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S p e c u l a r r e f l e c t i o n , o r h i g h l i g h t s , a p p e a r o n 
ABSTRACT a s u r f a c e when t h e a n g l e b e t w e e n t h e v i e w e r and 

s o u r c e o f i l l u m i n a t i o n i s b i s e c t e d b y t h e s u r f a c e 
n o r m a l . B y p r o d u c i n g a m i r r o r - I i k e r e f l e c t a n c e 
o f f a n o b j e c t ' s s u r f a c e , s p e c u l a r i t y c a u s e s 
m e a s u r e d i n t e n s i t y v a l u e s t o b e h i g h e r b y t h e 
m a g n i t u d e o f t h e s p e c u l a r c o m p o n e n t . A l t h o u g h 
a t t e m p t s h a v e b e e n made t o a c c o u n t f o r s p e c u l a r i t y 
i n r e f l e c t a n c e f u n c t i o n s and r e f l e c t a n c e m a p s , 
t h e s e f u n c t i o n s a r e c o n t r i v e d f o r c e r t a i n c a s e s 
a n d f a i l t o s o l v e t h e g e n e r a l p r o b l e m . I n t h i s 
p a p e r , v i s u a l t e x t u r e i s c o n s i d e r e d a s a p a t t e r n 
o r v a r i a n c e o f i n t e n s i t y a p p e a r i n g o n a n o b j e c t 
s u r f a c e . 

The m o t i v a t i o n b e h i n d t h i s p a p e r i s t o a d a p t 
m u l t i p l e s o u r c e p h o t o m e t r y t o s u r f a c e s v a r y i n g i n 
b o t h s p e c u l a r i t y and v i s u a l t e x t u r e . T o w a r d t h i s 
e n d i t w i l l b e shown how s u r f a c e n o r m a l s c a n b e 
c o m p u t e d b y s o l v i n g s e t s o f s i m u l t a n e o u s l i n e a r 
e q u a t i o n s . D e t a i l e d b y Woodham [ 9 ] t h i s m e t h o d 
c a n b e u s e d o n t e x t u r e d s u r f a c e s . F u r t h e r m o r e , i t 
w i l l b e shown how a f o u r t h s o u r c e o f i I l u m i n a t i o n 
c a n b e u s e d t o d e t e c t s p e c u l a r r e f l e c t i o n . Once 

d i s c o v e r e d , t h e s p e c u l a r componen t can b e r e m o v e d 
f r o m t h e c o m p u t a t i o n o f a l o c a l n o r m a l v e c t o r . 

The p r i m a r y f o c u s o f t h i s w o r k i s t o 
e x p e r i m e n t a l l y e x p l o r e a m e t h o d f o r d e t e r m i n i n g 
t h r e e d i m e n s i o n a l s u r f a c e s h a p e f r o m i n t e n s i t y 
i n f o r m a t i o n . A m e t h o d i s d e v e l o p e d . u s i n g 
e x i s t e n t t h e o r y , f o r d e t e r m i n i n g t h e s h a p e o f 
v i s u a l l y t e x t u r e d s u r f a c e s e x h i b i t i n g v a r y i n g 
d e g r e e s o f s p e c u l a r i t y . The p h o t o m e t r i c s t e r e o i s 
e x t e n d e d t o f o u r s o u r c e p h o t o m e t r y a s t h e b a s i s 
f o r t h i s w o r k . The r e f l e c t a n c e map a p p r o a c h f o r 
d e t e r m i n i n g s u r f a c e n o r m a l s i s shown t o b e o f 
l i t t l e v a l u e i n t h i s c o n t e x t and a m o r e d i r e c t 
m e t h o d o f c o m p u t i n g t h e s e n o r m a l s i s u s e d . 

1 INTRODUCTION 
S e v e r a l m e t h o d s a r e a v a i l a b l e f o r o b t a i n i n g 

d e p t h i n f o r m a t i o n f o r s u r f a c e s . T h e s e m e t h o d s a r e 
d i v i d e d i n t o w h a t Woodham [ 8 ] r e f e r s t o a s d i r e c t 
m e t h o d s and i n d i r e c t m e t h o d s . D i r e c t m e t h o d s t r y 
t o m e a s u r e r a n g e ( d i s t a n c e ) d i r e c t l y . I n d i r e c t 
m e t h o d s a t t e m p t t o d e t e r m i n e d i s t a n c e b y m e a s u r i n g 
p a r a m e t e r s c a l c u l a t e d f r o m images o f t h e 
i I l u m i n a t e d o b j e c t . 

One i n d i r e c t m e t h o d f o r o b t a i n i n g s u r f a c e 
s h a p e i s b y a n a l y s i s o f t h e r a d i o m e t r y o f image 
f o r m a t i o n [ 1 - 5 , 7 - 9 l . Commonly known a s s h a p e f r o m 
s h a d i n g , t h i s m e t h o d c a n b e a p p l i e d w h e r e v e r t h e 
d i r e c t i o n o f i n c i d e n t i l l u m i n a t i o n i s known a n d / o r 
c a n b e c o n t r o l l e d . I t i s t h i s t e c h n i q u e w h i c h i s 
t h e s u b j e c t m a t t e r o f t h i s p a p e r . 

H o r n [ 1 ] showed how s h a p e c o u l d b e d e t e r m i n e d 
b y s o l v i n g n o n - l i n e a r , f i r s t o r d e r p a r t i a l 
d i f f e r e n t i a l e q u a t i o n s t o f i n d c o m p o n e n t s o f t h e 
s u r f a c e g r a d i e n t . W h i l e t h e g r a d i e n t c o u l d n o t b e 
d e t e r m i n e d l o c a l l y , n u m e r i c a l i n t e g r a t i o n o f t h e 
e q u a t i o n s p e r m i t t e d c h a r a c t e r i s t i c c u r v e s t o b e 
t r a c e d o u t o n t h e o b j e c t s u r f a c e . Woodham [ 8 , 9 ] 
s u g g e s t e d p h o t o m e t r i c s t e r e o f o r l o c a l l y 
d e t e r m i n i n g s u r f a c e g r a d i e n t s u s i n g m u l t i p l e 
s o u r c e s o f i l l u m i n a t i o n . 

M u l t i p l e s o u r c e p h o t o m e t r y i s u s u a l l y 
i m p l e m e n t e d u s i n g one r e f l e c t a n c e map f o r e a c h 
i m a g e . T o i n i t i a l i z e s u c h a r e f l e c t a n c e map , t h e 
s y s t e m i s c a l i b r a t e d u s i n g a s p h e r e h a v i n g a 
c o n s t a n t s u r f a c e r e f l e c t a n c e f a c t o r . S i l v e r [ 7 ] 
has shown t h i s m e t h o d t o b e v e r y e f f e c t i v e i n 
s o l v i n g f o r s h a p e w i t h u n i f o r m m a t t e s u r f a c e s . 

T h i s w o r k was p a r t i a l l y s u p p o r t e d b y N a t i o n a l 
S c i e n c e F o u n d a t i o n u n d e r t h e G r a n t N o . 
M C S - 8 1 0 0 1 4 8 . 

11 SURFACE SHAPE FROM INTENSITY 
2 . 1 D e f i n i t i o n s 

S u p p o s e a s u r f a c e i s d e f i n e d e x p l i c i t l y b y a n 
e q u a t i o n o f t h e f o r m 

z = F(x .y ) 2.1 
i f w e c h o o s e t o r e p r e s e n t s u r f a c e o r i e n t a t i o n w i t h 
n o r m a l v e c t o r s , t h e o r i e n t a t i o n o f any p o i n t o n 
t h e s u r f a c e c a n b e w r i t t e n a s 

N = ( F x , F y , - 1) 2.2 
w h e r e F x and F y a r e t h e f i r s t p a r t i a l 
d e r i v a t i v e s o f F w i t h r e s p e c t t o x and y , 
r e s p e c t i v e l y . I n a l l c a s e s , t h e v i e w e r w i l l b e 
a l o n g t h e n e g a t i v e Z a x i s c o m p a r e d t o t h e s u r f a c e 
b e i n g v i e w e d . The s u r f a c e n o r m a l ( 0 , 0 , - 1 ) p o i n t s 
d i r e c t l y a t t h e v i e w e r and i s o r t h o g o n a l t o t h e 
image p l a n e . 

T o s i m p l i f y t h e g e o m e t r y w e assume t h a t t h e 
d i s t a n c e b e t w e e n t h e v i e w e r and t h e o b j e c t b e i n g 
v i e w e d i s l a r g e i n r e l a t i o n t o t h e o b j e c t ' s s i z e . 
T h i s a l l o w s u s t o a p p r o x i m a t e t h e p e r s p e c t i v e -
p r o j e c t i o n o f t h e i m a g i n g d e v i c e b y a n 
o r t h o g r a p h i c p r o j e c t i o n . 

U s i n g t w o v a r i a b l e s p and q , w e d e f i n e 
p = F x and q = F y . 

From t h i s , t h e s u r f a c e n o r m a l o f F ( x , y ) a t any 
p o i n t ( x , y ) c a n b e w r i t t e n a s ( p , q , - l ) . The 
q u a n t i t y ( p , q ) i s d e f i n e d a s t h e g r a d i e n t o f F . 
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A s u r f a c e p h o t o m e t r i c f u n c t i o n Q ( i , e , g ) f o r a 
s i n g l e s o u r c e c a n b e d e f i n e d i n t e r m s o f t h e 
i n c i d e n t a n g l e ( i ) , e m i t t a n c e a n g l e (e) a n d p h a s e 
a n g l e ( g ) . A s s u c h , t h e a n g l e s q u a n t i f y t h e 
r e l a t i o n s h i p b e t w e e n t h e s o u r c e v e c t o r , v i e w 
v e c t o r and s u r f a c e n o r m a l v e c t o r . Each o f t h e s e 
v e c t o r s c a n b e w r i t t e n i n g r a d i e n t s p a c e 
c o o r d i n a t e s a s 

V = ( 0 , 0 , - 1 ) ( v i e w v e c t o r ) 2 . 3 
S = ( p s , q s . - l ) ( s o u r c e v e c t o r ) 2 . 4 
N = ( p , q , - l ) ( n o r m a l v e c t o r ) 2 . 5 

From t h e r e f l e c t a n c e m a p , Woodham [ 8 ] 
i l l u s t r a t e s how a s i n g l e i n t e n s i t y v a l u e r e s t r i c t s 
t h e p and q v a l u e s o f t h e s u r f a c e n o r m a l t o a 
p a r t i c u l a r i s o - b r i g h t n e s s c o n t o u r . The g o a l o f 
s h a p e f r o m s h a d i n g i s t o i s o l a t e w h i c h ( p , q ) v a l u e 
o n t h e c o n t o u r i s t h e c o r r e c t s u r f a c e g r a d i e n t . 
2 . 2 S i n g l e S o u r c e P h o t o m e t r y 

Once a r e f l e c t a n c e map i s e s t a b l i s h e d , t h e 
p r o c e s s o f d e t e r m i n i n g t h e s h a p e o f s a m p l e o b j e c t s 
c a n b e g i n . When a s i n g l e s o u r c e o f i l l u m i n a t i o n 
i s u s e d , a s i n g l e image i n t e n s i t y v a l u e maps i n t o 

many p o s s i b l e s u r f a c e o r i e n t a t i o n s . T o r e s o l v e 
t h e s e a m b i g u i t i e s , a l g o r i t h m s d e v e l o p e d t o s o l v e 
f o r s u r f a c e s h a p e , u s i n g a s i n g l e s o u r c e , assume 
c e r t a i n s u r f a c e c o n s t r a i n t s . Woodham [ 8 ] assumes 
s u r f a c e s t o b e u n i f o r m , m a t t e , c o n v e x and s m o o t h 
w i t h c o n t i n o u s f i r s t and s e c o n d p a r t i a l 
d e r i v a t i v e s . From t h i s a s s u m p t i o n , h i s i t e r a t i v e 
a l g o r i t h m p r o p a g a t e s t h e s e c o n s t r a i n t s b a c k and 
f o r t h u n t i l c o n v e r g i n g o n a s o l u t i o n f o r t h e 
e n t i r e s u r f a c e . 

2 . 3 M u l t i p l e S o u r c e P h o t o m e t r y 
P h o t o m e t r i c s t e r e o , i n e s s e n c e , i s m u l t i p l e 

s o u r c e p h o t o m e t r y w h e r e two o r m o r e images o f a n 
o b j e c t a r e o b t a i n e d f r o m t h e same v i e w p o i n t . I n 
e a c h image t h e o b j e c t i s i l l u m i n a t e d f r o m a 
d i f f e r e n t d i r e c t i o n b y a s i n g l e s o u r c e . T h i s 
g i v e s r i s e t o a n - t u p l e o f i n t e n s i t y v a l u e s f o r 
e a c h ( x , y ) p o i n t o n t h e s u r f a c e . 

The f i r s t s t e p i n m u l t i p l e s o u r c e p h o t o m e t r y 
i s t o e s t a b l i s h a r e f l e c t a n c e map f o r e a c h s o u r c e 
o f i l l u m i n a t i o n . T h e n b y t r a c i n g i s o - b r i g h t n e s s 
c o n t o u r s f o r e a c h s o u r c e / i n t e n s i t y t h e 
i n t e r s e c t i o n p o i n t f o r a l l c o n t o u r s c a n b e f o u n d . 
T h i s i n t e r s e c t i o n p o i n t s a t i s f i e s t h e i n t e n s i t y 
v a l u e r e q u i r e m e n t s f o r e a c h s o u r c e and i s t h u s t h e 
s u r f a c e g r a d i e n t a t t h e c o r r e s p o n d i n g image p o i n t 
( x . y ) . 

I t has b e e n shown [ 9 ] t h a t a m i n i m u m o f t h r e e 
d i s t i n c t i s o - b r i g h t n e s s c o n t o u r s i s n e e d e d t o f i n d 
t h e s u r f a c e g r a d i e n t f o r a l a m b e r t i a n s u r f a c e . 
T h i s i m p l i e s a m i n i m u m o f t h r e e s o u r c e s i s n e e d e d . 
For t h e c o n t o u r s t o i n t e r s e c t a t s i n g l e p o i n t t h e 
s o u r c e v e c t o r s c a n n o t b e c o l i n e a r . 
2 . 4 L i m i t a t i o n s o f t h e Ref l e c t a n c e Map 

G i v e n any r e f l e c t a n c e map, s h a p e c a n b e 
d e t e r m i n e d f o r s u r f a c e s h a v i n g p h o t o m e t r i c 
p r o p e r t i e s i d e n t i c a l t o t h e s u r f a c e u s e d f o r 
r e f l e c t a n c e map c a l i b r a t i o n . T h i s i m p l i e s t h a t 
t h e s p e c u l a r c o m p o n e n t o f a l l s a m p l e s u r f a c e s m u s t 
b e i d e n t i c a l t o t h a t c a s t i n t h e r e f l e c t a n c e map . 
A d d i t i o n a l l y , s p e c u l a r i t y c a n n o t b e d e t e c t e d , a s 
t h e r e i s n o i n d i c a t o r t o show i f a n i n t e n s i t y 
v a l u e i s e l e v a t e d due t o s p e c u l a r r e f l e c t i o n . 
F i n a l l y , when e s t a b l i s h i n g a r e f l e c t a n c e map t h e 
s u r f a c e r e f l e c t a n c e f a c t o r R i s made c o n s t a n t , f o r 
a l l p o i n t s o n t h e s u r f a c e . T h i s f o r c e s a 
u n i f o r m i t y o f i n t e n s i t y o n t h e s u r f a c e and 

p r e v e n t s t h e a p p l i c a t i o n o f r e f l e c t a n c e map 
t e c h n i q u e s t o v i s u a l l y t e x t u r e d s u r f a c e s . 
2 . 5 A D i r e c t S o l u t i o n f o r t h e L a m b e r t i a n S u r f a c e 

T o o v e r c o m e t h e l i m i t a t i o n s o f r e f l e c t a n c e 
map t e c h n i q u e s , a s o l u t i o n f o r s u r f a c e s h a p e m u s t 
p r o v i d e b o t h t h e s u r f a c e n o r m a l a n d s u r f a c e 
r e f l e c t a n c e f a c t o r R a t e a c h p o i n t . For 
L a m b e r t i a n s u r f a c e s t h i s i s 

I ( x . y ) - R * c o s ( i ) - R * ( S . N ) / | S | | N ( 2 . 6 
I f i t i s assumed t h e s o u r c e and n o r m a l v e c t o r s , S 
and N , a r e u n i t v e c t o r s , t h e d e n o m i n a t o r f o r 
e q u a t i o n 2 . 6 becomes 1 . E q u a t i o n 2 . 6 c a n now b e 
wr i t t e n : 

I ( x . y ) = R * S . N ) 
=R* ( S x , S y . S z ) . ( N x . N y . N z ) 2 . 7 

w h e r e ( S x . S y . S z ) a r e t h e known c o m p o n e n t s o f t h e 
s o u r c e v e c t o r and ( N x . N y . N z ) a r e t h e u n k n o w n 
c o m p o n e n t s o f t h e s u r f a c e n o r m a l . 

S i n c e 2 . 7 i s a n e q u a t i o n w i t h t h r e e u n k n o w n s , 
a m i n i m u m o f t h r e e s o u r c e s and a s s o c i a t e d 
i n t e n s i t y v a l u e s i s n e e d e d t o c o m p u t e t h e s u r f a c e 
n o r m a l a t e a c h p o i n t . G i v e n t h e s o u r c e s S I , S 2 
and S 3 a l o n g w i t h i n t e n s i t y v a l u e s I I , 1 2 and 1 3 
a t ( x , y ) a s e t o f s i m u l t a n e o u s e q u a t i o n s c a n b e 
f o r m e d t o s o l v e f o r N . 

|~l l l [S1x S1y S1z] [ N x ] 
12 - S2x S2y S2z Ny 2 . 8 

[13] [S3x S3y S3z [Nz] 
I f w e u s e M s t o s y m b o l i z e t h e s o u r c e m a t r i x , I t h e 
i n t e n s i t y f e a t u r e v e c t o r a t ( x . y ) and N t h e n o r m a l 
v e c t o r , e q u a t i o n 2 . 8 b e c o m e s : 

I ( x . y ) - R * [ M S ] N 2 . 9 

T o s o l v e f o r t h e r e f l e c t a n c e f a c t o r , R , and u n i t 
n o r m a l , N , e q u a t i o n 2.9 c a n b e w r i t t e n a s : 

R * N - [ M S ] 7 2 . 1 0 
U s i n g e q u a t i o n 2 . 1 0 t h e s u r f a c e n o r m a l c a n b e 

c o m p u t e d d i r e c t l y f r o m a t r i p l e t o f i n t e n s i t y 
v a l u e s I and t h e i n v e r s e o f t h e s o u r c e m a t r i x Ms . 
Fo r M s t o h a v e a n i n v e r s e t h e s o u r c e v e c t o r s S I , 
S2 and S3 m u s t n o t be c o l i n e a r . 

The r e f l e c t a n c e f a c t o r , R , c a n b e f o u n d 
s i m p l y b y t a k i n g t h e m a g n i t u d e o f t h e r i g h t s i d e 
o f e q u a t i o n 2 . 1 3 - T h i s i s b e c a u s e t h e s u r f a c e 
n o r m a l , N , i s o f u n i t l e n g t h . 

R = I [Ms j " ' 7 I 2 . 1 1 
Once t h e r e f l e c t a n c e f a c t o r i s f o u n d t h e u n i t 
n o r m a l c a n be c o m p u t e d as : 

N - ( 1 / R ) * ( M s ] ' ' . 2.12  
U s i n g 2 . 1 2 a l l t h r e e c o m p o n e n t s o f t h e u n i t 
s u r f a c e n o r m a l c a n b e f o u n d . I t i s n e c e s s a r y t o 
c o m p u t e a l l t h r e e c o m p o n e n t s a s t h e u n i t s u r f a c e 
n o r m a l w i l l n o t n e c e s s a r i l y have N z = - 1 . 
2 . 6 H a n d l i n g V i s u a l T e x t u r e 

B y s o l v i n g f o r t h e u n i t n o r m a l v e c t o r i n t h e 
p r e v i o u s s e c t i o n , i t has a l s o b e e n shown t h a t t h e 
s u r f a c e r e f l e c t a n c e f a c t o r R c a n b e d e t e r m i n e d 
l o c a l l y a t e a c h ( x , y ) p o i n t o n a s u r f a c e . T h i s 
i m p l i e s t h a t R need n o t b e c o n s t a n t o v e r t h e 
s u r f a c e . R e g a r d l e s s o f how R v a r i e s , i t c a n s t i l l 
b e c o m p u t e d a t e a c h p o i n t u s i n g e q u a t i o n 2 . 1 1 . 

V i s u a l t e x t u r e can b e t h o u g h t o f a s a p a t t e r n 
c a u s e d b y v a r i a n c e i n t h e s u r f a c e r e f l e c t a n c e 
f a c t o r f r o m p o i n t t o p o i n t o n a g i v e n s u r f a c e . 
I n d e e d , s h a d i n g m o d e l s have b e e n d e v e l o p e d i n 
c o m p u t e r g r a p h i c s u t i l i z i n g a v a r i a b l e r e f l e c t a n c e 
f a c t o r t o e f f e c t s u r f a c e i n t e n s i t y [ 6 ] . T h u s , i t 
c a n r e a d i l y b e s e e n t h a t a p p l y i n g e q u a t i o n 2 . 1 0 
a l l o w s s u r f a c e n o r m a l s t o b e c o m p u t e d when t h e 
o b j e c t i s v i s u a l l y t e x t u r e d , a s R i s c o m p u t e d 
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l o c a l l y a t each poi n t . 
2 . 7 Overcomi ng Specular D i s t o r t ion 

One method of overcoming s p e c u l a r i t y problems 
in a shading model is by i n c o r p o r a t i n g terms i n t o 
the r e f l e c t a n c e f u n c t i o n to account f o r the 
specular component. B u i l d i n g such terms i n t o the 
r e f l e c t a n c e f u n c t i o n , however, t i e s the model to a 
s i n g l e exp ress i on o f s p e c u l a r i t y . A more f l e x i b l e 
method is needed which enables the specu la r 
component to vary f rom one s u r f a c e to another or 
even across the same s u r f a c e . 

As was shown in s e c t i o n 2 . 5 . t h ree sources 
are a l l t h a t are needed to un ique l y de te rmine 
sur face normals f o r a Lamber t ian s u r f a c e . I f , 
however, a p o i n t on the s u r f a c e is s u b j e c t to 
specular r e f l e c t i o n from one of the th ree sou rces , 
the computed normal vec to r w i l l be i n c o r r e c t due 
to an e l e v a t e d i n t e n s i t y v a l u e . By adding a 
f o u r t h sou rce , i t becomes p o s s i b l e to compute a 
set o f four s u r f a c e normal v e c t o r s f o r each p o i n t ; 
i . e . one normal f o r each p e r m u t a t i o n of th ree 
i n t e n s i t y v a l u e s . I t i s t h i s redundancy which 
a l l ows t agg ing and removal of the specu lar sou rce . 

To see how t h i s is accompl ished f i r s t assume 
we are g i ven fou r measured i n t e n s i t y va lues nt a 
p o i n t (x .y ) on a s u r f a c e ; one i n t e n s i t y f rom each 
sou rce / image . If none of the i n t e n s i t i e s has a 
specu lar component, the r e s u l t i n g four su r f ace 
normals w i l l appear as in F igu re l a . On the o ther 
hand, suppose the i n t e n s i t y va lue from an 
a r b i t r a r y source / image (source four i n t h i s case) 
con ta i ns a specu la r component e l e v a t i n g i t s v a l u e . 
The r e s u l t i n g four normals computed w i l l be 
s i m i l a r t o the case i l l u s t r a t e d i n F igu re l b . 

I t can r e a d i l y be seen t h a t the re is a 
g rea te r d e v i a t i o n in bo th d i r e c t i o n and magnitude 
o f the v e c t o r s i n F i g . l b than those in F i g . l a . 
Three of the normal v e c t o r s in F i g . lb ( the th ree 
computed us ing source fou r ) are a f f e c t e d by a 
specu lar component. Because o f t h i s reason , t h e i r 
magn i tudes, R, are g rea te r and they are skewed 
more in the d i r e c t i o n of the specu la r sou rce . 

A method can now be developed to e l i m i n a t e 
specular e f f e c t s us ing a t h r e s h o l d i n g p rocedu re . 
The f i r s t s tep is to compute a r e l a t i v e d e v i a t i o n 
in the su r f ace r e f l e c t a n c e f a c t o r R at each po in t 
on the s u r f a c e . Th is can be done us ing the 
formuI a: 

2.14 
where Ri is each r e f l e c t a n c e f a c t o r computed at 
(x ,y) and Rmin is the s m a l l e s t of t hese . A 
r e f l e c t i v i t y d e v i a t i o n map can be d i s p l a y e d f o r 
the e n t i r e su r f ace showing the r e f l e c t a n c e 
d e v i a t i o n Rdev at each p o i n t . On a r e f l e c t i v i t y 
d e v i a t i o n ' map, specu lar reg ions w i l l be 
c h a r a c t e r i z e d by h igh r e f l e c t a n c e d e v i a t i o n . 

F igure l a . Computed normals at a s i n g l e 
po in t on the surface when no specu la r com­
ponent is p r e s e n t . Mean d e v i a t i o n among 
norma IS is small . 

When comput ing su r face norma ls , Rdev at each 
p o i n t i s checked aga ins t the t h r e s h o l d va lue R t . 
If Rdev at a p o i n t is less than or equal to R t , a 
specu lar component is not cons idered p r e s e n t . The 
su r f ace normal is computed as the average of a l l 
four normals c a l c u l a t e d a t t h i s p o i n t . Rdev 
g r e a t e r than Rt i n d i c a t e s a specu lar c o n t r i b u t i o n 
at t h i s p o i n t from one of the sou rces . To 
e l i m i n a t e t h i s specu lar component, the su r face 
normal is chosen as the computed normal vec to r 
hav ing the sma l l es t r e f l e c t a n c e f a c t o r . 

In p r a c t i c e , the use of a t h r e s h o l d va lue 
w i l l a l l o w many su r faces to be analyzed 
s u c c e s s f u l l y . A l i m i t i n g f a c t o r i s t ha t the 
specu lar component cannot be so great as to cause 
specu la r reg ions f rom two or more sources to 
o v e r l a p . Th is can be overcome to some degree by 
a d j u s t i n g the angle of inc idence fo r each source 
t o p revent o v e r l a p . 

F i n a l l y , the phase angles between a l l source 
v e c t o r s and the v iew vec to r must not be so la rge 
as to prevent a l l four sources from c o n t r i b u t i n g 
measurable i n t e n s i t y va lues th roughout the arc of 
specu lar r e f l e c t i o n . For most cases a phase angle 
of up to 60 degrees can be used (30 degrees above 
the image plane) but under spec ia l c i rcumstances 
the optimum source angles may have to be 
de termined e x p e r i m e n t a l l y . 

111I A WORKING SYSTEM 
A system c o n s i s t i n g of s p e c i a l i z e d imaging 

hardware and a s e r i e s of computer programs was 
developed to v e r i f y the approach proposed 
a b o v e [ 1 0 ] . The set up used to o b t a i n images fo r 
our exper iments is desc r i bed i n [ l 0 ] . Th is set up 
a l l ows us to o b t a i n images fo r d i f f e r e n t p o s i t i o n 
of the l ight sources . 
3 . 1 P i c t u r e D i g i t i zat i on 

A l l images were d i g i t i z e d d i r e c t l y us ing an 
Eyecom h igh r e s o l u t i o n d i g i t i z e r . The r e s u l t i n g 
ou tpu t was a 480 by 480 a r ray of p i x e l s , each 
c o n t a i n i n g an 8 b i t gray l eve l code (0 -255) - The 
Eyecom was opera ted in the l i n e a r mode. 

Once the images were d i g i t i z e d , they were 
then processed by a program to generate i n t e n s i t y 
h is tograms and i n t e n s i t y contour maps. The 
contour maps and h is tograms were used to de termine 
i n t e n s i t y t h r e s h o l d va lues fo r o b j e c t b o u n d a r i e s . 
3 . 2 Sur face Norma I Generat i on 

Sur face normal g e n e r a t i o n was accompl ished by 
the method d e t a i l e d in s e c t i o n 2.5. As can be 
seen by equa t i on 2.12 a t r i p l e t of i n t e n s i t y 
va lues must be m u l t i p l i e d by the inverse of the 
source m a t r i x , Ms . 

Four source ma t r i c es were c r e a t e d , one f o r 
each pe rmu ta t i on of th ree source v e c t o r s . The 
inverse fo r each m a t r i x was computed us ing 

F igure I!>. Computed normals at a s i n g l e po in t 
w i t h source a t 0 e x h i b i t i n g s p e c u l a r i t y . I n t e n ­
s i t y va lue from t h i s source i s e l e v a t e d caus ing 
a h igh d e v i a t i o n among these no rma ls . 
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G a u s s i a n e l i m i n a t i o n w i t h p a r t i a l p i v o t a l 
c o n d e n s a t i o n . 

C o m p u t a t i o n o f t h e s u r f a c e n o r m a l v e c t o r s was 
v e r y s t r a i g h t f o r w a r d . E ach t r i p l e t p f i n t e n s i t y 
v a l u e s ( 1 1 , 1 2 , 1 3 ) a t a p o i n t ( x , y ) was m u l t i p l i e d 
b y t h e a p p r o p r i a t e i n v e r s e (Ml i n t h i s c a s e ) t o 
g i v e t h e n o r m a l . The n o r m a l was r e d u c e d t o a u n i t 
n o r m a l and t h e r e f l e c t a n c e f a c t o r e x t r a c t e d . 
P r i o r t o c o m p u t i n g t h e n o r m a l , a l l i n t e n s i t y 
v a l u e s had t o e x c e e d p r e d e t e r m i n e d t h r e s h o l d 
l e v e l s t o i n s u r e t h a t t h e p o i n t i s o n t h e s u r f a c e . 

A s i s d e s c r i b e d i n s e c t i o n 2 . 7 . t h e p r o g r a m 
d e t e r m i n e d r e f l e c t a n c e d e v i a t i o n a t e a c h p o i n t o n 
t h e s u r f a c e w h e r e f o u r n o r m a l s c o u l d b e c o m p u t e d . 
T h i s d e v i a t i o n was t h e n t r a n s l a t e d i n t o a 
r e f l e c t i v i t y d e v i a t i o n map . From t h i s map w e a r e 
a b l e t o s e l e c t t h e maximum d e v i a t i o n a l l o w e d 
b e t w e e n a s e t o f n o r m a l s a t e a c h p o i n t . 

A f t e r t h e s e l e c t e d d e v i a t i o n t h r e s h o l d i s 
e n t e r e d , t h e f i n a l n o r m a l v a l u e s a r e c o m p u t e d . 
T h e s e v a l u e s r e p r e s e n t a n a v e r a g e o f f o u r v e c t o r s 
i f t h e d e v i a t i o n t h r e s h o l d i s n o t e x c e e d e d . 
O t h e r w i s e , t h e v e c t o r c o r r e s p o n d i n g t o t h e l o w e s t 
r e f l e c t a n c e f a c t o r i s u s e d . A l l o u t p u t v e c t o r s 
a r e u n i t s u r f a c e n o r m a l s t o i n s u r e c o r r e c t 
o p e r a t i o n o f t h e d e p t h c o n v e r s i o n p r o c e d u r e . 
3 . 3 D e p t h C o n v e r s i o n 

The f i n a l s t e p i n g e n e r a t i n g t h e a c t u a l 
s u r f a c e i s t h e c o n v e r s i o n f r o m s u r f a c e n o r m a l s t o 
d e p t h i n f o r m a t i o n . Tha t i s , f o r e v e r y ( x . y ) p o i n t 
and n o r m a l v e c t o r N a t ( x . y ) a 2 v a l u e w i t h 
r e s p e c t t o t h e image p l a n e mus t b e c o m p u t e d . 

F i r s t , assume a s u r f a c e p a t c h a s shown i n 
F i g u r e 2 . A l s o assume e a c h o f t h e s u r f a c e n o r m a l s 
NO, N l , N2 , N 3 i s known a t t h e p o i n t s ( 0 , 0 ) , 
( 1 , 0 ) , ( 0 , 1 ) , ( 1 . 1 ) r e s p e c t i v e l y . F i n a l l y , a 
s t a r t i n g 2 v a l u e a t ( 0 , 0 ) i s e i t h e r c h o s e n o r 
k n o w n . T o c o m p u t e 2 v a l u e s a t t h e r e m a i n i n g t h r e e 
p o i n t s a f u n c t i o n must b e c h o s e n t o s p e c i f y how 
t h e n o r m a l v a r i e s a l o n g t h e e d g e s o f t h e p a t c h . 

I f t h e p o i n t s ( 0 , 0 ) and ( 1 , 0 ) a r e v e r y c l o s e 
r e l a t i v e t o s u r f a c e s i 2 e , t h e c u r v e b e t w e e n t h e s e 
p o i n t s c a n b e a p p r o x i m a t e d b y i t s a v e r a g e t a n g e n t 
l i n e . When c o n s i d e r i n g t h e d i s t a n c e b e t w e e n 
p i x e l s , t h i s c o n d i t i o n h o l d s . 

( 1 . 0 ) t o ( 1 , 1 ) i n t h e y d i r e c t i o n . The s e c o n d 
v a l u e 2 2 ( 1 , 1 ) i s o b t a i n e d b y g o i n g f r o m ( 0 , 1 ) t o 
( 1 . 1 ) a l o n g t h e x d i r e c t i o n . The two v a l u e s a r e 

a v e r a g e d to g i ve 2 ( 1 , 1 ) . 
2 ( 1 . 1 ) = ( z ) ( I , l ) + z 2 ( 1 . l ) ) / 2 

Z v a l u e s c a n a l s o b e c o m p u t e d g o i n g a l o n g t h e 
n e g a t i v e x and y d i r e c t i o n s i f a - 1 i s s u b s t i t u t e d 
f o r x and y in e q u a t i o n s 3 -4 and 3 -5 r e s p e c t i v e l y . 
T h i s i s u s e f u l i f t h e v a l u e o f 2 a t ( 1 , 1 ) i s known 
and t h e 2 v a l u e s a t t h e o t h e r t h r e e p o i n t s a r e t o 
b e c o m p u t e d . 

The a l g o r i t h m f o r d e p t h c o n v e r s i o n b e g i n s b y 
c h o o s i n g a n a r b i t r a r y 2 v a l u e f o r t h e p o i n t i n t h e 
c e n t e r o f t h e i m a g e . N e x t , 2 v a l u e s a r e 
d e t e r m i n e d a t a l l p o i n t s a l o n g t h e x and y a x e s 
p a s s i n g t h r o u g h t h i s c e n t e r p o i n t . F i n a l l y . 2 
v a l u e s a r e c o m p u t e d f o r t h e r e m a i n i n g p o i n t s . The 
f i n a l 2 v a l u e s a r e o f f s e t a s n e c e s s a r y t o make 
Z m i n = 0 ( m i n i m u m 2 v a l u e ) . 
3 .4 Resu l t s 

Four o b j e c t s , a s shown i n F i g u r e 3 , w e r e 
c h o s e n t o d e t e r m i n e t h e s y s t e m ' s c a p a b i l i t i e s w i t h 
a c t u a l i m a g e s . A l l f o u r o b j e c t s w e r e made o f 
w o o d , f i n i s h e d n a t u r a l l y w i t h v a r n i s h . The 
s u r f a c e s w e r e t h u s v i s u a l l y t e x t u r e d (wood g r a i n ) 
w i t h v a r y i n g d e g r e e s o f s p e c u l a r i t y . 

B e f o r e n o r m a l s w e r e c o m p u t e d , a r e f l e c t i v i t y 
d e v i a t i o n map was p r i n t e d f o r each o b j e c t . T h e s e 
maps w e r e e x a m i n e d and a t h r e s h o l d d e v i a t i o n c o d e 
o f ' C ' was c h o s e n a s t h e maximum d e v i a t i o n 
a l l o w a b l e f o r a l l c a s e s . From t h e s e m a p s , f o u r 
h i g h d e v i a t i o n a r e a s w e r e i d e n t i f i e d o n t h e s p h e r e 
and s p h e r o i d s u r f a c e s . T h e s e a r e a s r e s u l t f r o m 
s p e c u l a r r e f l e c t i o n s f r o m e a c h o f t h e s o u r c e s . O n 
t h e o t h e r h a n d , t h e t r u n c a t e d cone and p y r a m i d 
show s p e c u l a r i t y o n l y a l o n g t h e edge p o i n t s . T h i s 
i s a s was e x p e c t e d , f o r t h e s u r f a c e s o f t h e s e 
o b j e c t s w e r e n o t i n c l i n e d a t t h e p r o p e r a n g l e f o r 
s p e c u l a r r e f l e c t i o n . 

The p l o t t e d r e s u l t s f o r e a c h o b j e c t c a n b e 
s e e n i n F i g u r e s 4 t h r o u g h 7 - T h e s e s p l o t s show 
how t h e e s s e n t i a l c h a r a c t e r i s t i c s o f e a c h s u r f a c e 
w e r e p r e s e r v e d ; e a c h o b j e c t c a n b e r e a d i l y 
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F igure 3 . Sample o b j e c t s f o r expe r imen t : 

(a) sphere ; 
(b) o b l a t e s p e r o i d ; 

( c ) t r u n c a t e d cone; 
(d) square py ram id . 

i d e n t i f i e d . Th i s ach ieved the fundamental 
o b j e c t i v e o f t h i s expe r imen t . 

On the p l o t t e d su r faces of the sphere and 
s p h e r o i d , v a l l e y s o r d i p s are v i s i b l e . These d ips 
are due ma in l y to the n o n - u n i f o r m i t y o f the l i g h t 
source . That i s , a f l a t w h i t e d i sk p laced under 
the scanner d i d not r e g i s t e r a cons tan t i n t e n s i t y 
a t a l l p o i n t s . These su r f ace i r r e g u l a r i t i e s are 
not s u f f i c i e n t to cause the su r faces to be 
unrecogni z a b l e . 

The sphere and sphero id su r faces do show 
p r o f i l e d i f f e r e n c e s when o v e r l a y e d , the sphe ro id 
be ing more squa t . There was not enough i n t e n s i t y 
i n f o r m a t i o n near the h o r i z o n , however, to genera te 
the p o r t i o n s o f these su r faces where they d i f f e r 
the most . 

The cone and pyramid gave e x c e l l e n t r e s u l t s . 
Of p a r t i c u l a r i n t e r e s t is edge d e f i n i t i o n and 
u n i f o r m i t y on the f a c e s . A l l p lanar su r faces have 
d i s t i n c t edges and cons tan t su r face o r i e n t a t i o n s . 
A l g o r i t h m s , us ing i n t e r p o l a t i o n o r i t e r a t i o n , tend 
to round these edges and hence are best s u i t e d to 
smoothly curved s u r f a c e s . 

P r o f i l e comparisons between a c t u a l o b j e c t s 
and the generated su r faces i n d i c a t e d the p l o t t e d 
su r faces were somewhat squa t . I t i s f e l t t ha t 
t h i s e f f e c t r e s u l t e d because the camera d i s t a n c e 
was not la rge enough w i t h respec t to o b j e c t s i z e . 
The p e r s p e c t i v e p r o j e c t i o n of the imaging dev ice 
was thus too pronounced to e f f e c t i v e l y be 
approx imated by an o r t h o g r a p h i c p r o j e c t i o n . In 
a l l cases, however, the r e s u l t s were very 
p rom is ing and demonst ra ted the method 's a b i l i t y to 
handle v i s u a l l y t e x t u r e d , specular o b j e c t s . 

F igure 4 . Sphere p l o t t e d r e s u l t s . Sur face 
generated from measured i n t e n s i t y v a l u e s . 
V iewpo in t c o o r d i n a t e s : ( 5 , - 1 5 , 1 5 ) . 

F igure 5 . Ob la te sphe ro id p l o t t e d r e s u l t s . 
Sur face generated from measured i n t e n s i t y v a l u e s . 
V iewpoin t c o o r d i n a t e s : ( 5 , - 1 5 , 1 5 ) . 
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F i g u r e 6 . T r u n c a t e d c o n e p l o t t e d r e s u l t s . 
S u r f a c e g e n e r a t e d f r o m m e a s u r e d i n t e n s i t y 
v a l u e s . V i e w p o i n t c o o r d i n a t e s : ( - 1 5 , 5 , 1 5 ) . 

F i g u r e 7 . S q u a r e p y r a m i d p l o t t e d r e s u l t s . 
S u r f a c e g e n e r a t e d f r o m m e a s u r e d i n t e n s i t y 
v a l u e s . V i e w p o i n t c o o r d i n a t e s : 
( - 1 5 , - 1 5 , 1 5 ) . 

IV CONCLUSION 
I n t h i s p a p e r w e h a v e a t t e m p t e d t o c o n t r i b u t e 

t o t h e e v o l u t i o n o f t h e p h o t o m e t r i c a p p r o a c h f o r 
s u r f a c e s h a p e d e t e r m i n a t i o n i n p r e s e n c e o f t e x t u r e 
and s p e c u l a r i t y . A s a m e a s u r e o f i t s 
e f f e c t i v e n e s s , t h e r e s u l t s o f t h i s a p p r o a c h a r e 
mos t e n c o u r a g i n g . I t i s h o p e d t h a t t h i s p a p e r 
w i l l p r o v e u s e f u l i n h e l p i n g t o a p p l y s h a p e f r o m 
s h a d i n g t o s u r f a c e s p r e v i o u s l y t h o u g h t t o b e 
b e y o n d t h e s c o p e o f p h o t o m e t r i c m e t h o d s . 
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