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This  paper  d e s c r i b e s  a  new approach 
f o r  i n t e g r a t i n g  informat ion provided by 
two important  v i s u a l  cues  : a )  s t e r e o  and 
b )  SFS. A t h r e e  camera s t e r e o  i s  
considered whose image correspondance i s  
e s t a b l i s h e d  among t h r e e  images t aken  from 
t r i a n g u l a r l y  conf igured viewpoints .  By 
us ing  t r i n o c u l a r  s t e r e o  t h e  sea rch  
problem of  cand ida te  matches, zero- 
c r o s s i n g s ,  i s  g r e a t l y  s i m p l i f i e d .  The 
method a l s o  o b t a i n s  depth informat ion 
a long h o r i z o n t a l  edge elements and d e a l s  
wi th  occ lus ion .  To improve t h e  accuracy 
of t h e  p rocess ,  genera t ing  t h e  depth map 
from t h e  s t e r e o  module, shading 
informat ion ob ta ined  from t h e  t h r e e  views 
i s  i n t e g r a t e d  i n  t h e  above p rocess .  An 
a lgor i thm i s  desc r ibed  which couples  
depth and shading imformation from t h e  
t h r e e  cameras, and o b t a i n s  an a c c u r a t e  
dense depth map of t h e  o b j e c t  i n  t h e  
scene.  Supplying a d d i t i o n a l  informat ion 
i n  t h e  r e c o n s t r u c t i o n  process ,  r e s u l t s  i n  
an improvement of t h e  computed s u r f a c e  
shape.  The o v e r a l l  conceptual  formulat ion 
of t h e  s o l u t i o n  i s  such t h a t  o t h e r  v i s u a l  
cues,  i . e . ,  structure-from-motion, shape- 
f  rom-texture,  could be i n t e g r a t e d  t o o .  
The c u r r e n t  method could be a p p l i e d  i n  
t h e  des ign  of autonomous i n d u s t r i a l  
robo t s  a s  w e l l  a s  ground v e h i c l e s  f o r  
p l a n e t a r y  e x p l o i t a t i o n s .  

One of t h e  most important subsystems 
of an i n t e l l i g e n t  robot  i s  v i s i o n .  
Without v i s i o n ,  a  robot  can r e p e a t  only  a  
predetermined t a s k  sequence without  any 
t o l e r a n c e  f o r  even s l i g h t  d i s tu rbances .  

Vis ion has  been explored by many 
r e s e a r c h e r s  and t h e  problem of ob ta in ing  
a  3-D s u r f a c e  shape has  been a t t a c k e d  
us ing  b i n o c u l a r  s t e r e o ,  SFS, shape-from- 
t e x t u r e ,  shape-from-contours, s t r u c t u r e -  
from-motion methods [ I ]  . Output from t h e  
above methods, which provide only s p a r s e  
informat ion,  a r e  c o n s i s t e n t  with more 
t h a n  o n e  s u r f a c e  d e f i n i t i o n .  
R r e s t r i c t i o n s  t o  t h e  space of admissable 
s o l u t i o n s  has  been achieved by imposing 
g l o b a l  v a r i a t i o n a l  p r i n c i p l e s ,  s t a t e d  a s  
smoothness c o n s t r a i n t s  and expressed a s  

r e g u l a r i z i n g  terms [ 2 ] ,  [3 ]  . The problem 
with  t h i s  technique,  i s  t h e  l ack  of 
d e t e c t i o n  and e x p l i c i t  r e p r e s e n t a t i o n  of 
d i s c o n t i n u i t i e s  which a r e  very important 
f o r  t h e  r e c o n s t r u c t i o n  p rocess .  A 
complete a n a l y s i s  i s  p resen ted  by 
Terzopoulas (21. 

I t  i s  known t h a t  "shape-from" 
p r o c e s s e s  p r o v i d e  o n l y  p a r t i a l  
informat ion about a  scene.  A c r u c i a l  
i n t e r a c t i o n  i s  t h e  i n t e g r a t i o n  of 
c o n s t r a i n t s  from m u l t i p l e  e a r l y  v i s u a l  
cues .  Even though t h e  i n i t i a l  informat ion 
provided by each module does not 
determine t h e  shape of s u r f a c e s  it 
c o n t r i b u t e s  t o  c o n s t r a i n i n g  t h e  s u r f a c e  
shape. With i n t e g r a t i o n  more accura te  
informat ion from one process  could 
compensate f o r  l e s s  accura te  informat ion 
from ano ther .  Also, m u l t i p l e  v i s u a l  
p rocesses  may cooperate  i n  i n f e r i n g  t h e  
s u r f a c e  shape i n  p l a c e s  where no i n i t i a l  
e s t i m a t e s  where a v a i l a b l e .  

I n  t h e  approach desc r ibed  here ,  s p a r s e  
l o c a l  e s t i m a t e s  of s u r f a c e  depth obtained 
by t h e  t r i n o c u l a r  s t e r e o  module, a r e  
allowed t o  i n t e r a c t  wi th  l o c a l  e s t imates  
of s u r f a c e  o r i e n t a t i o n  obtained from t h e  
SFS module. 

REVIEW OF LITERATURE 

This  s e c t i o n  b r i e f l y  d e s c r i b e s  
previous  approaches towards t h e  s o l u t i o n  
of t h e  SFS problem. Also it g ives  an 
a n a l y s i s  of  t h e  t h r e e  camera s t e r e o  a s  
w e l l  a s  t h e  matching p rocess  and t h e  
determinat ion of depth.  

The monocular s t e r e o  problem has been 
addressed e x t e n s i v e l y  i n  t h e  l i t e r a t u r e  
[ 6 ] ,  [7 ] ,  [ 8 ] ,  but  t h e  r e s u l t s  a r e  
n e i t h e r  a c c u r a t e  nor robus t ,  s i n c e  it i s  
ambiguous t o  r e c o n s t r u c t  t h e  su r face  
shape from one image. Horn [ 9 ] ,  used t h e  
" c h a r a c t e r i s t i c  s t r i p "  approach t o  so lve  
t h e  FOPDE bu t  h i s  method i s  i n h e r e n t l y  
s e q u e n t i a l  and p r e s e n t s  d i f f i c u l t i e s  with 
no i sy  d a t a .  Ikeuchi  and Horn [7]  used t h e  
c a l c u l u s  of v a r i a t i o n s  f o r  t h e  a n a l y s i s  
of t h e  problem and r e g u l a r i z a t i o n  term i n  
t h e  f u n c t i o n a l  t o  be minimized. Brooks 
and Horn [6]  t r i e d  a  s i m i l a r  approach by 
enforc ing  t h e  i n t e g r a b i l i t y  c o n s t r a i n t  
i . e . ,  Zxv = Z y x ,  but  t h e y  f a i l e d  t o  
develop a  convergent i t e r a t i v e  scheme. 
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I n  t h i s  paper  t h e  ambiguity of t h e  SFS 
i s  reso lved  by us ing  t h r e e  images. Needle 
maps ob ta ined  from t h e  images of t h e  
s t e r e o  device  a r e  combined and coupled 
with  depth maps f o r  a more a c c u r a t e  
s u r f a c e  r e c o n s t r u c t i o n .  The i n t e g r a b i l i t y  
c o n s t r a i n t  i s  a l s o  enforced.  

The o t h e r  "shape-from" module which i s  
used i n  t h e  i n t e g r a t i o n  p rocess  i s  t h e  
s t e r e o  module. The most d i f f i c u l t  problem 
of a convent ional  b inocu la r  s t e r e o  system 
i s  t h e  correspondance problem. In  t h e  
l i t e r a t u r e  t h e r e  a r e  va r ious  h i e r a r c h i c a l  
and g l o b a l  matching t echn iques  t o  avoid 
ambiguous matches [ l l l ,  [12] ,  [13] ,  [ 1 4 ] .  
Many d i f f e r e n t  c o n s t r a i n t s  f o r  t h e  sea rch  
p rocess  a r e  used, bu t  t h e  proposed 
a lgor i thms  a r e  complicated and t ime 
consuming. A s o l u t i o n  t o  t h e  
correspondance problem and a n e f f e c t i v e  
measurement of t h e  3-D d i s t a n c e  from a 
s u r f a c e  i s  achieved by us ing  a t r i n o c u l a r  
s t e r e o  system. The problem i s  solved by 
adding a t h i r d  camera [ 1 5 ] .  F igure  1 
shows t h e  geometry of t h e  t r i n o c u l a r  
system. 

F igure  1. 

The t h r e e  cameras a r e  modeled by 
o p t i c a l  c e n t e r s  C i  and image p l a n e s  9 
where i = 1 , 2 , 3 .  A p h y s i c a l  p o i n t  K has  an 
image a'c on Ii. p lane .  One very  
important  c o n s t r a i n t  which has  been used 
t o  f i n d  t h e  corresponding p o i n t  of a, 
on 11 , i s  t h e  e p i p o l a r  c o n s t r a i n t  which 
reduces t h e  sea rch  from O ( N & )  t o  0 ( N )  . 
Let 1; be t h e  p r o j e c t i o n  of Cia, on IS 
and 1; be  t h e  p r o j e c t i o n  of Ccar  on I.. 
I f  a1 , a r  a r e  t r u e  corresponding p o i n t s  
t h e n  t h e  image of K on 11 must e x i s t  a t  
t h e  i n t e r s e c t i o n  of 1; and 1; , which 
is unique. 

The symbolic d e s c r i p t o r s  which have 
been chosen t o  be matched among t h e  t h r e e  
images a r e  t h e  zero-cross ings  of a V'G 
o p e r a t o r  a p p l i e d  t o  each image. For t h e  
c a l c u l a t i o n  of t h e  e p i p o l a r  l i n e s  t h e  
c a l i b r a t i o n  t echn ique  developed by 
Feugeras and Toscani [I61 could be  used.  

To e s t a b l i s h  t h e  corresponding p o i n t  
of a ,  , a l l  p o s s i b l e  cand ida tes  a r e  
d e t e c t e d  l y i n g  on 1: For each of them, 
t h e  e p i p o l a r  l i n e s  1$ i n  1% a s  w e l l  a s  
t h e  i n t e r s e c t i o n s  wi th  1; a r e  c a l c u l a t e d .  
I f  a zero-cross ing i s  d e t e c t e d  i n  a smal l  

neighbourhood around t h e  i n t e r s e c t i o n  of 
1; and lS%, then  l$j ufliquely determines  
t h e  c o r r e c t  match of azJ i n  12. 

To disambiguate m u l t i p l e  matches, t h e  
fo l lowing  c o n s t r a i n t s  a r e  used : a )  t h e  
zero-cross ings  must have s i m i l a r  
o r i e n t a t i o n  and b )  t h e  same c o n t r a s t  
s i g n .  This c r i t i e r i a  i s  used by t h e  
b i n o c u l a r  s t e r e o  p rocess  f o r  matching 
p o i n t s  l y i n g  on occluding boundar ies ,  
v i s i b l e  from only two cameras. Note a l s o  
t h a t  f o r  t h e  t h r e e  camera s t e r e o ,  zero- 
c r o s s i n g s  could have any o r i e n t a t i o n  with  
h o r i z o n t a l  l i n e s .  

I n  p r a c t i s e ,  t h e  l i n e s  C l  a , ,  Claz,  
C3a3 w i l l  no t  i n t e r s e c t  and s o  p o l n t  K 

w i l l  be  l o c a t e d  a t  a p o i n t  f o r  which t h e  

d i s t a n c e s  from a l l  t h r e e  l i n e s  i s  a 
minimum [ 1 7 ] .  

CONTINUOUS FORMULATION 

I t  i s  known t h a t  t h e  g e n e r a l  f u s i o n  
problem i s  beyond c u r r e n t  a b i l i t i e s  of 
t h e  a r t i f i c i a l  i n t e l l i g e n c e  f i e l d  and s o  
i n  t h i s  work, an e f f o r t  i s  made t o  
combine only two shape-from modules. 
F igure  2 d e s c r i b e s  t h e  camera s e t u p .  

F igure  2 .  

A The s u r f a c e  normal a t  p o i n t  ( X , Y ,  Z) i s  
n = (-p ( X , Y )  , -q (x,Y) ,1) . For t h e  middle 
image p lane  t h e  g r a d i e n t  i s  pm=p, q"= q .  
The va lues  of p r  , q r  i n  t h e  system 
( X , Y , Z )  a r e  : 

&pr-CUt , @rSi. 9' 
(1) C L ~ C U ~ '  CK~GUL~' 
where C n  = cost$, , C ~ R =  s in?= .  s i m i l a r l y  
t h e  va lues  f o r  pb, q L  a r e  . 
p*L = CdpL-GL 
(2 )  C,l+- calpL 

For t h e  continuous formulat ion of t h e  
problem, we assume t h a t  t h e  segmentation 
p rocess  has  a l r e a d y  t aken  p l a c e  s o  t h e  
p rocess  of r e c o n s t r u c t i n g  a s i n g l e  
s u r f a c e  i s  d e s c r i b e d .  We assume t h a t  t h e  
s u r f a c e  i s  Lambertian and t h e  o b j e c t  i s  
f a r  away s o  o r thograph ic  p r o j e c t i o n  can 
be used. The p o s i t i o n  of a s i n g l e  l i g h t  
source  i s  es t imated  us ing  t echn iques  i n  
[ l o ] ,  [211 . 

A v a r i a t i o n a l  approach t o  t h e  SF'S 
problem i s  explored and t h e  smooth 
s u r f a c e  t o  be r e c o n s t r u c t e d  must minimize 
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t h e  fo l lowing  f u n c t i o n a l s  : 

EPJI-(~* - p r ) ; ( z , - J  + 31/[ [ f7f lyv7-  
P*(x~Y)I'+ rqvr (xajx? - ~ ~ x ~ q ~ ~ ~ j & ~ ~  

where (Xa ,Y' ) , ( X I  Y), ( a r e  
corresponding p o i n t s  i n  I, , Ix , and Ij 
image p l a n e s .  

ALGORITHM 

A) E s t a b l i s h  correspondance between zero- 
c r o s s i n g s  from le f t -midd le  a s  we l l  a s  
from middle-r ight  images. Obtain depth 
in fo rmat ion .  

8 )  Find o r i e n t a t i o n  a t  matched con tours .  
The d e r i v a t i v e s  of depth and image 
i n t e n s i t i e s  a r e  used t o  provide t h e  
o r i e n t a t i o n  v a l u e s  [22] . 
C) 1. Use Ikeuchi-Horn [6]  i t e r a t i v e  
scheme f o r  each image s e p a r a t e l y .  
Boundary c o n d i t i o n s  a r e  provided by s t e p  
8. 

An improvement has  been i n ~ z ? ~ o r a t e d  
where a  n i n e  p o i n t  approximation for-the 
Laplacian i s  used.  Thus, ( ~ ' f ) ~ _ r  +(f;) - 
@where : 

- 
fij = *(f;,,j +fi,jr, +f.w,,j +f i , j - I )  + &(fl+,j*+ 
-fi+~,'  +f\-%j-t + fi-l,j.~) i: Using a  mapping of ( f ,  g)  t o  (p ,q)  
space,  d e r i v e  va lues  f o r  PAl, qi,, p,:, , ." m 
qn+:, Phtl, 

D) 1. Reconstruct  t h e  depth map (middle 
image) by s o l v i n g  : 

The above equa t ion  i s  de r ived  from t h e  
Eu le r  equa t ion  of Et on t h e  previous  
s e c t i o n .  The poisson equat ion i s  so lved  
by us ing  an i t e r a t i v e  technique desc r ibed  
i n  [20] wi th  an improvement of a  none 
p o i n t  approximation t o  t h e  Laplacian.  

2 .  Reconstruct  a  depth map from l e f t  
a s  w e l l  a s  from r i g h t  image by s o l v i n g  
two poisson equa t ions  : 

Cat. p m +  CIL a?:+ dzn.:= (9:*pu')+NpL- - cCtt.pm )aU 
?(st- Z,'%p 1%' 

A s i m l l a r  equa t ion  holds  f o r  t h e  r i g h t  
image. 

E) 1. From t h e  s o l u t i o n s  of s t e p s  D l a n d  
m D2, o b t a i n  va lues  f o r  : z-,,: , 9,: , p,,, , - m - r  -I- 

n I Pn+t , qn+, by us ing  a  f i v e  p o i n t  

d i f f e r e n c e  approximation t o  t h e  depth 
va lues  on a  g r i d .  

2 .  Replace t h e  va lues  of p,,k , q,: , 
p,,?', q,Z , P,,: r q,,+l; wi th  t h e  above 

e s t i m a t e s .  

F) Return t o  s t e p  C u n t i l  no s i g n i f i c a n t  
changes occur .  

CONCLUSIONS - FUTURE WORK 

A t h r e e  camera approach t o  t h e  s t e r e o  
problem was considered s o  t h a t  problems 
l i k e ,  matching h o r i z o n t a l  edge elements,  
occlusion,  f a l s e  t a r g e t s ,  e . t  . c . ,  
d i sappear .  Consequently, f a s t e r  and more 
a c c u r a t e  depth va lues  were c a l c u l a t e d .  
B e t t e r  accuracy i n  es t imat ion  of t h e  
Laplacian with  nine  p o i n t s  was used. The 
method f o r c e d  t h e  i n t e g r a b i l i t y  
c o n s t r a i n t  and coupled from an e a r l i e r  
s t age ,  t h e  needle  and depth maps f o r  each 
image. 

One of t h e  important drawbacks of many 
SFS methods, and t h i s  work a l s o ,  i s  t h e  
l a c k  of e x p l i c i t l y  d e a l i n g  with 
d i s c o n t i n u i t i e s .  Future  p lans  w i l l  
involve t h e  d e t e c t i o n  and t h e  
r e p r e s e n t a t i o n  of them concurrent  with 
t h e  r e c o n s t r u c t i o n  problem. Strong 
assumptions made by t h e  SFS module, i . e . ,  
lambert ian su r face ,  smooth, known albedo, 
could be re laxed  by incorpora t ing  s i m i l a r  

t e c h n i q i e s  used i n  a c t i v e  v i s i o n  [ 2 3 ] .  
Also t h e  i n t e g r a t i o n  of many more shape- 
from modules i . e . ,  shape-from-texture, 
shape-from-contour, shape-from-motion, i s  
t o  be considered a s  we l l  a s  t h e  fus ion  of 
informat ion from d i f f e r e n t  f e a t u r e  and 
a r e a  based s t e r e o  methods. F i n a l l y ,  view- 
p o i n t  i n v a r i a n t  r e p r e s e n t a t i o n  of 
s u r f a c e s  [24] may be considered i n  o rder  
t o  e l i m i n a t e  t h e  wobbling e f f e c t .  
Psychophysical experiments may r e v e a l  
s l i g h t  va r iance  i n  t h e  s u r f a c e  perceived 
by humans viewing sparce  ramdom do t  
s tereograms whi le  t h e  d o t s  undergo r i g i d  
3-D t rans format ions  and a l s o  i f  t h e s e  
v a r i a t i o n s  a r e  c o n s i s t e n t  o r  not  with t h e  
p rocess  of r e c o n s t r u c t i o n .  
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