l f . Determining for 
each point of the array a weighted sum of distances 
to many features (e.g. a convolution with the 
feature array), instead of the distance to the 
nearest feature, would provide more immunity from 
isolated noise points. Alternatively, propagating 
the coordinates of the nearest point instead of 
merely the distance to i t , it becomes possible to 
use characteristics of features, such as local 
slope or curvature, in evaluating the goodness of 
match. It also makes possible a more directed 

search, since corresponding pairs of points are now 
known, an improved set of parameter estimates can 
be analyt ical ly determined. 

Chamfer matching and parametric correspondence 
are separable techniques. Conceptually, parametric 
correspondence can be performed by re projecting 
image chips and evaluating the match with 
correlat ion. However, the cost of projection and 
matching grows with the square of the template 
size: The cost for chamfer matching grows l inearly 
with the number of feature points. Chamfer 
matching is an alternative to other shape matching 
techniques, such as chain-oode correlation 
[Freeman], Fourier matching [Zahn], and graph 
matching [e .g . Davis]. Also, the smoothing 
obtained by transforming two edge arrays to 
distance arrays via chamfering can be used to 
improve the robustness of conventional area-based 
edge correlat ion. 

Parametric correspondence, in i t s most general 
form, is a technique for matching two 
parametrically related representations of the same 
geometric structure. The representations can be 
two- or three-dimensional, iconic or symbolic; the 
parametric re lat ion can be perspective projection, 
a simple s imi la r i t y transformation, a polynomial 
warp, and so fo r th . This view is similar to 
rubber-sheet template matching as conceived by 
Fischler and Widrow [Fischler, Widrow]. The 
feas ib i l i t y of the approach in any appl icat ion, as 
Widrow points out, depends on e f f i c ien t algorithms 
for "pattern stretching, hypothesis test ing, and 
pattern memory", corresponding to our camera model, 
chamfer matching, and three dimensional map. 

As an i l l u s t ra t i on of i t s ve rsa t i l i t y , the 
technique can be used with a known camera looation 
to f ind a known object whose position and 
orientation are known only approximately. In th is 
case, the object 's position and orientation are the 
parameters; the object is translated and rotated 
un t i l i t s projection best matches the image data 
Such an application has a more iconic f lavor, as 
advocated by Shepard [Shepard], and is more 
integrated than the t rad i t iona l feature extraction 
and graph matching approach [Roberts, Falk and 
Grape]. 

As a f i na l consideration, the approach is 
amenable to e f f i c ien t hardware implementation. 
There already exists commercially available 
hardware for generating parametrically specified 
perspective views of wire frame models at video 
rates, complete with hidden l ine suppression. The 
chamfering process i t s e l f requires only two passes 
through an array by a local operator, and match 
scoring requires only summing table lookups in the 
result ing distance array. 

Conclus ion 
Iconic matching techniques, such as 

correlat ion, are known for eff iciency and precision 
obtained by exploit ing a l l available p ic to r ia l 
information, especially geometry. However, they 
are overly sensitive to changes in viewing 
conditions and cannot make use of non-pictorial 
information. Symbolic matching techniques, on the 
other hand, are more robust because they rely on 
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i n v a r i a n t a b s t r a c t i o n s , b u t a r e l e s s p r e c i s e and 
l e s s e f f i c i e n t i n h a n d l i n g g e o m e t r i c a l 
r e l a t i o n s h i p s . T h e i r a p p l i c a b i l i t y i n r e a l scenes 
i s l i m i t e d b y t h e d i f f i c u l t y o f r e l i a b l y e x t r a c t i n g 
t h e i n v a r i a n t d e s c r i p t i o n . The t e c h n i q u e s we have 
p u t f o r w a r d o f f e r a way o f c o m b i n i n g t h e b e s t 
f e a t u r e s o f i c o n i c and s y m b o l i c a p p r o a c h e s . 
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a query has been s a t i s f i e d , the template node is 
represented by i ns tan t i a ted nodes wi th attached 
spec ia l ized loca t ion descr ip t ions as shown in Fig
ure 2 . 1 . Four basic types of l i n ks provide a sim
ple syntax to the network s t ruc tu re . A powerful 
advantage to t h i s syntax is tha t the executive 
procedure can d i r e c t the analysis in a more gene
ra l way. 

2.2 Constraints 

Links to other model nodes encode (perhaps 
parametrized) cons t ra in t re la t i ons between model 
nodes. Links can encode: 

- the p r o b a b i l i t y that the re l a t i onsh ip holds; 
- a q u a n t i f i e r represent ing the expected 

value of the r e l a t i o n s h i p ; 
- condi t ions under which the re l a t i onsh ip 

holds. 
For example, the re la t i onsh ip SHIP ADJACENT DOCK 
might have a ce r ta in p r o b a b i l i t y of being t r u e , 
an expected distance tha t the ship is from the 
dock, and condi t ions f o r the r e l a t i o n being t r ue . 
We re fe r to the template nodes and geometric re la -
t i ons between them as the cons t ra in t network. 
This network may be in te rp re ted l i k e a program to 
f i n d subsets of the model or the image tha t sa t i s 
fy the cons t ra in t s . I t s resu l t s take account of 
p a r t i a l or unspeci f ied in fo rmat ion , and it may be 
updated upon rece ip t of be t te r data w i th a m i n i 
mal amount of work. It is much l i k e the graph of 
var iab le dependencies in AL [Feldman et a l . 1975]. 
In b r i e f , each node has a "Constraint Operat ion," 
such as I n t e r s e c t i o n , T rans la t i on , Union, or 
indeed any func t ion of up to two arguments; it 
has two operand nodes; a fa ther node; a status 
that may be "Up-To-Date" or "Out-Of-Date"; and a 
value tha t is some data s t ruc tu re such as a num
ber, a l i s t of l i n e a r ob jec t s , a reg ion , e tc . 

The cons t ra in t network f o r the prose: "The 
centroids of docked ships are on l i nes p a r a l l e l 
to the in te rsec t ion of coast l ines wi th dock areas 
at a distance of one-hal f a ship w id th" is shown 

The network s ta r t s out w i th data (from the 
model or from previous scene analys is) as the 
values of the t i p nodes, but no values at nonter
minal nodes and a l l nonterminals marked Out-Of-
Date. Data at a t i p node can have one of three 
statuses: it can be known tha t the object does 
not ex i s t in the scene (so the value of the node 
is the nu l l s e t ) , it can be known to some degree 
of accuracy where objects are in the scene (so 
the value of the node is a subset of image or 
world p o i n t s ) , or perhaps nothing is known ( i n 
which case the object could be anywhere, and the 
value is i m p l i c i t l y the universe of image or 
world po in t s ) . 

When the const ra in t network is " run" to de
termine what is known about the loca t ion of i t s 
ob jec t , each node recurs ive ly evaluates i t s 
Out-Of-Date operand nodes, performs i t s operat ion, 
and stores the resu l t in i t s value. I t marks i t s 
status Up-To-Date. In tersect ion and Union work 
proper ly w i th the d e f i n i t i o n s of p a r t i a l informa
t i o n of the l as t paragraph. When new (or be t te r ) 
informat ion about an object at a t i p of the graph 
comes i n , a l l nodes on a path from the t i p to the 
root are marked Out-Of-Date. Then when the graph 
is next run , (only) the necessary p a r t i a l resu l t s 
are re-computed. In keeping wi th our phi losophy, 
the graph is not s e l f - a c t i v a t i n g , but is run on 
e x p l i c i t user command. 

2.3 Location Descriptors 

A loca t ion descr ip tor provides informat ion 
about where to f i n d an e n t i t y . The part of the 
loca t ion descr ip to r which spec i f ies a po in t set 
enclosing the region has been re fer red to as a 
to lerance region [Bo l les 1975]. A shape loca t ion 
descr ip to r might have the s t ruc tu re shown in 
Figure 2.3 . 

This organizat ion is suggestive of a frame
l i k e s t r uc tu re . However, not a l l the en t r ies need 
e x i s t ; j u s t the syntax is necessary to al low the 
en t r ies to be found. In prac t ice only the 
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properties relevant to a particular query w i l l be 
generated. Such part ial instantiations are easy in 
our implementation language LEAP [Feldman & Rovner 
1969]. 

[ ShapeLocationDescriptor 
nodetype: specialization prototype 
instance-of: a LocationDescriptor 
locates: OneOf {(a ShapeObject), 

(a ShapeFeature)} 
coordsystem: a CoordinateSystem 
centroid: a PointSet 

//allows for "fuzziness" 
or ientat ion: an AngleRange 

/ / . . . d i t t o 
t o l . region: a PointSet ] 

. . . s im i la r l y for Point, Linear, and 
AreaLocati onDescri ptors 

[ CoordinateSystem 
nodetype: abstract prototype 
uni ts: a LengthlinitSpecification 
scale: a NumberRange 

/ / length units / system unit 
transforms: SetOf {((a Coordinate Transform) 

(a Coordinate System)), 
. . . ) ] 

Figure 2.3 Example of a Shape Location Descriptor 

There are many advantages to having a stand
ard representation for object locations: 

a. If such descriptions are data types, their 
computations can be separated from the 
procedures that use them. If they can be 
passed as arguments, they provide a cer
tain "common currency" between procedures, 
thus simplifying and modularizing the 
procedures that use them. 

b. Location descriptors can represent approx
imate locations, which is useful for 
queries unconcerned with exact answers. 

c. Constraints between locations can propa
gate knowledge throughout the model. Loca
t ion descriptors can be computed from 
other location descriptors via relat ions, 
or by union and intersection of the 
described point sets. A system which 
applied linear programming techniques to 
the problem of locating regions through 
constraints placed on their boundaries 
was developed in [Taylor 1976]. 

d. Use of location descriptors is geared to 
an abandonment of the exhaustive segmenta
t ion paradigm wherein every region must 
correspond to some object. Different lo 
cation descriptors may refer to dis jo int 
point sets or may overlap on the image, 
and dif ferent objects may have similar 
location descriptors. 

3. Control 

3.1 General Philosophy 

Generally a query results in the synthesis 
of a sketchmap with instance nodes whose location 
descriptors are accurate enough for the purposes 
of the query. A query might also result in further 
refinement of location descriptors of the exten
sion of an existing sketchmap to account for more 
image structure. A query-directed vision system 
should thus be able to use relevant information 
generated in successive queries. Most queries w i l l 
take the form of user-written programs, since 
nontrivial tasks usually require f a i r l y r ig id 
recommendations about how the system should go 
about solving them. I n i t i a l l y the system w i l l not 
attack the problem of automatically translating 
queries in some command language into programs. 
At the highest level control is embedded in the 
form of a user-written executive program. 
Figure 3.1 shows a fragment of the code used in 
the current executive procedure for selecting 
mapping procedures which identi fy instances of 
r ib nodes in chest radiograph images. Each mapping 
procedure has pre-conditions, including an associ
ated accuracy measure, which can depend on i t s 
neighbors, as well as a cost measure. The cheapest 
r ib procedure which satisf ies the pre-conditions 
is selected. The important point here is that the 
executive can have a relat ively simple structure. 
This fac i l i ta tes the experimentation of various 
control strategies other than the depth-f irst 
strategy shown in the example. 
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3.2 Character iza t ions of Mapping Procedures 

Mapping procedures have associated descr ip 
t i ons which are used by executive procedures, The 
descr ip t ions contain the f o l l o w i n g : 

- the s l o t s in the data ob ject which must be 
f i l l e d f o r the procedure to r un ; 

- the s l o t s the procedure can f i l l i n ; 
- the cost and accuracy of the procedure in 

some meaningful u n i t s ; 
- the a p r i o r i r e l i a b i l i t y of the procedure. 

Examples of the kinds of fac ts we expect to be 
able to encode in t h i s s t ruc tu re are ( f o r a 
s t r a i g h t - l i n e s t ruc tu re ) that a Hough transform 
cannot f i n d the endpoints of a l i n e but is more 
r e l i a b l e than the cheaper Shira i t r acke r , which 
i t s e l f needs to know the d i r ec t i on of a l i n e 
before i t can t rack i t , and tha t a Heuckel opera
t o r is more expensive, but can fu rn ish many fac ts 
about the l i n e w i th l i t t l e known a p r i o r i , and 
can ra te i t s e l f on r e l i a b i l i t y o f i t s r e s u l t . 

There are several advantages to separating 
the executive procedure from the mapping proce
dures and t h e i r desc r ip t i ons : 

a. The executive procedure can be w r i t t e n 
wi thout considering the implementation 
d e t a i l s of mapping procedures in great 
depth. 

b. Mapping procedures are s i m i l a r l y s i m p l i 
f i e d wi thout the burden of determining an 
appropr iate context f o r t h e i r app l i ca t ion . 

c. The executive procedure can automat ica l ly 
select a l t e r n a t i v e procedures in the event 
of mapping procedure f a i l u r e s . 

d. Descr ipt ions al low a choice between 
methods ( i f several are ava i lab le ) based 
on c a p a b i l i t y , resource requirements, and 
a p r i o r i r e l i a b i l i t y . (A lso, recovery 
from f a i l u r e of ind iv idua l rout ines can 
be automated through planning [Feldman 
and Sproul l 1975].) 

e. If the mapping procedures can produce 
r e l i a b l e a p r i o r i estimates of t h e i r 
success, the ana ly t i ca l resu l ts of [Bolles 
1975] and [Taylor 1976] could be extended 
to se lec t the procedure which produces 
s u f f i c i e n t l y exact data ob jec ts . 

4. Appl icat ions 

4.1 Finding Docked Ships 

Finding ships in a dock scene i l l u s t r a t e s 
how h igh- leve l metr ica l knowledge about the image 
(such as provided by a topographic map) can make 
cer ta in scene analys is problems easy. 

The model contains in a Constraint Graph 
form (see Section 2.2) the knowledge tha t docked 
ships are in the ocean adjacent to dock areas, 
pa ra l l e l to the dock and w i th cent ro id a distance 
away re la ted to the width of the ship. In a 
Shape Object Descr ip tor , some fac ts about the 
sor ts of ships we are t r y i n g to f i n d are s to red , 
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v i z . a template f o r matching them ( i n our case, a 
rectangle of l ' s in an array f o r template-
matching) , t h e i r w i d t h , l e n g t h , average b r i g h t 
ness, e tc . Template-matching is among the simplest 
v i s i on p r i m i t i v e s . Only in a context having a 
great deal of s t ruc tu re could i t be expected to 
work in scenes as complex as Figure 4 . 1 . 

The system, under d i r e c t i o n of the user-
w r i t t en query, begins by deciding where to look by 
sa t i s f y i ng a cons t ra in t network; the more i n f o r 
mation provided, the narrower the focus of a t t e n 
t i o n . In the case i l l u s t r a t e d in t h i s sec t i on , 
the cons t ra in t network looked as it does in 
Section 2.2. Figure 4.1 shows a hal f toned vers ion 
of the image, wi th the dock area and coas t l i ne 
over la id as black l i n e s . Recent work at SRI 
[Barrow and Tenenbaum 1977] has shown tha t map 
data may be automat ica l ly reg is tered w i th images 
such as ours to w i t h i n be t te r than a p i x e l , so we 
f e l t comfortable about bypassing the r e g i s t r a t i o n 
problem in t h i s study. Were the r e g i s t r a t i o n un
c e r t a i n , the const ra in ts would produce a more 
fuzzy area to search than they d i d . Shown in the 
ocean are black l i nes i nd i ca t i ng the areas of 
search which ar ise from the cons t ra in t t r e e ; t h e i r 
l i nea r nature makes a simple template-matching 
technique a p o s s i b i l i t y ( i n t h i s exercise i t was 
the only technique, but an executive procedure 
might wel l have chosen it as app l i cab le ) . The ship 
template is ro tated to be pa ra l l e l to the mid l ine 
as given by the cons t ra in t graph, and template-
matching is done along the l i n e ; note is taken of 
where the score f o r the match goes over th resho ld , 
and when it comes back down under th resho ld . The 
average of these two pos i t ions is taken as the 
loca t ion of a sh ip . The black crosses show the 
r e s u l t s . 

Our image data is a USGS mapping photograph 
provided by SRI, d i g i t i z e d to 256 grey leve ls on 
a .007" g r i d at USC. The image is stored on disk 
in RV format , and can be sampled at i n teg ra l s ize 
reduct ions i n to an in teger array in core f o r pro
cessing (see [Maleson & Rashid 1977] re. RV format ) . 

Linear objects are SAIL records making 
l inked l i s t s of ( x , y ) po in ts . They can have four 
types at present: a l i s t of points to be connected 
in order ; a l i s t of segments, or pa i rs of end-
points to be connected pa i rw ise ; and l o g i c a l l y 
c i r c u l a r l i s t s o f points represent ing boundaries. 
A robust and general rou t ine based on merging was 
w r i t t e n to compute the i n te rsec t i on of such l inear 
fea tures . Other useful geometric rout ines f i n d 
the distance of a point from a segment (not a 
l i n e ) , and compute a segment pa ra l l e l to and some 
distance from another segment. 

Regions (except f o r templates, which are 
arrays) are SAIL l i s t i tems. A region is a l i s t 
of y - l i s t s ; a y - l i s t has a y-value fo l lowed by an 
even number of x-values. The f i r s t x-value is an 
"enter ing reg ion" boundary p o i n t , the second is 
a " leav ing reg ion" boundary p o i n t , and so on 
a l t e r n a t e l y . The reg ion : 001 

101 
011 
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would be represented as ((1 2 3)(2 1 1 3 3)(3 3 3)). 
Routines were wr i t ten , again based on merging, to 
create the union and intersection of such regions, 
and to convert (via an asvmmetric DDA algorithm 
[Newman and Sproull 1973]) l inear objects to 
regions. We f ind multiple representations of ob
jects simpli f ies the work of routines such as the 
constraint primit ives. 

Template-matching u t i l i t i e s can produce 
an array containing a rotated and scaled version 
of a template and can compute the correlation of 
a template (at some rotation and translation) with 
the image array. 

Figure 4.1 Harbor Scene with Dock Areas, Lines 
of Search, and Detected Ships 

4.2 Finding Ribs in Chest Radiographs 

The problem of finding ribs in chest radio
graphs i l lus t rates the use of multiple procedures 
attached to the same template node and the use of 
less precise geometric constraints arising from 
anatomy rather than cartography. 

The model contains nine r ight and l e f t ribs 
(the maximum amount normally v is ib le on a chest 
f i lm) . Presently only the lower edge of each r ib 
is detected. Each r ib is modelled as a template 
node with offset parameters from i t se l f to each 
immediate neighbor (above, below, opposite). 
Addit ionally, three kinds of procedures are 
attached to each r ib node as shown in Table 4 .1 . 

LookForARib uses the Weschler parabolic model 
[Weschler & Sklansky 1975] to f ind a r ib segment. 
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AffirmARib translates that segment using the of f 
set parameters and attempts to verify the presence 
of a r ib by a correlation technique. Hal luci-
nateARib instantiates a r ib by translating a 
neighbor with no ver i f icat ion. 

Table 4.1 RibFinding Procedures 

Figure 4.2 shows the result of f inding ribs 
on a particular chest f i lm . The ribs are labelled 
with special symbols to denote the procedures 
which located them. 

Figure 4.2a Local Edges Detected by Hueckel 
Edge Operator 
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Figure 4.2b Results of Rib Finding 

5. Summary 

The semantic network is a kind of lumped 
parameter model in the sp i r i t of [Fischler and 
Eschlager 1973]. The geometric constraints in the 
network relate template nodes whose descriptions 
(the "lumped parameters") are generated by 
attached mapping procedures. The key difference 
is that information found during the analysis can 
change the way template nodes are located. 

In analyzing an image it is crucial that the 
generating of abstract descriptions of parts of 
the image, segmentation, be intimately connected 
with the interpretation of those parts. In our 
system the former operation corresponds to gene
rating sketchmap-image l inks whereas the la t te r 
corresponds to generating model-sketchmap l inks. 
Interpretation and segmentation are united through 
multiple mapping procedures and the executive, 
which can e f f i c ien t l y change the way a part of the 
image is analyzed as new information about the 
rest of the image develops. 

Final ly, we want the image analysis process 
to do as l i t t l e work as possible to satisfy a 
given task or query. This is attempted through 
the specialization of a l l parameters to the given 
task, the inclusion of performance and accuracy 
measures in the mapping procedure descriptions, 
and the use of the constraint network. Al l of this 
is just the beginning of a long term ef for t to 

study what can be done in a general way for goal 
directed image understanding tasks. 
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