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ABSTRACT 

The s t u d y  comes w i t h i n  an a r c h a e l o g i c a l  r e s e a r c h  i n  an area 
b e t w e e n  t h e  Ghagghar  v a l l e y  and t h e  n o r t h e r n  p i edmont  of  t h e  Arawalli 
H i l l s  i n  n o r t h w e s t e r n  I n d i a  ( I n d o  - F r e n c h  A r c h a e o l o g i c a l  M i s s i o n  : 
A .  S. I .  /CNRS) . 

We u s e  t h e  s a t e l l i t e  imagery t o  f i n d  t races  o f  a n c i e n t  
i r r i g a t i o n  system, which is an e v i d e n c e  of  h i s t o r i c  and p r o t o h i s t o r i c  
human o c c u p a t i o n .  We a p p l y  o u r s e l v e s  t o  r e c o g n i z e  a u t o m a t i c a l l y  a l l  
s o r t s  o f - l i n e a m e n t s -  found on t h e  images. I n  t h e  f i e l d ,  t h e s e  s h a p e s  
c o r r e s p o n d  t o  n a t u r a l  o r  a r t i f i c i a l  l i n e a r  n e t w o r k s  : s t r e a m s ,  p a l e o -  
c o u r s e s  o f  r i v e r s ,  d r a i n a g e  t races ,  sand  f e a t u r e s ,  r o a d s ,  t r a c k s ,  
ra i lways ,  c a n a l s  ( a n c i e n t  and modern ) .  

We use t h e  q u a n t i t a t i v e  a n a l y s i s  of  images : t e x t u r e  a n a l y s i s  
and  e s p e c i a l l y  m a t h e m a t i c a l  morphology.  Our work i n v o l v e s  d e v e l o p p i n g  
r e c u r r e n t  m o r p h o l o g i c a l  t r a n s f o r m a t i o n  p r o c e d u r e s  which  aim a t  
e x t r a c t i n g  t h e  p r e d e f i n e d  o b j e c t s  a c c o r d i n g  t o  t h e i r  s h a p e  and t h e i r  
s i z e .  

We p r e s e n t  examples t o  e x p l a i n  t h e  whole p r o c e s s  which  is 
a p p l i e d  t o  s a t e l l i t e  images. We show d i f f e r e n t  r e s u l t s  o f  enhancemen t  
o f  v a r i o u s  t y p e s  o f  n e t w o r k s  on MSS L a n d s a t  d a t a .  The f i n a l  
d e l i m i t a t i o n  of  t h e  main n e t w o r k s  i s  o b t a i n e d  f rom p r o c e s s i n g s  o f  S p o t  
images. 

1. OBJECTIVES 

T h i s  s t u d y  f i t s  i n t o  an a r c h a e o l o g i c a l  r e s e a r c h  c o n c e r n i n g  t h e  
p l a i n  west of D e l h i ,  between Yamuna and S u t l e j ,  Arawallis and  t h e  
p i e d m o n t  of  Himalaya ( t h e  S i w a l i k s ) ,  i n  t h e  s u b a r i d  p a r t  of n o r t h  
w e s t e r n  I n d i a ,  on b o r d e r s  o f  R a j a s t h a n ,  Haryana  and P u n j a b .  A small 
pa r t  o f  t h i s  area h a s  been s e l e c t e d  t o  b e  i n t e n s e l y  su rveyed ,  ( f i g . 7 ) .  

We t r y  t o  f i n d  t h e  l i n e a r  c o n t i n u i t y  o f  a n c i e n t  i r r i g a t i o n  
systems b e l o n g i n g  t o  d i f f e r e n t  p e r i o d s  ( m e d i e v a l  t o  p r o t o h i s t o r i c  
p e r i o d s ) .  Nowadays, t h e s e  c a n a l s  a r e  o f t e n  p o i n t e d  o u t  i n  t h e  f i e l d  by 
l i n e a r  s a n d  f e a t u r e s .  

We a l s o  want  t o  s t u d y  t h e  a n c i e n t  d r a i n a g e  p a t t e r n  : w e  s e a r c h  
f o r  p a l e o - c o u r s e s  o f  r i v e r s ,  d r a i n a g e  t races  which  d o n ' t  c l e a r l y  appear 
i n  t h e  f i e l d .  

The f i n a l  aim of  t h i s  d u a l  r e s e a r c h  is t o  e x p l a i n  t h e  l i n k s  
b e t w e e n  pas t  l a n d s c a p e  m o d i f i c a t i o n s ,  e s p e c i a l l y  d r a i n a g e  p a t t e r n  
m o d i f i c a t i o n s  and t h e  p r e s e n c e  i n  t h e  s t u d y  area o f  many a r c h a e o l o g i c a l  
r e m n a n t s ,  l i k e  s i tes (Late  Med ieva l  t o  Early Harappan/4500 y r s  BPI ,  
t races of a n c i e n t  i r r i g a t i o n  c a n a l s  (FRANCFORT, 19850.~ .~ ,~ ,0 ,&1,  Funds Documgntair 

1. Preeented  a t  t h e  N i n t h  A a l a n  C o n f e r e n c e  on Remoto S e n a i n S .  a t  H o t e l  
A m b a a e a d o r ,  B a n g k o k ,  T h a i l a n d .  N o v e m b e r  23-28 1888.  
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We u s e  r e m o t e  s ens ing  d a t a  i n  o r d e r  t o  o b t a i n  i n f o r m a t i o n s  
a b o u t  t h e  s p a t i a l  e x t e n s i o n  of t h e  n e t w o r k s .  The aim of  t h i s  work is t o  
d e t e c t  a u t o m a t i c a l l y  n a t u r a l  o r  a r t i f i c i a l  l i n e a r  n e t w o r k s  on m u l t i b a n d  
S p o t  images ( r e s o l u t i o n  20 m ) .  

We a l s o  want  t o  extract t h e s e  o b j e c t s ,  t h a t  is  t o  say t h a t  
t h e y  have  t o  b e  r e s t o r e d  on un i fo rm b a c k g r o u n d . 2  

T h e  me thods  commonly used  t o  r e c o g n i z e  p r e d e f i n e d  o b j e c t s  f rom 
s a t e l l i t e  imagery are  b a s e d  on t h e i r  s p e c t r a l  c h a r a c t e r i s t i c s  b u t  d o n ’ t  
t a k e  i n t o  a c c o u n t  t h e i r  s p a t i a l  s t r u c t u r e .  As we a re  l o o k i n g  a t  
l i n e a m e n t s ,  w e  have  c o n s i d e r e d  m o r p h o l o g i c a l  i n d i c a t o r s  a s  -- more 
p e r t i n e n t  t h a n  spec t r a l  o n e s .  

We p r i n c i p a l l y  u s e  t h e  me thods  o f  m a t h e m a t i c a l  morphology 
w h i c h  a re  s u i t e d  t o  a u t o m a t i c  a n a l y s i s  and i n t e r p r e t a t i o n  o f  s h a p e s  of  
o b j e c t s  on an image. O u r  work c o n s i s t s  i n  d e v e l o p p i n g  m o r p h o l o g i c a l  
t r a n s f o r m a t i o n s  w i t h  t h e  aim of e x t r a c t i n g  t h e  o b j e c t s  a c c o r d i n g  t o  
t h e i r  s h a p e  and t h e i r  s i z e .  U n l i k e  c l a s s i c  p h o t o i n t e r p r e t a t i o n ;  s u c h  
p r o c e s s  is a u t o m a t e d  and can  b e  r e p r o d u c e d  f rom images of 
g e o g r a p h i c a l l y  similar area i n  o r d e r  t o  r e a c h  t h e  same k i n d  o f  
ob  j ec t ive .  

We p r e s e n t  h e r e  v a r i o u s  examples on t e s t  images t o  e x p l a i n  t h e  
method d e v e l o p p e d  t o  a c h i e v e  r e c o g n i t i o n  and e x t r a c t i o n  o f  a l l  s o r t s  
o f  l i n e a m e n t s .  The c l a s s i f i c a t i o n  and t h e  s e l e c t i o n  of a r c h a e o l o g i c a l  
n e t w o r k s  w i l l  b e  t h e  t o p i c  of a f u t u r e  work .  
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2. OBJECTS ON THE GROUND AND OBJECTS ON THE IHAGES 

The s t u d y  area h a s  a s e m i - a r i d  cl imate.  R a i n f a l l s  o c c u r  d u r i n g  
J u l y  and August  and r a n g e  from 300 t o  500 m m .  The a rea  c o n s i s t s  i n  a 
f l a t  t o  u n d u l a t i n g  p l a i n  p a r t l y  c o v e r e d  w i t h  s a n d  d u n e s  and d r a i n e d  b y  
a f e w  s a i s o n a l  streams. V e g e t a t i o n  is  f a i r l y  d e n s e  i n  t h e  d e p r e s s i o n s  
and  v e r y  s c a t t e r e d  on t h e  sand  d u n e s .  B e c a u s e  o f  t h e  l a c k  of  water, 
i r r i g a t i o n  is a c h i e v e d  by wel ls ,  c a n a l s  o r  t a n k s .  T h e r e f o r e ,  t h e  
l a n d s c a p e  h a s  been  w h o l l y  m o d i f i e d  i n  Haryana  f o r  a b o u t  t h i r t y  years b y  
t h e  s e t t i n g  u p  of  an i m p o r t a n t  a r t i f i c i a l  i r r i g a t i o n  sys tem.  
C o n s e q u e n t l y ,  f i e l d s  have  been l e v e l e d ,  a n c i e n t  c a n a l s  have  o f t e n  b e e n  
r e - u s e d  and t h u s  a l t e r e d .  

A t  t h e  p r e s e n t  time, we h a v e  no  p e r t i n e n t  c r i t e r i o n  on wh ich  
- _ .  t o  d i f f e r e n t i a t e  t h e  v a r i o u s  k i n d s  o f  a r c h a e o l o g i c a l  n e t w o r k s  on t h e  

i m a g e s .  E s p e c i a l l y ,  t h e  ground c l u e s  u s e d  t o  f i n d  o u t  a n c i e n t  c a n a l s  
( l i n e a r  s a n d  f e a t u r e s )  a r e  n o t  s u f f i c i e n t  t o  r e c o g n i z e  them on S p o t  
images. On an image,’ w e  can  d i f f e r e n c i a t e  r o a d s  f rom steams, o r  c a n a l s  
f r o m  c a r t - t r a c k s ,  b u t  w e  c a n n o t  d i s t i n g u i s h  n a t u r a l  s a n d  f e a t u r e s  f rom 
a n c i e n t  c a n a l s .  A more e l a b o r a t e  i n f o r m a t i o n  a b o u t  t h e i r  s i z e ,  s h a p e ,  
and  n e i g h b o u r h o o d ,  would a l l o w  t o  f o r m u l a t e  r e c o g n i t i o n  c r i t e r i o n s  on 
t h e  image. T h a t  is why w e  have a t t e m p t e d  an  e x t r a c t i o n  o f  a l l  s o r t s  of 
l i n e a m e n t s  v i s i b l e  on t h e  images. 

2. The r e a u l t i n s  b i n a r y  images p r o v i d e  a v a i l a b l e  i n p u t s  to carry 4Ut 

l a t e r  q u a n t i t a t i v e  a n a l y e i e  on t h e  n e t w o r k s  epatial d i s t r i b u t i o n  
c h a r a c t e r i a t i c a  and to estimate t h e i r  d i s t a n c e  from a r c h a e o l o a l c a l  
e i t e s .  
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On t h e  t e s t  image 3, we can  f i n d  d i f f e r e n t  s o r t s  o f  l i n e a r  
n e t w o r k s  ( f i g . 1 1  and 1 2 )  : 
- a r t i f i c i a l  n e t w o r k s  : p r e s e n t  i r r i g a t i o n  c a n a l s ,  m e t a l l e d  o r  
u n m e t a l l e d  r o a d s ,  c a r t - t r a c k s ,  p a r a l l e l  n e t w o r k s  ( r o a d / c a n a l  o r  c a r t -  
t r a c k / c a n a l ) .  
- n a t u r a l  n e t w o r k s  : d r i e d  d r a i n a g e  t r aces  s t i l l  u n d a t e d .  

R e c o g n i t i o n  and e x t r a c t i o n  o f  t h e s e  o b j e c t s  f rom a 
c l a s s i f i c a t i o n  of t h e i r  s p e c t r a l  s igna ture  is n o t  p e r t i n e n t  h e r e  f o r  
d i f f e r e n t  r e a s o n s  : 
- t h e s e  methods  d o n ’ t  l e a d  t o  t h e  d i E f e r e n c i a t i o n  of  o b j e c t s  h a v i n g  
n e a r l y  t h e  same s p e c t r a l  s i g n a t u r e  b u t  some d i f f e r e n t  s h a p e  s u c h  a s  a 
c a n a l  and  a r i v e r .  
- The  d i f f e r e n t  s o r t s  of n e t w o r k s  have no  s p e c i f i c  and s t a b l e  s p e c t r a l  
s i g n a t u r e  : i n  t h e  s t u d y  a r e a ,  many p r e s e n t  l i n e a r  n e t w o r k s  
( c o m m u n i c a t i o n ,  o r  c a n a l s )  a r e  t r e e - l i n e d  (Acacia arabica and Prosopis 
specigera). The n e t w o r k s  s p e c t r a l  answer can  b e  mixed w i t h  t h e  t ree-  
v e g e t a t i o n  s p e c t r a l  s i g n a t u r e .  A road  and a c a n a l  may have  t h e  same 
s p e c t r a l  s i g n a t u r e .  A r o a d  w i l l  n o t  have t h e  same r a d i o m e t r y  i f ’ i t  is  
t r e e - l i n e d  o r  n o t  o r  a c c o r d i n g  t o  i t s  c o v e r i n g .  - A t  l a s t ,  some l i n e a m e n t s  a r e  l e s s  wide as t h e  s i z e  of  one  p i x e l  (20  
m ) .  We c a n n o t  t a l k  a b o u t  spec t r a l  s i g n a t u r e ,  t h e y  a r e  o n l y  v i s i b l e  
b e c a u s e - t h e i r - s h a p e .  make a b r e a k  i n  an homogeneous e n v i r o n m e n t .  

Hence we a p p l y  o u r s e l v e s  t o  r e c o g n i z e  on a S p o t  image a l l  
s o r t s  of l i n e a r  n e t w o r k s  regardless  o f  t h e i r  c o n t e n t  (water,  a s p h a l t ,  
s a n d ,  b a r e  s o i l ) ,  w e  want  t o  enhance  and t h e n  ex t r ac t  r e c t i l i n e a r  
s h a p e s  ( p r e s e n t  a r t i f i c i a l  n e t w o r k s )  and more o r  l e s s  c u r v e d  l i n e a r  
s h a p e s  ( a n c i e n t  a r t i f i c i a l  n e t w o r k s ,  n a t u r a l  n e t w o r k s )  w h a t e v e r  t h e i r  
d i r e c t i o n ,  t h e i r  w i d t h ,  t h e i r  l e n g t h ,  t h e i r  ne ighbourhood  and  t h e i r  
s p e c t r a l  s i g n a t u r e .  

3. IHAGE PROCESSING : PRINCIPLES AND RESULTS 

3.1. Basic morphological transformations 
We u s e  c o n c e p t s  and t o o l s  of t h e  q u a n t i t a t i v e  a n a l y s i s  of  

images, e s p e c i a l l y  mathematical morphology. The a p p l i c a t i o n  o f  t h i s  
method t o  complex r e m o t e l y  s e n s e d  images is q u i t e  r e c e n t .  The aim of  
m a t h e m a t i c a l  morphology c o n s i s t s  i n  a n a l y s i n g  o b j e c t s  on t h e  image a s  
g e o m e t r i c a l  s e t s  (SERRA,1982).4 

One o f  t h e  bas i c  methods  of m a t h e m a t i c a l  morpholgy  c o n s i s t s  i n  
t r a n s f o r m i n g  t h e  o b j e c t s  u n d e r  a n a l y s i s  w i t h  a n o t h e r  p redef ined  o b j e c t  
c a l l ed  Structuring element. T h i s  is a p e r f e c t l y  d e f i n i t e  s i m p l e  
g e o m e t r i c a l  s h a p e ,  t o  which  we r e f e r  t o  a n a l y z e  some s h a p e s  on a n  
image. We u s e  h e r e  an  hexagon and a segment. T h e s e  s t r u c t u r i n g  e l e m e n t s  
are c h a r a c t e r i z e d  by  t h e i r  s i z e  (hexagon r a d i u s ,  s egmen t  l e n g t h ) .  The  
c h o i c e  of some o r  o t h e r  k i n d  o f  s t r u c t u r i n g  e l e m e n t  d e p e n d s  on t h e  k i n d  
of i n f o r m a t i o n  w e  wan t  t o  f i n d .  

We d o n ’ t  p r e s e n t  h e r e  i n  d e t a i l  m a t h e m a t i c a l  p r o p e r t i e s  of  t h e  
m o r p h o l o g i c a l  t r a n s f o r m a t i o n s ,  b u t  w e  g ive  s i m p l e  and  i l l u s t r a t e d  

3. S p o t  = c e n e  203-282, 22 M a y  1886 

4 .  On b i n a r y  imagea, t h e s e  aetra are d e f i n e d  as p a t t e r n s  on a background 
< i s o l a t e d  pixelsr or c o n n e c t e d  se ta  o f  p i x e l s ) .  O n  g r e y  tones 
f u n c t i o n a ,  t h e  s e t a  are d e f i n e d  aa  t h e  umbrae of t h e  grey t o n e  
f u n c t i o n  d e f i n e d  on a a e t  of  p i x e l s .  
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k p r i n c i p l e s  o f  t h e  e lementary t r a n s f o r m a t i o n s  t h a t  we have  used : b i n a r y  
eros ion  and d i l a t i o n ,  grey  t o n e s  d i l a t i o n  and erosion, and closing.  

I n  b i n a r y  images, s e t s  a r e  i d e n t i f i e d  b y  p i x e l s  of  v a l u e  1. 
The  background  is composed by t h e  p i x e l s  h a v i n g  t h e  v a l u e  O .  
- The d i l a t i o n  Y o f  a s e t  X w i t h  respec t  t o  t h e  s t r u c t u r i n g  element B ,  
n o t e d  Xgs, is d e f i n e d  by t h e  e q u a t i o n  : 
Y = [ X :  BxnX # O ]  
w h e r e  x a r e  t h e  c e n t e r s  of t h e  s t r u c t u r i n g  e l e m e n t  Bx. The  p h y s i c a l  
e f f e c t s  o f  t h e  d i l a t i o n  a r e  an increas ing  of t h e  s e t  s u r f a c e  w i t h  
c o n n e c t i n g  of  t h e  d i s j o i n t e d  p a r t s  and s m o o t h i n g  of t h e  e d g e s  ( f i g . 1 ) .  
- The erosion Y o f  a set  X w i t h  respect t o  t h e  s t r u c t u r i n g  e l e m e n t  B J  
n o t e d  XOs is d e f i n e d  by  t h e  f u n c t i o n  : 

The  p h y s i c a l  e f f e c t s  of t h e  b i n a r y  erosion are  a r e d u c t i o n  of t h e  s e t  
s u r f a c e  and  e q u a l l y  a smoo th ing  of t h e  e d g e s  ( f i g . 2 ) .  

Y = [ x  : BxcX) 

f i g . l . B i n a r y  d i l a t i o n  f i g .  2 .  B i n a r y  erosion 

The grey tones  funct ion (GTF). We c a n  say t h a t  a n  image w i t h  
grey t o n e s  v a l u e s  is e q u i v a l e n t  t o  a r e l i e f  map w i t h  p e a k s  and v a l l e y s .  
I n  o t h e r  w o r d s ,  a n  image is t o t a l l y  d e f i n e d  by t h e  b r i g h t n e s s  b(x,Y),  
of  e a c h  p i x e l  ( x J y )  j u s t  l i k e  a r e l i e f  map is d e f i n e d  by t h e  h e i g h t  a t  
e a c h  p o i n t ,  The a n a l y s i s  o f  a grey t o n e s  image c a n  be p e r f o r m e d  by 
s t u d y i n g  t h e  f u n c t i o n  b ( x , y ) .  
- T h e  d i l a t i o n  o f  a f u n c t i o n  f w i t h  respect  t o  t h e  s t r u c t u r i n g  e l e m e n t  
B is t h e  f u n c t i o n  fm whose v a l u e  a t  p o i n t  x is t h e  h i g h e s t  va lue  
r e a c h e d  by f i n s i d e  t h e  s t r u c t u r i n g  e l e m e n t  B c e n t e r e d  on p o i n t  
( x , f ( x ) ) .  The  p h y s i c a l  e f f e c t s  of t h e  d i l a t i o n  are  t h e  w i d e n i n g  of t h e  
p e a k s  and  t h e  n a r r o w i n g  o f  t h e  v a l l e y s  ( f i g . 3 ) .  On f i g u r e s  8 and 9 ,  w e  
h a v e  r e p r e s e n t e d  r e s p e c t i v e l y  t h e  s t a n d a r d  d e v i a t i o n  f i l t e r  on a 
L a n d s a t  MSS 6 image, and  t h e  m o r p h o l o g i c a l  d i l a t i o n  o f  t h e  p r e v i o u s  
o n e .  T h i s  s e q u e n c e  o f  t r a n s f o r m a t i o n  e n h a n c e  two types  o f  n e t w o r k s ,  t h e  
r i v e r  i n  red on f i g u r e  9 and t h e  c a n a l  i n  b l u e  ( f i g . 9 ) .  

- T h e  eros ion  of  t h e  f u n c t i o n  f w i t h  respect  t o  t h e  s t r u c t u r i n g  e l e m e n t  
€3 is t h e  f u n c t i o n  fa whose v a l u e  a t  p o i n t  x is t h e  smallest  v a l u e  
r e a c h e d  b y  f i n s i d e  t h e  s t r u c t u r i n g  e l e m e n t  B c e n t e r e d  on p o i n t  
( x J f ( x ) ) .  The  p h y s i c a l  e f f e c t s  of t h i s  t r a n s f o r m a t i o n  a r e  a w i d e n i n g  of 
t h e  v a l l e y s  and  a n a r r o w i n g  o f  t h e  p e a k s  ( f i g . 4 ) .  

- T h e  c l o s i n g  fB is t h e  c o m p o s i t i o n  of two t r a n s f o r m a t i o n s ,  a d i l a t i o n  
fo l lowed by a n  erosion.  T h e  closing h a s  no  e f f e c t  on t h e  p e a k s  a n d  
mere ly  f i l ls  up  t h e  v a l l e y s  ( f i g . 5 ) .  

_ _  

- T h e  tup-hat t r a n s f o r m a t i o n  is a m o r p h o l o g i c a l  f i l t e r i n g  wh ich  ex t r ac t  
p e a k s  o r  v a l l e y s  ( f i g . 6 )  : 
T o p - h a t  ( f )  = fB - f 

f i g  . 3  . D i  1 a t i  on fig.6. Top-hat 
of  t h e  GTF o f  t h e  GTF o f  t h e  GTF t r a n s f o r m a t i o n  

f i g  . 4 .  Erosion f ìg. 5. C1 osing 
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fig.7 Location of the study 
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3 . 2 .  Sequence of enhancement procedures  

A s  b a s i c  image f o r  m o r p h o l o g i c a l  a n a l y s i s ,  we have  c h o s e n  t h e  
f i r s t  Karhunen-Loeve component which  is more c o n t r a s t i n g  t h a n  t h e  t h r e e  
o r i g i n a l  s p e c t r a l  b a n d s  and t h e n c e  on which n e t w o r k s  a r e  more c l e a r l y  
v i s i b l e  ( f i g .  11). 

We e x t r a c t  f rom S p o t  s c e n e  a 256 p i x e l s  x 256 p i x e l s  image5. 
We c a n  s e e  on t h e  f i r s t  Karhunen-Loeve component image ( f i g . 1 1 ,  13) 
t h a t  t h e  l i n e a r  f e a t u r e s  a r e  c h a r a c t e r i z e d  by  lower  v a l u e s  of t h e  
f u n c t i o n  ( d a r k e r  r e g i o n s  of t h e  image). I n  o r d e r  t o  f i l t e r  t h e  l i n e a r  
f e a t u r e s ,  we u s e  an  a n i s o t r o p i c  and convex  s t r u c t u r i n g  e l e m e n t ,  t h a t  i s  
t h e  segment. T h e r e f o r e  t h e  f i l t e r i n g  h a s  t o  b e  d o n e  i n  a l l  t h e  
d i r e c t i o n s  : w e  p r o c e s s  a s e q u e n c e  o f  closing b y  t h r e e  s e g m e n t s  h a v i n g  
t h e  d i r e c t i o n s  o f  t h e  l a t t i c e  ( O " ,  6 0 " ,  120" )  and t h r e e  s e g m e n t s  h a v i n g  
t h e  t h r e e  complemen ta ry  d i r e c t i o n s  (30", QO", 150"). 

I n  o r d e r  t o  e n h a n c e  t h e  l i n e a r  d a r k  l i n e a m e n t s ,  w e  u s e  a top- 
hat t r a n s f o r m a t i o n .  On r e s u l t i n g  images ( f i g . 1 4 ,  15,  16 )  w e  c a n  s ee  
l i n e a m e n t s  and o t h e r  i s o l a t e d  g r o u p  o f  p i x e l s .  

3.3 - Thresho ld ing  
The p r o b l e m  o f  t h e  t h r e s h o l d i n g  h a s  b e e n  s o l v e d  i n  t h e  

f o l l o w i n g  way : we want  t o  s e l e c t  t h e  t h r e s h o l d  d e l i m i t i n g  t h e  g rea t e r  
number o f  l i n e a m e n t s  i n  p r o p o r t i o n  w i t h  t h e  t o t a l  a rea  o f  t h e  
c o r r e s p o n d i n g  b i n a r y  image. 

F o r  e a c h  p o s s i b l e  t h r e s h o l d ,  t h a t  is  t o  say f o r  a l l  t h e  grey 
t o n e s  g ,  w e  h a v e  e v a l u a t e d  t h e  r a t i o  R L be tween  t h e  number o f  l i n e a r  
c o n f i g u r a t i o n s  o c c u r i n g  on t h e  b i n a r y  image and t h e  t o t a l  a rea  : 

. _  

NL( g 1 

A(g) 
------ R L ( g )  = 

NL(g)  : number of  l i n e a r  c o n f i g u r a t i o n s  f o r  t h e  t h r e s h o l d  g 
A(g) : area  of  t h e  s e t  o b t a i n e d  by t h r e s h o l d  g 

The i d e a  is t o  s e l e c t  t h e  t h r e s h o l d  G t h a t  max imize  R L ( g ) .  
The l i n e a r  c o n f i g u r a t i o n  h a s  b e e n  es t imated b y  p e c u l i a r  d i g i t a l  
c o n f i g u a t i o n s  i n s i d e  t h e  e l e m e n t a r y  hexagon ,  f o r  e a c h  o f  t h e  twelve 
d i r e c t i o n s .  F o r  example, w e  a ss imi la te  a h o r i z o n t a l  l i n e a r  
c o n f i g u r a t i o n  ( O " )  t o  t h e  f o l l o w i n g  d i g i t a l  o n e s  : 

O 0  O 0  
1 1 1  1 1 1  

O 0  1 1  
The v a r i a t i o n  o f  t h e  r e s u l t i n g  r a t i o  RL c a l c u l a t e d  on a g r e y  

t o n e  image is  shown on f i g u r e  10 .  We c a n  see t h a t  t h e r e  a r e  very l i t t l e  
p o s s i b l e  t h r e s h o l d  ( f o u r  i n  t h i s  c a s e ) .  We c h o o s e  h e r e  t h e  v a l u e  : 

' g = 2 5 .  

3 - 4 .  Linear networks  e x t r a c t i o n  sequence  
The t h r e e  b i n a r y  images c o r r e s p o n d i n g  t o  t h e  t h r e s h o l d  o f  t h e  

top-hat images i n  t h e  t h r e e  c o m p l e m e n t a r y  d i r e c t i o n s  (30", g o " ,  150") 
are  r e p r o d u c t e d  on  f i g u r e s  14 t o  16 .  The main l i n e a m e n t s  a r e  r e s t o r e d ,  
b u t  t o g e t h e r  w i t h  t h e m ,  non l i n e a r  s p o t s  a r e  p r e s e n t  a l l  o v e r  t h e  
image. 

5 .  T h e  orisinal square lattice h a s  bean converted to an hexagonal one 
in order t o  u t i l i z e  a symetric structuring element, that is .the 
hexagone. 
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fig.13. C : First Karhunen-Loeve 
component 

fig15 E : Top-hat on C (90') 

fig.17. C : Binary erosiorz 011 F 

fig.14. D : Tophat on C (30') 

fig.16. F : Top-liai on C (150') 

fig.18. H : Reconstructed components 
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W i t h  t h e  method of reconstruction of  connec ted  components ,  w e  
h a v e  t r i e d  t o  o b t a i n  an image c o n t a i n i n g  o n l y  t h e  s e t  o f  c o n n e c t e d  
l i n e a m e n t s  on an u n i f o r m  background.  

T h i s  method c o n s i s t s  i n  a p p l y i n g  t h e  f o l l o w i n g  a l g o r i t h m  t o  
b i n a r y  image a s s i m i l a t e d  t o  a s i n g l e  s e t  Xo and where B is a convex  
s t r u c t u r i n g  e l e m e n t  : 
X i  = X o O B  

Xn = ( X n - l  0 B )  n Xo 
The f i r s t  t r a n s f o r m a t i o n  ( t h e  erosion ; f i g .  17 )  e l i m i n a t e s  a l l  

t h e  i s o l a t e d  components  smaller t h a n  t h e  s t r u c t u r i n g  e l e m e n t .  
T h e r e f o r e ,  t h e  r e s u l t i n g  background is  more u n i f o r m .  The c o n n e c t e d  
componen t s  t h a t  have  n o t  been e l i m i n a t e d  p r e v i o u s l y  a r e  r e c o n s t r u c t e d  
t h a n k s  t o  t h e  s u c c e s s i v e  d i l a t i o n s .  They a re  n o t  d e l a t e d  o v e r  t h e i r  
i n i t i a l  s i z e  t h a n k s  t o  t h e  i n t e r s e c t i o n  w i t h  t h e  i n i t i a l  s e t  Xo. So are 
r e c o n s t r u c t e d  t h e  o r i g i n a l  c o n n e c t e d  components b i g g e r  t h a n  t h e  
s t r u c t u r i n g  e l e m e n t .  

T h i s  a l g o r i t h m  s t o p s  a u t o m a t i c a l l y  when t h e  s e t  Xn is e q u a l  t o  
t h e  s e t  Xn-1. I n  t h e  case of  t h e  r e c o n s t r u c t i o n ,  one d e m o n s t r a t e  t h e  
e x i s t e n c e  o f  an i n t e g e r  N f rom which  t h e  t r a n s f o r m a t i o n  (O B fl Xo) 
becomes  i d e m p o t e n t e :  

The r e c o n s t r u c t e d  components  -depend only---on t h e  - s i z e  of B .  Here,- we 
h a v e  c h o s e n  an  h e x a g o n a l  s t r u c t u r i n g  e l emen t  of s i z e  2 .  

x2 = (xl o B )  n xo 

V n>=N Xn+l = Xn 

I n  o r d e r  t o  c a t c h  t h e  greater amount of l i n e a m e n t s  p r o v i d e d  by  
t h e  p r e v i o u s  tup-hat t r a n s f o r m a t i o n s  , we have p r o c e s s e d  t h e  
r e c o n s t r u c t i o n  a l g o r i t h m  on e a c h  of t h e  s i x  images. We h a v e  t h e n  
p r o c e s s e d  t h e  Union of t h e  s e t s  r e c o n s t r u c t e d  f rom t h e  t o p - h a t  
t r a n s f o r m a t i o n s  i n  t h e  l a t t i c e  d i r e c t i o n s .  We have  done  t h e  same f o r  
t h e  complemen ta ry  d i r e c t i o n s  ( f i g . 1 8 ) .  

F i n a l l y ,  w e  p r o d u c e  an image c o n t a i n i n g  t h e  main l i n e a m e n t s  
v i s i b l e  on t h e  o r i g i n a l  image and some o t h e r  s p o t s  h a v i n g  a s u b l i n e a r  
s h a p e .  Some of t h e  t h i n n e r  l i n e a m e n t s  t h a t  were p e r c e p t i b l e  on t h e  
o r i g i n a l  image and on top-hat images have d i s a p p e a r e d .  I t  w i l l  b e  
n e c e s s a r y  t o  i m a g i n e  a n o t h e r  k i n d  of  a l g o r i t h m  t o  d e l i m i t e  them.  

4. CONCLUSION 

A p p r o p r i a t e  m o r p h o l o g i c a l  t r a n s f o r m a t i o n s  l e a d  t o  an  
enhancemen t  o f  some f e a t u r e s  of t h e  image s u c h  as  l i n e a m e n t s .  They  a l s o  
make p o s s i b l e  t h e  e x t r a c t i o n  of t h e  main n e t w o r k s .  Some t h i n  
l i n e a m e n t s  c o r r e s p o n d i n g  t o  a r t i f i c i a l  i r r ' i g a t i o n  - c a n a l s  o r  t o  small  
p a t h s ,  v i s i b l e  i n  t h e  f i e l d  are  no more v i s i b l e  on S p o t  images and  n o t  
r e s t o r e d  w i t h  image p r o c e s s i n g .  On t h e  c o n t r a r y ,  t h e  l i n e a m e n t s  
c o r r e s p o n d i n g  t o  a n c i e n t  n a t u r a l  d r a i n a g e  t r a c e s  which a re  n o t  
p e r c e p t i b l e  i n  t h e  f i e l d  a re  a p p r e c i a b l y  enhanced  and extracted t h a n k s  
t o  image p r o c e s s i n g .  

Adapted  image p r o c e s s i n g  c a n  b e  f u r t h e r  worked o u t  i n  o r d e r  t o  
e x t r a c t  t h i n  traces o f  a n c i e n t  n e t w o r k s .  The more a c c u r a t e  c r i t e r i o n s  
of r e c o g n i t i o n  and a u t o m a t i c  e x t r a c t i o n  of l i n e a m e n t s  of  a r c h a e o l o g i c a l  
i n t e r e s t  have  t o  b e  e l a b o r a t e d  b y  a f i e l d  s u r v e y  and a l g o r i t h m i c  
d e v e l o p p e m e n t s  i n  image p r o c e s s i n g .  
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