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ABSTRACT 

Experimental techniques are demonstrated which 
generate segmented symbolic descr ipt ions for complex 
objects wi th j o i n t s , such as a hammer or a g love. 
Complete "descriptions w i th re la t ionsh ip of parts at 
j o i n t s and descr ipt ions of j o i n t s are presented. These 
techniques are elements of a larger scheme for descr ip t 
ion mechanisms for hypotheses, and for v isual memory 
and recogn i t ion . 

Index Words : Shape , complex objects , curved ob jec ts , 
recogn i t ion , percept ion, scene ana lys is , 
part/whole segmentation, j o i n t s . 

1 . In t roduc t ion 

We describe experiments wi th symbolic descr ip t ion 
of curved objects . Tn previous work1,2 descr ipt ions 
were generated for the pieces of ob jec ts , according to 
a volume representat ion of shape3. The pieces are an 
adequate descr ip t ion only of objecls wi th a s ingle pa r t , 
l i k e a torus or a snake. We have generalized and 
improved techniques for descr ipt ions of pieces. We have 
made complete descr ipt ions which j o i n the scattered 
pieces in to a whole. These descr ipt ions are the basis 
for recogn i t i on , and a few examples are discussed. 

The motivat ions for studying representat ion of 
shape a re : for v isua l systems of robots which use 
depth or image data; for the i n te rac t i ve programming of 
assembly robots for i n d u s t r i a l tasks; for the computer
i z a t i o n of industry-machining, parts desc r ip t i on , 
systemst izat ion of assembly operations; for d isp lay ; 
and for i t s relevance to other areas of A . J . and 
b io logy . Our concern is implementation of symbolic 
descr ip t ions oi shape and space which are adequate for 
integrated robot systems. We do not think a s ingle 
representat ion is adequate throughout a system, but we 
have attempted to analyze tasks in terms of computation
al p r im i t i ves o r i g i na t i ng from topolog ica l and 
geometrical p r i m i t i v e s , and design representat ion 
a b i l i t i e s accord ingly . Representative- tasks are manip
u l a t i o n , d isp lay , and recogn i t ion . Manipulation 
requi res mass and momenta of a r t i cu la ted parts, and 
ab i l i t y to calculate overall moments in various 
positions and orientations. Display requires descript
ion of Surface properties and two dimensional proximity, 
to find overlapping surfaces tn the image. Recognition 
requires visual memory for generation of hypotheses, 
prediction and veri f icat ion fac i l i t i es , geometric 
relations among parts, and a good choice of parts. 

2. Representation and Models 

The representations-' depend upon segmentation of 
complex objects into parts. Parts can themselves be 
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composed of subparts. The value of the part/whole 
segmentation depends on a useful representation for 
primitive parts. The basic topological operations of 
cutting and pasting are used in joining parts. The 
representation oi parts and joints amounts to the 
basis tor an intel l igent guess about structure. 
Special knowledge about jo ints , e.g. the anatomy of 
humans, is much more powerful. 

Primitive parts arc described by volume represen
tations. The primitive parts are arm-like pieces which 
are described as "generalized local cones" by localizing 
and generalizing translational invarianco--. These 
local coties are the volumes swept out by translating 
an arbitrary cross section, maintaining it normal to 
the path along which it is translated, while the scale 
of the cross section is changed smoothly. More 
generally, we have locally snake-like and locally screw-
like shapes. The basis of this representation is 
transformation ot local descriptions. The typical 
element is a snake-like piece described by an axis 
fwhich is a space curve) and arbitrary normal cross-
section valued functions . 

We have chosen a high level representation to 
interface with heuristics rather than a low-level re
presentation, which is direct ly calculable Jrom data, 
such as the Fourier Transform. We feel that heuristics 
should be at as high a level as possible and wish to 
provide a language for their expression. 

A representation must have computational equivalents. 
In the following, we demonstrate computational equiva
lents for the t reatment of generalized cross-section 
and axis determination. 

3' . Data Acquisition and description of Hardware 

We derive three-dimensional information about an 
object, by a laser triangulation ranging system. The 
details of the operation, construction and calibration 
of this apparatus are tul ly described by Agin1,2, who 
bui l t this system. We w i l l include only those details 
necessary for our discussion here. 

A sequence of parallel planes of l ight generated 
by a laser beam are cast on the scene viewed by a TV 
camera. An interference f i l t e r allows the camera to 
see only the laser l i gh t . Each TV frame shows a space 
curve corresponding to one plane of l igh t . Depth dis
continuities in space appear as discontinuities in 
image. A second sequence of scans orthogonal to the 
f i rs t is useful because the f i r s t sequence gives only 
crude information about boundaries parallel to the 
planes. The i n i t i a l data consists of two intersecting 
sets of curves tn the TV Image (Fig. 1). Any point 
among these curves can be mapped to 3-D coorindar.es. 

Boundary Organization 

A boundary for the object can be defined by jo in
ing the end points of the segments from the two sets 
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o f scans i n a c e r t a i n cohe ren t f a s h i o n . There a re 
s e v e r a l reasons f o r c o n s t r u c t i n g t h i s boundary . I t 
h e l p s l i n k the two s e t s o f s c a n s , and p r o v i d e s an o r d e r 
i n g o n the segments t h a t i s u s e f u l i n a x i s f i n d i n g . 
I t p r o v i d e s a sense o f ne ighborhood t h a t p r e v e n t s the 
r o u t i n e s w h i c h ex tend p ieces f rom c r o s s i n g bound
a r i e s as d i scussed in a l a t e r s e c t i o n . Knowledge o f the 
boundary he lps i n keep ing t r a c k o f the areas a l r e a d y 
d e s c r i b e d by a s s o c i a t i n g them w i t h c o r r e s p o n d i n g p a r t s 
o f the boundary . There i s a l s o c o n s i d e r a b l e p s y c h o l o g 
i c a l ev idence t o i n d i c a t e t h a t humans make e x t e n s i v e 
use o f bounda r i es i n t h e i r p e r c e p t i o n o f v i s u a l scenes . 

To c o n s t r u c t the boundary , we need to o rde r the 
end p o i n t s o f the segments l i n e a r l y . O r d e r i n g the 
p o i n t s by a n e a r e s t ne ighbor approach does no t y i e l d 
the r i g h t b o u n d a r i e s . 

The boundary shou ld not c ross a s o l i d p a r t o f the 
body , i . e . t h r o u g h any scan segments . Cons ider success 
i ve scan segments S1 and S2 (See F i g . 2). Where t he re 
is a c ross scan segment On wh ich i n t e r e s e c t s bo th S1 
and S2 , the two segments are c o n n e c t e d . The boundary 
cannot c ross t he c ross segment Cn and must t u r n hack . 
The boundary ex tends f rom one end of S1 t h rough e i t h e r 
the f i r s t c ross scan C 1 , i f i t t e r m i n a t e s between S 1 
and S2, or to the end of S2. The process is c o n t i n u e d 
in the same f a s h i o n . We o b t a i n one or more c l o s e d 
boundar ies o u t l i n i n g the o b j e c t . The boundar ies 
o b t a i n e d f o r some o b j e c t s are shown in F i g s . 3 and 4. 

Boundary l i n k i n g r e q u i r e s c a l c u l a t i n g t he i n t e r 
s e c t i o n s of segments f rom the two c rossed s c a n s . We 
need c a l c u l a t e o n l y a few o f the p o s s i b l e i n t e r s e c t i o n s 
near the ends of segments . G iven a segment S1, we can 
c a l c u l a t e wh ich c ross scan ang les c o n t a i n segments 
w h i c h i n t e r s e c t S1 (by c a l c u l a t i n g the ang les o f e n d -
p o i n t s o f S1 from the l a s e r v i e w p o i n t , and o b t a i n i n g 
c r o s s scans i n t h a t range o f a n g l e s ) . The i n t e r 
s e c t i o n o f two segments i s de te rm ined by making p i e c e -
w i s e l i n e a r a p p r o x i m a t i o n s to t h e two segments. A 
few minor e r r o r s and e x t r a e f f o r t a re caused by s l i g h t 
e r r o r s i n the i n t e r s e c t i o n p rocess and b y c a l i b r a t i o n 
u n c e r t a i n t i e s wh ich g i ve s m a l l a n g l e e r r o r s i n choos ing 
c r o s s scans . 

An a l t e r n a t i v e approach wou ld be to use a l a r g e 
a r r a y , where each by te o f the a r r a y cor responds to a 
p o s i t i o n In the Image p l a n e . For each p o i n t t h a t 
be longs to some segment in one scan o r i e n t a t i o n mark 
the c o r r e s p o n d i n g by te i n t he a r r a y by t h i s segment 
number. 

Now, f o r each p o i n t t h a t be longs to some segment , 
5 ? , i n the c ross scan check whe the r the c o r r e s p o n d i n g 
b y t e i n the memory i s marked . I f s o , t hen the segment 
S? , I n t e r s e c t s w i t h the marked segment i n the memory 
a t t h i s p o i n t . T h i s method w i l l g i v e u s a l l i n t e r 
s e c t i o n s w i t h o u t s e a r c h i n g . The obv ious d i sadvan tage 
i s the r e q u i r e m e n t o f a l a r g e memory. The t ime r e q u i r 
e d w i l l b e p r o p o r t i o n a l t o the boundary l e n g t h . 

I4 . D e s c r i p t i o n o f P r i m i t i v e s . A x i s D e t e r m i n a t i o n 

We w i s h to d e s c r i b e a complex o b j e c t in terms of 
components wh ich are s i m p l e to d e s c r i b e , and the 
r e l a t i o n s h i p s o f these p a r t s . We thus need to segment 
a g i v e n o b j e c t i n t o s i m p l e r p a r t s . We d e s c r i b e 
p r i m i t i v e s b y a n a x i s , w h i c h i s a n a r b i t r a r y space 
c u r v e , and no rma l c r o s s - s e c t i o n s a l o n g t h i s a x i s . Our 
b a s i c c r i t e r i a f o r a c c e p t i n g a p i e c e a s s i m p l e a r e t h a t 
the d i r e c t i o n o f the a x i s be c o n t i n u o u s and t h a t the 
c r o s s - s e c t i o n f u n c t i o n a l o n g the a x i s b e c o n t i n u o u s . 
W e l o o k f o r p o r t i o n s w i t h l a r g e changes i n the c r o s s -
s e c t i o n , and c o n s i d e r them as l i k e l y p l a c e s f o r 
segment ing the o b j e c t . The segmen ta t i on p rocess must 

b e f l e x i b l e and a b l e t o genera te a l t e r n a t e p r o p o s i t i o n s . 
A h i g h e r l e v e l r o u t i n e c o u l d sometimes gu ide t h i s 
p r o c e s s . 

P r e l i m i n a r y Segmenta t ion 

We d e r i v e a p r e l i m i n a r y s e g m e n t a t i o n , based on the 
d e s c r i p t i o n s of scan segments . We l o o k f o r a group of 
segments , t h a t a re a d j a c e n t and have c o n t i n u o u s l y v a r y 
i n g l e n g t h s . Ad jacency i s de te rm ined by t h e i r p r o x i m i t y 
in the boundary l i s t . We use the l e n g t h of a segment, 
t o check f o r t he c o n t i n u i t y o f c r o s s - s e c t i o n s . However 
o the r measures, such as moments o f the curves d e s c r i b i n g 
the segments , c o u l d be used as d e s c r i p t o r s of the c r o s s -
s e c t i o n s . A number o f segments so l i n k e d t o g e t h e r is 
c a l l e d a " g r o u p " . N o t e , t h a t a given p a r t o f the o b j e c t 
may be i n c l u d e d in more t han one g r o u p , c o r r e s p o n d i n g 
to d i f f e r e n t d i r e c t i o n s o f the s c a n s . The groups a re 
gene ra ted f o r the two s e t s o f segments o b t a i n e d e a r l i e r . 
However, some p a r t s o f the o b j e c t , a re perhaps no t w e l l 
d e s c r i b e d in these d i r e c t i o n s . We gene ra te s y n t h e t i c 
segments i n o t h e r d i r e c t i o n s , b y comput ing i n t e r s e c t i o n s 
o f l i n e s o f a c e r t a i n o r i e n t a t i o n w i t h the boundary . 
These new segments a re grouped in a s i m i l a r f a s h i o n . 
P r e l i m i n a r y segmen ta t i on i s i n t i m a t e l y connected w i t h 
d e s c r i p t i o n o f p i eces and shou ld be gu ided f rom h i g h e r 
l e v e l s . 

The i n i t i a l groups a re t r e a ted o n l y a s s t a r t i n g 
p l a c e s . In the p rocess o f d e s c r i p t i o n , we may ex tend 
a g roup or break up a g r o u p . A l s o , groups may be 
sugges ted a f t e r we have removed some p a r t s t h a t have 
been d e s c r i b e d w e l l . 

P iece D e s c r i p t i o n 

The p i e c e we w i sh to d e s c r i b e is g i v e n by a group 
of segments , and the c o r r e s p o n d i n g bounda ry . We w ish 
t o f i n d a n a x i s , c r o s s - s e c t i o n d e s c r i p t i o n f o r t h i s 
p i e c e . The c o n s t r a i n t s f o r the d e s c r i p t i o n a re the 
f o l l o w i n g : 

1 . 
a x i s . 

The c r o s s - s e c t i o n s must be normal to the l o c a l 

2. The a x i s must pass t h rough c o r r e s p o n d i n g p o i n t s 
o f the c r o s s - s e c t i o n s . I n the 2-D v e r s i o n , the 
c o r r e s p o n d i n g p o i n t s a r e taken to be mid-way between 
the end p o i n t s on the boundary . 

An i n i t i a l guess i s o b t a i n e d by t a k i n g the m i d 
p o i n t s o f the segments in the p r e l i m i n a r y g r o u p . We 
then c o n s t r u c t c r o s s - s e c t i o n s normal t o the a x i s a t 
these p o i n t s and compute t h e i r i n t e r s e c t i o n s w i t h the 
bounda ry . A new a x i s i s d e f i n e d by t he m i d - p o i n t s o f 
these i n t e r s e c t i o n s . I f the d i s t a n c e o f the new a x i s 
p o i n t s f rom the o l d a x i s p o i n t s i s not s u f f i c i e n t l y 
s m a l l , w e i t e r a t e t h i s p rocess u n t i l i t c o n v e r g e s . 
C r o s s - s e c t i o n s may be in e i t h e r 2-D or 3-D c o o r d i n a t e s . 

T h i s process u s u a l l y converges f o r p ieces t h a t are 
p a r t o f w e l l d e f i n e d c y l i n d e r s . Pa r t s o f the o b j e c t 
where convergence f a i l s must be d e s c r i b e d by an a l t e r 
na te g roup o r a f t e r i n t e r f e r i n g p ieces have been 
e x p l a i n e d and removed. 

A n a l t e r n a t i v e t o i t e r a t i o n i s t o f i n d a bes t cone 
t h a t f i t s the g i v e n boundary segments . The cone I s a 
g e n e r a l i z e d cone , w i t h a r b i t r a r y a x i s and c r o s s -
s e c t i o n f u n c t i o n . When l o o k i n g a t a s m a l l p a r t o f t he 
p i e c e , we c o n s t r a i n the a x i s to be a s t r a i g h t l i n e or 
a p a r a b o l a . The c r o s s - s e c t i o n f u n c t i o n i s l i m i t e d t o 
b e l i n e a r . A bes t f i t i n the l e a s t squares sense , i s 
found w i t h these c o n s t r a i n t s , g i v i n g u s t h e a x i s and 
c r o s s - s e c t i o n s d i r e c t l y . The s o l u t i o n i s p a r t i c u l a r l y 
s imp le f o r t he case o f a s t r a i g h t l i n e a x i s , and may 
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b e found w i t h o u t i t e r a t i o n . Gene ra l i zed C r o s s - S e c t i o n s 

E x t e n s i o n s of a Piece 

Once an a x i s , c r o s s - s e c t i o n d e s c r i p t i o n o f a p a r t 
i s f o u n d , we see whether t h i s d e s c r i p t i o n ex tends in a 
c o n t i n u o u s manner over a l a r g e r p a r t of the body . We 
e x t r a p o l a t e the a x i s a t e i t h e r end by a s m a l l d i s t a n c e . 
A no rma l c r o s s - s e c t i o n t o t h e a x i s i s c o n s t r u c t e d a t 
t h i s p o i n t and i t s i n t e r s e c t i o n s w i t h the boundary a re 
computed, A t e s t i s made to see whether t h i s c r o s s -
s e c t i o n s a t i s f i e s the c o n s t r a i n t s noted above , by 
comput ing i t s m i d - p o i n t and compar ing the d i s t a n c e o f 
the m i d - p o i n t f rom the e x t r a p o l a t e d a x i s . I f the 
d i s t a n c e i s s u f f i c i e n t l y s m a l l , we accept the new c r o s s -
s e c t i o n and take i t s m i d - p o i n t as the new p o i n t a l o n g 
the ax is- and a t t e m p t t o ex tend f u r t h e r . I f n o t , then 
we make a m o d i f i e d guess at t he e x t r a p o l a t e d a x i s , by 
i n c l u d i n g the newly found p o i n t . We recompute the 
normal c r o s s - s e c t i o n and r e p e a t the above t e s t . T h i s 
a l l o w s us to t r a c e the a x i s f o r a smooth ly c u r v i n g 
o b j e c t . We have not found i t necessary t o i t e r a t e i n 
t h i s phase o f e x t e n s i o n . The c r i t e r i a f o r t e r m i n a t i n g 
the e x t e n s i o n process a r e : 

1 . When no i n t e r s e c t i o n can be found w i t h the 
n e i g h b o r i n g bounda ry . T h i s u s u a l l y occurs because o f 
a sha rp change in the s l o p e of the boundary , and 
agrees w i t h our i n t u i t i v e sense o f a p rope r segmenta t 
i o n p o i n t , o r a t the end o f a n o b j e c t . 

2. I t the l e n g t h ( r a d i u s ) of the new c r o s s - s e c t i o n 
i s v e r y d i f f e r e n t f rom the l e n g t h s o f p r e v i o u s c r o s s -
s e c t i o n s . 

When the e x t e n s i o n p rocess t e r m i n a t e s , a check is 
made to see i f a t e r m i n a t i o n f o r the p i ece has been 
r e a c h e d . We check whether the unexp la ined p i ece of 
boundary between t h e two segments on the s i d e s of t he 
p i ece i s l a r g e l y c o n t a i n e d i n a s m a l l e x t e n s i o n o f the 
p iece near the t e r m i n a t i n g e n d . In 3 -D p r o c e s s i n g , 
normal t e r m i n a t i o n s would be d e t e c t e d in a ve ry n a t u r a l 
way. S p e c i a l t e s t s can be made to check f o r s p h e r i c a l 
o r o b l i q u e t e r m i n a t i o n s . For examples o f p i e c e 
d e s c r i p t i o n s see F i g s . 5. 6 and 7 . 

Summary d e s c r i p t o r s f o r t he p i ece such as the 
l e n g t h o f i t s a x i s , the r a t i o o f t h i s l e n g t h t o the 
average w i d t h o f the c r o s s - s e c t i o n s , and cu rve f i t 
d e s c r i p t i o n s o f the a x i s d i r e c t i o n and c r o s s - s e c t i o n 
f u n c t i o n are d e t e r m i n e d . These i n c l u d e d e s c r i p t o r s 
such as s t r a i g h t o r p a r a b o l i c f o r the a x i s and c o n s t a n t , 
l i n e a r e t c , f o r the c r o s s - s e c t i o n f u n c t i o n . 

T h i s method o f d e r i v i n g p iece d e s c r i p t i o n s i s 
s i m i l a r t o t h a t d e s c r i b e d b y A g i n . The i m p o r t a n t 
d i f f e r e n c e s are i n our use o f the boundary f o r f i n d i n g 
new c r o s s - s e c t i o n s , r e q u i r i n g s i g n i f i c a n t l y l e s s 
c o m p u t a t i o n than h i s scheme, wh ich i n v o l v e s comput ing 
i n t e r s e c t i o n s w i t h many segments . A l s o , the p rocess 
o f e x t e n s i o n i s more s t r u c t u r e d , a s i t f o l l o w s the 
b o u n d a r y , and s p u r i o u s e x t e n s i o n s i n d i s t a n t p a r t s o f 
the bod ies are not made. A g i n ' s p rocedures d i d not use 
the boundary , and when a t t e m p t i n g to ex tend wou ld 
sometimes make e x t e n s i o n s c r o s s i n g the b o u n d a r y , e . g . 
some e x t e n s i o n s wou ld ex tend ac ross two f i n g e r s in a 
g l o v e . W e a r e a b l e t o t e s t f o r t e r m i n a t i o n s . A l s o 
we make no assumpt ions about the shape of the c r o s s -
s e c t i o n s (Ag in assumes c i r c u l a r c r o s s - s e c t i o n s ) . 

E x t e n s i o n s a re found f o r a l l groups found b y 
i n i t i a l s e g m e n t a t i o n . Thus many p a r t e o f the body w i l l 
be i n c l u d e d i n more than one d e s c r i p t i o n . T h i s i s no t 
a d i s a d v a n t a g e , bu t a c r u c i a l advan tage ; i t a l l o w s us 
to compare a l t e r n a t i v e s and choose on the bas i s o f 
some g l o b a l c o n t e x t . 

We have no t made use of the shape of the c r o s s -
s e c t i o n s . We see on l y a s m a l l p a r t of them. We have 
l i t t l e i n f o r m a t i o n o n the c r o s s - s e c t i o n s , p a r t i c u l a r l y 
f o r s m a l l o b j e c t s , due t o r a n g i n g e r r o r s . Th is makes 
t h e i r d e t a i l e d d e s c r i p t i o n d i f f i c u l t . However, w e can 
make c rude Judgements, e . g . t h a t the palm of a g l o v e 
i s no t c i r c u l a r . The c o n t i n u i t y o f t he p ieces can be 
checked b y a p p l y i n g t r a n s l a t i o n a l i n v a r i a n c e c r i t e r i o n 
to these c r o s s - s e c t i o n s , e i t h e r d i r e c t l y on a p o i n t by 
p o i n t b a s i s o r b y compar ing t h e i r d e s c r i p t o r s . These 
d e s c r i p t o r s may be some moments of the c r o s s - s e c t i o n 4 

or expans ions in an o r t h o g o n a l s e r i e s . We can use the 
c o n t i n u i t y o f c r o s s - s e c t i o n s i n p r e l i m i n a r y segmen ta t i on 
a s w e l l a s v e r i f i c a t i o n o f p i ece e x t e n s i o n s . 

Other i n t e r e s t i n g d e s c r i p t i o n s a r e the d i r e c t i o n s 
of minimum and maximum c u r v a t u r e . Minimum c u r v a t u r e 
d i r e c t i o n i s the d i r e c t i o n o f a x i s f o r a c i r c u l a r 
snake. However, they have no d i r e c t r e l a t i o n to the 
axes d i r e c t i o n s f o r many shapes . A l s o , these d i r e c t i o n s 
are s e n s i t i v e t o no ise i n the da ta and hence i l l - d e f i n e d . 

5 . L i n k i n g o f Pieces 

L o c a l d e s c r i p t i o n o f p i e c e s genera tes redundant 
p i ece d e s c r i p t i o n s . C o n s i d e r , f o r example , a r e c t a n g l e . 
We may gene ra te one d e s c r i p t i o n of an a x i s a l o n g the 
l e n g t h , w i t h t e r m i n a t i o n s at bo th ends . We may a l s o 
genera te o the r d e s c r i p t i o n s near the c o r n e r s , d e s c r i b -
i n g the p i e c e as p a r t o f a c o n e . 

Each o v e r l a p p i n g p a i r o f p i eces i s compared. Par ts 
o f p i e c e l t h a t are not covered by piece;-' a re computed. 
The a reas o f these p a r t s and the d i s t a n c e s o f t h e i r 
c o n s t i t u e n t p o i n t s f rom the common edge are computed. 
I f the area o f the uncovered p a r t i s r e l a t i v e l y s m a l l 
compared t o the area o f the p i e c e i n v o l v e d , and a l l 
p o i n t s a re c l o s e to the common boundary , then p i e c e l 
i s assumed to be t o t a l l y c o n t a i n e d i n p iece 2 . A l l 
p i eces t h a t a re c o m p l e t e l y c o n t a i n e d i n some p iece are 
removed f rom f u r t h e r c o n s i d e r a t i o n . As example : two 
p ieces were found d e s c r i b i n g the hand le of the hammer 
i n F i g . 5 . These o v e r l a p each o t h e r c o m p l e t e l y and 
o n l y one i s r e t a i n e d . 

C o n n e c t i v i t y o f J o i n t s 

We c u t o f f those p a r t s of the body t h a t have been 
d e s c r i b e d by the p i e c e s . We mere ly f o l l o w the boundary 
and e l i m i n a t e the segments b e l o n g i n g to any p i e c e . We 
thus get a boundary f o r the rema in i ng p a r t o f the body 
o f t he o b j e c t . The r e m a i n i n g p a r t s may be d i s j o i n t . 
In t h i s c a s e , we have more than one j o i n t . We w i l l 
c a l l the r e m a i n i n g p a r t s a s j o i n t p i e c e s . W i th each 
j o i n t p i e c e , i s a s s o c i a t e d the order o £ p ieces t h a t 
were j o i n e d t o i t . Examples o f these are shown i n 
Figs . 5 , 6 , and 7 . 

Other J o i n t D e s c r i p t o r s 

We w i s h to c h a r a c t e r i z e these J o i n t s f u r t h e r . 
When a l a r g e j o i n t p i ece i s l e f t , i t may be sen t t o 
the a x i s - f i n d i n g r o u t i n e s and perhaps a u s e f u l d e s c r i p t 
i o n o b t a i n e d f o r i t . 

T e s t s are made to examine whether two p ieces a re 
c o l l i n e a r , i . e . c o u l d they b e c o n t i n u o u s e x t e n s i o n s o f 
each o t h e r . T h i s r e q u i r e s t h a t t h e i r r e s p e c t i v e axes 
b e n e a r l y p a r a l l e l a t the near e n d s , c r o s s - s e c t i o n s 
be c o n t i n u o u s , and they have a s m a l l c o n t i n u o u s segment 
o f the boundary c o n n e c t i n g them. A l t e r n a t i v e l y t h e i r 
r e s p e c t i v e areas must be c l o s e i n 2 - D . T h a t i s , we 
check f o r e i t h e r boundary p r o x i m i t y o r d i s t a n c e 
p r o x i m i t y . I t may b e no ted t h a t d i s t a n c e p r o x i m i t y 
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does no t a lways Imp ly boundary p r o x i m i t y . 

I f the j o i n t i s l a r g e l y covered b y a n e x t e n s i o n o f 
t he p i e c e s , then we c a l l i t a p o i n t - t y p e . Such i s the 
case in t he example o f the hammer. I t may be f u r t h e r 
d e s c r i b e d b y the a n g l e r e l a t i o n s h i p s o f i t s members. 
For t h e hammer two p i e c e s a re n e a r l y c o l l i n e a r and 
the t h i r d p i e c e i s n e a r l y normal t o these t w o . Thus i t 
i s d e s c r i b e d as a T - j o i n t . 

The example o f t he g l o v e , shows a d i f f e r e n t s t r u c t 
u r e . The area d e s c r i b e d by j o i n i n g t h e ends o f the 
f o u r f i n g e r s i s v e r y s m a l l . A l s o the amount o t u n 
e x p l a i n e d boundary between them coriBlst of s e v e r a l 
v e r y s h o r t segments . T h i s we d e s c r i b e as a F o r k . We 
check f o r p l a n a r l t y o f the area these f i n g e r s j o i n t o . 
We c a l l t h i s a p l a n a r f o r k j o i n t . 

Other d e s c r i p t i o n s i n c l u d e : the number o f l imbs 
a t a j o i n t , t h e i r p r o p o r t i o n s , d e t e c t i o n o f h o r i z o n t a l 
o r v e r t i c a l members, i d e n t i c a l components , d e s i g n a t i o n 
of t he dominant pieces by t h e i r s i z e , and axes of 
b i l a t e r a l symmetry i f a n y . Not a l l o f these d e s c r i p t 
i o n s a r e made i n i t i a l l y . Some a re r e e v a l u a t e d i n t he 
cou rse o f a m a t c h . 

6. 

The d e s c r i p t i o n s a r e c o n v e r t e d to a symbo l i c da ta 
s t r u c t u r e , u s i n g the f a c i l i t i e s o f LEAP5 . LEAP a l l o w s 
a s s o c i a t i o n s and r e t r i e v a l s o f the fo rm 

a t t r i b u t e ® o b j e c t = v a l u e . 

We w i l l d e s c r i b e the symbo l i c s t r u c t u r e d e r i v e d 
f o r the hammer. 

A X I S l i s a d e s c r i p t o r f o r a l i s t o f a x i s - p o i n t s , 
t angen ts t o the a x i s a t these p o i n t s and t h e i r c u r v e -
f i t d e s c r i p t i o n . XSECT1 i s a d e s c r i p t o r f o r a l i s t o f 
c r o s s - s e c t i o n s and a c u r v e - f i t d e s c r i p t i o n o f t he 
c r o s s - s e c t i o n f u n c t i o n . 

7-

R e c o g n i t i o n c o n s i s t s o f m a t c h i n g t h e symbo l i c 
d e s c r i p t i o n s f o r t he c u r r e n t scene , w i t h some d e s c r i p t 
i o n s s t o r e d in memory. Whether we match a g a i n s t models 
i n p u t b y hand o r a g a i n s t p r e v i o u s d e s c r i p t i o n s , the 
p rob lems a re the same. We seek a bes t match such t h a t 
t he c u r r e n t d e s c r i p t i o n i s most l i k e l y t o b e a d e s c r i p t 
i o n o f the matched m o d e l . We cannot e x p e c t to f i n d an 
e x a c t match o f two d e s c r i p t i o n s s i n c e t h e o b j e c t s may 
b e v i ewed f rom d i f f e r e n t a n g l e s , and w i l l have 
d i f f e r e n t degrees o f s e l f - o c c l u s i o n . Our d e s c r i p t i v e 
mechanisms a l l o w a number o f a l t e r n a t e d e s c r i p t i o n s 
to be made f o r t he same scene . We may e x p e c t some 
p i e c e s at some J o i n t s to be m i s s i n g and some e x t r a 
j o i n t s c r e a t e d . W e a l s o a l l o w f o r a r t i c u l a t i o n o f t he 
p i e c e s o f a n o b j e c t . 

The m a t c h i n g p rob lem can be c a s t i n g r a p h - t h e o r e t i c 
t e r m s . D e s c r i p t i o n s may be v iewed as g raphs w i t h 
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p i e c e s and j o i n t s as nodes. The r e l a t i o n s o f these 
p ieces and j o i n t s a re the a r c s o f the g r a p h . We a l s o 
have p r o p e r t i e s a s s o c i a t e d w i t h t h e s e nodes , d e s c r i b i n g 
the i n d i v i d u a l nodes . We w i s h to f i n d a ma tch ing o f 
two such g r a p h s . The graphs a re n o t expec ted to be 
i d e n t i c a l and we w i s h to evaluate the t r a n s f o r m a t i o n 
r e q u i r e d t o map one g raph i n t o t he o t h e r . Barrow6 , 7 e t . 
a l . d i s c u s s some approaches to a p a r t i a l g raph ma tch ing 
p rob lem o f t h i s t y p e . One o f these methods t r i e s t o 
f i n d a maximal s e l f - c o n s i s t e n t se t o f ass ignments f r om 
one graph s t r u c t u r e t o t he o t h e r . However, r e g a r d i n g 
the p rob lem as a graph ma tch ing p rob lem i g n o r e s 
i m p o r t a n t s e m a n t i c s . 

Our m a t c h i n g scheme f i r s t a t t e m p t s to f i n d a s e t 
o f b e s t ma tch ings o f j o i n t s s a t i s f y i n g p i e c e c o n n e c t 
i v i t y r e l a t i o n s . The number o f J o i n t s i n a t y p i c a l 
scene i s r a t h e r s m a l l ( 3 o r 4 ) , a l l o w i n g f o r a f a i r l y 
comple te search f o r j o i n t a s s i g n m e n t s . Moreove r , t he 
j o i n t s can be o rde red in a h e i r a r c h y by the s i z e o f 
t h e i r dominant p i e c e s . We need o n l y match the j o i n t s 
at the same l e v e l . As example ; c o n s i d e r a humanoid 
f i g u r e w i t h j o i n t s a t 

a ) the h i p s ( j o i n i n g the legs t o the b o d y ) , 

b) the neck and s h o u l d e r s ( j o i n i n g t he neck and 
the arms to t he body) and 

c) the two j o i n t s a t t a c h i n g the two hands to t he 
two a r m s . 

Here the neck j o i n t i s d i r e c t l y connected t o the 
h i p j o i n t t h r o u g h the body and a l s o to the two hand 
j o i n t s t h rough t h e two a rms. The o t h e r j o i n t s have 
n o d i r e c t c o n n e c t i o n s w i t h one a n o t h e r . Cons ider t r y 
i n g t o match t h i s d e s c r i p t i o n w i t h ano the r one l i k e i t . 
We w i s h to consider ma t ch ing any j o i n t s in one d e s c r i p t 
i o n w i t h any o t h e r i n t he second . However, i t i s c l e a r 
t h a t i f w e match the neck j o i n t a g a i n s t the neck j o i n t 
i n the o t h e r d e s c r i p t i o n , the c o n n e c t i v i t y r e l a t i o n s 
o f the two d e s c r i p t i o n s w i l l be most s i m i l a r . There 
i s s t i l l a m b i g u i t y about wh ich hand j o i n t shou ld match 
a g i v e n hand j o i n t i n the o the r d e s c r i p t i o n . I n o t h e r 
examples we may have more such a m b i g u i t i e s . Nonethe
l e s s , the number o f a l t e r n a t i v e s to be e v a l u a t e d more 
f u l l y i s d r a s t i c a l l y r e d u c e d . For t h i s example w e 
c o u l d a l s o have o r d e r e d the j o i n t s i n a h e i r a r c h y by 
the s i z e o f t h e i r c o n s t i t u e n t p i e c e s . Thus the neck 
and the h i p j o i n t s wou ld be o f a d i f f e r e n t l e v e l then 
the hand j o i n t s . We o n l y need to c o n s i d e r the matches 
between two j o i n t s o f the same l e v e l , f u r t h e r r e d u c i n g 
the s i z e o f the sea rch space . 

We e v a l u a t e t he t o t a l q u a l i t y of a match by 
compar ing the q u a l i t y o f matches o f J o i n t s and t h e i r 
p i e c e s in the above a s s i g n m e n t s . The p i e c e matches a re 
e v a l u a t e d b y the s i m i l a r i t y o f t h e i r d e s c r i p t o r s (such 
as r e l a t i v e s i z e s ) . We sometimes need to e v a l u a t e 
a l t e r n a t e d e s c r i p t i o n s o f a scene . The model w i t h the 
bes t match i s computed , and i f a s u f f i c i e n t l y good 
match i s f o u n d , a r e c o g n i t i o n i s c l a i m e d . 

Our r e c o g n i t i o n e f f o r t i s a t a p r e l i m i n a r y s t a g e . 
Soon, we hope to be a b l e to r e c o g n i z e o b j e c t s o f the 
c o m p l e x i t y o f a t o y horse and d o l l as d i s t i n c t f rom 
one ano the r and a l s o to r e c o g n i z e t he same o b j e c t f rom 
d i f f e r e n t o r i e n t a t i o n s and d i f f e r e n t a r t i c u l a t i o n s o f 
i t s l i m b s . 

We wou ld l i k e to exp ress our thanks to G . J . Ag in 
f o r the use o f h i s l a s e r r a n g i n g programs and p i c t u r e 
f i l e s . 
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