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ABSTRACT 

Humans can r e c o v e r t h e shape o f a 
s u r f a c e f r o m i t s image b o u n d a r y . The 
a u t h o r s have p r e s e n t e d a new a p p r o a c h 
t o shape f r o m b o u n d a r y [ 4 ] . I t i n c l u d e s 
t h r e e p o i n t s : t h e l i n e o f c u r v a t u r e 
(LOC) r e g u l a r i t y , a n a l g o r i t h m f o r 
c o n s t r u c t i n g LOC net f r o m b o u n d a r y , and 
the c o m p u t a t i o n o f s u r f a c e o r i e n t a t i o n 
f r o m LOC n e t . B r i e f i n g t h e s e i d e a s , 
t h i s p a p e r e x a m i n e s t h e u n d e r l y i n g 
p r o b l e m s o f t h e a p p r o a c h and p r o p o s e s 
imp rovemen ts . 

1. INTRODUCTION 

P r o b a b l y l i n e d r a w i n g i s the most 
e f f i c i e n t m e a n s o f d e s c r i b i n g o u r 
t h r e e - d i m e n s i o n a l w o r l d i n a t w o - d i m e n 
s i o n a l manner . There a re g e n e r a l l y two 
k i n d s o f c o n t o u r s i n a l i n e d r a w i n g : 
c o n t o u r s a c r o s s s u r f a c e s and b o u n 
d a r i e s . T h i s p a p e r f o c u s e s o n t h e 
l a t t e r , t h o u g h t h e f o r m e r and t h e 
l a t t e r a r e n o t c o m p l e t e l y d i s t i n c t 
m a t t e r s . I t i s w o r t h w h i l e t o m e n t i o n 
the p i o n e e r i n g paper w r i t t e n b y B a r r o w 
and Tenenbaum[ 1 ] , in w h i c h they p ropose 
a t h r e e - s t e p p a r a d i g m f o r shape f r o m 
b o u n d a r y : (1 ) c l a s s i f y i n g l i n e s i n t o 
e x t r e m a l and d i s c o n t i n u i t y b o u n d a r i e s , 
(2) i n t e r p r e t i n g each 2-D image c u r v e s 
a s 3 -D space c u r v e s , and (3 ) i n t e r 
p o l a t i n g the s u r f a c e s . 

The a u t h o r s [ 4 ] have p roposed a new 
approach to shape f r o m b o u n d a r y , f r o m a 
g e o m e t r i c a l p o i n t o f v i e w . The b o u n 
d a r i e s a r e u s u a l l y n o t ( a t l e a s t n o t 
p e r c e i v e d as ) a r b i t r a r y c u r v e s o n t h e 
s u r f a c e s , b u t s p e c i a l ones t h a t c a r r y 
m o r e i n f o r m a t i o n t h a n o t h e r s . T h e 
approach has t h r e e m a j o r p a r t s : (1) t he 
l i n e o f c u r v a t u r e r e g u l a r i t y , (2 ) a n 
a l g o r i t h m f o r k n i t t i n g LOC n e t f r o m 
b o u n d a r y , and (3 ) t h e c o m p u t a t i o n o f 
s u r f a c e o r i e n t a t i o n f r o m LOC n e t . T h i s 
paper f i r s t o u t l i n e s t he p r e v i o u s paper 
( i t i s i m p o s s i b l e t o d e s c r i b e t h e d e 
t a i l s because o f the space l i m i t a t i o n , 
and w e i n v i t e t h e r e a d e r s t o c o n s u l t 
t h a t paper i f n e c e s s a r y ) , t hen examines 
t h e u n d e r l y i n g p r o b l e m s o f t h e 

a p p r o a c h , and p roposes i m p r o v e m e n t s . 

2. BRIEF OF THE APPROACH 

I n t h e i n f e r e n c e f r o m t w o - d i m e n 
s i o n a l i i t y t o t h r e e - d i m e n s i o n a l i t y , 
a d d i t i o n a l i n f o r m a t i o n i s n e c e s s a r y . 
What i s i t i n shape f r o m boundary? The 
l i n e o f c u r v a t u r e r e g u l a r i t y p r o v i d e s 
one a n s w e r . I t i s f o r m u l a t e d a s : I n 
absence o f o t h e r e v i d e n c e , t h e boundary 
s e g m e n t s i n i m a g e t h a t c a n b e i n t e r 
p r e t e d a s ( 3 - D ) l i n e s o f c u r v a t u r e o n 
t h e s u r f a c e t hey bound s h o u l d b e i n t e r 
p r e t e d s o . A n e x a m p l e i s shown i n F i g . 
1 ( a ) . A c l o s e d b o u n d a r y i s s e g m e n t e d 
i n t o f ou r segments A, B, C and D, w h i c h 
a r e i n t e r p r e t e d a s t w o p a i r s o f l i n e s 
o f c u r v a t u r e (A-B and C-D). 

An a l g o r i t h m i s p roposed to c o n s 
t r u c t a n LOC n e t f r o m f o u r b o u n d a r y 
s e g m e n t s . A s shown i n F i g . 1 ( b ) , t h e 
segments a O - a l , b O - b l , c O - c l and dO-d l 
bounds a s u r f a c e . The p o i n t s a2, b2 , c2 
and d 2 a r e t h e i r c h o r d c e n t e r s , r e s 
p e c t i v e l y . The p o i n t s a 3 , a 4 , b 3 , b 4 , 
c 3 , c 4 , d3 and d4 a re the c h o r d c e n t e r s 
o f t h e new s e g m e n t s . The s e g m e n t a t i o n 
i s r e p e a t e d u n t i l s u f f i c i e n t r e s o l u t i o n 
i s o b t a i n e d . We f i r s t f i n d a p o i n t t h a t 
has b o t h a n e q u a l d i s t a n c e t o t h e 
p o i n t s a2 and b2 , and an equa l d i s t a n c e 
t o t h e p o i n t s c 2 and d 2 , w h i c h w e 
r e g a r d as the i n t e r s e c t i o n o f the seg
m e n t s a 2 - b 2 and c 2 - d 2 . S i m i l a r l y , w e 
can f i n d o t h e r p o i n t s , as shown i n F i g . 
1 ( c ) , w h i c h a p p r o x i m a t e t h e s e g m e n t s 
a2-b2 and c 2 - d 2 . 

Once t he LOC net is k n i t in image, 
the s u r f a c e o r i e n t a t i o n can be computed 
f r o m i t . O r i e n t a t i o n i s r e p r e s e n t e d b y 
s l a n t and t i l t . A r i g h t a n g l e i n space 
i s f o r e s h o r t e n e d to an o b t u s e a n g l e i n 
i m a g e , w h i c h p r o v i d e s a c o n s t r a i n t o n 
p e r c e i v i n g the o r i g i n a l s u r f a c e o r i e n 
t a t i o n . The m o r e o b t u s e t h e a n g l e , t h e 
more s t r o n g the c o n s t r a i n t . The i n t e r 
s e c t i o n on t h e LOC n e t t h a t has t h e 
most o b t u s e a n g l e i s p i c k e d up, and i t s 
t i l t i s e s t i m a t e d a s the b i s e c t o r (see 
S t e v e n s [ 3 l f o r d e t a i l s ) . T h e n t h i s 
e s t i m a t i o n i s p r o p a g a t e d t o o t h e r 
i n t e r s e c t i o n s a l o n g t h e n e t b y a t w o -
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(a) (b) (c) 
F i g . 1 The n e - k n i t t i n g a l g o r i t h m 

(a) boundary segments (b) c h o r d c e n t e r s 
(c) a p p r o x i m a t i o n of the segments a2-B)2 and c2-D 2 

s t e p a p p r o x i m a t i o n method m o d i f i e d f r o m 
t h e p r o p a g a t i o n o n c y l i n d r i c a l s u r 
f a c e s . The s l a n t s a re d e t e r m i n e d a f t e r 
the t i l t s . 

3.. THE LOC REGULARITY 

B y e x p l o r i n g n a t u r a l r e g u l a r i t i e s , 
one can f i n d w h a t h e / s h e needs i n t h e 
i n f e r e n c e f r o m t w o - d i m e n s i o n a l i t y t o 
t h r e e - d i m e n s i o n a l i t y . The LOC r e g u l a r i 
t y i s s u c h o n e t h a t w e n e e d i n t h e 
i n f e r e n c e o f s u r f a c e shape f r o m b o u n 
d a r y . A b o u t i t , h o w e v e r , one m i g h t ask 
t w o q u e s t i o n s : I f a b o u n d a r y i n image 
can b e i n t e r p r e t e d a s p r o j e c t i o n s o f 
l i n e s o f c u r v a t u r e , d o t h e y r e a l l y 
c o r r e s p o n d t o l i n e s o f c u r v a t u r e i n 
s p a c e ? A n d , how do we d e c o m p o s e a 
c l o s e d boundary i n t o segments t h a t a re 
l i k e l y t o b e p r o j e c t i o n s o f l i n e s o f 
c u r v a t u r e ? The a n s w e r t o t h e f i r s t 
q u e s t i o n i s t h a t n o m a t t e r t r u e o r n o t , 
humans do i n t e r p r e t t hem as s o , and 
t h a t i s a l l t h a t c a n b e d o n e . F o r 
t u n a t e l y , o b s e r v a t i o n s c o n v i n c e u s t h a t 
t h e p r o b a b i l i t y o f " i l l u s i o n " [ 3 1 i s 
v e r y low. 

T o a n s w e r t h e s e c o n d q u e s t i o n , 
r e c a l l t h a t i n g e n e r a l f o u r l i n e s o f 
c u r v a t u r e bound a s u r f a c e p a t c h , and 
t h e y i n t e r s e c t a t a r i g h t a n g l e i n 
s p a c e . When p r o j e c t e d o n t o i m a g e , t h e 
i n t e r s e c t i o n s a re the t a n g e n t d i s c o n t i 
n u i t i e s a l o n g t h e b o u n d a r y . The o n l y 
e x c e p t i o n i s when an i n t e r s e c t i o n i s on 
a n e x t r e m a l b o u n d a r y and t h e l i n e o f 
s i g h t d i v i d e s t h e r i g h t a n g l e ? t h e 
t a n g e n t i s c o n t i n u o u s ( F i g . 2 ) . How
e v e r , such i n t e r s e c t i o n s can s t i l l b e 
d i s t i n g u i s h e d b y c u r v a t u r e d i s c o n t i n u i 
t i e s o r e x t r e m a . A n o t h e r c r i t e r i o n t o 
a s s i s t t he p r e v i o u s two i s s i m i l a r i t y . 
The t w o l i n e s o f c u r v a t u r e o f each p a i r 
a r e s i m i l a r i n space , and r e s e r v e s i m i 
l a r i t y i n i m a g e t o some d e g r e e . A 
c l o s e d boundary s h o u l d be so segmented 

F i g . 2 The i n t e r s e c t i o n P is not a 
t a n g e n t d i s c o n t i n u i t y , but 
a c u r v a t u r e d i s c o n t i n u i t y 

t h a t the two segments o f each p a i r a re 
a s s i m i l a r a s p o s s i b l e . Any c l o s e d 
b o u n d a r y t h a t c a n n o t be s e g m e n t e d by 
t h e above c r i t e r i a s h o u l d b e r e g a r d e d 
a s n o t b e i n g p r o j e c t i o n s o f l i n e s o f 
c u r v a t u r e . 

4. NET-KNITTING ALGORITHM 

The a l g o r i t h m , a s d e s c r i b e d i n 
S e c t i o n 2 , i s b a s e d o n t h e f o l l o w i n g 
t h r e e a s s u m p t i o n s : (1 ) b o t h p a i r s o f 
l i n e s o f c u r v a t u r e have the p r o p e r t y o f 
c o n s t a n t r a t i o i n t e r s e c t i o n ; (2 ) t h e 
a r c c e n t e r o f each image segmen t i s t h e 
p r o j e c t i o n o f t h e a r c c e n t e r o f t h e 
c o r r e s p o n d i n g s p a c e c u r v e t and (3 ) t h e 
a r c c e n t e r i s a l s o t h e c h o r d c e n t e r . 
A c t u a l l y , howeve r , few s u r f a c e s s a t i s f y 
a l l t h e t h r e e a s s u m p t i o n s . T h u s , a 
c o n s t r u c t e d n e t u s i n g t h i s a l g o r i t h m 
o n l y a p p r o x i m a t e s the o r i g i n a l s u r f a c e . 
W e c a l l i t t h e f i r s t - o r d e r a p p r o x i m a 
t i o n . A n examp le i s i l l u s t r a t e d i n F i g . 
3 . 
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(a) (b) 
F i g . 3 An example o f f i r s t - o r d e r a p p r o x i m a t i o n 

(a) boundary (b ) the c o n s t r u c t e d net 

The f i r s t - o r d e r a p p r o x i m a t i o n can 
be r e f i n e d . The t h i r d a s s u m p t i o n can be 
e l i m i n a t e d by m o d i f y i n g the cho rd c e n 
t e r s to be the arc c e n t e r s by a r e l a x a 
t i o n m e t h o d . T h i s i s done t w o - d i m e n 
s i o n a l l y . W e c a l l t h e n e t s o m o d i f i e d 
t h e s e c o n d - o r d e r a p p r o x i m a t i o n . The 
s e c o n d a s s u m p t i o n can a l s o b e e l i 
m i n a t e d . S i nce the s u r f a c e o r i e n t a t i o n 
a t each i n t e r s e c t i o n can b e c o m p u t e d , 
t h e 3 -D a r c l e n g t h can be o b t a i n e d by 
i n t e g r a t i o n . U s i n g a r e l a x a t i o n method 
a g a i n , the 2-D a rc c e n t e r s a re m o d i f i e d 
t o b e 3 -D a r c c e n t e r s . W e c a l l t h i s 
m o d i f i e d net the t h i r d - o r d e r a p p r o x i m a 
t i o n . 

5. SURFACE ORIENTATION COMPUTATION 

O n c e t h e n e t i s k n i t i n i m a g e 
p l a n e , s u r f a c e o r i e n t a t i o n a t each 
i n t e r s e c t i o n can be c o m p u t e d up to a 
c e r t a i n accu racy b y the b i s e c t o r e s t i 
m a t i o n and a p r o p a g a t i o n m e t h o d . How
e v e r , i t seems t h a t humans p e r c e i v e the 
s u r f a c e shape s t a b l y and c o n s i s t e n t l y . 
T h i s s u g g e s t s t h a t t h e r e may b e some 
mechan ism i n human v i s i o n t h a t u n i q u e l y 
d e t e r m i n e s s u r f a c e shape f r o m boundary . 
I f t h e LOC n e t i s a c c u r a t e and c o n 
s i s t e n t w i t h t h e b o u n d a r y , t h e n t h e 
m e c h a n i s m s h o u l d a l s o u n i q u e l y d e t e r 
m i n e t h e s h a p e f r o m t h e n e t . T h i s 
mechan ism rema ins to be f o u n d . 

N o t e t h a t w e a r e b y n o m e a n s 
a t t e m p t i n g to model the same p rocess in 
human v i s i o n . N o e v i d e n c e shows t h a t 
humans f i r s t b u i l d a n LOC n e t and t h e n 
compute s u r f a c e o r i e n t a t i o n f r o m i t . 

T h e i n f e r e n c e o f s h a p e f r o m 
b o u n d a r y i s i n h e r e n t l y a p r o c e s s o f 
i n t e r p o l a t i o n , n o m a t t e r w h a t t h e 
a p p r o a c h i s . B u t w h a t i s d i f f e r e n t 
be tween our approach and t h a t o f B a r r o w 
and Tenenbaum? They i n t e r p r e t the boun
d a r y s e g m e n t s s e p a r a t e l y , w h e r e a s v/e 

i n t e r p r e t t h e b o u n d a r y s e g m e n t s g l o 
b a l l y and c o n s i s t e n t l y . C o n s t r u c t i n g 
t h e LOC n e t a c t u a l l y f u n c t i o n s a s 
i n t e r p o l a t i n g the s u r f a c e . 

6. CONCLUSION 

We have f i r s t o u t l i n e d an approach 
t o shape f r o m b o u n d a r y w h i c h i s d e s 
c r i b e d i n d e t a i l i n o u r p r e v i o u s 
p a p e r [ 4 | ( 1 s t ICCV). T h i s p a p e r i s t o 
complement the ideas in t h a t paper . We 
have p roposed c r i t e r i a f o r decompos ing 
a c l o s e d b o u n d a r y i n t o s e g m e n t s t h a t 
a r e l i k e l y t o b e p r o j e c t i o n s o f l i n e s 
o f c u r v a t u r e , and a d i r e c t i o n f o r 
r e f i n i n g t h e LOC n e t . Some u n d e r l y i n g 
p r o b l e m s o f the approach have a l s o been 
e x a m i n e d . 
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