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ABSTRACT

MULTIBEAM S A T E L L I T E S :

THE MULTI P LE ACCESS AND THE S V I T H C I N G  PROBLEMS

DIAKOUMIS P .  GERAKOULIS 

A d v i s e r :  p r o f .  TAPEK SAADAWI

T h e  n e x t  g e n e r a t i o n  o f  c o m m u n i c a t i o n  s a t e l l i t e s  a r e  

e x p e c t e d  t o  e m p l o y  s a t e l l i t e  s w i t c h e d  m u l t i p l e  s p o t  b e a ms  t o  

i n c r e a s e  t h e  s y s t e m  c a p a c i t y .  I n  t h i s  T h e s i s  we s t u d y  t wo 

b a s i c  p r o b l e m s  e n c o u n t e r e d  i n  t h e  d e s i g n  o f  a s a t e l l i t e  

s w i t c h e d  m u l t i b e a m  s y s t e m ,  i n  p a c k e d  s w i t c h i n g  e n v i r o m e n t  

a nd  w i t h  " b u r t y "  t r a f f i c .  F i r s t  i s  t h e  s w i t c h i n g  p r o b l e m  

f r o m  v a r i o u s  s o u r c e  t o  d e s t i n a t i o n  s p o t  b e a m s  a n d  s e c o n d  i s  

t h e  m u l t i p l e  a c c e s s  p r o b l e m  b e t w e e n  t h e  g r o u n d  s t a t i o n s  o r  

u s e r s  w t h i n  e a c h  b e a m.

Th e  s w i t c h i n g  p r o b l e m  i s  s t u d i e d  e x t e n s i v e l y  i n  c h a p t e r s  

1 a n d  2 .  T h e r e  we a s s u m e d  t h e  m u l t i p l e  a c c e s s  p r o b l e m  s o l v e d  

on d e ma n d  b a s i s ,  f o r m i n g  a s e t  o f  r e q u e s t s  t o  b e  s w i t c h e d ,  

c a l l e d  T r a f f i c  M a t r i x  T .  I n  c h a p t e r  1 we p r o p o s e  a n d  

e v a l u a t e  t w o  s c h e d u l i n g  a l g o r i t h m s ,  w h i c h  w i l l  o p t i m a l l y  

s w i t c h  t h e  t r a f f i c  o f  t h e  m a t r i x  T ,  i n  t h e  s e n s e  o f  

m a x i m i z i n g  t r a n s p o n d e r  u t i l i z a t i o n .  I n  a d d i t i o n  t h e  

a l g o r i t h m s  h a v e  c e r t a i n  o t h e r  i m p o v e d  c h a r a c t e r i s t i c s  s u c h
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a s ,  b o t h  g e n e r a t e  s m a l l  n u m b e r  o f  s w i t c h i n g  m o d e s  a n d  t h e i r  

o v e r a l l  c o m p u t a t i o n a l  c o m p l e x i t y  h a s  b e e n  r e d u c e d .  Th e  f i r s t  

a l g o r i t h m  u t i l i z e s  t h e  i d e a  o f  L a t i n  S q u a r e s ,  w h i l e  t h e  i n  

t h e  s e c o n d  o n e  a n e w  a p p r o a c h  o f  t h e  p r o b l e m  h a s  b e e n  

i n t r o d u c e d ,  t h e  a p p r o a c h  o f  t r a n s m i t t i n g  s i m u l t a n e o u s l y  a n d  

i n d e p e n d e n t l y  " n o n c o f l i c t i n g "  s u b m a t r i c e s  o f  t h e  t r a f f i c  

m a t r i x .

I n  c h a p t e r  2 we  b a s i c a l l y ,  p r e s e n t  t w o  m e t h o d s  o f  

m i n i m i z i n g  t h e  n u m b e r  o f  s w i c h i n g s  w h i l e  k e e p i n g  t h e  

t r a n s m i s s i o n  t i m e  o f  t h e  t r a f f i c  m a t r i x  a s  s m a l l  a s  

p o s s i b l e .  The  f i r s t  i s  t h e  m e t h o d  o f  s u p e r i m p o s i n g  a l a t i n  

s q u a r e  on t h e  t r a f f i c  m a t r i x  T a n d  t r a n s m i t t i n g  T a . c c o r d i n g  

t o  t h e  l a t i n  s q u a r e .  T h i s  m e t h o d  h a s  b e e n  i m p l e m e n t e d  by  a n  

e f f i c i e n t  a n d  o p t i m u m  a l g o r i t h m .  A s u b o p t i m u m  a l g o r i t h m  h a s  

a l s o  b e e n  u s e d  i n  t h i s  c a s e .  T h e  s e c o n d  i s  t h e  m e t h o d  o f  

" n o n c o n f l i c t i n g "  s u b m a t r i c e s  u s e d  i n  c h a p t e r  1 , w h i c h  i s  t h e  

m o s t  a p p r o p r i a t e  f o r  t h i s  t y p e  o f  p r o b l e m  a n d  may  b e  

c o n s i d e r e d  a s  a n  e x t e n t i o n  o f  t h e  f i r s t  o n e .  B o t h  o f  t h e  

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

m e s s a g e  f a  n u m b e r  o f  p a c k e t s )  r e p r e s e n t e d  by  e a c h  e n t r y  i n  

t h e  t r a f f i c  m a t r i x .  S i m u l a t i o n s  h a v e  b e e n  c o n d u c t e d  t o  

e x a m i n e  a n d  c o m p a r e  t h e  t r a n s m i s s i o n  t i m e  o f  t h e  t r a f f i c  

m a t r i x .

W i t h i n  t h e  f r a m e w o r k  o f  t h e  m u l t i p l e  a c c e s s  p r o b l e m  we 

p r e s e n t  a n d  a n a l y z e  a c l a s s  o f  T r e e  A l g o r i t h m s  w i t h  v a r i a b l e  

m e s s a g e  l e n g t h  ( c h a p t e r  S ) .  The  T r e e  A l g o r i t h m  w i t h  v a r i a b l e  

m e s s a g e  l e n g t h  i s  t h e  o n e  w h i c h  p e r m i t s  t h e  t r a n m i s s i o n  o f
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t h e  u s e r ' s  m e s s a g e ,  c o n s i s t i n g  o f  a n u m b e r  o f  p a c k e t s ,  a f t e r  

t h e  s u c c e s s f u l l  t r a n s m i s s i o n  o f  i t s  f i r s t  p a c k e t .  T h e  

a n a l y s i s  i s  p r e s e n t e d  f o r  s m a l l  a n d  l a r g e  n u m b e r  o f  u s e r s .  

As a n  a p p l i c a t i o n  o f  t h e  a b o v e  m u l t i p l e  a c c e s s  a l g o r i t h m s  t o  

t h e  m u l t i b e a m  s a t e l l i t e s  we  p r e s e n t  a h y b r i d  T D M A / T r e e  

s c h e m e ,  w h e r e  t h e  s w i t c h i n g  p r o b l e m  i s  s o l v e d  i n  a f i x e d  

m a n n e r  i . e ,  t h e  s w i t c h  f o l l o w s  a p r e e d e t e r m e d  s e q u e n c e .
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IHTRODPCTI OH

T h e  s a t e l l i t e  i s  a n  e s s e n t i a l  p a r t  o f  a n  i n t e g r a t e d  

c o m p u t e r  c o m m u n i c a t i o n s  n e t w o r k ,  i t  may p r o v i d e  c o n n e c t i v i t y  

b e t w e e n  t wo  r e m o t e  p o i n t s  i n  t h e  s y s t e m .  A c o m m u n i c a t i o n s  

s a t e l l i t e ,  p l a c e d  i n  g e o s t i o n a r y  o r b i t  3 6 , 0 0 0  km a b o v e  t h e  

e a r t h ,  r e c e i v e s  s i g n a l s  a t  a f r e q u e n c y  f ^  ( u p l i n k  f r e q . )  

a m p l i f i e s  t h e m ,  t r a n s l a t e s  t h e i r  f r e q u e n c y  t o  f ^  ( d o w n l i n k  

f r e q . )  a n d  r e t r a n s m i t s  t h e m  b a c k  t o  e a r t h .  T h e  r e s u l t i n g  

p r o p a g a t i o n  d e l a y  o f  t h e  t r a n s m i t t e d  s i g n a l  r a n g e s  f r o m  0 . 2 5  

t o  0 . 2 7  s e c .  d e p e n d i n g  on t h e  l o c a t i o n  o f  t h e  e a r t h  s t a t i o n .  

The  m o s t  c o m m o n l y  u s e d  f r e q u e n c y  b a n d  i s  t h e  4 / 6  GHz f o r  

c o m m e r c i a l  t r a f f i c ,  w h i l e  t h e  u s a g e  o f  1 1 / 1 4  GHz b a n d  i s  

i n c r e a s i n g .  The  n e e d  f o r  u s i n g  m o r e  c h a n n e l  b a n d w i d t h  i s  t o  

s e e k  n e w  f r e q u e n c i e s  ( 2 0 / 3 0  GHz a n d  4 3 / 4 5  GHz b a n d s )  Th e  

r a p i d  g r o w t h  c o m m u n i c a t i o n  t r a f f i c  t h r o u g h  s a t e l l i t e s  

d i c t a t e s  t h e  n e e d  f o r  a me a n  o f  s h a r i n g  t h e  s y s t e m  r e s o u r c e s  

a n d  i m p r o v i n g  c h a n n e l  u t i l i z a t i o n .  T h i s  c a n  b e  d o n e  t h r o u g h  

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

s a t e l l i t e .

The  s o u r c e s  o f  c o m m u n i c a t i o n s  t r a f f i c  a r e  m a i n l y  o f  t w o  

t y p e s  b a s e d  o n  t h e i r  s t a t i s t i c a l  c h a r a c t e r i s t i c s :  a )

" s t r e a m "  t r a f f i c  s u c h  a s  v o i c e ,  v i d e o  e t c ,  a n d  b)  " b u r s t y "  

t r a f f i c ,  s u c h  a s  i n t e r a c t i v e  t e r m i n a l s ,  t r a n s a c t i o n  s y s t e m s ,  

e t c .  G t r e a m  t r a f f i c  i s  u s u a l l y  b e t t e r  a c c o m o d a t e d  u s i n g  

c i r c u i t  s w i t c h i n g  t e c h n i q u e s ,  w h i l e  b u r s t y  t r a f f i c  i s  b e s t  

a c c o m o d a t e d  u s i n g  p a c k e t  s w i t c h i n g .  I n  t h i s  t h e s i s  we s h a l l

1
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d e a l  e x c l u s i v e l y  w i t h  p a c k e t  s w i t c h i n g  i . e . ,  we c o n s i d e r  a l l  

t h e  t r a f f i c  i n  t h e  f o r m  o f  p a c k e t s  ( b l o c k s  o f  d i g i t a l  

m e s s a g e s  1 , 0 0 0  t o  2 , 0 0 0  b i t s  l o n g ,  a n d  w i t h  f i x e d  l e n g t h ) .  

E v e r y  p a c k e t ,  i n  a d d i t i o n  t o  d a t a  b i t s ,  i s  a s s u m e d  t o  c a r r y  

a h e a d e r  w i t h  t h e  s o u r c e  a n d  d e s t i n a t i o n  i n f o r m a t i o n ,  

s y n c h r o n i z a t i o n  i n f o r m a t i o n  e t c .

The Multibeam Satellite
A v e r y  e f f i c i e n t  m e t h o d  i n  a l l o c a t i n g  t h e  c o m m u n i c a t i o n  

b a n d w i d t h  p r o v i d e d  b y  t h e  s a t e l l i t e  i s  b y  u s i n g  s a t e l l i t e  

s w i t c h e d  m u l t i b e a m  s y s t e m s .  T h e  m u l t i b e a m  s a t e l l i t e  h a s  

n u m b e r  o f  s p o t  b e a m  a n t e n n a s ,  e a c h  c o v e r i n g  a s e p a r a t e  

g e o g r a p h i c a l  a r e a  o r  z o n e ,  a n d  e a c h  z o n e  p a v i n g  a n u m b e r  o f  

g r o u n d  s t a t i o n s  o r  u s e r s .  E a c h  bea m c o m p r i s e s  a n  u p l i n k  a n d  

a d o w n l i n k  c a r r i e r  f r e q u e n c y .  On b o a r d  t h e  s a t e l l i t e  i s  t h e  

m a t r i x  s w i t c h  w h i c h  m a k e s  t h e  c o n n e c t i o n s  f r o m  e a c h  s o u r c e  

t o  e a c h  d e s t i n a t i o n  z o n e  w i t h o u t  c o n f l i c t .  A l s o  on b o a r d  a r e  

a n u m b e r  o f  t r a n s p o n d e r s  t h a t  t r a n s l a t e  t h e  u p l i n k  c a r r i e r  

t o  d o w n l i n k  o n e .  S u c h  a s y s t e m  i s  show n  c o n c e p u a l l y  i n  f i g  

1 .

T h i s  s y s t e m  o f f e r s  t h e  g r e a t  a d v a n t a g e  w h i c h  i s  t o  p r o v i d e  

f r e q u e n c y  r e u s e  a n d  t h u s  m o r e  e f f i c i e n t  u t i l i z a t i o n  o f  t h e
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t

f r e q u e n c y  s p e c t r u m .

I n  t h e  d e s i g n  o f  s u c h  a m u l t i b e a m  s a t e l l i t e  s y s t e m  we f a c e  

t wo b a s i c  p r o b l e m s .  F i r s t  i s  t h e  M u l t i p l e  A c c e s s  p r o b l e m  

w h i c h  i s  t h e  p r o b l e m  o f  o r g a n i z i n g  a c c e s s  o f  a l l  s t a t i o n s  

t h e  z o n e  t h a t  c o n t e n d i n g  f o r  t h e  s a m e  u p l i n k .  S e c o n d  i s  t h e  

s w i t c h i n g  p r o b l e m .  T h i s  i s  t h e  p r o b l e m  o f  s e t t i n g  u p  t h e  

s a t e l l i t e  s w i t c h  s o  t h a t  t h e  p a c k e t s  a r r i v i n g  a t  t h e  u p l i n k s  

a r e  s w i t c h e d  t o  t h e  a p p r o p r i a t e  d o w n l i n k  w i t h o u t  c o n f l i c t ,  

w h i c h  m e a n s  e a c h  t i m e  m u s t  b e  o n e  t o  o n e  c o n n e c t i v i t y  

b e t w e e n  u p l i n k  a n d  d o w n l i n k .

Satellite Multiple Access
S i n c e  t h e  s a t e l l i t e  c h a n n e l  s h a r e  a p o p u l a t i o n  o f  u s e r s  

t h e  p r o b l e m  o f  m u l t i p l e  a c c e s s  a r i s e s .  To a c h i e v e  e f f i c i e n t  

c h a n n e l  u t i l i z a t i o n  many  m u l t i p l e  a c c e s s  p r o t o c o l s  h a v e  b e e n  

d e v e l o p e d  o v e r  t h e  p a s t  d e c a d e .  We d i s t i g u i s h  t w o  m a j o r  

c a t e g o r i e s  o f  p a c k e t  o r i e n t e d  m u l t i p l e  a c c e s s  p r o t o c o l s  f o r  

b u r s t y  t r a f f i c  a )  c o n t e n t i o n  b )  r e s e r v a t i o n .  U n l i k e  t h e  

f i x e d  a c c e s s  t e c h n i q u e s  ( TDMA,  FDMA) i n  b o t h  o f  t h e  a b o v e  

c a t e g o r i e s  t h e  c h a n n e l  c a p a c i t y  i s  d y n m i c a l l y  a l l o c a t e d  t o  

t h e  u s e r s .  U n d e r  c o n t e n t i o n  p r o t o c o l s  t h e r e  i s  no a t t e m p t e  

t o  c o o r d i n a t e  t r a n s m i s s i o n  o f  u s e r ' s  p a c k e t  a n d  t o  a v o i d  

c o l l i s i o n  o f  t r a n s m i t t e d  p a c k e t s  e n t i r e l y ;  w h i l e  u n d e r  

r e s e r v a t i o n  p r o t o c o l s  a r e s e r v a t i o n  c h a n n e l  i s  p r o v i d e d  f o r  

r e a d y  u s e r s  t o  c o o r d i n a t e  t r a n s m i s s i o n  a n d  a v o i d  c o l l i s i o n - .  

C o n t e n t i o n  p r o t o c o l s  i n c l u d e  ALOHA,  URN s c h e m e  T r e e  t y p e  

p r o t o c o l s  e t c ,  w h i l e  i n  t h e  r e s e r v a t i o n  c a t e g o r y  i n c l u d e  t h e  

R o u n d - R u b i n  s c h e m e ,  P o l l i n g  s c h e m e s ,  e t c .  A C l a s s  o f  T r e e
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A l g o r i t h m s  W i t h  V a r i a b l e  M e s s a g e  L e n g t h  i s  p r e s e n t e d  a n d  

a n a l y z e d  i n  c h a p t e r  3*

The SS/TDMA concepts
Th e  s w i t c h i n g  p r o b l e m  we f a c e  i n  t h e  d e s i g n  o f  a m u l t i b e a m  

s a t e l l i t e  n e e d s  c a r e f u l l  c o n s i d e r a t i o n ,  e s p e c i a l l y  i n  t h e  

c a s e  o f  p a c k e t  s w i t c h i n g ,  i n  o r d e r  t o  a c h i e v e  s y s t e m  

e f f i c i e n c y .  T h e r e  a r e  t w o  b a s i c  a p p r o a c h e s  t o  t h e  s w i t c h i n g  

p r o b l e m .  I n  t h e  f i r s t  o n e ,  t h e  e n t i r e  f r e q u e n c y  b a n d  i s  

d i v i d e d  i n t o  s u b - b a n d s  b y  m e a n s  o f  f i l t e r s  a n d  t h e  o u t p u t  o f  

e a c h  f i l t e r  i s  t o  b e  c o n n e c t e d  t o  t h e  a p p r o p r i a t e  d o w n l i n k  

b e a m.  T h i s  a p p r o a c h  i s  s t u d i e d  i n  l " l ] ,  f 2 ] a n d  T 3 1! •

I n  t h e  s e c o n d  a p p r o a c h ,  c a l l e d  S a t e l l i t e  S w i t c h e d /  T i me  

D i v i s i o n  M u l t i p l e  A c c e s s  ( SS / TDMA) ,  t h e  e n t i r e  b a n d w i d t h  i s  

u s e d  f o r  u p l i n k  a n d  d o w n l i n k  t r a n s m i s s i o n .  T h e  SS/ TDMA 

s y s t e m  i n c o r p o r a t e s  b o t h  s p a c e  d i v i s i o n  a n d  t i m e  d i v i s i o n  

m u l t i p l e  a c c e s s .  A b l o c k  d i a g r a m  o f  a n  SS/ TDMA i s  s h o w n  i n  

F i g  2 .

\
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T h e  c o m p o n e n t s  i n  F i g  2 a r e  t h e  m a t r i x  s w i t c h ,  t h e  

D i s t r i b u t i o n  C o n t r o l  U n i t  ( DCU)  a n d  t h e  m u l t i b e a m  a n t e n n a s .  

A l s o  i l l u s t r a t e d  a r e  t h e  RF u p - d o w n l i n k  c o n v e r t e s  o r  

t r a n s p o n d e r s .  T h e  s w i t c h i n g  i s  p e r f o r m e d  a t  RF.  A M i c r o w a v e  

S w i t c h i n g  M a t r i x  ( MSM) p r o v i d e s  i n t e r c o n n e c t i v i t y  a m o n g  

u p l i n k s  a n d  d o w n l i n k s .  S u c h  a MSM h a s  b e e n  d e s i g n e d  t o  

o p e r a t e  a t  4 GHz c e n t e r  f r e q u e n c y .  S i g n a l s  b e f o r e  a n d  a f t e r  

MSM m u s t  b e  a m p l i f i e d .  F o r  f u t u r e  SS/TDMA s y s t e m s  s w i t c h i n g  

a t  b a s e b a n d  i s  e x p e c t e d .  T h i s  w i l l  r e q u i r e  o n  b o a r d  

p r o c e s s i n g  o f  s i g n a l s  ( d e m o d u l a t i o n  r e m o d u l a t i o n )  b u t  i t  

w i l l  p r o v i d e  f u l l  p o t e n t i a l  c a p a b i l i t y  o f  d i g i t a l  

t r a n s m i s s i o n .  F u r t h e r  m o r e  s w i t c h i n g  a t  b a s e b a n d  c a n  b e  

i m p l e m e n t e d  u s i n g  r e l a t i v e l y  s i m p l e  l i g h t  w e i g h t ,  l o w p o w e r ,  

h i g h  s p e e d  s w i t c h e s .  T h e  DCU c o n t a i n s  t h e  m a t r i x  s w i t c h  

s c h e d u l i n g  a l g o r i t h m  s t o r e d  i n  a p r o g r a m a b l e  m i c r o p r o c e s s o r  

w h i c h  c o n t r o l s  t h e  m a t r i x  s w i t c h  a n d  r e g i s t e r  i t s  s w i t c h i n g  

m o d e s .  A l s o  i l l u s t r a t e d  i s  t h e  T e l e m e t r y  T r a c k i n g  SCommand 

( T T & C )e q u ip m en t  w h i c h  r e c e i v e s  t h e  t r a f f i c  r e q u i r e m e n t s  a'nd 

k e e p s  t r a c k  o f  t h e  s w i t c h i n g  m o d e s .  A l s o  h a s  t h e  c a p a b i l i t y  

o f  r e p r o g r a m m i n g  t h e  DCU b y  g r o u n d  c o mma n d .

B a s i c a l l y ,  t h e r e  a r e  t w o  s t r a t e g i e s  f o r  s c h e d u l i n g  t h e  

s w i t c h  p o s i t i o n s ;  f i r s t  i s  t h e  f i x e d  s t r a t e g y  i . e . ,  t h e  

s w i t c h  f o l l o w s  a  p r e d e t e r m i n e d  s e q u e n c e ,  u s e d  i n  H y b r i d  

T D M A - T r e e  s c h e m e  o f  c h a p t e r  3 • S e c o n d  i s  t h e  de ma nd  s w i t c h  

s c h e d u l i n g  s t r a t e g y .  I n  t h i s  c a s e  e a c h  g r o u n d  s t a t i o n  u s e s  

t h e  l o w  c a p a c i t y  " o r d e r  w i r e "  t o  t r a n s m i t  t h e i r  r e q u e s t s .  On 

b o a r d  t h e  s a t e l l i t e  DCU m ak e  a l i s t  o f  a l l  r e q u e s t s ,  c a l l e d
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T r a f f i c  M a t r i x  w h e r e  r e p r e s e n t s  t h e  t r a f f i c

d e m a n d  i n  p a c k e t s  f r o m  u p l i n k  z o n e  i  t o  d o w n l i n k  z o n e  j .  

N e x t  t h e  PCU s c h e d u l i n g  a l g o r i t h m  i s  a p p l i e d  t o  d e c o m p o s e  T 

i n t o  a n u m b e r  o f  M o d e s .  M o d e  i s  t h e  s w i t c h  c o n n e c t i v i t y  

a r r a n g m e n t  a t  a n y  g i v e n  i n s t a n c e ,  w h i c h  p e r m i t e s  

t r a n s m i s s i o n  o f  t h e  t r a f f i c  w i t h o u t  c o n f l i c t .  F i g  2 b  s h o w s  

som e  3 x 3  mo d e  c o n f i g u r a t i o n s .  T h e  s c h e d u l l i n g  d e c i s i o n s  a r e  

t r a n s m i t t e d  b a c k  t o  t h e  e a r t h  s t a t i o n s  a n d  e a c h  s t a t i o n  

t r a n s m i t  a c c o r d i n g  t o  t h e  s c h e d u l e .  G l o b a l  s y n c h r o n i z a t i o n  

i s  a s s u m e d .  I n  c h a p t e r s  1 a n d  2 we i n v e s t i g a t e  t h e  p r o b l e m  

o f  s c h e d u l l i n g  a l g o r i t h m s  f o r  S S / T D M A  s y s t e m s .  T h e  

a l g o r i t h m s  we p r o p o s e  h a v e  m a i n  o b j e c t i v e  t o  ma k e  t h e  s y s t e m  

a s  e f f i c i e n t  a s  p o s s i b l e .

Related reserch on SS/TDMA

T h e  r e s e a r c h  on t h e  s c h e d u l i n g  p r o b l e m  f o r  SS/TDMA s y s t e m s  

s t a r t e d  f e w  y e a r s  a g o  a n d  i s  s t i l l  g o i n g  o n .  R e l a t e d  w o r k  

c a n  b e  f o u n d  i n  [ 4 ] w h e r e  G a d r e  a n d  S t e r n  c o m p a r e s  a n u m b e r  

o f  p o s s i b l e  c o n f i g u r a t i o n s  a n d  p r o t o c o l s  f o r  S S / T D M A .  A 

b a s i c  s c h e d u l i n g  a l g o r i t h m  i s  i n t r o d u c e d  i n  f 131 b y  I n u k a i .

A g e n e r a l i z a t i o n  o f  t h e  SS/ TDMA s y s t e m  a n d  t h e  p r o b l e m  o f  

s c h e d u l i n g  t h e  t r a f f i c  i s  i n t o d u c e d  i n  f 1 6 ]  a n d  [ 1 8 ] .  T h e r e  

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

n u m b e r  o f  z o n e s  o r  t h e  b e a m s  may  h a v e  v a r i a b l e  b a n d w i d t h .  I n  

[ 1 7 ] G o p a l  e t  a l  a t t e m p t e d  t o  o p t i m i z e  t h e  s y s t e m  on  t h e  

b a s i s  o f  m i n i m i z i n g  t h e  p a c k e t  w a i t t i n g  t i m e .  A n o t h e r  

v a r i a t i o n  o f  t h e  p r o b l e m  i s  e x a m i n e d  i n  !"10"1 t h e y  c o n s i d e r  

t h e  z o n e s  p a r t i a l l y  o v e r l a p p i n g .  I n t e g r a t i n g  p a c k e t  a n d

6
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c i r c u i t  s w i t c h i n g  i s  c o n s i d e r e d  i n  f 9 1 ,  w h e r e  P r a n k  a n d  

S t e r n  s i m u l a t e d  s e v e r a l  a l g o r i t h m s .  T h e  p r o b l e m  o f  

m i n i m i z i n g  t h e  n u m b e r  o f  s w i t c h i n g  m o d e s  i s  e x a m i n e d  i n  [ 2 1 1  

a n d  [ 2 2 ]  b y  G o p a l ,  N a t a r a j a n  e t  a l .  F i n a l l y  an  i n t r o d u c t o r y  

p r e s e n t a t i o n  t o  t h e  SS/ TDMA s y s t e m  w i t h  s c a n n i n g  b e a m s  i s  

g i v e n  i n  [ 7 ] a n d  [ 8 ]  by  A c o m p a r a  e t  a l .

Develoment and Technology of SS/TDMA systems
S e v e r a l  S S / T D M A  s p a c e c r a f t s  a r e  c u r r e n t l y  u n d e r  

c o n s i d e r a t i o n  ( s e e  [ 6 "I) ;  a m o n g  t h e m  i n c l u d e  t h e  INTELSAT VI  

s a t e l l i t e ,  s c h e d u l e d  f o r  l a u n c h  i n  1 9 8 6 ,  i t  w i l l  o p e r a t e  a 

6x6  d y n a m i c  s w i t c h  w h i c h  w i l l  p r o v i d e  f u l l  i n t e r c o n n e c t i v i t y  

b e t w e e n  t w o  h e m i s p h e r e  b e a m s  a n d  4 o v e r l a i d  z o n e  b e a m s ,  t wo  

i n  e a c h  h e m i s p h e r e ,  a t  4 / 6  GHz  c a r r i e r s .  A l s o  i t  w i l l  

i n c o r p o r a t e  a 8 x 8  s t a t i c  s w i t c h  w h i c h  w i l l  m a i n t a i n  a 

c o n s t a n t  c o n f i g u r a t i o n  f o r  r e l a t i v e l y  l o n g  p e r i o d s  a t  1 4 / 1 1  

Gh z .  A n o t h e r  s y s t e m  p l a n n e d  f o r  l a u n c h  i n  m i d - 1 9 8 8  i s  t h e  

NASAs A d v a c e d  C o m m u n i c a t i o n  T e c h n o l o g y  S a t e l l i t e  ( AC T AS )  

w h i c h  w i l l  o p e r a t e  i n  t h e  3 0 / 2 0  GHz b a n d  w i t h  7 5 0  MHz 

b a n d w i d t h  c h a n n e l s  u s i n g  3 x 3  I F  m a t r i x  s w i t c h  a n d  a l s o  

s c a n n i n g  b e a m s .  A t h i r d  s y s t e m  p l a n n e d  i s  t h e  J a p a n e s e  3 0 / 2 0  

GHz SS/TDMA s a t e l l i t e  w i t h  4 x 4  m i c r o w a v e  I F  m a t r i x  s w i t c h  

w h i c h  w i l l  s e r v e  J a p a n e s e  m a i n l a n d  d i v i d e d  i n t o  4 d i s j o i n t  

z o n e s .

Th e  k e y  c o m p o n e n t  on  t h e  f o c u s  o f  SS / TTMA t e c h n o l o g y  i s  

t h e  s a t e l l i t e  m a t r i x  s w i t c h .  T h e  m i c r o w a v e  s w i t c h  d e v i c e  

t e c h n o l o g y  i s  s h o wn  i n  ma b l e  I .

7
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Sw itching
Technology

S w itching
Speed

Device
Insertion

Cain
DC P ow er 

R equ irem en ts

R elative  
Size and  
W eight

F err ite 0  1 - 1  m* - . 2 5  dB high current (1A ) large, heavy

P in  D iode 1 0 - 100 ns - . 2 5  dB low voltage 
low current (10  ma)

•mall

Single C a te
M E SF E T

0.1 -  1 n> - 3 d B low voltage (3V) 
low current (10 .via)

small

D ual C a te  
M E SFET

0.1 -  1 ns + 1 5  dB low voltage (3V) 
low curicnl (3 0 ma)

small

T ab le  1

O n e  d e v i c e  t h a t  s t a n d s  o u t  i s  t h e  + 1 5  db i n s e r t i o n  g a i n  

d u a l  g a t e  F E T s .  U n d e r  c o n t r a c t  w i t h  NASA,  F o r d  A e r o s p a c e  a nd  

GE h a v e  s t u d i e d  s e v e r a l  m a t r i x  a r c h i t e c t u r e s  a n d  c o n c l u n e d  

t h a t  t h e  c o u p l e r  c r o s s b a r r  m a t r i x  s w i t c h  w i l l  b e s t  s u i t  

f u t u r e  S S / TDMA r e q u i r e m e n t s .  GF h a s  d e v e l o p e d  a 5 x 5  m a t r i x  

s w i t c h  w i t h  15 n s  s w i t c h i n g  s p e e d  a n d  2 0  GHz b a n d w i d t h .

Assumptions in the formulation of the problem 

I n  t h e  i n v e s t i g a t i o n  o f  t h e  m u l t i p l e  a c c e s s  a n d  t h e  

s w i t c h i n g  p r o b l e m s  f o r  m u l t i b e a m  s a t e l l i t e s , -  c o n s i d e r e d  i n  

t h i s  t h e s i s ,  we h a v e  ma d e  t h e  b a s i c  a s s u m p t i o n  t h a t  a l l  t h e  

t r a f f i c  i s  i n  t h e  f o r m  o f  f i x e d  l e n g t h  p a c k e t s  a n d  t h a t  t h e  

c h a n n e l  t i m e  i s  s l o t t e d .  I n  c h a p t e r s  1 a n d  2 we h a v e  

c o n s i d e r e d  t h e  o p t i m i z a t i o n  p r o b l e m  o f  s c h e d u l i n g  t h e  

t r a f f i c  i n  a n  S S / T DMA s y s t e m  i n  t h e  s e n s e  o f  m a x i m i z i n g  

t r a n s p o n e d e r  u t i l i z a t i o n  o r  e q u i v a l e n t l y  m i n i m i z i n g  t h e  

s c h e d u l e  l e n g t h .  T h i s  p r o b l e m  i s  s l i g h t l y  d i f f e r e n t  f r o m  t h e  

p r o b l e m  o f  g l o b a l  m i n i m i z a t i o n  o f  t h e  p a c k e t  d e l a y  i . e . ,  end  

t o  e n d  o p t i m i z a t i o n ,  w h i c h  i s  c o n s i d e r e d  i n  I " l 7 l  a n d  a l s o  i n  

c h a p t e r  3 o f  t h i s  t h e s i s .  T h u s  t h e  p a c k e t  t r a n s m i s s i o n  

s e q u e n s e  i s  n o t  n e c e s s a r i l y  t h e  s a m e  a s  t h e  p a c k e t  a r r i v a l  

s e q u e n s e  t o  t h e  u s e r s  b u f f e r .

8
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I n  c h a p t e r  2 we c o n s i d e r e d  t h e  a d d i t i o n a l  c o n s t r a i n  o f  

m i n i m i z i n g  t h e  n u m b e r  o f  s w i t c h i n g  m o d e s .  W h i l e  i n  b o t h  

o p t i m i z a t i o n  p r o b l e m s  ( c h a p t e r s  1 a n d  2 )  we t r y  t o  m e e t  o u r  

o b j e c t i v e s  w i t h  a l g o r i t h m s  o f  mi n i mu m c o m p l e x i t y .

I n  c h a p t e r  3 we c o n s i d e r e d  a c l a s s  o f  T r e e  A l g o r i t h m s  w i t h  

v a r i a b l e  m e s s a g e  l e n g t h  w i t h  r e s p e c t  t o  t h e  m u l t i p l e  a c c e s s  

p r o b l e m  a n d  t h e  H y b r i d  T D H A - T r e e  a l g o r i t h m  a s  a n o t h e r  

f o r m u l a t i o n  o f  t h e  m u l t i b e a m  a c c e s s i n g  p r o b l e m .

9
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CHAPTER 1

1. IMPROVED SCHEPULIHG ALGORITHMS POR SS/TDMA SYSTEMS

I n  t h i s  c h a p t e r  we  d e a l  w i t h  t h e  s w i t c h  s c h e d u l i n g  

p r o b l e m  f o r  SS/ TPMA s y s t e m s  w h e r e  s p e c i a l  e m p h a s i s  i s  g i v e n  

t o  t h e  e f f i c i e n c y  o f  t h e  a l g o r i t h m .  Mo r e  s p e c i f i c a l l y  t h i s  

p r o b l e m  h a s  a s  f o l l o w s :  g i v e n  a T r a f f i c  M a t r i x  T = f t ^ ^ l  f i n d  

a s c h e d u l i n g  a l g o r i t h m  w h i c h  r o u t e s  t h e  t r a f f i c  o f  T f r o m  

v a r i o u s  s o u r c e  t o  v a r i o u s  d e s t i n a t i o n  z o n e s  w i t h o u t  

c o n f l i c t .  We a s s u m e  t h a t  t h e  u p l i n k  b e a m s  a r e  e q u a l  t o  t h e  

d o w n l i n k  b e a m s  e q u a l  t o  t h e  n u m b e r  o f  t r a n s p o n d e r s .

S c h e d u l i n g  a l g o r i t h m  i s  t h e  p r o c e d u r e  o f  d e c o m p o s i n g  a 

t r a f f i c  m a t r i x  T i n t o  a s u m  o f  m o d e  m a t r i c e s  i . e . ,

m -  m 4. m 4.
1 ' 1  "2 + Tt . Mode Matrix i s  a m a t r i x  w i t h  a t  m o s t  o n eL'  --------   1

e n t r y  o n  e a c h  r o w  a n d  e a c h  c o l u m n .  A m o d e  m a t r i x  m a y  b e

c o n s i d e r e d  a s  t h e  a d j a c e n c y  m a t r i x  o f  a m a t c h e d  ( w e i g h t e d )

b i p a r t i t e  g r a p h .  As  s h o w n  i n  P i g  1 . 1 ,  a m a t c h e d  b i p a r t i t e

g r a p h  i s  t h e  a p p r o p r i a t e  s w i t c h i n g  m o d e  c o n f i g u r a t i o n  t h a t

p e r m i t s  o n e  t o  o n e  c o n n e c t i o n  b e t w e e n  s o u r c e  a n d  d e s t i n a t i o n

z o n e s  a n d  t h u s  no  c o n f l i c t  o c c u r s  d u r i n g  t h e  t r a n s m i s s i o n  o f

p a c k e t s .

o’

0 2 

0 3 

4 4

T. =l

0

0

1

0

0

2
0

0

1 u p l i n k  
i

downl ink"* 1 2 3 4 F i g  1.1

S u c h  a s w i t c h i n g  mo d e  l a s t s  a s  ma n y  s l o t s  o r  p a c k e t s  a s
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t h e  l a r g e s t  e n t r y  i n  t h e  mo d e  m a t r i x  , w h i c h  we c a l l  Mode

Duration d e n o t e d  b y  ! t . ' .

Th e  t o t a l  d u r a t i o n  2  | T . | ,  n e e d e d  t o  s c h e d u l e  t h e  t o t a l
i-< 1

t r a f f i c  o f  T i s  c a l l e d  Schedule Length a n d  i s  e q u a l  t o  t h e  

TDMA f r a m e .

I n  o r d e r  t o  h a v e  a n  e f f i c i e n t  a l g o r i t h m  we  n e e d  t o  

m i n i m i z e  t h e  s c h e d u l e  l e n g t h  o r  e q u i v a l e n t l y  m a x i m i z e  

t r a n s p o n d e r  u t i l i z a t i o n  ( t h r o u g h p u t ) .  A l s o  a t  t h e  s a me  t i m e  

t h e  n u m b e r  o f  m o d e  m a t r i c e s  m u s t  b e  k e p t  a s  s m a l l  a s

p o s s i b l e  i n  o r d e r  t o  r e d u c e  t h e  o v e r h e a d  d u e  t o  s w i t c h i n g .

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

o r d e r  o f  n ! ,  a n d  a n  a l g o r i t h m  t h a t  w h i c h  t r i e s  a l l  t h e  

p o s s i b l e  c o m b i n a t i o n s  u n t i l  i t  f i n d s  t h e  r i g h t  o n e  w o u l d  b e  

" h o r r i b l e " .  T h u s ,  i n  a d d i t i o n ,  t h e  e f f i c i e n t  a l g o r i t h m  i s  

t h e  o n e  t h a t  g i v e s  t h e  r i g h t  a n s w e r  i n  p o l y n o m i a l  t i m e  a n d  

o f  o r d e r  a s  s m a l l  a s  p o s s i b l e .  T h e  f o l l o w i n g  . t a b l e  g i v e s  u s  

a f e e l i n g  a b o u t  t h e  d i f f e r e n c e s  i n  g r o w t h  r a t e s  a m o n g  

s e v e r a l  t y p i c a l  c o m p l e x i t y  f u n c t i o n s ,  we c o n s i d e r  e a c h  s t e p  

p e r f o r m e d  i n  1 s e c .

1 0 30 60

n* . 0 0 1  s e c . 0 2 7  s e c . 21 6 s e c

n 5 . 1 s ec 2 4 . 3  s e c 13 m i  r.

2 n . 0 0 1  s e c 1 7 . 9 m i n 7 6 6 c e n t u r i e s

T a b l e  1 .

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

t h e  t r a f f i c  m a t r i x  i n t o  mode  m a t r i c e s ,  i s  t h e  common  w a y  o f  

s c h e d u l i n g  t h e  t r a f f i c  u s e d  i n  a l s o  u s e d  i n  t h e
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S c h e d u l i n g  A l g o r i t h m  1 o f  t h i s  c h a p t e r .  An i l l u s t r a t i o n  o f  

t h i s  m e t h o d  i s  g i v e n  i n  t h e  f i r s t  c a s e  o f  t h e  f o l l o w i n g  

e x a m p l e .

A n e w  a p p r o a c h  o f  s o l v i n g  t h e  s c h e d u l i n g  p r o b l e m  i s  

i n t r o d u c e d  a n d  u s e d  i n  t h e  S c h e d u l i n g  A l g o r i t h m  2 o f  t h i s  

c h a p t e r .  T h i s  i s  t h e  a p p r o a c h  o f  " n o n c o n f l i c t i n g "  

s u b m a t r i c e s  o r  b l o c k s .  N o n c o n f l i c t i n g  s u b m a t r i c e s  a r e  t wo  o r  

m o r e  s u b m a t r i c e s  w i t h  no  common r o w s  o r  c o l u m n s .  T h u s  e a c h  

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

" s w i t c h i n g  m a t r i x "  c o n s i s t i n g  o f  a n u m b e r  o f  s e t s  o f  

n o n c o  n f  1 i c t i n g  b l o c k s  w h e r e  e a c h  b l o c k  i n  a s e t  c a n  b e  

t r a n s m i t t e d  s i m u 1 t a n e u s l y  and  i n d e p e n d e n t l y  f r o m e a c h  o t h e r .  

T h i s  a p p r o a c h  i s  i l l u s t r a t e d  i n  t h e  s e c o n d  c a s e  o f  t h e  

f o l l o w i n g  e x a m p l e .

E o t h  p r o p o s e d  a l g o r i t h m s  i n  t h i s  c h a p t e r  a r e  o p t i m a l ,  i n  

t h e  s e n s e  o f  m i n i m i z i n g  t h e  s c h e d u l e  l e n g t h .  A l s o  b o t h  o f  

t h e m  h a v e  t h e  n u m b e r  o f  s w i t c h i n g s  m u c h  l o w e r  t h a n  i t s  

u p p e r  b o u n d  ( n - 2 n +2 ,  n : n u m b e r  o f  z o n e s ) .  I n  a d d i t i o n  a n  

i m p o v e m e n t  h a s  b e e n  m a d e  o n  t h e  r e d u c t i o n  o f  t h e  

c o m p u t a t i o n a l  c o m p l e x i t y  o f  t h e  p r o p o s e d  a l g o r i t h m s ,  

c o m p a r e d  w i t h  t h e  e x i s t i n g  o n c e s ,  r e f .  *̂1 1 1 — T l 9 l «
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F i r s t  Case

A B C D

A 2 2 1 2

B 3 2 2 2

C 1 3 4 1

D 2 1 1 5
t

Source Zones

D e s t i n a t i o n  Zones

2 T
r i 

2 2

1

__
_

1

T = 3 + 2 + 2 + 2

4 3 1 1

5 ,
--- 

»
1 1

From A t ° B <HII]h toD 'Jilt to  A C m
B -  W//i toC m to  B toD

C to  C '/I toB D A %
D to D toA C B 4

I*-----5 -H — = — 2 — )e d u r a t i o n s

Schedule  l e n g t h  = 5+3+2+2=12 

Second Case

T=
2 2 : • 1 2"t From A toA toB ' / / / / c  w , toD

3 2'. 4- ! 2 2 B toB to  A
f t

t o e toC

'.4 r ’O ’;” ’ C to  C
8

D to  B A

ll  5
•

2 i : D to D C to  A
2

B

V"

Schedule  l e n g th  = 5+4=10
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MATHEMATICAL FOUNDATION OF THE PROBLEM 

D e f i n i t i o n s :  T r a f f i c  M a t r i x  T = [ t . .  .1 i s  a n  n x n  m a t r i x  w h i c h1 J

h a s  n o n - n e g a t i v e  i n t e g e r  e n t r i e s . W e  c a l l  a n y  r ow o r  c o l u m n

o f  T a Line a n d  t h e  Line S u m  i s  t h e  s u m o f  e n t r i e s  i n  a

l i n e .  T h e  ma x i mu m l i n e  s u m , S = m a x { r ^ , r g , . • • , r n ; , C2 , • • • » c n }

w h e r e  r .  i s  t h e  l i n e  s um o f  r o w  i  a n d  c .  t h e  l i n e  s u m o f  
1 3

c u l u m n  j , i s  a s l o  c a l l e d  C r i t i c a l  Line S u m  a n d  a n y  l i n e  

w i t h  l i n e  sum e q u a l  S i s  s a i d  t o  b e  Critical Line 
An n x n  m a t r i x  w h i c h  h a s  a l l  l i n e  s u m s  e q u a l  i s  c a l l e d  

Quasi-Doubly Stochastic (QDS)  m a t r i x .

T h e o r e m l : E o r  a n y  g i v e n  n x n  t r a f f i c  m a t r i x  T w i t h  c r i t i c a l

l i n e  sum e q u a l  S , i t  i s  a l w a y s  p o s s i b l e  t o  a d d  n o n e g a t i .  

i n t e g e r s  t o  t h e  e n t r i e s  o f  T s o  t h a t  t o  o b t a i n  a n  n x n  QDS 

m a t r i x  w i t h  l i n e  sum e q u a l  t o  S.

P r o o f :  F o r  a n y  e n t r y  t  .. .. o f  T w e  a d d  t h e  q u a n t i t y

q = m i n {S - r . , S - c .} u p d a t i n g  m e a n w h i l e  r .  a n d  c .  u n t i l  a l l  l i n e
1 J 1  O

s ums  b e c o m e  e q u a l  t o  S . T h i s  i s  p o s s i b l e  b e c a u s e  i f  we a s s u m e

r  . < S a n d  n o  e l e m e n t s  t o  t h e  r o w  i  c a n  b e  a d d e d  1

b e c a u s e  e v e r y  c .  = S ,  t h e n  £  £  t . . = S r .  < j £ c . =  f  j £ t . .  = nS
3  J.l M L:< 1 3  C-( 1 J

w h i c h  i s  a c o n t r a d i c t i o n .

T h e  n o n n e g a t i v e  i n t e g e r s  a d d e d  t o  e a c h  e n t r y  t . .  .1 J i s

r e f e r r e d  t o  a s  dummy traffic.

D e f i n i t i o n s : 1 ) A s e t  o f  n n o n z e r o  e n t r i e s  o f  t h e  t r a f f i c  

m a t r i x  T , s a y  ( x^ , X g , . . . x ) , i s  c a l l e d  System of Distinct 

Representatives ( SDR)  i f  t h e y  a r e  d i s t i n c t  a n d  t h e r e  i s  a t  

m o s t  o n e  s u c h  e n t r y  i n  e a c h  r o w a n d  c o l u m n .
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2 )  A Permutation M a t r i x  i s  a m a t r i x  w h i c h  h a s  a s i n g l e

e n t r y  1 i n  e a c h  l i n e  a n d  a l l  o t h e r  e n t r i e s  z e r o .  A

p e r m u t a t i o n  m a t r i x  P = [ p .  . ]  i s  s a i d  t o  Cover t h e  i j t h  e n t r y
^ J

i f  p . . = 1 . Two  p e r m u t a t i o n  m a t r i c e s  a r e  s a i d  t o  b e  
^ <]

I n t e r s e c t i n g  a t  t h e  e n t r y  p ^  i f  h o t h  c o v e r  t h e  e n t r y  

I f  t w o  p e r m u t a t i o n  m a t r i c e s  h a v e  n o  e n t r y  p .  . t h a t  

i n t e r s e c t s  a r e  s a i d  t o  h e  Nonintersecting
3 ) L a t i n  S q u a r e  ( L S )  b a s e d  o n  a s e t  o f  n e l e m e n t s  

g_= | a ^ ,  a ^  , . . . , a | i s  a n  n x n  m a t r i x  w h e r e  t h e  n r o w s  a r e  

n - p e r m u t a t i o n s  o f  t h e  e l e m e n t s  o f  £  a n d  w h e r e  e a c h  e l e m e n t  

o c c u r s  e x a c t l y  o n c e  i n  e a c h  r o w a n d  e a c h  c o l u m n .

F o r  e x a m p l e  i f  g= ! a , b , c , d ] a n  4 x 4  l a t i n  s q u a r e  i s  t h e  

f  o w l 1 o w i n g :

' c d b a '

a c d b j

b a c d

d b a c

T h e o r e m  2 :  L e t  D b e  a n  n x n  QDS m a t r i x  w i t h  l i n e  sum e a u a l
H

S , t h e n  P = £  w h e r e  a r e  t h e  p e r m u t a t i o n  m a t r i c e s  a n d
Vi

c . ' s  a r e  p o s i t i v e  r e a l s  s u c h  t h a t  £ c . = S
1 i=i i

P r o o  f : Th i  s t h e o r e m  i s  p r o v e d  i n  I" 1 31 f o r  t h e  n o r m a l i z e d  

c a s e  S=1

T h e o r e m  I :  T h e r e  e x i s t  a t  l e a s t  n ! ( n - 1 '  ! . . . 2! 1 ! n x n  l a t i n  

s q u a r e s  

( p r o o f  i s  g i v e n  i n

T h e o r e m  4 :  I f  t h e  m a t r i x  L i s  a LS b a s e d  o n  t h e  s e t

_ g = f a ^ , a 2 , « . * 9 n  ̂ i . e .  t h e  e n t r i e s  o f  L a r e  a ^ f a 2 » . . . , a n w i t h
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*
n o  r e p e a t e d  e n t r i e s  o n , a n y  l i n e ,  t h e n  L= £  a . ? .  w h e r e  P.

.ii i  i  i

a r e  n o n i n t e r s e c t i n g  p e r m u t a t i o n  m a t r i c e s  

P r o o f : T h i s  c o m e s  d i r e c t l y  f r o m  t h e  d e f i n i t i o n  o f  t h e  LS 

s i n c e  e a c h  e l e m e n t  o c c u r s  e x a c t l y  o n c e  o n  e a c h  l i n e  o f  L ,  

p e r m u t a t i o n  m a t r i c e s  f o r m  n o n i n t e r s e c t i n g  SDRs 

T h e o  r e m  5 : T h e  mi n i mu m p o s s i p l e  s c h e d u l e  l e n g t h  t h a t  c a n  b e  

a c h i e v e d  b y  a n y  s c h e d u l i n g  a l g o r i t h m  i s  e q u a l  t o  t h e  maxi mum
L

l i n e  s um S,  i . e .  Z  | T^| >,  S 

P r o  o f : I f  we d e c o m p o s e  t h e  t r a f f i c  m a t r i x  T i n t o  L  mode

m a t r i c e s  w h e r e  i n  e a c h  o n e  t h e  e l e m e n t  b e l o n g i n g  t o  t h e  

c r i t i c a l  l i n e  i s  g r e a t e r  o r  e q u a l  t o  t h e  o t h e r  e l e m e n t s ,  

t h e n  S  | T ^ | = S  a n d  t h i s  i s  t h e  b e s t  p o s s i b l e .

The  s c h e d u l i n g  a l g o r i t m s  t h a t  a l w a y s  a c h i e v e  t h e  mi n i mum 

s c h e d u l e  l e n g t h  S i s  s a i d  t o  b e  O p t i a a l . O p t  i m a 1 s c h e d u l i n g  

a l g o r i t h m s  a l w a y s  e x i s t  t h i s  i s  g u a r a n t e d  b y  t h e o r e m s  1 a n d  

2 .
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3 .  SCHEDULING ALGORITHM 1 ( SA1)

STEP 1:  G i v e n  a n  n x n  t r a f f i c  m a t r i x  T.  I f  T i s  n o t  QDS w i t h

l i n e  s um S a d d  dummy t r a f f i c  t o  i t , a s  i n d i c a t e d  h y  t h e o r e m

1 , t o  f o r m  o n e  w h i c h  i s  QDS w i t h  l i n e  sum S;  l e t s  c a l l  i t  P .

I n i t i a l i z e  b y  s e t t i n g  h * - 1  , D^*-~D

STEP 2 :  I f  D^ h a s  no z e r o  e n t r i e s ,  go  t o  s t e p  3*

I f  D, h a s  z e r o  e n t r i e s  b u t  t h e  m a x i m u m  n u m b e r  o f  z e r o  h

e n t r i e s  o n  e v e r y  l i n e , m ,  i s  l e s s  t h a n  n / 2  i . e .  0 < m < n / 2 ,  

go t o  s t e p  4 .

I f  D, h a s  a t  l e a s t  o n e  l i n e  w h e r e  t h e  n u m b e r  o f  z e r o s  i sh

g r e a t e r  t h a n  n / 2  i . e  n / 2  ?  m < n , go t o  s t e p  5 •

STEP 3 :  A p p l y  t h e  Ma x - Mi n  a l g o r i t h m  ( s e e  A p p e n d i x U t o  f i n d

a n  SDR,  s a y i x ^  , x ^ ^ orm a mode  m a t r i x  a ^ k  w h e r e
k k k

a ^ = f x ^  , X£  , . . . x n I a n d  P ^  t h e  c o r r e s p o n d i n g  p e r m u t a t i o n
k k k

m a t r i x  t o  t h e  SDR.

C o n s t r u c t  a n y  l a t i n  s q u a r e  w h i c h  h a s  a s  o n e  o f  i t s

n o n i n t e r s e c t i n g  p e r m u t a t i o n  m a t r i c e s .  B a s e d  o n  t h e  a b o v e

l a t i n  s q u a r e  we e x t r a c t  t h e  o t h e r  ( n - 1 )  n o n i n t e r s e c t i n g

p e r m u t a t i o n  m a t r i c e s , ( P  i = 1 , n  a n d  i ^ k ) , e a c h  c o r r e s p o n d i n g

t o  a n  SDR i n  D ^ , s a y  {x^ , x ^  , . . . , x n I .  Now we p i c k  t h e
i  i  i

m i n i m u m  e l e m e n t  i n  e a c h  SDR a . = m i n ! x  ̂ , x ^  , . . . x  1 f o r
i  i  i

i = 1 , . . , n ;  a n d  we f o r m  a m a t r i x  L^ w h i c h  i s  t h e  sum o f  t h e  n

mode  m a t r i c e s  a . P .  f o u n d  a b o v e  i . e . L , = 2  a . P .  w i t h  a l l  a > 0 l i  h i  l  i

S e t  h h +1 a n d  P , « — D, -  L, . T f  D. j*0 go  t o  s t e p  2 . I f  D = 0 goh h h n n

t o  s t e p  6 .
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STEP 4 :  F i n d  m n o n i n t e r s e c t i n g  SDRs  t o  c o v e r  a l l  t h e  z e r o

e n t r i e s  o f  D, .n

C h o o s e  a mo n g  t h e  n o n z e r o  e l e m e n t s  i n  t h e  SDR t h e  s m a l l e s t

p o s s i b l e . ( T h e  a b o v e  c a n  b e  d o n e  b y  f o r m i n g  a m a t r i x

D = d _  -  D. ; w h e r e  d i s  t h e  ma x i mu m e l e m e n t  i n  D, , andh ma x  h ma x  h

a p p l i n g  Ma x - Mi n  a l g o r i t h m  m t i m e s ) .  F o r m  a n y  l a t i n  s q u a r e

w h i c h  h a s  t h e  m n o n i n t e r s e c t i n g  p e r m u t a t i o n  m a t r i c e s

c o r r e s p o n d i n g  t o  t h e  m SDRs f o u n d  a b o v e .  E x t r a c t  ( n - m )  SDRs

f r o m  D^ c o r r e s p o n d i n g  t o  t h e  ( n - m )  p e r m u t a t i o n  m a t r i c e s  i n

t h e  l a t i n  s q u a r e  w h i c h  h a v e  n o  z e r o  e l e m e n t s .  T h u s  t h e

m i n i m u m  e l e m e n t  i n  e a c h  o f  t h o s e  ( n - m )  S D R s  i s  a . * 0  :
1

a ^ = m i n | x ^  , X£ i = 1 , . . . , n - m .  T h e n  we f o r m  a m a t r i x
* i  i  i

L = E  a . P .  w h i c h  h a s  ( n - m )  m o d e  m a r t i c e s .  (m o f  t h e  a , ' sh 1r, 1 1  1

a r e  z e r o ) .

S e t  h — h+1 a n d  ^  ^  ®h*^ S °  3 ^ e P 2 ,  i f  D^ = 0 go

t  o s t  e p 6 .

STEP 5 :  A p p l y  t h e  M a x - M i n  a l g o r i t h m  t o  f i n d  o n e  SDR

{ , Xg . • . • , x n | w i t h  t h e  c o r r e s p o n d i n g  p e r m u t a t i o n

m a t r i x .  T a k e  a ^  = m i n  f x^ , X j , ■ . . , ) a n d  f o r m  a m a t r i x

W h -

s e t  h«— h + 1 a n d  D^*—D ^ - L ^ . I f  r e p e a t e  s t e p  5 ,  i f  1 ^  = 0

go t o  s t e p  6 .

STEP 6 :  Th e  o r i g i n a l  m a t r i x  D c a n  b e  w r i t t e n  a s  D = £ l , .  
-------------------------------------------------------------  h h

S u b s t r a c t  t h e  dummy t r a f f i c  f r o m  e a c h  L ̂  a n d  t r a n s m i t  i t s  

mode  m a t r i c e s .

Two i l l u s t r a t i v e  e x a m p l e s  o f  SA1 a r e  g i v e n  b e l o w .
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E x a m p l e 1

As s u me  t h e  t r a f f i c  m a t r i x  i s T=

2 4 3 1

5 2 2 2

1 1 3 4

4 3 2 1

STEP 1

D=

2 ( 6 ) 3 1

( 5 )  2 3 2

1 ] (4)

4 3 2 (3)

L i n e  Sum S=1 2  

SDR f f i ,  5 , 4 , 3 , }  

S e t  D— *D,

STEPS  2 , 3  A L . S .  c o r r e s p o n d i n g  t o  t h e  a b o v e  SDR i s  g i v e n  

b e l o w

“d a b c a = m i n f  5 , 5 , 4 , 3 } 1 3 2 1

LS = a b c d b = m i n { 3 , 2 , 5 , 4 } V 3 2 1 ]

c d a b c=mi  n { 1 , 3 , 1 , 3 } 1 1 3 2

_b c d a_ d = m i n f 2 , 2 , 1 , 2 1 2 1 ]. 3

STEPS 2 , 5

1 3 ( l )  n

D
2 =D r L i

= (2) n 2 ] m=2 = n / 2

0 0 1 (4) SDR { 1 , 2 , 4 , 2 }

_2 ( 2 ) 1 o_

a b c d“ a = 0 0 1 1 n

LS = c d a b b = mi n  f 3 , 1 , 1 , ? } = 1  L ? = 1 n 0 1

d a b c c =mi  n {1 , 2 , 4 , 2 1 = 1 n n 1 1

b c d a_ d = 0 l 1 0 0
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STEP 5
D 3 - D r L r L ?

'  1 ( 2 ) 0 0 ~ ro l 0 0

° 3 = 1 n ( 2 ) 0
L 3=

n 0 l l

0 0 0 ( 3 ) 0 0 0 l

( 1 ) .1 1 0 _ l 0 0 n

' l 0 0 o' "o 1 0 0

iij

0 n ] 0 L 5 = 1 0 0 n

0 0 0 1 0 0 0 l

0 ] 0 0_ 0 0 1 n_

S c h e d u l e  l e n g t h  = D L j I - 1 7 - S  
M 1

E x a m p l e  7

5 5 (0)  ?~

T=D= 3 6 1 (2)

( 0 )  1 (S 5

4 ( 0 )  5 3

S T E P S 2 , 4  Th e  LS c o r r e s p o n d i n g  t o  t h e  a b o v e  SDR c o v e r i n g  

t h e  z e r o s  i s  g i v e n  b e l o w

L i n e  Rum S=12  

m=l  < n / 7

Lr

"c d a b' a = n —►( )

LS = b c d a b=m i n f 2 , 3 ,  .1 , S } = 1

a b c d c = m i n f  5 , F , F , 3 }  = 3

d a b c_ d = mi n  f 5 , 1 , 5 , 4 } = i

' 3 1 0 ]“ "2 ( 4)  0 1“

1 3 1 n D2 _ D] _ L 1 - (2)  3 0 2

0 1 3 1 0 0 3 (4 )

1 0 .1 3 3 0 ( 4)  0
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STEP 5

‘a b c d ' a =0 ”0 2 0 f

LS= b d a c b = m i n { 4 , 2 , 4 , 4 }=2
L2= 2 1 0 0

c a d b

oiio n 1 1 2

_d c b a_ d = m i n { 1 , 9 , 3 , 3} = 1
N .

_i 0 2 0_

° 3 »D r ■Lr - L2

2 2 0 0

°3= 0 2 0 n

0 0 2 7

.2 0 2 n

\

=L^ S c h e d u l e  l e n g t h = 5 + 3 + 2 + 2 = ] ?=S

Comment

A p a r t i a l  o r  i n c o m p l e t e  l a t i n  s q u a r e  ( s e e  \21~\)  w h i c h  h a s  

a l l  t h e  e l e m e n t s  a  ̂ , . . . , a ( 1 5  m < n ) a n d  o n l y  t h e s e ,  c a n n o t  

a l w a y s  b e  c o m p l e t e d ,  e s p e c i a l l y  wh e n  n / 2 < m < n .  C o m p l e t i o n  o f  

t h e  l a t i n  s q u a r e  i s  a l w a y s  p o s s i b l e  wh e n  m=1 a n d  9 0 % o f  t h e  

t i m e  whe n  m < n / 2 .

I n  SA1 s t e p  4 we n e e d  t o  c o m p l e t e  a l a t i n  s q u a r e  "m< n / 2  . I f  

i n  t h i s  c a s e  c o m p l e t i o n  b e c o m e s  i m p o s s i b l e ,  t h e n  we ma y  

r e d u c e  m b y  o n e  a n d  t r y  a g a i n .  I n  a s i m p l e  a l g o r i t h m  i s

g i v e n  o f  c o m p l e t i n g  p a r t i a l  l a t i n  s q u a r e s  ( p a g e s  4 6 9 - 4 7 1 ) .

21

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



3 . 1  EVALU A TIO N  OF THE PROPOSED SA1

T h e o r e m  6 :  T h e  S c h e d u l i n g  A l g o r i t h m  1 i s  a n  o p t i m a l

a l g o r i t h m

P r o o f : A t  e a c h  i t e r a t i o n  t h e  SA1 g e n e r a t e s  a m a t r i x
n

L = £  a . P .  ( 1 )  w i t h  a t  l e a s t  o n e  a . * 0 ,  a n d  s i n c e  L, i s  ah it, i ,  i .  i  ' h‘ ' h h h
QDS m a t r i x ,  D-  £  L.  i s  a l s o  QDS m a t r i x  b e c a u s e  D i s  QDS.h

W

T h u s  D c a n  b e  e x p r e s s e d  a s  D = 2 *j L ji , 1 < H $ W . U s i n g  (1 ) we
*Y vt

c a n  w r i t e  D= £ (  £  a .  P .  ) a n d  a c c o r d i n g  t o  t h e o r e m(,.i i ,  i .W * h h
2 we h a v e  £  £  a . =S i . e .  t h e  s um o f  a l l  n o n z e r o  e q u a l s  t o

h=. i h

t h e  c r i t i c a l  l i n e  sum S , w h i c h  m e a n s  t h e  SA1 a l w a y s  a c h i e v e s

t h e  mi n i mu m i . e .  t h e  a l g o r i t h  i s  o p t i m a l .

T h e o r e m  7 ;  T h e  n u m b e r  o f  mode  m a t r i c e s  f o r  SA1 i s  b o u n d e d

1
b y  n - 2 n + 2  f o r  a n  n x n  t r a f f i c  m a t r i x ,  t h e  a b o v e  b o u n d  i s  

t h e  b e s t  p o s s i b l e .

P r o o f : D i s  e x p r e s s e d  a s  a s u m m a t i o n  o f  i n t e g e r  m u l t i p l e s
«V

o f  p e r m u t a t i o n  m a t r i c e s ,  D= £  Z  a .  P .  w h e r e  a l l  P .  f o r
i' "  1 h 1 h 1 h

w h i c h  a .  * 0  a r e  d i s t i n c t  ( n o t  i d e n t i c a l ) .  T h i s  i s  t r u e
1 h

s i n c e  a l l  t h e  m a t r i c e s  L. a r e  d i s t i n c t ,  a nd  t h a t  b e c a u s e  a r eh ’

" g u i d e d "  by  d i f f e r e d  S D R s .  G i v e n  t h e  a b o v e  c o n s i d e r a i o n , i s

p r o v e n  i n  1 t h a t  t h e  u p p e r  b o u n d  o n  t h e  m o d e  m a t r i c e s  i s  

2
n - 2 n + 2 .  T h u s  t h e  n u m b e r  o f  m o d e  m a t r i c e s  f o r  SA1 c a n n o t

2
e x c e e d  n - 2 n  + 2 .

S i m u l a t i o n  r e s u l t s  f o r  SA1 

To v e r i f y  t h e o r e m  7 t h e  SA1 h a s  b e e n  s i m u l a t e d .  The  e n t r i e s  

o f  t h e  t r a f f i c  m a t r i c e s  a r e  g e n e r a t e d  b y  a u n i f o r m  i n t e g e r  

r a n d o m  n u m b e r  g e n e r a t o r , d i s t r i b u t e d  b e t w e e n  0 a n d  20  .
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F i g . 1  s h o w s  t h e  d i s t r i b u t i o n  c u r v e s  o f  t h e  n u m b e r  o f  m o d e  

m a t r i c e s  f o r  1 0 0  t r a f f i c  m a t r i c e s ,  a n d  f o r  n = 4 , 5 .  I n  b o t h  

c a s e s  t h e  n u m b e r  o f  m o d e  m a t r i c e s  d o n ’ t  e x c e e d  t h e  

t h e o r i t i c a l  u p p e r  b o u n d  w h i c h  i s  10  f o r  f o r  n * 4  a n d  1 7  f o r  

n = 5 ;  i n  f a c t  f o r  n = 4 7 0 $  o f  t h e  t r a f f i c  m a t r i c e s  h a v e  8 

mo d e  m a t r i c e s , w h i l e  f o r  n=5 5 3 $  h a v e  o n l y  11 mo d e  m a t r i c e s .

\

100

80

70

40

30

l ? 3 -1 S F 7 B 9 10  11 J?  13  14  15  1 ^ 1 7

N u m b e r  o f  mode  m a t r i c e s  

D i s t r i b u t i o n  c u r v e s  o f  t h e  n u m b e r  o f  r e q u i r e d  m o d e  

m a t r i c e s  f o r  t h e  S A 1 , a n d  f o r  n = 4 , 5 .

F i g .  3 . 1
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C o m p u t a t i o n a l  c o m p l e x i t y  o f  SA1 

T h e  c o m l e x i t y  o f  SA1 d e p e n d s  o n  t h e  c o m p l e x i t y  o f  t h e  

M a x - M i n  a l g o r i t h m  u s e d  t o  e x c t r a c t  a SDR,  w h i c h  i s  o f  

p o l y n o m i a l  o r d e r  0 ( n  ) ( s e e  A p e n d i x ) .  T h e  Ma x - Mi n  i s  a p p l i e d  

k t i m e s  t o  t h e  t r a f f i c  m a t r i x  T ,  g e n e r a t i n g  a t o t a l
•Z

c o m p l e x i t y  o f  t h e  o r d e r  0 ( k n  ) ; w h e r e  k i s  t h e  n u m b e r  o f

t i m e s  t h e  m a x - m i n  a l g o r i t h m  i s  a p p l i e d  t o  t r a n s m i t  a

t r a f f i c  m a t r i x  T.  H o w e v e r  f o r  SA1 k i s  much  s m a l l e r  t h a n  t h e

2
n u m b e r  o f  mode  m a t r i c e s ,  w h i c h  i s  b o u n d e d  b y  n - 2 n + 2 .  T h i s  

i s  a c h i e v e d  w i t h  t h e  a i d  o f  a l a t i n  s q u a r e  w h i c h  p e r m i t s  u s  

t o  g e n e r a t e  many  m o r e  mode  m a t r i c e s  t h a n  t h e  n u m b e r  o f  t i m e s  

t h e  m a x - m i n  a l g o r i t h m  i s  a p p l i e d .  T h u s  t h e  o v e r  a l l  

c o m p l e x i t y  i s  r e d u c e d  f o r  t h e  SA1 c o m p a r e d  w i t h  t h e  e x i s t i n g  

a l g o r i t h m s  t h a t  h a v e  t o t a l  c o m p l e x i t y  b o u n d e d  by 0 ( n ^ ) . ( T h i s  

c o m e s  f r o m  t h e  f a c t  t h a t  t h e  SDR a l g o r i t h m  i s  a p p l i e d  a s  

many  t i m e s  a s  t h e  n u m b e r  o f  mode m a t r i c e s  i . e .  0 ( n  ) ^ .

I n  t h e  n e x t  s e c t i o n  we p r o p o s e  t h e  S c h e d u l i n g  A l g o r i t h m  2 

( S A 2 ) .  T h e  S A 2 , w h i c h  g e n e r a l i z e s  S A 1 . i m p r o v e s  c e r t a i n  

c h a r a c t e r i s t i n g  o f  SA1 . p e r m i t i n g  m o r e  t r a f f i c  

t o  be  t r a n s m i t t e d  a t  t h e  b e g i n n i n g  o f  t h e  f r a m e .
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SCHEDULING ALGORITHM 2 ( S A2 )

T h e  s c h e d u l i n g  a l g o r i t h m  2 i s  a n  e x t e n s i o n  o f  t h e  SA1 . 

t h e  f u n d a m e n d a l  i d e a  i s  t o  d i v i d e  t h e  t r a f f i c  m a t r i x  T i n t o  

s u b m a t r i c e s  n a m e d  blocks. T h e  b l o c k s  t h a t  h a v e  no common 

l i n e s  i n  T a r e  c a l l e d  n o n c o n f l i c t i n g  b l o c k s .  

N o n c o n f l i c t i n g  b l o c k s  c a n  b e  c o n s i d e r e d  a s  i n d e p e n d e n t  

t r a f f i c  m a t r i c e s  a n d  t h u s  c a n  s w i t c h  t r a f f i c  i n d e p e n d e n t l y  

a nd  s i m u l t a n u e s 1 y ; m o r e  s p e c i f i c a l l y  t h e  a l g o r i t h m  h a s  a s  

f o l l o w s :

STEP 1 : G i v e n  t h e  n x n  t r a f f i c  m a t r i x  T ; i f  n i s  a p r i m e

n u m b e r  a p p l y  t h e  SA1 t o  t r a n s m i t  i t s  t r a f f i c ;  i f  n o t  go t o  

s t e p  2 .

STEP 2 :  I f  T i s  n o t  a ODS m a t r i x  w i t h  l i n e  sum S add  dummy

t r a f f i c  t o  i t  t o  g e t  o n e  w h i c h  i s  QDS w i t h  l i n e  sum e q u a l  S,

l e t  c a l l  i t  D.

STEP 5 :  W r i t e  n a s  a n y  p r o d u c t  n = k ' m  w h e r e  m i s  a p r i m e

n u m b e r  a n d  k i s  a n  i n t e g e r .  A p p l y  t h e  Ma x - Mi n  a l g o r i t h m  t o

g e t  a n  SDR.  B a s e d  o n  t h i s  SDR f o r m  k mxm n o r i c o n f 1 i c t i n g  

b l o c k s  b y  t a k i n g  a n y  m e l e m e n t s  o f  t h e  SDR a n d  f o r m i n g  a 

b l o c k ( i . e .  t h e  m e l e m e n t s  a r e  a n  SDR i n  t h e  b l o c k ) .

Now b a s e d  o n  t h e  s e t  o f  k n o n c o f l i c t i n g  b l o c k s  f o r m e d  

a b o v e ,  we f o r m  ( k - 1  ) m o r e  s e t s ,  o f  k n o n c o n f l i c t i n g  b l o c k s  

e a c h . T h i s  i s  d o n e  w i t h  t h e  a i d  o f  a l a t i n  s q u a r e  i . e .  we 

f o r m  a l a t i n  s q u a r e  w h e r e  t h e  s e t  o f  k n o n c o n f l i c t i n g  b l o c k s  

c o r r e s p o n d s  t o  a n  SDR.
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STEP 4 :  S u b s t r a c t  t r a f f i c  s o  t h a t  e a c h  n o n c o n f l i c t i n g  b l o c k  

i n  t h e  s e t  o f  k i s  a l a t i n  s q u a r e  a n d  a l l  k b l o c k s  h a v e  

e q u a l  l i n e  s u m s .  We a r r a n g e  a s  ma n y  z e r o s  a s  p o s s i b l e  b e l o n g  

t o  t h e  s a me  DSR i n  e a c h  b l o c k .

T r a n s : m i t  e a c h  - . n o n c o n f l i c t i n g  b l o c k  i n  t h e  s e t  o f  k ,

i n d e p e n d e n t l y  a n d  s i m u l t a n e u s l y  w i t h  e a c h  o t h e r ,  e a c h  s e t  o f  

n o n f l i c t i n g  b l o c k s  a f t e r  t h e  o t h e r .

I f  t h e  d i f f e r e n c e ,  D m i n u s  t h e  t r a f f i c  t r a n s i m i t t e d  a t  e a c h  

i t e r a t i o n  i s  n o t  z e r o  go t o  s t e p  3 ;  o t h e r w i s e  s t o p .

T r e e  i l l u s t a t i v e  e x a m p l e s  a r e  g i v e n  b e l o w :

E x a m p l e 1

~2  ( 6 ) '  3 r

T = D =

S = 1 2

(5)  2 3 2

1 1 ( 4 )  2

4 3 2 (?)_

STEP 3 :  n=4  = 2» 2 k=2 m=2

The  LS c o r r e s p o n d i n g  t o  t h e  t w o  s e t s  o f  n o n c o n f l i c t i n g  

b l o c k s  i s  t h e  f o l l o w i n g

LS = a b>

.b a_

STEP4
— 1 __

1 r s t  I t e r a t i o n  : 0 5 i 2 0

V 5 o ; 0 2

3 2 1 1

2 3j J  1
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2nd I t e r a t i o n  :

( 2 ) i :  ] r

1 1 .
—

1 t 1 1 
1

0 2 if3)  0 D„=

1

'3 0i
2 t

0 0 i 1 (4) '0 3 
( 1

_3 (2): 0 0_ _ 1 2 '-

3 r d  I t e r a t i o n  :

"o n 11) r
0 1 0 1 a N)
II 0 (2) 0 n

°3=
0 0 1 id u.vr

p . ) 0 n o_ 2 " 6 j

S c h e d u l e  l e n g t h  = 5 + 2 + 3 + 2 = 1 2 = S

E x a m p l e  2

4) ! 3
i

4 1 3 , 2

2
I

2 2 3 ] (5)

4 i ' si 'i
2 1 2

5 : iu . ( F ) 2 1 2

1 2 2 (*) 2 : 4
1

1 3 1 3 (7)'  2

STEP 3 n = F = 3 » 2  k = 3 ,  m = 2 T h e  b l o c k s  a r e  i n d i c a t e d  o n  t h e

m a t r i x  D

STEP a ] r s t  I t e r a t i o n

4  !
|

; 2 ~ : 1 .1 1
a  2  ; 
1 •

2  !
7 i

: 4
1

, 1  1 ■2  i :
i ;

i
;5
i

l  ! . 1  1 2
’
i 1

i

5 + ; i  i + 1 2

6  0  ! i  : l .1 2  :

O L L ' i _ 2  1  ;
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2nd I t e r a t i o n

“ n m 3 n 1 ( f ;? 0;

0 2 1 n (?) 1 :o
i

2J

2 0 ( 1 ) 2 0 1 i  i :

(4) 0 1 1 0 0 D2= 1_ ____1 j

0 1 n 0 2 3 : o 2

0 1 n 3 1 1_ ; 2 o

3 r d  I t e t a t i o n

; oi
2 1 "o 0 i 0 1 o"

i
'2

1
0i n 0 l 0 0 l

1 2. i n 0 0 0 )

2 1 D4 +DS= l 0 0 1 0 l

! i  i 0 l 0 0 1 n

: i i _ 0 l 0 1 n n_

S c h e d u l e  1 e n g t h = S + 2 + 3 + 2 + 2 + 2 .  = 17=S 

E x a m p l e  3

H e r e  we c o n s i d e r  t h e  s a m e  t r a f f i c  m a t r i x  a s  i n  e x a m p l e  

2 , b u t  we w r i t e  n a s  n = ^ = 2 * 3  k=2  m=3

(4)  3 : 4
i

1 3

2 3 ' 2
t

2 3 (5) ~a b c

4 (5)1 2 3 .1 2 LS = b c a

5 1 !(«) 2 1 2 c a b_

i  2 ; 2 (*5) 2 4

1 3 ■ 1 3 (7) 7_
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l r s t  I t e r a t i o n

Dr

_ —

4
2  i

f
1 2 ■ 3 0 2 1

2 2
1

4
1

0 2 3
i
f

2 4
1
I 2

1
1 2 3 n

i
i

5 1
I

1 , + 3
— 4

} \ 1 l

1 6 1 •
I

1 i ; f 3

1 1 f ) : 1 3 l

i
t 1

2nd I t e r a t i o n

° 3 =

i ]t -  . _  _ _  .
0 0 ~ n  o i  I

0 l n :i '1 0 0

i 0
t

n : !o I 0

2~ ;n 0 l + ] 0 0
i
•nL - - _ j  _ 0 0 1 o j

0 0 l  • i 0 o I

~n 0 I 0 .1 n"

0 n 1 0 n l s . L . = R + 5 + l + l = 1 7 = S

l i 0 0 0 0

l 0 0 1 n n

0 l n 0 0 l

n n 0 1 l n
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k . 1 EVALUATION OF THE PROPOSED SA2 

S c h e d u l e  l e n g t h  

T h e o r e m  8 :  Th e  SA2 i s  a n  o p t i m a l  a l g o r i t h m .

p r o o f : At  e a c h  i t e r a t i o n  t h e  a l g o r i t h m  g e n e r a t e s  k s e t s  o f

k n o n c o n f l i c t i n g  b l o c k s  e a c h .  E a c h  b l o c k  i n  a s e t  i s  a QDS

m a t r i x  a n d  a l l  k n o n c o n f l i c t i n g  b l o c k s  i n  t h e  s e t , h a v e  e q u a l

l i n e  s u m s ,  s a y  S.  . ( i t h  s e t  a t  t h e  j t h  i t e t a t i o n ) .  T h u s  t h e
J

r e s u l t i n g  t r a f f i c  m a t r i x  a f t e r  t h e  j t h  i t e r a t i o n ,
t r  *

S -  £  D . i s  a l s o  QDS w i t h  l i n e  s um S -  Z  S  S . •>. 0 i f  J < W ,  
jlT J ‘ = ' 1 0

w h e r e  W i s  t h e  t o t a l  n u m b e r  o f  i t e t a t i o n s .  T h i s  me a n s  t h a t  

t h e  s c h e d u l e  l e n g t h  c a n n o t  e x c e e d  S ,  t h e  l i n e  s um o f  D.  

B e c a u s e  a f t e r  V i t e r a t i o n s  I) -  £  D . = 0 a n d  a n d
W .s. 0

S= . T h u s  SA2 a l w a y s  a c h i e v e s  t h e  mi n i mu m s c h e d u l e

l e n g t h  i . e .  SA2 i s  o p t i m a l .

N u m b e r  o f  s w i t c h i n g  

I n  a s e t  o f  k no n c o n f  1 i  c t  i  n g  b l o c k s , w h e r e  e a c h  b l o c k  i s  a 

mxn l a t i n  s a u a r e ,  t h e  Nu mb e r  o f  s w i t c h i n g  i s  d e f i n e d  t o  b e  

t h e  m a x i m u m  n u m b e r  o f  n o n z e r o  e n t r i e s  o n  a n y  l i n e  o f  a 

b l o c k , i n  t h e  s e t  o f  k b l o c k s .  T h u s  t h e  n u m b e r  o f  s w i t c h i n g  

i n  a s e t  o f  k b l o c k s  c a n n o t  e x c e e d  m.  An e x a m p l e  i s  g i v e n  

b e l o w :

'4 1 0 3' '5 3 , 0 O1

1 4 3 0 3 5 ' 0 0

A = 3 0 3 2 B = 0 0 8 0

0 3 2 3 . _0 0 ! 0 8,
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T h e  t r a f f i c  m a t r i x  A r e q u i r e s  3 s w i t c h i n g s  ( 2  f o r  t h e  

f i r s t  s e t  a n d  1 f o r  t h e  s e c o n d  s e t  o f  b l o c k s ) ,  w h i l e  B 

r e q u i r e s  2 s w i t c h i n g s  t o  t r a n s m i t  i t s  t r a f f i c .

T h e o r e m  9 :  Th e  t o t a l  n u m b e r  o f  s w i t c h i n g s  t h a t  r e q u i r e  t o  

t r a n s m i t  i t s  t r a f f i c  a n y  n x n  t r a f f i c  m a t r i x  T ,  i s  b o u n d e d  b y  

n 2 - 2 n + 2 .

P r o o f : T h e  n u m b e r  o f  s w i t c h i n g s  r e q u i r e d  t o  t r a n s m i t  i t s

t r a f f i c , o n e  s e t  o f  k n o n c o n f l i c t i n g  b l o c k s  w i t h  e q u a l  l i n e

s u ms  i s , a t  m o s t , e q u a l  t o  m; a n d  f o r  a l l  k s e t s  i s , a t  m o s t ,

n = k * m  s w i t c h i n g .  Now we ma y  f o r m  a k x k  l a t i n  s q u a r e  w i t h

e a c h  e l e m e n t  c o r r e s p o d i n g  t o  o n e  b l o c k  a n d  e a c h  s e t  t o  a n

SDR i n  i t .  S i n c e  a t  e a c h  i t e r a t i o n  we d o n ' t  r e p e a t  t h e  s a m e

k x k  l a t i n  s q u a r e ;  u s i n g  t h e  s a me  a r g u m e n t  a s  i n  t h e o r e m  7 we

i m p l y  t h a t  t h e  n u m b e r  o f  s w i t c h i n g ,  f o r  a k x k  t r a f f i c  m a t r i x
2

w o u l d  b e  b o u n d e d  by  k - 2 k + 2 .  B u t  s i n c e  e a c h  s w i t c h i n g  o f  t h e  

k x k  m a t r i x  i s  m s w i t c h i n g  f o r  t h e  n x n  s w i t c h i n g  m a t r i x  

m a t r i x  D .. t h e  t o t a l  n u m b e r  o f  n u m b e r  o f  s w i t c h i n g  i s  b o u n d e d  

b y  ( k * m ) 2 - 2 ( k > m ) + 2 = n 2 - 2 n + 2 .

I n  t h e o r e m  9 we h a v e  s h o w n  t h a t  t h e  n u m b e r  o f  s w i t c h i n g s  

o f  SA2 i s  b o u n d e d  b y  t h e  s a m e  b o u n d  a s  t h e  n u m b e r  o f  m o d e  

m a t r i c e s  o f  SA1.

S i m u l a t i o n  r e s u l t s  

T h e  S A2  h a s  s i m u l a t e d  f o r  n = 4 ,  t o  v e r i f y  t h e  a b o v e  

t h e o r e m .  F i g . 2 s h o w s  t h e  d i s t r i b u t i o n  c u r v e s  f o r  1 0 0  

r a n d o m l y  g e n e r a t e d  t r a f f i c  m a t r i c e s .  T h e  n u m b e r  o f  

s w i t c h i n g s  , a s  s h o wn  i n  F i g . 2 , n e v e r  e x c e e d s  t h e  b o u n d  10 f o r  

n = 4 , i n f a c t  QS% o f  t h e  t r a f f i c  m a t r i c e s  h a v e  n u m b e r  o f
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s w i t c h i n g  l e s s  t h a n  7 .

1001

90

SO

70-

50

40

30

20

10

1 2 3 4 5 5 7  R 9 10 11 12 13 14 15 I t

Nu mb e r  o f  s w i t c h i n g s  

D i s t r i b u t i o n  c u r v e s  f o r  t h e  n u m b e r  o f  r e q u i r e d  s w i t c h i n g  o f  

t h e  SA2 a n d  f o r  n=4

P i g . U . l

F i n a l y  t h e  c o m p u t a t i o n a l  c o m p l e x i t y  o f  SA2 i s  r e d u c e d  o v e r  

S A 1 , s i n c e  t h e  m a x - m i n  a l g o r i t h m  i s  a p p l i e d  f e w e r  t i m e s  t o  

t r a n s m i t  t h e  t r a f f i c . m a t r i x  T .  A l s o  m o r e  t r a f f i c  i s  

t r a n s m i t e d  a t  t h e  b e g i n n i n g  o f  t h e  f r a m e .  The  a b o v e  i s  b a s e d  

on t h e  f a c t  t h a t  w h i l e  f o r  SA1 we t a k e  t h e  mi n i mum o v e r  a l l  

n e l e m e n t s  o f  t h e  SDR,  f o r  SA2 t h i s  i s  d o n e  w i t h i n  t h e  mxm 

b l o c k .
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CHAPTER 2

1 . H I H I H I Z I N G  THE S C H E D U L E  LEHOTH I E  AH S S / T D MA  SYSTEM 

WITH MIHIMPM SWI TCHI HGS

I n  c h a p t e r  1 we s t u d i e d  t h e  g e n e r a l  p r o b l e m  o f  s c h e d u l i n g

t h e  t r a f f i c  i n  a n  S S / T I M A  s y s t e m .  T h e r e ,  t h e  p r o p o s e d

a l g o r i t h m s ,  i n  o r d e r  t o  a c h i e v e  s c h e d u l e  l e n g t h  e q u a l  t o  i t s

l o w e r  b o u n d  i . e . ,  t h e  c r i t i c a l  l i n e  s u m S ,  t h e  n u m b e r  o f

2
mode  m a r t i c e s  o r  s w i t c h i n g s  z ,  h a d  t o  b e  b o u n d e d  b y  n - 2 n + 2 ,  

f o r  a n  n x n  t r a f f i c  m a t r i x  T .

I n  t h i s  c h a p t e r  we i n t e n d  t o  m i n i m i z e  t h e  n u m b e r  o f  

s w i t c h i n g s  o r  mode  m a t r i c e s ,  a n d  a l s o  t r a n s m i t  c o n t i n u o u s l y  

t h e  m e s s a g e ,  c o n s i s t i n g  by t h e  n u m b e r  o f  p a c k e t s  r e p r e s e n t e d  

b y  t h e  e n t r i e s  i n  T.  T h e  p r i c e  we p a y  f o r  t h a t  i s  s l i g h t  

l o n g e r  s c h e d u l e  l e n g t h s ,  w h i c h  a s  we s h a l l  s e e ,  i s  v e r y  w e l l  

j u s t i f i e d  f o r  t h e  f o l l o w i n g  r e a s o n s ,  a )  T h e  a c t u a l  

m i n i m i z a t i o n  o f  t h e  s c h e d u l e  l e n g t h  i s  t h e  m i n i m i z a t i o n  o f  

t h e  p a r a m e t e r  L.|.r u e  w h i c h  i s  g i v e n  b y  L^ r u  g = L + z • t  ; w h e r e  L 

i s  t h e  s c h e d u l e  l e n g t h  w i t h o u t  i n c l u d i n g  t h e  s w i t c h  

r e c o n f i g u r a t i o n  t i m e t - .  B a s i c a l l y  t  may b e  t h e  o v e r h e a d  d u e  

t o  s w i t c h i n g ,  o r  t o  s y c h r o n i z a t i o n , g u a r d  t i m e  e t c .  T h u s  

^ t r u e  d e p e n d s  o n  ^ anc  ̂ z * w h i c h  a l s o  d e p e n d  on e a c h  o t h e r . ,  

s i n c e  wh e n  we t r y  t o  m i n i m i z e  z ,  L c a n n o t  a l w a y s  b e  e q u a l  t o  

t h e  c r i t i c a l  l i n e  sum S .  D i s t i g u i s h i n g  t wo l i m i t i n g  c a s e s  we 

h a v e :  i )  Wh e n  t  i s  s m a l l  i n  c o m p a r i s o n  w i t h  t h e  p a c k e t
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l e n g t h  t h e  p r o b l e m  r e d u c e s  t o  t h e  o n e  o f  c h a p t e r  1.  i i )  When c  

i s  l a r g e  i n  c o m p a r i s o n  w i t h  t h e  p a c k e t  l e n g t h  t h e n  I ' ^ r u e  

w i l l  b e  m i n i m i z e d  w h e n  L i s  m i n i m i z e d  s u b j e c t  t o  z b e i n g  

m i n i m u m .  F o r  t h i s  c a s e  we h a v e  d e v e l o p e d  t w o  m e t h o d s  

( s e c t i o n s  2 , 3 )  t h a t  s a t i s f y  b o t h  c o n s t r a i n s  a n d  a r e  a l s o  

e f f i c i e n t ,  b )  T h e  c o n t i n u o u s  t r a n s m i s s i o n  o f  t h e  m e s s a g e  

r e d u c e s  t h e  o v e r  a l l  t i m e  d e l a y  o f  t h e  s y s t e m  b y  r e d u c i n g  

t h e  mu mb e r  o f  t h e  r e q u i r e d  a c k n o w l e d g e m e n t s  e a c h  t i m e .  T h e  

a b o v e  p r o p e r t y  may  a l s o  b e  u s e d  i n  t h e  c a s e  w h e r e  t h e  p a c k e t  

l e n g t h s  a r e  n o t  f i x e d  b u t  v a r i a b l e ,  t o  s a v e  s i g n i f i c a n t  t i m e  

o f  t h e  s c h e d u l e  l e n g t h .

T h e  f i r s t  m e t h o d  o f  c o m b i n i n g  o b j e c t i v e s  a )  a n d  b )  i s  

d e p i c t e d  i n  t h e  f o l l o w i n g  t h e o r e m .

T h e o r e m  1 I f  i n  a g i v e n  n x n  t r a f f i c  m a t r i x  T s u p e r i m p o s e  a 

nx n  L a t i n  S q u a r e  ( L S )  a n d  t r a n s m i t  T a c c o r d i n g  t o  LS,  t het o 

we a l w a y s  a c h i e v e  a )  Nu mb e r  o f  mode  m a t r i c e s  l e s s  o r  e q u a l  

t o  n .  b )  C o n t i n u o u s  t r a n s m s s i o n  o f  e v e r y  e n t r y  i n  T.

P r o o f :  As  s h o w n  i n  c h a p t e r  1 ( t h e o r e m  4 )  a n y  LS i s  a sum

o f  n n o n i n t e r s e c t i n g  m o d e  m a t r i c e s  a n d  t h u s  T ma y  bti 

d e c o m p o s e d  a c c o r d i n g  t o  t h e  LS i n  a t  m o s t  n mo d e  m a t r i c e s  

( s i n c e  o n e  o r  m o r e  may  i n c l u d e  o n l y  z e r o  e n t r i e s  i n  T) .  A l s o  

s i n c e  t h e  m o d e  m a t r i c e s  o f  LS a r e  n o n i n t e r s e c t i n g  e v e r y  

e n t r y  i n  T w i l l  b e l o n g  t o  o n l y  o n e  o f  t h e m  a n d  s o  w i l l  b e  

t r a n s m i t t e d  c o n t i n u o u s 1 y . E x a m p 1 e 1 i l l u s t r a t e s  t h e  a b o v e  

t h e o r e m .
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T =
a i  b i  c i  d i  

b 2 c 2 d 2 a 2 

d3 a3 b3 C 3 
°i d4 a 4 b 4

E x a m p l e  1

C4

T =

C o n s i d e r i n g  n o w t h e  g e n e r a t e d  s c h e d u l e  l e n g t h  b y  t h i s  

m e t h o d ,  i t  w i l l  be  t h e  s u m o f  t h e  m a x i m u m  e n t r i e s  o f  e a c h  

m o d e  m a t r i x .  T h e  s c h e d u l e  l e n g t h  o f  e x a m p l e  1 w i l l  b e  

L = a + b + c  + d w h e r e  a = m a x { a^ , a 2 » a ^ * a 4  I b = m a x { b 1 , b^  , b ^ , b ^  } 

c = m a x { c 1 , c 2 , c ^ , c 4 } d = m a x ( d 1 , d 2 , d ^ }

N e x t  we w i s h  t o  m i n i m i z e  t h e  s c h e d u l e  l e n g t h  L .  T h i s  c a n  

b e  d o n e  b y  c h o o s i n g  t h e  " a p p r o p r i a t e "  LS ,  a m o n g  a l l  t h e  

e x i s t i n g  n ! ( n - l ) ! ( n - 2 ) ! . . .  l a t i n  s q u e r s ,  w h i c h  w i l l  

c o r r e s p o n d  t o  t h e  m i n i m u m  L.  T h i s  p r o b l e m  i s  e x a m i n e d  i n  

s e c t i o n  2 ,  w h e r e  we p r o p o s e  a n  o p t i m a l  a l g o r i t h m  t h a t  

a c h i e v e s  t h e  mi n i mum p o s s i b l e  s c h e d u l e  l e n g t h .  The  p r o p o s e d  

a l g o r i t h m  f i n d s  t h e  a p p r o p r i a t e  LS,  i n  p o l y n o m i a l  t i m e .

F o r  a n  e v e n  f u r t h e r  i m p o v e m e n t  on t h e  m i n i m u m  s c h e d u l e  

l e n g t h  we u s e  t h e  m e t h o d  o f  n o n c o n f l i c t i n g  b l o c k s ,  w h i c h  i s  

t h e  m o s t  a p p r o p r i a t e  w i t h  t h e  o b j e c t i v e s  o f  t h i s  c h a p t e r .  An 

e x a m p l e  i s  g i v e n  b e l o w  c o m p a r i n g  t h e  s c h e d u l e  l e n g t h  o f  t h e  

a b o v e  t wo  m e t h o d s .

E x a m p l e  _2 

2
4

9 4 2 5
2 2 3 4
5 4 3 2
6 5t .c n t

3 5 
line Min possible schedule length=9+5+6+4-24
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T =

9 4 2 5

2 2 3 4

5 4 3 4

6 5 3 5

4

5

2 4 5

3 2 4 11 9
+ = +

2 5 3 10 11
5. 6 3

Block method: Schedule len g th  = 11+11 = 22 = S

U s i n g  t h e  s a me  t r a f f i c  m a t r i x  i n  t h e  s e c o n d  c a s e  a s  i n  t h e  

f i r s t  o n e ,  a n d  c h o o s i n g  t h e  a p p r o p r i a t e  s e t  o f  

n o n c o n f l i c t i n g  b l o c k s ,  we s u c c e e d e d  t o  r e d u c e  t h e  s c h e d u l e  

l e n g t h  t o  i t s  l o w e r  b o u n d  ( c r i t i c a l  l i n e  s u m )  a l t h o u g h  i s  

n o t  a l w a y s  p o s s i b l e .

The  m e t h o d  o f  n o n c o n f l i c t i n g  b l o c k s  i s  i m p l e m e n t e d  b y  a n  

h e u r i s t i c  a l g o r i t h m  g i v e n  i n  s e c t i o n  4 ,  w h i c h  g e n e r a t e s  t h e  

s h o r t e s t  t h e  s h o r t e s t  s c h e d u l e  l e n g t h  f o r  t h e  4x4  c a s e ,  a s  

s h o wn  b y  s i m u l a t i o n .  H o w e v e r  t h i s  m e t h o d  r e d u c e s  t o  t h e  f i r t  

o n e ,  whe n  n i s  n o t  a p r i m e  n u m b e r ,  t h u s  i t  may b e  c o n s i d e r e d  

a s  a n  e x t e n s i o n  o f  t l ^e f i s t  m e t h o d  ( t h e o r e m  1 ) .

R e l a t e d  w o r k  c a n  b e  f o u n d  i n  f 2 l l  a n d  T 2 2 1 . I n  T 2 2 7 

N a t a r a j a n  a n d  C a l o  a d d r e s s  t h e  p r o b l e m  o f  mi n i mum s w i t c h i n g s  

i n  a s i m i l a r  m a n n e r ,  t h e r e  t h e y  e x a m i n e  t h e  l o w e r  a n d  u p p e r  

b o u n d s  on t h e  s c h e d u l e  l e n g t h .  T h e y  s h o w  t h a t  t h e  r a t i o  o f  

t h e  mi n i mu m s c h e d u l e  l e n g t h  w i t h  t h e  c o n s t r a i n  t h a t  o n l y  n 

s w i t c h i n g s  a r e  u s e d  t o  t h e  u n c o n s t r a i n  mi n i mum i s  u n b o u n d e d .  

A l s o  t h e y  p r o p o s e  t h r e e  h e u r i s t i c  a l g o r i h t m s .  I n   ̂22~\ G o p a l  

a n d  Wong  e x a m i n e  t h e  p r o b l e m  o f  m i n i m u m  s w i t c h i n g s  i n  a 

s l i g h t l y  d i f f e r e n t  m a n n e r  a n d  t h e y  s h o w  i t s  N P - c o m p l e t n e s s  

( s e e [ 2 8 ] ) ,  t h e y  a l s o  p r o p o s e  a h e u r i s t i c  a l g o r i t h m .
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2 . THE KIHIHPM SCHEDULE LBNOTH (MSL) ALGORITHM

T h e  a l g o r i t h m  we p r o p o s e  h e r e  i s  b a s e d  on  a b a c k t r a c k i n g  

m e t h o d  o f  c o n s t r a c t i n g  a n  " a p p r o p r i a t e "  L a t i n  S q u a r e  ( L S )  

w h i c h  s u p e r i m p o s i n g  t o  t h e  t r a f f i c  m a t r i x  T g e n e r a t e s  t h e  

m i n i m u m  p o s s i b l e  s c h e d u l e  l e n g t h .  T h u s  MSL a l g o r i t h m  i s  

o p t i m u m  i s  t h i s  s e n s e .

L e t  L b e  a LS n e e d e d  t o  a c h i e v e  

t h e  m i n .  s c h e d u l e  l e n g t h .  T h e n  

a c c o r d i n g  t o  t h e  a l g o r i t h m  a l l  L =

t h e  1s  w i l l  b e  c h o s e n  f i r s t  t h e n

2
a l l  t h e  2 s ,  i n  t h e  r e m a i n i n g  n - n  p o s i t i o n s  e t c .  I f  n o  

s u i t a b l e  p o s i t i o n  c a n  b e  f o u n d  f o r  t h e  mt h  e l e m e n t  ( l «  m s n )  , 

t h e n  we " b a c k t r a c k "  b y  f i n d i n g  a n  a l t e r n a t i v e ■c h o i c e  f o r  a n y  

o f  t h e  p r i o r  e l e m e n t s  w h i c h  p e r m i t s  u s  t o  f i l l  u p  t h e  mt h  

e l e m e n t  o f  t h e  L S .  B u t  f o r  p r e c i s e  d e s c r i p t i o n  o f  t h e  

a l g o r i t h m  we n e e d  t h e  f o l l o w i n g  d e f i n i t i o n .

D e g r e e  O f  F r e e d o i  (DOF)  o f  a l i n e  o f  n e l e m e n t s ,  g i v e n  k 

o f  t h e m c h o s e n  ( k<m)  a n d  a l s o  g i v e n  a t h r e s h o l d  t  , i s  e q u a l  

t o  t h e  n u m b e r  o f  e l e m e n t s  t h a t  a r e  l e s s  o r  e q u a l  i n  

m a g n i t u d e  t o  t  a n d  a r e  a m o n g  t h e  ( n - k )  t h a t  h a v e n ' t  b e e n

c h o s e n .  F o r  e x a m p l e  i f  a l i n e  i s  [ (1 ) , ( 2 ) , 3 , 4  , 2 ] w i t h  1 , 2

c h o s e n  a n d  a t h r e s h o d  3 t h e  d e g r e e  o f  f r e e d o m  i s  2 .

The  A l g o r i t h m

S TEP  0 :  G i v e n  a t r a f f i c  m a t r i x  T,  c h o o s e  a c r i t i c a l  l i n e  o f  

T a n d  s e t  i t s  e l e m e n t s  i n  i n c r e a s i n g  o r d e r  i . e . ,  a s s i g n  t o  

e a c h  e n t r y  o f  t h e  l i n e  a n u m b e r  m ( U  m< n )  w h e r e  m=1 t a k e s

1 2  3 4

2 1 4  3

4 3 2 1

3 4 1 2
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t h e  s m a l l e s t  e n t r y ,  ( i f  t w o  e n t r i e s  a r e  e q u a l  a s s i g n  t h e  

s m a l l e s t  n u m b e r  t o  t h e  o n e  w i t h  t h e  s m a l l e r  DOF o f  t h e  

c o r r e s p o n d i n g  c r o s s  l i n e ) .  L e t  t  b e  t h e  e n t r y  t o  w h i c h  t h e  

n u m b e r  m i s  a s s i g n e d ,  t h e n  w r i t e  t h e  e l e m e n t  m i n  t h e  

c o r r e s p o n d i n g  p o s s i t i o n  o f  LS.

STEP 1:  I n i t i a l i z e  b y  s e t t i n g  m= 1 , r=1

a )  D e l e t e  t h e  r o w a n d  c o l u m n  o f  t h e  e l e m e n t  t  i n  T.  L e t  Tm m

b e  t h e  r e s u l t i n g  ( n - l ) x ( n - l )  m a t r i x .

b)  W r i t e  t h e  i n i t i a l  DOF o f  t h e  r o w s  i n  T i f  t h e  c r i t i c a lm

l i n e  i s  a c o l u m n  ( o r  DOF o f  t h e  c o l u m n s  i f  t h e  c r i t i c a l  l i n e

i s  a r o w ) , g i v e n  t h e  t h r e s h o l d  t  .m

c )  C h o o s e  t h e  r o w  ( c o l u m n )  w i t h  M i n i m u m  D e g r e e  o f  F r e e d o m  

( MDF) .  I f  MDF i s  n o t  z e r o  go t o  s t e p  3 a ) .

d)  I f  MDF=0 T h e n  we h a v e  e i t h e r  t o  b a c k t r a c k  o r  i n c r e a s e

t h r e s h o l d  t  . When b a c k t r a c k i n g  i s  p o s s i b l e  ( s e e  s t e p  2 a )

a n d  i n c r e a s e  o f  t h r e h o l d  i s  n o t  n e c e s s e r y  ( s e e  b e l o w ) ,  t h e n

we a l w a y s  b a c k t r a c k  b y  c a n c e l l i n g  t h e  e l e m e n t  ( m - 1 ) ,  w h i c h

a l w a y s  p e r m i t s  u s  t o  h a v e  MDF>0 f o r  t h e  c u r r e n t  e l e m e n t  m.

( T h e  a b o v e  b a c k t r a c k i n g  p r o c e s s  m i g h t  go  b a c k  s e v e r a l

e l e m e n t s .  T h i s  c h a i n  s ome  t i m e s  may b e  a v o i d e d  b y  g o i n g  b a c k

d i r e c t l y  t o  a n  e l e m e n t  k ( k < m ) ,  a n  a l t e r n e t i v e  p o s i t i o n  o f

w h i c h  w i l l  g i v e  u s  MDF>0.  T h i s  e l e m e n t  c a n  b e  d e t e r m i n e d  b y

k e e p i n g  t r a c k  o f  t h e  MDFs o f  a l l  k < m,  a n d  t a k i n g  t h e  o n e

w i t h  t h e  ma xMDF. )  When b a c k t r a c k i n g  i s  n o t  p o s s i b l e  we h a v e

t o  i n c r e a s e  t h e  t h r e s h o l d  t  o f  t h e  m t h  e l e m e n t .  We a l w a y sm

h a v e  t o  i n c r e a s e  t h e  t h r e s h o l d  wh e n  MDF b e c o m e s  z e r o  a t  m=1 

o r  a t  a n y  m f o r  w h i c h  t h e  r o w  w i t h  MDF=0 h a s  a l l  u n o c c u p i e d

3 8
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e l e m e n t s  g r e a t e r  t h a n  t  . B a c k t r a c k i n g  ma y  a l s o  l e a d  t o  a

t h r e s h o l d  i n c r e a s e  w h i c h  i s  s m a l l e r  o r  e q u a l  t o  t h e  o n e

r e q u i r e d  a t  e l e m e n t  m.  F o r  t h i s  r e a s o n ,  we a l s o  k e e p  t r a c k ,

a t  t h i s  s t e p ,  o f  t h e  r e q u i r e d  t h r e s h o l d  i n c r e a s e  o f  e a c h

e l e m e n t  k .  S e t  new t h r e s h o l d  t  • — t  +a a * 0 .  Go t o  s t e p  1 b ) .m m

STEP 2 a )  C h o o s e  a n y  r a n d o m  e n t r y  f r o m t h e  r ow ( c o l u m n )  w i t h  

MDF w h i c h  i s  u n o c c u p i e d  a n d  w h i c h  i s  s m a l l e r  t h a n  t h e  

t h r e s h o l d .  W r i t e  i n  t h e  c o r r e s p o n d i n g  p o s i t i o n  o f  LS t h e  

e l e m e n t  m. At  t h i s  s t e p  we a l s o  k e e p  t r a c k  o f  w h e t h e r  t h i s  

e l e m e n t  c a n  b e  b a c k t r a c k e d .  I f  t h i s  e l e m e n t  h a s  MDF>1 t h e n  

b a c k t r a c k i n g  i s  p o s s i b l e  i . e . ,  we ma y  c a n c e l  i t ,  f r o m t h i s  

r ow o n ,  a n d  a l s o  a l l  t h e  f o l l o w i n g  e l e m e n t s ,  i f  n e c e s s a r y ,  

t o  f i n d  a n  a l t e r n a t i v e  p o s i t i o n  i n  L S . T h e  n u m b e r  o f  

a l t e r n a t i v e  p o s i t i o n s  f r o m  t h i s  r o w  o n ,  i s  a t  m o s t  e q u a l  t o  

MDF.

b)  I f  t h e  e l e m e n t  m h a s n ' t  b e e n  w r i t t e n  o n  e v e r y  r o w  a n d  

( c o l u m n ) '  i . e . ,  r < n  s e t  r * — r  + 1 .  F i n d  t h e  n e w  DOF o f  t h e  

r e m a i n i n g  r o w s  ( c o l u m n s )  b y  d e l e t i n g  t h e  r o w s  a n d  c o l u m n s  

w i t h  t h e  e l e m e n t  m.  Go t o  s t e p  1 c ) .

d)  I f  e l e m e n t  m h a s  b e e n  w r i t t e n  on e v e r y  r o w  o f  LS ( r = n ) ,  

c h e c k  w h e t h e r  a n y  o f  t h e  p r e v i o u s  e l e m e n t s  k ,  ( k c m)  h a s  b e e n  

c a n c e l l e d .  I f  i t  h a s  s e t  m-*—k a n d  g o  t o  s t e p  1 b ) .  I f  i t  

h a s n ' t  s e t  m*- m+k,  ( w h i c h  i s  t h e  n e x t  e l e m e n t  t o  b e  f i l l e dD

u p  i n  LS)  a n d  go t o  s t e p  1 b ) .  I f  m=n s t o p ,  LS i s  c o m p l e t e .

N e x t  a f l o w  c h a r t  o f  t h e  MSL a l g o r i h t m  i s  s h o w n ,  a l s o  

i l l u s t r a t i v e  e x a m p l e  i s  g i v e n .
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I l l YES
IV

YES^ n e c e s s a r y  
to i n c r e a s e MDF=0NO

NO

NO

YES

m— m -1ES

NO

nn

any elem e  <m
^ c a n ce l le j

m— m+k

t+a

r — r+1

r = l

m=l

m=n

ES

r=n ?

B acktrack by 
c a n c e l l i n g  
e lem en t  m-1 Find MDF

W rite i n i t i a l  DOF

Choose a c r i t i c a l  l i n e  o f  th e  
t r a f f i c  m tr ix  T

D e l e t e  row and column o f  t  
s e t  t h r e s h o ld  eq u a l  t o  t  1

Choose an e lem en t  from a row w ith  
KDF, w r i t e  a t  th e  c o r r e sp o n d in g  
e n t r y  o f  LS th e  e lem en t  m

t  =m in [t  ] t  « c r i t i c a l  l i n e  m m m
Ism s n

W rite  m in  th e  c o r r e sp o n d in g  
e n t r y  o f  LS

The MSL A lgorithm  Flow Chart  
F i g  1
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Example

T=

m = l /

T =

m=4

T=
m=4^

'[3l 2 3 (1) 4 ' -  3
[3] 5 1 2 (1) -3 -2
<3> 2 (3) 1 3 -4 -3 -2
(3) 3 1 5 2
4 (1)
I .c r i t .

2 2 

l in e

2

sum

-4 -3 -2 -1  
1= 1 ,2 ,3 ,4  
=16

' f t [2] 3 (1) 4 ' -1
[3] 5 <1> 12} (1) -1 -0
G> 121 (3) 1 [3]

(3) <3> [1] 5 12S -1 -1
_4 (1) 12} [2] <2\ -1 -1

'{31 [2] 3 a> 4 * -2 -2 -2 -1
[3] 5 Cl> [2l 1 -2 -2 -1
<3> 121 3 l [3]
(3) <3> [1] 5 121 -1
_ 4 1 12\ [2] <2>. -2 -1

m=l—*() m=2—*[] m=3—•{] m=4—»< >
The d eg rees  o f  freedom o f each 

i t e r a t i o n  f o r  m=l a re  shown to  th e  
r i g h t  o f  T ( l= r - l= l ,2 ,3 ,4 ) .E a c h  tim e 
we choose an elem ent from th e  row w ith  
MDF,thus we have cl\osen th e  f i r s t  
e lem ent o f LS. With th e  same manner 
we choose e lem en ts m=27T.

At th e  4 th  e lem ent MDF becomes z e ro , 
and s in c e  b a c k tra c k in g  i s  p o s s ib le  we 

e ra s e  elem ent k= l,w hich  i s  chosen to  
av o id  a l t e r i n g  a l l  th e  e lem ents k<m, 
and we t r y  a g a in  m=3.
A f te r  s e le c t in g  m=4 we go back to  m=l 
a t  th e  s e le c t io n  o f which we d o n t need 
to  b a c k tra c k  a g a in .

T=

m=l/

3 [2] (3) <1> 4 
[3] 5 <1> (2} (1)
3 f2l 3 (1) [3] 

(3) '3> [1] 5 \2\
4 (1) \2\ [2'] <2>

- 1 - 1 - 1

- 1-1

- 2 - 2 - 2 - 1

- 1

At th e  s e le c t io n  o f th e  
5 th  elem ent we had to  in c re a se  
th e  th re s h o ld  because MDF 
became zero  and th e  uncuppied LS= 
elem ent a t  th e  l in e  w ith  MDF 

was g r e a te r  th a n  th e  th re sh o h o ld .

2

5
3
4 
1

1

4
5 
2 
3

4 
3 
1

5 
2

The r e s u l t in g  schedu le  le n g th  i s  (3) + [3] + l3l + <3> + 5 = 17
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Theorem 2 MSL algorithm is an optimal algorithm i.e., always

a c h i e v e  t h e  m i n i m u m  p o s s i b l e  s c h e d u l e  l e n g t h  u n d e r  t h i s  

f o r m u l a t i o n  o f  t h e  p r o b l e m  ( t h e o r e m  1 ) .

P r o o f  L e t  S b e  t h e  c r i t i c a l  l i n e  s u m o f  t h e  n x n  t r a f f i c

m a t r i x  T.  T h e n  S i s  t h e  l o w e r  b o u n d  o f  t h e  s c h e d u l e  l e n g t h  L

( S $ L ) .  S c h e d u l e  l e n g t h  L=S w i l l  b e  a c h i e v e d  i f  n o  i n c r e a s e

o f  t h e  i n i t i a l  t h r e s h o l d  o c c u r s  f o r  a l l  m, b e c a u s e  S i s  t h e

sum o f  t h e  e l e m e n t s  o f  t h e  c r i t i c a l  l i n e .  I f  a n  i n c r e a s e  o f

t h e  t h r e s h o l d  o c c u r s ,  b y  h f o r  t h e  mt h  e l e m e n t  ( H m < n ) ,  t h em
V\

s c h e d u l e  l e n g t h  w i l l  b e  L = S + £ h  ( h  « 0 )  . We w i l l  s h o w  t h a twi=t m m

t h i s  i n c r e a s e  h i s  a l w a y s  t h e  mi n i mu m p o s s i b l e .  A c c o r d i n g  
.*!-( ni

t o  t h e  a l g o r i t h m  w h e n  MDF b e c o m e s  z e r o ,  we a l w a y s  i n c r e a s e

t h e  t h r e s h o l d  o n l y  w h e n  i s  n e c e s s e r y  a n d  b y  t h e  m i n i m u m

a m o u n t  t o  m a k e  MDF =1 ,  a n d  t h i s  h a p p e n s  i n  t h e  f o l l o w i n g

c a s e s :  a ) W h e n  m=1 b e c a u s e  no b a c k t r a c k i n g  i s  p o s s i b l e .  The

i n c r e a s e  w i l l  b e  t h e  m i n i m u m  p o s s i b l e  t o  make  MDF=1.  b ) Wh e n

a l l  u n o c c u p i e d  e l e m e n t s  o f  t h e  r ow ( c o l u m n )  w i t h  MDF=0 a r e

g r e a t e r  t h a n  t  . I n  t h i s  c a s e  t  w i l l  be i n c r e a s e d  t o  t h e  m m

mi n i mum o f  t h e m ,  t h u s  h w i l l  b e  m i n i m u m  a n d  s o  d o e s  7  h nm 1
s i n c e  t m c ) l f  t h e  p u r p o s e  o f  b a c k t r a c k i n g  i s  t o  r e d u c e

t h e  i n c r e a s e  o f  t h r e - s h o l d  r e q u i r e d  a t  e l e m e n t  m,  t h i s

i n c r e a s e  w i l l  b e  m i n i m u m  s i n c e  we k e e p  t r a c k  o f  t h e

i n c r e a c e s  r e q u i r e d  f o r  a l l  k < m.  T h u s  ,1 h w i l l  a l w a y s  b e  ^ m

m i n i m u m .

42

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



The computational Complexity of MSL Algorithm

As we s h a l l  s h o w MSL a l g o r i t h m  i s  a p o l y n o m i a l  a l g o r i t h m .  

T h i s  m a i n l y  c o me s  f r o m  t h e  f a c t  t h a t  e a c h  t i m e  we b a c k t r a c k ,  

a c c o r d i n g  t o  t h e  a l g o r i t h m ,  we o n l y  a l t e r  o n c e  t h e  p o s i t i o n  

o f  a n y  e l e m n t  k <  m a n d  we n e v e r  t r y  e x h a u s t i v e  s e a r c h  o f  a l l  

t h e  a l t e r n a t i v e s  w h i c h  w o u l d  l e a d  t o  a n  e x p o n e n t i a l l y  t y p e  

a l g o r i t h m .

M o r e  s p e c i f i c a l l y  f o r  a n  n x n  t r a f f i c  m a t r i x  i f  n o

b a c k t r a c k i n g  i s  p o s s i b l e  ( o r  n o t  n e e d e d )  t h e  ma x i mu m n u m b e r

2o f  i t e r a t i o n s  o f  l o o p s  I ,  I I  a n d  I I I  ( s e e  f i g  1 )  w i l l  b e  n

i f  no  i n c r e a s e  o f  t h r e s h o l d  i s  r e q u i r e d  ( l o o p s  I ,  I I ) .  I f

a n  i n c r e a s e  o f  t h r e s h o l d  i s  r e q u i r e d  n t i m e s ,  f o r  e a c h

e l e m e n t  m ( l . < m< n ) ,  t h e n  t h e  t o t a l  n u m b e r  o f  i t e r a t i o n s  ( l o o p

I )  w i l l  be

n - Z  r  = n f " n ( n + 1  ) / 2 " l  = r n ^  + n ^ l ' /2 (1 )*■ I

b e c a u s e  we a s s u m e d  MDF b e c o m e s  z e r o  a t  e v e r y  r ,  w h i c h  i s  a 

v e r y  e x t r e m e  c a s e  a n d  v e r y  r a r e .  Now i f  o n e  b a c k t r a c k i n g  i s  

r e q u i r e d  ( l o o p s  I ,  I V ,  a n d  V ) ,  s a y  f r o m  t h e  mt h  e l e m e n t  b a c k  

t o  e l e m e n t  1 , t h e n  t h e  t o t a l  n u m b e r  o f  i t e r a t i o n s  w i l l  b e  

n + m ( 2 n ) ,  w h e r e  on t h e  b a c k t r a c k i n g  t e r m  m ( 2 n ) ,  t h e  n u m b e r  2 

c o me s  f r o m  t h e  a s s u m p t i o n  t h a t  MDF b e c o m e s  z e r o  a t  r = n - 1 .  

Now a l t h o u g h ,  b a c k t r a c k i n g  i s  n e e d e d  u s u a l l y  o n l y  o n c e  o r  

t w i c e  d u r i n g  t h e  w h o l e  p r o c e s s  o f  c o n s t r u c t i n g  L S ,  we 

c o n s i d e r  t h e  e x t r e m e  c a s e  w h e r e  we b a c k t r a c k  a t  e v e r y  

e l e m e n t  m ( l < m < n ) ,  t h e n  t h e  t o t a l  n u m b e r  o f  i n t e r a t i o n s  

w i l l  be
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2n  2_ m = 2 n r  n (  n+ 1 ) / 2  l = n^ + n^ ( 2 )

N e x t ,  s i n c e  we e i t h e r  b a c k t r a c k  o r  i n c r e a s e  t h r e s h o l d

( n o t  b o t h )  wh e n  MDF = 0 we t a k e  t h e  m a x i m u m  b e t w e e n  ( 1 )  a n d
3

( 2 ) .  T h u s  t h e  u p p e r b o u n d  on t h e  n u m b e r  o f  i t e r a t i o n s  i s m  ♦ 

n ), w h e r e  e a c h  i t e r a t i o n  r e p r e s e n t s  b a s i c a l l y  l o o p  I  i . e . ,  

f i n d  a n d  c h o o s e  t h e  r o w w i t h  MDF a n d  c o r r e c t  b y  f i n d i n g  new 

DOF o f  e a c h  o f  t h e  r e m a i n i n g  r o w s .

S i m u l a t i o n  r e s u l t s  r e g a r d i n g  t h e  g e n e r a t e d  s c h e d u l e  

l e n g t h  o f  MSL a l g o r i t h m  i n  c o m p a r i s o n  w i t h  t h e  c r i t i c a l  l i n e  

sum w i l l  b e  p r e s e n t e d  i n  s e c t i o n  3 .

3 .  A SUBOPTI MUM ALGORITHM

A s i m p l i f i e d  v e r s i o n  o f  MSL a l g o r i t h m  w h i c h  a l s o  r e d u c e s

i t s  c o m p l e x i t y  i s  t h e  f o l l o w i n g  s u b o p t i m u m  o n e .

G i v e n  a t r a f f i c  m a t r i x  T we c o n s t r u c t  a m a t r i x  T w h i c hs

c o n s i s t s  o f  t h e  c r i t i c a l  l i n e  o f  T a n d  t h e  l i n e  w i t h  l i n e

sum n e x t  s m a l l e r  t o  t h e  c r i t i c a l  l i n e  ( s u b c r i t i c a l  l i n e )  a n d

r e p l a c i n g  a l l  t h e  o t h e r  e l e m e n t s  o f  T w i t h  z e r o s .  A l s o ,  i f

t h e r e  i s  a n y  e l e m e n t  i n  T,  g r e a t e r  t h a n  t h e  maxi mum e l e m e n t

o f  t h e  c r i t i c a l  l i n e  we i n c l u d e  i t  i n  T . N e x t  we a p p l y  MSL

a l g o r i t h m  o n  T t o  f i n d  a l a t i n  s q u a r e  a c c o r d i n g  t o  w h i c h  s

t h e  m a t r i x  T w i l l  b e  t r a n s m i t t e d ,  s
E x a m p le

’5 7 0 3 *5 7 0 3 " ' 3 4 2 1 '

4 2 2 3 4 0 0 3 2 1 4 3

3 3 3 6 * T s 3 0 0 6
— * LS=

1 2 3 4

.5 3 3 4 5 0 0 4 .4 3 1 2.
* f
17 16
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4. THE METHOD OF HOHCOWFLICTIHG BLOCKS

H e r e  we p r o p o s e  a h e u r i s t i c  a l g o r i t h m  b a s e d  o n  t h e  m e t h o d  

o f  t r a n s m i t t i n g  n o n c o n  f  1 i  c t i n g  b l o c k s  i n d e p e d e n t l y  a n d  

s i m u l t a n e o u s l y ,  w h i c h  i s  a l s o  u s e d  i n  SA2 ( c h a p t e r  1 ) .

Th e  a l g o r i t h m  a l t h o u g h  h e u r i s t i c ,  i t  s u c e e d s  t o  r e d u c e  

t h e  s c h e d u l e  l e n g t h  c o m p a r e d  w i t h  t h e  p r e v i o u s  m e t h o d s  u s e d  

i n  t h i s  s e c t i o n .  U n f o r t u n a l l y  t h i s  m e t h o d  o n l y  c a n  b e  

a p p l i e d  w h e n  n i s  n o t  a p r i m e  n u m b e r  a n d  i n  c o m b i n a t i o n s  

w i t h  t h e  p r e v i o u s  a l g o r i t h m s .

T h e  A l g o r i t h m  h a s  a s  f o l l o w s :  G i v e n  a n  n x n  T r a f f i c

m a t i x  T

STEP 1 : W r i t e  n a s  a p r o d u c t  n = k - m  w h e r e  k = T h e  n u m b e r  o f

n o n c o n f l i c t i n g  b l o c k s  i n  a s e t ,  a n d  m = s i z e  o f  e a c h  b l o c k  

( k , m  i n t e g e r s )

S T E P  2 : F i n d  t h e  f i r s t  s e t  a k n o n c o n f 1 i c t i n g  b l o c k  a s

f  o 1 l o w s

a )  D i v i d e  t h e  c r i t i c a l  l i n e  o f  T,  i n t o  k d i s j o i n t  s e t s ,  

w i t h  m e l e m e n t s  e a c h  s e t ,  s o  t h a t ,  t h e  d i f f e r e n c e  b e t w e e n  

t h e  sum o f  t h e  e l e m e n t s  o f  e a c h  s e t  i s  mi n i mu m.

b )  P i c k  u p  o n e  o f  t h e  a b o v e  s e t s  and  f o r m a n  mxm b l o c k  s o  

t h a t  i t s  c r i t i c a l  l i n e  s u m d o e s  n o t  e x c e e d  t h e  sum o f  t h e  

e l e m e n t s  i n  t h e  s e t .  I f  t h i s  i s  n o t  p o s s i b l e ,  we c h o o s e  t h e  

e l e m e n t s  o f  t h e  b l o c k  s o  t h a t  t h e  d i f f e r e n c e  b e t w e e n  i t s  

c r i t i c a l  l i n e  sum a n d  t h e  sum o f  t h e  e l e m e n t s  i n  t h e  s e t  i s  

m i n i m i z e d .

c )  We d e l e t e  t h e  r o w s  a n d  c o l u m n s  o f  t h e  f i r s t  b l o c k  a n d  we
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a p p l y  s t e p s  2 a ,  a n d  2 b  o n  t h e  r e s u l t i n g  m a t r i x  t o  f i n d  t h e  

r e m a i n i n g  b l o c k s  i n  t h e  s e t .  ( B e t w e e n  t h e  c r i t i c a l  l i n e  

s u m s  o f  e a c h  b l o c k  i n  a s e t  o f  n o n c o n f l i c t i n g  b l o c k s ,  t h e  

max i mum o n e  m u s t  b e  t h e  o n e  t h a t  b e l o n g s  t o  t h e  f i r s t  b l o c k  

i . e . ,  t h e  s um o f  t h e  e l e m e n t s  g i v e n  i n  t h e  s e t .  I f  t h e  a b o v e  

i s  n o t  p o s s i b l e ,  we t r y  t o  m i n i m i z e  t h e  d i f f e r e n c e ) .

STEP 3 : a )  G i v e n  t h e  f i r s t  s e t  o f  k n on  c o n f  1 i  c t  i  n g  b l o c k s ,  

we d e t e r m i n e  t h e  r e m a i n i n g  k - k  b l o c k s  ( o r  c e l l s )  i n  T by  

t a k i n g  t h e  i n t e r s e c t i o n  o f  t h e  r o w s  a n d  c o l u m n s  o f  e v e r y  t wo  

b l o c k s  o f  t h e  f i r s t  s e t .

b )  Fo r m a k x k  m a t r i x  L e a c h  e n t r y  o f  w h i c h  r e p r e s e n t s  t h e  

c r i t i c a l  l i n e  sum o f  t h e  c o r r e s p o n d i n g  b l o c k  i n  T.  T h e  m a i n  

d i a g o n a l  i n  L may b e  u s e d  t o  r e p r e s e n t  t h e  f i r s t  k b l o c k s .

STEP 4 : A p p l y  t h e  MSL a l g o r i t h m  ( s e c t i o n  1)  i n  L t o  f i n d  a

l a t i n  s q u a r e  w h i c h  m i n i m i z e  t h e  s c h e d u l e  l e n g t h ,  g i v e n  t h e  

e l e m e n t  1 i n  LS i s  f i l l e d  u p .  So t h i s  w a y  we d e f i n e  t h e  

r e m a i n i n g  ( k - 1 )  s e t s  o f  n o n c o n f l i c t i n g  b l o c k s  i n  T w i t h  t h e  

a i d  o f  t h e  l a t i n  s q u a r e  f o u n d  a b o v e .

S T E P  5 : T r a n s m i t  e a c h  b l o c k  i n  e s e t  o f  n o n c o n f 1 i c t i n g

b l o c k s  s i m u l t a n e o u s l y  a n d  i n d e p e n d e n t l y  w i t h  e a c h  o t h e r ,  a n d  

o n e  s e t  a f t e r  t h e  o t h e r .  I n  o r d e r  t o  t r a n s m i t  a n  mxm b l o c k  

o p t i m a l l y  m>,3 we n e e d  t o  a p p l y  t h e  a l g o r i t h m  o f  s e c t i o n  1 o r  2

E x a m p l e  g i v e n  b e l o w
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E x a m p le

T=

1 (4)(2)  5 6 9t ,
8 4 1.1 7 (2 )-•( 2)

[3] (6) (6) [ 12][9} (51 
(5)-5 - 7 (7) 1 9
4 11 4 3 (8)(1)

(9)•4 - 3- (6) 7 9_

'8 7 ( 2 ) ( 2 )
(5)(7)  7 9

M= 4 3 (8)(1)
(9)(6)  7 9

n=6, k=3(number o f se ts),m = 2 (b lo ck  s iz e )  
S e t 1— 0 ,  2—* [ ] , 3—►{. {

■ crit l in e  
sum=41

•*—31

c r i t  l i n e  sum=55

Step 2c: By c a n c e l lin g  th e  rows 
th e  rows and columns o f th e  f i r s t  
bock of th e  1 s t  s e t  and app ling  
aga in  s te p s  2a and 2b on th e  rem aining 
m atrix  we determ ine  th e  rem aining 
b locks of th e  f i r s t  s e t .S e e  m atrix  
M below.

By ta k in g  th e  in r s e c t io n  of the  
rows and columns o f every  two b locks 
of the  f i r s t  s e t  we d e te rn in e  th e  
b locks of th e  rem aining s e ts ( s te p  3a) .

R ep resen ting  each by i t s  c r i t .  l in e  
sum we form th e  kxk m atrix  L. The main 
d iagona l in  L re p re s e n ts  th e  f i r s t  s e t .  
( s te p  3 b ) .

(12) 17 15 '
' l 3 2

L= 12 (15) 15 — * LS= 2 1 3
15 18 (10) 3

•
2 1

The r e s u l t in g  schedule len g th  i s  55

i
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5 .  SIMULATION RESPITS

I n  o r d e r  t o  c o m p a r e  t h e  a v e r a g e  s c h e d u l e  l e n g t h  g e n e r a t e d  

b y  e a c h  o f  t h e  p r e s e n t e d  a l g o r i t h m s  we h a v e  s i m u l a t e d  e a c h  

o n e  o f  t h e m  a n d  r u n  i t  o n  1 0 0  r a n d o m l y  g e n e r a t e d  t r a f f i c  

m a t r i c e s .  E a c h  e n t r y  o f  t h e  t r a f f i c  m a t r i x ,  t h a t  r e p r e s e n t s

t h e  m e s s a g e  l e n g t h  i n  p a c k e t s ,  h a v e  t h e  s a m e  p r o b a b i l i t y

d i s t r i b u t i o n  w h i c h  i s  c h o s e n  t o  b e  i n  c a s e  i )  u n i f o r m

d i s t r i b u t e d  b e t w e e n  0 a n d  2 0 ,  a n d  i n  c a s e  i i )  P o i s s o n  

( P ( x  = k )  = e ( A ^ / k ! ) ) w i t h  m e a n  1 = 7 . MSL a l g o r i t h m  a n d  

S u b o p t i m u m  a l g o r i t h m  h a v e  s i m u l a t e d  f o r  n = 4 , 5  a n d 6 , w h i l e  t h e  

The  Me t h o d  N o n c o n f l i c t i n g  B l o c k s  h a s  s i m u l a t e d  f o r  n = 4 .  T h e  

r e s u l t s  a r e  s h o w n  i n  T a b l e s  1 a n d  2 ,  w h e r e  S = A v e r a g e

c r i t i c a l  l i n e  s u m ,  L = a v e r a g e  s c h e d u l e  l e n g t h  a n d  

Lq % = ( L - S ) 1 0 0 / S  i s  t h e  a v e r a g e  p e r c e n t a g e  o v e r l e n g t h .

T r a f f .  m a t r i x S L V
MSL a l g o r i t h m  !

i

4x4 5 4 . 1 5 0 5 8 . 0 7 0 7 . 2 2

5x5 6 8 . 4 5 0 7 4 . 8 5 0 9 . 5 2

6x6 8 5 . 7 4 7 9 1 . 6 1 5 9 . 4 2  |

S u b o p t i m u m  a l g o r i t h m

4x4 KS
l —4 CD 6 0 . 7 7 0 1 5 . 0 2

5x5 6 8 .  50 8 1 . 9 5 0 1 9 . 6 2

6x6 8 5 . 7 5 1 0 0 . 4 1 9 . 9 2

M e t h o d  o f  n o n c o n f l i c t i n g  b l o c k s

4 x 4 5 4 . 2 5 5 7 . 5 9 6 . 1 2

E n tr ie s  U niform ly d i s t .  between 0-20
Table 1
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T r a f f .  M a t r i x s L
M  ‘

MSL a l g o r i t h m

4 x 4 5 6 . 2 5 3 8 . 0 2 4 . 8 $  ■

; 5x5 4 4 . 9 9 4 8 . 5 5 7 . 9 $

| 6 x6 5 4 . 8 1 5 9 . 1 3 7 . 9 $  |

S u b o p t i m u m  a l g o r i t h m

4 x 4 3 6 . 0 7 3 9 . 4 0 9 . 2 $  !

5x5 4 4 . 8 7 5 0 . 9 4 1 3.558

6 x6 5 4 . 7 7 6 2 . 4 9 1 4 . 1 $

Me t h o d  o f  n o n c o n f l i c t i n g  b l o c k s

4 x4 5 6 . 2 3 3 8 . 0 5 4 . 8 $

Th e  t r a f f .  m a t r i x  h a s  P o i s s o n  e n t r i e s  w i t h  mean  7

T a b l e  2

As we o b s e r v e  f r o m  t h e  t a b l e s  1 a n d  2 ,  t h e  M e t h o d  o f

n o n c o n f 1 i c t i n g  b l o c k s  g i v e s  u s  t h e  s h o r t e s t  a v e r a r e

o v e r l e n g t h  f o r  t h e  4 x 4  c a s e .  N e x t  c o m e s  t h e  MSL a l g o r i t h m

w h i c h  g i v e s  t h e  m i n i m u m  p o s s i b l e  L u n d e r  t h e  c o r r e s p o n d i n g

s c h e d u l i n g  m e t h o d  ( t h e o r e m  2 ) .  T h e  a v e r a g e  p e r c e n t a g e

o v e r l e n g t h  o f  t h i s  m e t h o d  i n  b o t h  c a s e s  ( u n i f o r m  a n d

p o i s s o n )  i s  w i t h i n  5 t o  1 0 $  o f  t h e  S ,  a n d  t h i s  t h e  p r i c e  we

p a y  f o r  t h e  a d v a n t a g e s  we g e t .  H o w e v e r  5' t o  1 0 $  i s  n o t  m u c h

i f  we c o n s i d e r  t h a t  i t  may  c o s t  u s  m u c h  m o r e  i n  s c h e d u l e

l e n g t h  w i t h  n u m b e r  o f  s w i t c h i n g s  b o u n d e d  by  n ^ + 2 n + 2 .

F i n a l l y  t h e  s u b o p t i m u m  a l g o r i t h m  g i v e  u s  a n  L $ w i t h i n  10 t o
o

2 0$  w h i c h  i s  c o m p a r a b l e  w i t h  t h e  h e u r i s t i c  a l g o r i t h m  g i v e n  

by G o p a l  a n d  Wong i n  T 21 1.
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CHAPTER 3

1. A C la s s  o f  T ree  A lgo ri thm s With V a r i a b l e  Message Length

A v e ry  e f f i c i e n t  ty p e  of p r o t o c o l s  f o r  s a t e l l i t e  c h a n n e ls  a r e  

th e  t r e e  p r o t o c o l s .  They have th e  a d v a n ta g e  t h a t  they  a r e  s t a b l e  and 

c a r r y  sm a l l  d e l a y s .  The maximum th ro u g h p u t  i s  0 .347  p a c k e t ^ s l o t  f o r  

th e  b a s i c  and 0 .4 3  f o r  th e  dynamic a l g o r i t h m s ,  r e f e r e n c e s  [31] and [3 2 ] ,  

In  th e  t r e e  a lg o r i t h m s  th e  ch an n e l  t im e  i s  s l o t t e d  and a l l  u s e r s  a r e  

s p a t i a l l y  i s o l a t e d ,  i . e .  th e  o n ly  means o f  communication i s  th ro u g h  th e  

ch an n e l  i t s e l f .  The c o l l i s i o n ,  among a number of u s e r s ,  i s  r e s o lv e d  

p r e c i s e l y  a f t e r  a  c e r t a i n  p e r io d  of t im e  which i s  c a l l e d  C o l l i s i o n  

R e s o lu t io n  I n t e r v a l  (C R I). A l l  u s e r s  i n  th e  sy s tem , w he ther in v o lv e d  in  

th e  c o l l i s i o n  o r  n o t ,  a r e  aware o f  t h e  tim e span  o f  th e  CRI.

To improve th e  th ro u g h p u t ,  we a l lo w  th e  u s e r  to  t r a n s m i t  th e  

rem a in in g  of i t s  message a f t e r  s u c c e s s f u l  t r a n s m is s io n  o f  th e  f i r s t  

p a c k e t  of th e  m essage . This  i s  a n a ly z e d  i n  s e c t i o n s  2 and 3 ,  f o r  sm a l l  

and l a r g e  numbers o f  u s e r s ,  r e s p e c t i v e l y .

The s m a l l  number of u s e r s  a n a l y s i s  i s  based  on a Markov c h a in  

which h as  a s  s t a t e  p r o b a b i l i t i e s  t h e  number o f  u s e r s  c o l l i d e d  a t  th e  

b e g in n in g  o f  each  CRI. The l a r g e  number of u s e r s  a n a ly s i s  i s  b ased  on 

th e  t r a f f i c  in d ep en d e n t  p r o p e r t i e s  o f  th e  t r e e  a lg o r i th m s  g iven  i n  [ 32] .  

In b o th  c a s e s  we g e t  c o n s id e r a b l e  improvement on th e  maximum th ro u g h p u t .

In  s e c t i o n  4 th e  id e a  of " r e s e r v a t i o n "  i s  u t i l i z e d  a s  f o l lo w s :  

The c o l l i s i o n  among th e  u s e r s  i s  r e s o lv e d  u t i l i z i n g  s m a l l  " t e s t "  p o c k e ts  

which c a r r y  th e  in fo rm a t io n  ab o u t  th e  l e n g t h  of each u s e r ' s  message
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co n ten d in g  f o r  t r a n s m i s s i o n .  A f t e r  th e  end o f  th e  t e s t  p a c k e t ' s  CRI th e  

ch a n n e l  t im e  i s  r e s e r v e d  f o r  each  u s e r ,  one a f t e r  th e  o t h e r ,  to  t r a n s m i t  

i t s  m essage . T h is  scheme, named R e s e r v a t io n  T ree A lg o r i th m , h as  maximum 

th ro u g h p u t  a p p ro a c h in g  one as th e  message l e n g t h  i n c r e a s e s ,  and a l s o  

c a r r i e s  s m a l l  d e l a y s .  Thus u t i l i z i n g  th e  i d e a  o f  r e s e r v i n g  th e  c h a n n e l  

by meam s o f  t r e e  a l g o r i t h m  and t r a n s m i t t i n g  th e  message a f t e r w a r d s ,  

we have th e  good p r o p e r t i e s  of t h e  t r e e  a l g o r i t h m  and we a l s o  a c h ie v e  

h ig h  maximum th r o u g h p u t .  A comparable scheme t h a t  u t i l i z e s  th e  id e a  of 

t r a n s m i t t i n g  th e  whole message a f t e r  s u c c e s s f u l l y  c o n t e n d i n g  f o r  i t s  

f i r s t  p a c k e t  i s  th e  R e s e rv a t io n  -  ALDHA p r o t o c o l  p re s e n te d  i n  [ 3 5 ] .

In s e c t i o n  5 of t h i s  c h a p te r ,  th e  problem  o f  long  p ro p a g a t io n  

d e la y s  of s a t e l l i t e  c h a n n e ls  i s  c o n s id e r e d .  The proposed  i n t e r l e a v i n g  

scheme, named A l t e r n a t i n g  Tree A lg o r i th m s ,  h a s  c e r t a i n  a d v a n ta g e s  o ver  

th e  e x i s t i n g  schemes [ 34 ] ,  ad a p ts  e f f i c i e n t  s a t e l l i t e s  ch an n e l  long  

p r o p a g a t io n  d e l a y s .

F i n a l l y ,  in  s e c t i o n  6 we p r e s e n t  and an a ly z e  a h y b r id  TDMA-tree 

scheme a p p r o p r i a t e  f o r  m u lti-beam  s a t e l l i t e s  a c c o rd in g  to  i . i j e a c h  TDMA 

s l o t  i s  d e d ic a t e d  f o r  c o l l i s i o n  r e s o l u t i o n  (a c c o rd in g  to  th e  t r e e  a l g o ­

r i th m )  among th e  u s e r s  w i th  th e  same d e s t i n a t i o n  zone.
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2 .  Ca s e  o f  S m all  Number o f  U se rs

We assum e a  n o i s e l e s s  c h a n n e l  o f  t h e  t im e  s l o t t e d  t y p e .  The l e n g t h  o f  each  

s l o t  e q u a l s  t o  t h e  l e n g t h  o f  t h e  p a c k e t  T . Each u s e r  g e n e r a t e s  a m essag e  o f  h  

p a c k e t s  i n  a  s l o t ,  w i t h  p r o b a b i l i t y  o. The l e n g t h  o f  t h e  m essage i s  assum ed 

to  be  g e o m e t r ic  w i t h  p a r a m e te r  p . The u s e r  c a n  h av e  a  maximum o f  one m e ssa g e ,  

i n c l u d i n g  t h e  c o l l i d e d  o n e .  The f e e d b a c k  i n f o r m a t i o n  i s  im m e d ia te ly  a v a i l a b l e  

a t  th e  end o f  e a c h  s l o t  ( z e r o  p r o p a g a t i o n  d e l a y ) .  T h i s  i n f o r m a t i o n  i s :  

a )  empty (no p a c k e t  t r a n s m i t t e d ) ;  b ) s u c c e s s f u l  (one p a c k e t  t r a n s m i t t e d ) ;

c) c o l l i d e d  (two o r  more p a c k e t s  t r a n s m i t t e d ) .

The b a s i c  T r e e - a l g o r i t h m  can  be d e s c r i b e d  a s  f o l l o w s :  each  u s e r  i s  

a s s ig n e d  a l e a f  i n  a  b i n a r y  t r e e .  A f t e r  a  c o l l i s i o n ,  t h o s e  u s e r s  who own 

a  l e a f  i n  t h e  u p p e r  h a l f  o f  t h e  t r e e  r e t r a n s m i t  i n  t h e  n e x t  s l o t  and th o s e  

who own a  l e a f  i n  t h e  lo w er  h a l f  r e t r a n s m i t  i n  t h e  n e x t  s l o t  a f t e r  t h e  c o l ­

l i s i o n  ( i f  any) among t h o s e  i n  t h e  upper h a l f  h a s  b een  r e s o lv e d .

For t h e  c a s e  o f  a  m essage  o f  .h p a c k e t s  l o n g ,  t h e  f i r s t  p a c k e t  i n  t h e  

m essage i s  t h e  one t h a t  goes  th ro u g h  th e  c o l l i s i o n .  Once i t  s u c c e e d s  i n
I

t r a n s m i s s i o n ,  i t  i s  f o l l o w e d  by t h e  r e s t  o f  t h e  m essag e  (h -1  p a c k e t s ) . The 

' l a s t  p a c k e t  i n  t h e  m essag e  h a s  a  f l a g  w hich  i n d i c a t e s  t h e  end o f  t h e  m e s s a g e .  • 

An i l l u s t r a t i v e  ex am p le  i s  g iv e n  below ; we c o n s i d e r  a  system  o f  8 u s e r s  

(M=8), F ig .  2 . 1 .  U s e r s  A, B, G, and  H hav e  a  m essag e  t o  t r a n s m i t .  U s e r s  A 

and H have  3 - p a c k e t  m e s s a g e s ,  w h i l e  u s e r s  B and  G h av e  2 -p a c k e t  m e ssa g e s .

A f t e r  t h e  f i r s t  p a c k e t  o f  u s e r  A su c c e e d s  i n  s l o t  4 ,  u s e r  A c o n t i n u e s  t r a n s ­

m i t t i n g  t h e  r e s t  d.f t h e  m essage  i n  s l o t s  5 and  6 .  The t h i r d  p a c k e t  c o n t a i n s  

a  f l a g  i n d i c a t i n g  t h e  end  o f  t h e  m essage .  U se r  B th e n  t r a n s m i t s  h i s  2 - p a c k e t  

m essage in  s l o t s  7 and 8 .  The c o l l i s i o n  r e s o l u t i o n  i n t e r v a l  (CRI) i n  t h i s  

example i s  17 s l o t s .
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A,B

A,3

11

G,H

G,H

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

A B 
G Hi ...

A R A B A A A B B G H G H G G H H H

CRI = 17 S l o t s

The T re e  A lgori thm  w i th  V a r i a b l e  Message Length  (8 u s e r s )  

F ig .  2 .1
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The a n a l y s i s  h e r e  w i l l  be b a se d  on o b t a i n i n g  , t h e  s t e a d y  s t a t e

p r o b a b i l i t y  o f  h a v in g  j  u s e r s  c o n te n d in g  f o r  t r a n s m i s s i o n  a t  th e  b e g in n in g  

o f  t h e  CRI.

S in c e  R d ep en d s  on t h e  CRI l e n g t h  we n eed  t o  o b t a i n  t h e  c o n d i t i o n a l  

d i s t r i b u t i o n  o f  t h e  CRI.
t

2 .1  C o n d i t i o n a l  D i s t r i b u t i o n  o f  t h e  C o l l i s i o n  R e s o l u t i o n  I n t e r v a l  (CRI) L en g th  

L e t  a ( L / h 1#h 2 , . . . ,h j,M ) = s t e a d y  s t a t e  p r o b a b i l i t y  t h a t  th e  CRI l e n g t h  

I s  L s l o t s  lo n g  g iv e n  j  u s e r s  c o n te n d in g  f o r  t r a n s m i s s i o n ,  each  w i t h  m essage 

l e n g t h  h ^ , h 2 , . . . , h .  r e s p e c t i v e l y ,  and M i s  t h e  t o t a l  number o f  u s e r s  i n  t h e

The p r o b a b i l i t y  t h a t  e x a c t l y  i  o f  t h e  c o l l i d i n g  j  u s e r s  own a  l e a f  on t h e  

u p p e r  p a r t  o f  t h e  t r e e  and e x a c t l y  ( j —i )  own a  l e a f  i n  t h e  low er p a r t  ( s e e  

F ig  2 .2 )  i s  t h e  h y p e r  g e o m e tr ic  p r o b a b i l i t y  r ^ ( j ,M )

sy s te m .

In  t h i s  s e c t i o n  a (L /h ^ h 2 . . .  ,h^. ,M) i s  o b t a i n e d  a s  a  s o l u t i o n  o f  a  r e c u r s i v e  

e q u a t i o n .

k

(2- 1)

o £ i £ M / 2  f o r  j  < M/2 

j-M/2<i<_M/2 f o r  j<M/2

F ig .  2 . 2
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I f  k  i s  a  random v a r i a b l e  r e p r e s e n t i n g  t h e  number o f  s l o t s  n eed ed  to  

r e s o l v e  t h e  c o l l i s i o n  among t h e  i  u s e r s  f o l l o w i n g  t h e  b ra n c h  Up, th e n  

L -k -1  i s  t h e  number o f  s l o t s  n ee d ed  to  r e s o l v e  t h e  c o l l i s i o n  among th e  

( j - 1 )  u s e r s  f o l l o w i n g  t h e  b ra n c h  Lo

a(L  = 0 /J  = 0,M) = 1 and a (L  = h /h ,M ) = 1 

and f o r  M>8 and 4_<j<M/2 t h e  f o l lo w in g  r e c u r s i v e  e q u a t io n  can  be  w r i t t e n  

a ( L / h 1 , h 2 , . . . , h j ,M) = { r o (j ,M ) + r  ( j  ,M) M L - 2 / h j , hj  , M/2) +

+  r L ( j  ,M)ct(L-h.^- l / h 2  h j f M/2)  +  ,M )a(L -h j - l / h 1 , h 2  h

j - 2  k 2
+ I  r  ( j ,M ) { l  a (L = k /h  , . . . , h i ,M /2 ) a ( L = k - l /h i + 1 , . . . , h . , M / 2 ) }  

i = l  k=kl J

j
f o r  L = j+E h . - l , . . .  , L ( M / 2 , h . , . . .  , h . )

i = l  1 1 3

The ab o v e  r e c u r s i v e  e q u a t i o n  r e p r e s e n t s  t h e  sum m ation, o v e r  i ,  o f  th e  

p o s s i b i l i t y  h a v in g  i  u s e r s  f o l l o w i n g  b r a n c h  Up t im e s  th e  sum m ation , o v e r  k ,  o f  

th e  p r o b a b i l i t y  t h a t  t h e  t im e  to  r e s o l v e  t h e  c o n t e n t i o n  o f  t h e  i  u s e r s ,  i n  a 

t r e e  o f  M /2  l e a v e s ,  i s  k  s l o t s ,  t im e s  t h e  p r o b a b i l i t y  o f  r e s o l v i n g  t h e  j - f  

u s e r s ,  i n  a  t r e e  o f  M /2  l e a v e s ,  i n  L - ( k + l )  s l o t s .  ^

k^ i s  t h e  minimun and k 2 t h e  maximum v a l u e  o f  k  g iv e n  i  u s e r s  co n te n d in g  

o u t  o f  M/2
i  i

k .  » 2 i - l + I  (h -1 )  = i  + I  h  -1
1 n = l  n  n = l  n

j  1
k 9 = L -  { 2 ( j —i )  + I  (h  - I . )}  = L -  ( j - 1 )  -  I  h

2 n = i+ l  n  n - i+ 1

55

,M/2)  +  

(2 . 2)

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



L ( j • • . , h j )  i s  t h e  maximum l e n g t h  o f  t h e  CRI w i t h  j  u s e r s  c o n te n d in g

and ea ch  w i t h  m essag e  l e n g t h  h ^ , h 2 , . . . , h j  r e s p e c t i v e l y .

F o r  j = M/2+1 r Q( j ,M )= r^ ( j ,M )= 0  and  i = 2 , . . . , M/2-1

j  = M/2+2 r o ( j ,M ) = r 1 ( j ,M )= r j _ 1 ( j ,M ) = r j ( j ,M )= 0

and i = j - M / 2 . . . , M / 2

The f o l l o w i n g  s p e c i a l  c a s e s  a r e  exam ined  be lo w .

F or J=3 M>8

a ( L / h 1 , h 2 , h 3 ,M )= (ro (3 ,M )+ r3 ( 3 ,M ) } a ( L - 2 /h 1 , h 2 , h 3 ,M/2) +

+  r 1 ( 3 , M ) u ( L - h , - l / h 2 ,h 3 ,M/2) + ^ O . M M L - h ^ l / t y h ^ M ^ )

F or M = 4
4

j= 4  a(3+E h . / h . .............h , ,M = 4 )= l
i = l  1

3
J=3 a(2+7. h i / h 1 , h 2 , h 3 ,M=4)=l

i = l

j= 2  a ( h 1+h2+ l / h 1 , h 2 ,M=4)=r1 ( 2 ,4 ) = 2 / 3

a ( h 1+h2+ 2 / h 1 , h 2 ,M = 4 )= ro ( 2 ,4 )+ r2 ( 2 , 4 ) = l / 3

j = l  a ( h /h ,M ) = l  j=0 o (L = l /0 ,M )= l

2 .2  The System  Markov C hain

I f  we c o n s i d e r  a s  t h e  s t a t e  o f  t h e  s y s te m  t h e  number o f  u s e r s  c o n te n d in g  

f o r  t r a n s m i s s i o n  a t  t h e  b e g in n in g  o f  t h e  CRI, th e n  we can  form an  imbedded 

Markov c h a in  d e s c r i b i n g  th e  s y s te m .  L e t ’ s  d e f i n e  P̂ . = s t e a d y  s t a t e  p r o b a b i l i t y  

o f  h a v in g  j  u s e r s  c o n te n d in g  f o r  t r a n s m i s s i o n  a t  t h e  b e g in n in g  o f  CRI.
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I f  aL i s  t h e  s t e a d y  s t a t e  p r o b a b i l i t y  t h a t  CRI l e n g t h  i s  L, th e n

a  = I  . . . I  I a ( L / h 11h , , . . h . , M ) P ( h , ) . . . P ( h . )  2 . 3

j  2 h l

L = 3 , 4 , . . . , j M  +  H- l  and L^j  +  H- l  f o r  a l l  j  

and  j  = M f o r  L^2M-1 

w here i n  t h e  ab o v e  e q u a t i o n  P (h ^ )  i  = a r e  t h e  p r o b a b i l i t i e s  t h a t

t h e  m essag e  l e n g t h s  a r e  h^ p a c k e t s  lo n g  and

j
H = I  h  

i = l  1
k-1We assum e P (h^= k) = pq and q = 1 -p  ( g e o m e t r i c  d i s t r i b u t i o n )

L e t  A j (n )  r e p r e s e n t  t h e  t r a n s i t i o n  p r o b a b i l i t y  f o r  t h e  sy s tem  Markov C h a in ,  

from s t a t e  j  a t  t im e  ( t - L )  to  s t a t e  n a t  t im e  t  ( s e e  f i g .  2 . 3 ) .

F ig .  2 .3

C R I(k+ l)

The s t e a d y  s t a t e  p r o b a b i l i t y  Pn o f  h a v in g  n  u s e r s  c o n te n d in g  f o r  t r a n s m i s s i o n  

a t  t h e  C R I(k + l)  i s  g iv e n  by
M

P = 2 A . ( n ) P .  o<n<M ( 2 . 4 )
n j - o  j  j

L e t  a “  p ro b  (a  u s e r  g e n e r a t e s  a t  l e a s t  one m essage  d u r in g  a  CRI o f
Li

l e n g t h  L) T
o L = 1 -  ( l - o )

w here  a i s  t h e  m essage  a r r i v a l  r a t e  ( i . e . ,  a m e s s a g e s / s l o t )
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The t r a n s i t i o n  p r o b a b i l i t i e s  th e n  a r e  g iv e n  by

L(j,M ) 
A .(n )  = E . . .  I  I  E

3 h h h L=j+H-1 ..

where L (j ,M ) = L ( j )  + H-j and L ( j )  i s  t h e  maximum CRI l e n g th  i f  each  o f  th e  iQcix max

j  c o l l i d e d  u s e r s  had a s i n g l e  p a c k e t  m essage . In  o t h e r  w ords, A^(n) i s  th e

p r o b a b i l i t y  t h a t  each  o f  th e  n  u s e r s ,  o u t  o f  M, g e n e r a t e  a t  l e a s t  one message

d u r in g  a  CRI o f  l e n g th  L. I f  more th a n  one m essage a r r i v e s  d u r in g  a CRI, one

w i l l  be s t o r e d  i n  th e  u s e r ' s  b u f f e r  to  be  t r a n s m i t t e d  i n  t h e  n e x t  CRI w h i le  th e

r e s t  w i l l  be  r e j e c t e d .

2 .3  D e lay  A n a ly s i s

The a v e r a g e  t o t a l  m essage d e l a y  i s  t h e  sum o f  th e  a v e ra g e  w a i t i n g  t im e  

u n t i l  t r a n s m i s s i o n  a t  th e  b e g in n in g  o f  t h e  n e x t  CRI, d e n o te d  by W, p l u s  th e  

a v e ra g e  t im e  s p e n t  from th e  b e g in n in g  o f  t h e  CRI u n t i l  s u c c e s s f u l  t r a n s m i s s i o n  

o f  t h e  m essag e .  We r e f e r  to  t h e  l a t t e r  a s  s e r v i c e  t im e  S.

f i r s t  t r a n s m i s s i o n  u n t i l  s u c c e s s f u l  t r a n s m i s s i o n  o f  t h e  m essag e ,  g iv e n  j  

c o l l i d i n g  u s e r s  e a c h  w i t h  m essage  l e n g t h  h ^  p a c k e t s  l £ i f j  and t o t a l  number o f  

M u s e r s )

D = W + S ( 2 . 6)

W i s  e q u a l  to  one h a l f  o f  th e  a v e r a g e  CRI l e n g t h  L ,  i . e .
00

W = 1 /2  L and L = Z L aT
L=1

( 2 . 7 )

s i n c e  we assum e on t h e  a v e ra g e  t h e  p a c k e t  a r r i v e s  a t  t h e  m id d le  o f  t h e  CRI. 

The s e r v i c e  t im e  i s  d e r iv e d  s i m i l a r l y  a s  i n  r e f e r e n c e  £3 3]

L e t  W(K/h1 , h 2 , . . . , h j ,M) = P rob  ( a  p a c k e t  t a k e s  K s l o t s  from t h e  moment o f  i t s
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r l  k= l
M(k/h,M) = J W(0/0,M) = 0

l o  W l

Now we o b t a i n  W( k / h ^ , h 2 , • • . ,M) i n  a  r e c u r s i v e  ap p ro a c h  a s  f o l l o w s :  

f o r  M>4 and j£M /2

W (k/h1, h 1  h . ,M) = r o ( j , M) W( k - l / h 1 , . . . , h . , M / 2 )  +

(2 .8 )

+ Z r i ( j , M ) { ( j ) W ( k - l / h l i . . , h 1 ,M / 2 ) + ( J j i ) Z  0(1/1^ .........h i ,M /2 )W (k -L - l /h i + 1 , . .

where r ^ ( j ,M )  i s  d e f i n e d  i n  e q u a t io n  ( 2 .1 )  and a ( L / h ^ , . . . , h^ , M/ 2)  i s  g iv e n

from e q u a t i o n  ( 2 . 2 ) .

The above e q u a t i o n  r e p r e s e n t s  a  summation o v e r  i ,  o f  t h e  p r o b a b i l i t y  o f

h av in g  i  u s e r s  f o l l o w i n g  b ra n c h  Up ( s e e  F i g .  2 . 3 ) ,  i \ ( j , M ) J t im e s  t h e  p r o b a b i l i t y

th e  p a c k e t  t a k e s  (k -1 )  s l o t s  g iv e n  i  c o l l i d i n g  u s e r s  i n  t h e  T re e  o f  M/2 l e a v e s .

The seco n d  te rm  i n s i d e  t h e  summation r e p r e s e n t s  t h e  c a s e  when t h e  p a c k e t  i s

one o f  t h e  ( j - i )  p a c k e t s  t h a t  fo l lo w e d  b r a n c h  Lo. I n  t h i s  c a s e  t h e  m essage

has  to  w a i t  u n t i l  a l l  t h e  i  m essages h ave  b ee n  t r a n s m i t t e d .

p r o b a b i l i t y  t h a t  t h e  p a c k e t  i s  one o f  t h o s e  w hich  fo l lo w e d  b ra n c h  Lo, t im e s

th e  summation o v e r  L o f  t h e  p r o b a b i l i t y  t h e  CRI l e n g t h  i s  L s l o t s  lo n g  g iv e n

i  c o l l i d i n g  u s e r s  i n  t h e  u p p e r  s u b t r e e ,  t im e s  t h e  p r o b a b i l i t y  a p a c k e t  t a k e s

k -L -1  s l o t s  g iv e n  L - l  c o l l i d i n g  u s e r s  i n  t h e  lo w er  s u b t r e e  o f  M / 2  l e a v e s .

Fo r  j>M/2
M/2 .

W ( k /L . , . . ,h . ,M )* =  £ r  ( j , M ) { ( v ) W ( k - l / h . , . . , h  ,M/2) +
1 1 i - j - M / 2  1 3

+ (3t ~)E  a ( L / h . , .  • .  ,h^,M /2)W (k—L - l / h y _ ^ , • • • »hj ,M /2 )} (2 .9 )
3 L

By u n c o n d i t i o n in g  o v e r  j  and tu  we g e t

W(k) -  £ . . .  2 £ W ( k / h , , h , , . . . , h  ,M)P(h ) P ( h 2) . . . P ( h  ) / l - P Q (2 .1 0 )
h .  h 2 h i  3
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We divide by (1—PQ) since we assume a t le a s t one packet is  transm itted a t the 

beginning of the CRI.

Hence the average service time S is  given by 

L(M)
S - E  K W(k)  (2 .1 1 )

k -o

Now i f  we consider tha t every user has the same probability  d is trib u tio n  

for i t s  message length, i . e . ,  PO i^-PO i^)-.. . = P ( h j ) - P ( h ) t h a t  is  geometric

k-1 -p(h*k)=q p ,k - l ,2 , . . ,p * l-q , and h -l/p , then we may represent a l l  the users having

the same message length random variable h, which g rea tly  sim plifies the compu­

ta tio n a l complexity of the problem.

Thus instead of having ct(L/h^,. .  ,h^ ,M) we have a(L/j,M ,h) the steady

s ta te  probability  th a t the CRI length is  L s lo ts  long, given j users contending 
for transmission, M users in  the system and the message length is  h packets. Also

W (k/hj,. . ,hj,M) is  replaced with W(k/j,M,h) the p robability  a packet takes IT

slo ts  from the moment of i t s  f i r s t  transmission u n til  successful transmission

given j , M, and h. __

The Delay vs.- Throughput ch arac te ris tics  are given in Fig. 2-4 for M“4 

users and average message length L ■ 1, 2„ and 6. The Throughput Thr has

been defined as follows:
number of successful transmissions per CRI 

r  " to ta l  number of s lo ts  per CRI

Thus the throughput can be expressed as follows:

Thr -  h I  -3-  (2.12)
L

M
where J -  Z JP. i s  the average number of users collided 

J - 0  J

in  the f i r s t  s lo t  of the CRI and L the average CRI length. With M-4 users and 

average message length h ■ 1,2, and 6. The maximum throughput Is 0.58, 0.73, and 

0.89, respectively.
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3. Case o f  I n f i n i t e  Number o f  U se r s

F o r  i n f i n i t e  number o f  u s e r s ,  t h e  a l g o r i t h m  i s  s l i g h t l y  d i f f e r e n t  from 

t h e  f i n i t e  c a s e ,  The b a s i c  a l g o r i t h m  can  b e  d e s c r i b e d  a s  f o l lo w s ;  a f t e r  a  

c o l l i s i o n  a l l  u s e r s  i n v o lv e d  f l i p  a  b i n a r y  f * i r  c o i n ,  t h o s e  f l i p p i n g  "O" r e ­

t r a n s m i t  i n  t h e  n e x t  s l o t ,  t h o s e  f l i p p i n g  "1 "  r e t r a n s m i t  i n  th e  n e x t  s l o t  

a f t e r  t h e  c o l l i s i o n  ( i f  any) among th o s e  f l i p p i n g  "0"  h a s  b een  r e s o l v e d .  No 

new p a c k e t s  may b e  t r a n s m i t t e d  u n t i l  a f t e r  t h e  i n i t i a l  c o l l i s i o n  h a s  b een  

r e s o l v e d  c o m p le t e ly .  As i n  S e c t io n  2 ,  f o r  t h e  c a s e  o f  m essage  o f  h  p a c k e t s  

lo n g ,  t h e  f i r s t  p a c k e t  i n  t h e  m essage i s  t h e  one  t h a t  g o es  th ro u g h  t h e  c o l l i s i o n .  

Once i t  s u c c e e d s  i n  t r a n s m i s s i o n  i t  i s  fo l lo w e d  by t h e  r e s t  o f  t h e  m essag e ,

(h -1 )  p a c k e t s .  The l a s t  p a c k e t  i n  t h e  m essage  h a s  a  f l a g  w hich i n d i c a t e s  t h e  

end o f  t h e  m essag e .

An i l l u s t r a t i v e  exam ple i s  g iv e n  be low  ( s e e  F ig .  3 - 1 ) .  We c o n s i d e r  t h e  

u s e r s  A,B,C and D h a v in g  a  m essage to  t r a n s m i t  t h e  number i n s i d e  t h e  c i r c l e  

i n d i c a t e s :  0 = empty s l o t ;  1 = s i n g l e  p a c k e t ;  2 = c o l l i s i o n .  A f t e r  t h e  c o l l i s i o n  

i n  s l o t  1 u s e r s  B and C f l i p  " 0 "  w h i le  b o t h  C and  D f l i p  "1"  and a f t e r  an  empty 

s l o t  B f l i p s  "0"  and t r a n s m i t s  i t s  3 - p a c k e t  m essage  w h i l e  C f l i p s  "1"  and t r a n s ­

m i t s  i t s  2 -p a c k e t  m essage  i n  s l o t s  8 and 9 .  The CRI en d s  a t  th e  1 6 th  s l o t .
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U ser  C

U ser  A

U ser  D

U ser  B

1 |2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

A,B
C,D B,C B,C B B B A ,a A,D

CRI
T re e  A lg o r i th m  w i th  V a r ia b le  Message L eng th  and V a r ia b le  Number o f  Users

F ig .  3-1

In  th e  n e x t  s e c t i o n  t h e  d e la y  a n a l y s i s  i s  c a r r i e d  o u t  l e a d in g  t o  th e  

d e l a y  th r o u g h p u t  c h a r a c t e r i s t i c s .  The a n a l y s i s  u s e s  t h e  r e s u l t s  o f  J .  M a s s e y 's  

f* 2) f o r  i n f i n i t e  number o f  u s e r s  t r e e  a l g o r i t h m .
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3.1 Delay Analysis

L e t  t h e  random v a r i a b l e  Ya d e n o te  t h e  l e n g t h  o f  t h e  CRI i n  p r o g r e s s  w here

a  " ran d o m -ch o sen  p a c k e t "  a r r i v e s  a t  i t s  t r a n s m i t t e r ,  th e n

s p y  = e (yJ s  > / e (y s s ) ( 3 .1 )

w h e re  E(Y ) i s  t h e  s t e a d y  s t a t e  l e n g t h  o f  t h e  CRI i n  s l o t s .  L e t  t h e  random s s

v a r i a b l e  Y^ d e n o te  t h e  l e n g t h  o f  t h e  CRI i n  w hich  t h e  random ly  chosen  p a c k e t  

d e p a r t s  from  t h e  sy s tem  i n  t h e  s e n s e  o f  b e in g  s u c c e s s f u l l y  t r a n s m i t t e d  ( s e e  

f i g .  3 - 2 ) ,  and l e t  be  t h e  t o t a l  number o f  p a c k e t s  i n  t h i s  CRI.

j"*—-  CRI, CRI
t

t f

F ig .  3 -2

As shown i n  Appendix II

E(Y ) < * £ ( * , )  +  1 ( 3 .2 )

w h ich  i s  a  r a t h e r  t i g h t  u p p e r  bound t o  E(Y^). w here  a ^  = 2 .8 8  + h -1  and h

t h e  mean v a l u e  o f  t h e  m essag e  l e n g t h  in  p a c k e t s .  Assuming P o is s o n  a r r i v a l s ,

i . e . ,  X. i s  a P o is s o n  random v a r i a b l e  w i th  mean XL, g iv e n  Y = L 
d a

P(X. = N/Y = L) =f(XL)7Nt> e  XL d a
N = 0 , 1 , 2 , . . . ( 3 .3 )

From ( 3 .3 )  we im ply  t h a t  

E(Xd ) = AE(Ya ) 

R e p la c in g  ( 3 .4 )  i n t o  ( 3 .2 )  we g e t  

E(Yd ) < au AE(Ya ) +  1

(3 .4 )

(3 .5 )

We now i n t r o d u c e  t h e  random v a r i a b l e  D r e p r e s e n t i n g  t h e  d e l a y ,  i n  p a c k e t s ,
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e x p e r ie n c e d  by a  random ly  c h o s e n .p a c k e t ,  i . e . ,  t h e  d i f f e r e n c e  be tw een  i t s

a r r i v a l  a t  t h e  u s e r ' s  b u f f e r  and o n s e t  o f  i t s  s u c c e s s f u l  t r a n s m i s s i o n .  We

n o te  t h a t  a  r a t h e r  t i g h t  upper  bound i s

E(D) < 1 /2  E(Y ) +  E ( Y . - l )  ( 3 .6 )— a d

As f o l lo w s  from  t h e  f a c t s  ( i )  t h a t  on t h e  a v e r a g e , t h e  random ly ch o se n  p a c k e t  

a r r i v e s  a t  t h e  m id p o in t  o f  th e  CRI i n  p r o g r e s s ,  and ( i i )  t h a t  t h e  l a t e s t  o f  

i t s  s u c c e s s f u l  t r a n s m i s s i o n  b e g in s  a t  t h e  l a s t  s l o t  o f  i t s  d e p a r t u r e  CRI. 

S u b s t i t u t i n g  ( 3 . 5 )  i n t o  ( 3 .6 )  we g e t

E(D) < (1 /2  + a A) E(Y ) ( 3 .7 )
"■ U 3

The random a c c e s s  sys tem  i s  s a i d  t o  b e  s t a b l e  when E(D)<® and from  

(3 .7 )  f o l l o w s  t h a t  t h e  a lg o r i t h m  i s  s t a b l e  when E(Y )<® .
cl

As shown i n  A ppendix  e q u a t io n  ( 1 .5 )

E(Y2 ) < a 2 E(X2 ) -  ( 4 .3 6 9 -2 h )  E(X ) + 1 ( 3 .8 )
S S  "" u  ss  s s

From t h e  P o i s s o n  as su m p t io n  e q .  ( 3 . 3 )  i m p l i e s  t h a t

E(X2 s s )  -  E(XSS) + X2E(Y2s s ) and E « s s > -  X EfY ^) (3 .9 )

Now r e p l a c i n g  ( 3 .9 )  i n t o  ( 3 .8 ) ,  d i v i d i n g  b o t h  s i d e s  by E(Y ) and u s in g
SS

(3 .1 )  we g e t

2
N (-0 .8 1 + 5 .7 7 3 h + h  ) A + l / E ( Yss)

a -  , 2 , 21 -  a  A u

upper  bo u n d in g  1/E(Y ) by 1 we g e t
SS

(3 .1 0 )
( - 0 .8 1  + 5 .7 7 3 h  +  h ) A+l

E(Y ) £  — r  2
a  1 -  & \ L u

The d e n o m in a to r  o f  ( 3 .1 0 )  must b e  p o s i t i v e  i n  o r d e r  to  have  E(Yfl)<“  o r  

2 2l - a  A >0 w h ich  g iv e s  t h e  maximum a l l o w a b l e  v a l u e  o f  A 
u

XMax ~ —  =    r -  ( 3 .1 DArnx 1.8867 + h

6 5
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and the corresponding maximum throughput is hXmax packets/slot. Thus for 

stability we must have X<Xmax. Now replacing ( 3 .1 0 )  into (3 .7 )

We g e t  { (1 /2 )  +  a^X} E(Y&) w h ich  i s  a  r a t h e r  t i g h t  u p p e r  bound o f  t h e

t o t a l  p a c k e t  d e l a y  E(D) .-

I n  F ig .  3 .3  we p l o t  t h e  u p p e r  bound o f  t h e  a v e ra g e  p a c k e t  d e l a y  i n  s l o t s  

v e r s u s  t h e  c h a n n e l  th ro u g h p u t  h /X . When h = 1 ,  we g e t  a s  maximum th ro u g h p u t  

t h e  C ap e ta n ak is -M assey  r e s u l t  o f  0 .3 4 5 .  F o r  h  = 2 t h e  maximum th ro u g h p u t  

i s  0 .5 1 4  and  f o r  h  = 8 t h e  maximum th r o u g h p u t  becomes 0 .8 0 9 ,  and a s  t h e  a v e ra g e  

m essage l e n g t h  i n c r e a s e s  f u r t h e r  t h e  maximum th r o u g h p u t  a p p ro a c h e s  o n e .

In  t h e  f o l l o w in g  s e c t i o n  we c o n s i d e r  a n o t h e r  v e r s i o n  o f  t h e  above  t r e e  

a l g o r i t h m  w i th  v a r i a b l e  m essage  l e n g t h  w hich  r e s u l t s  i n  h i g h e r  maximum th ro u g h ­

p u t .  We c a l l  i t  R e s e r v a t i o n  T re e  A lg o r i th m .
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T re e  A lg o r i th m  w i t h  v a r i a b l e  m essage  l e n g t h  ( i n f i n i t e  p o p u l a t i o n  o f  u s e r s )

E(D) V hX
5

15 ■

0 .60 .50 . 2 0 .3 0 . 20.10
T h ro u g h p u t  hX

F ig .  3 -3
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4. The Reservation Tree Algorithm

The R -T ree  A lg o r i th m  i s  s i m i l a r  to  t h e  one c o n s i d e r e d  i n  th e  p r e v io u s  

s e c t i o n .  The d i f f e r e n c e  i s  t h a t  i n s t e a d  o f  t r a n s m i t t i n g  t h e  f i r s t  p a c k e t  o f  

t h e  m essage t o  r e s o l v e  t h e  c o l l i s i o n  among t h e  u s e r s ,  " t e s t "  p a c k e t s  a r e  u s e d .  

The t e s t  p a c k e t  i s  much s m a l l e r  th a n  a  d a t a  p a c k e t .  I f  e a c h  t e s t  p a c k e t  h as  

l e n g t h  t  and t h e  d a t a  p a c k e t  h a s  l e n g t h  T, t h e n  T  = t / T  h av in g  t y p i c a l  v a lu e s  

o f  0 .1  o r  0 . 2 .  The t e s t  p a c k e t  c a r r i e s  o n ly  f e e d b a c k  in f o r m a t io n  abou t  th e  

le n g th  o f  t h e  m essage t h e  u s e r  h a s  to  t r a n s m i t .

More s p e c i f i c a l l y  t h e  a l g o r i t h m  w orks a s  f o l l o w s :  Each u s e r  t h a t  h a s  a

m essage to  t r a n s m i t ,  f i r s t  t r a n s m i t s  i t s  t e s t  p a c k e t .  The c o l l i s i o n  be tw een  

th e  t e s t  p a c k e t  w i l l  be  r e s o l v e d , a c c o r d i n g  to  T re e  A lg o r i t h m ,d u r in g  a  CRI 

named " t e s t  C R I."  A t t h e  end o f  t h e  t e s t  CRI e a c h  u s e r  h a s  a l l  th e  f e e d b a c k  

i n f o r m a t io n  and i t  knows w here  to  t r a n s m i t  i t s  m essag e  w i t h o u t  c o n f l i c t  and 

how many s l o t s  i n  t h e  c h a n n e l s  a r e  r e s e r v e d  f o r  i t .  T h i s  i n t e r v a l  t h a t  t h e  

u s e r s  t r a n s m i t  t h e i r  m essag es  w i t h o u t  c o n f l i c t  i s  named " R e s e r v a t io n  I n t e r v a l ” 

( s e e  F i g .  4 . 1 ) .

In  t h e  a n a l y s i s  we c o n s i d e r  i n f i n i t e  p o p u l a t i o n  o f  u s e r s  and i t  i s  

s i m i l a r  to  t h e  a n a l y s i s  o f  t h e  p r e v io u s  s e c t i o n .

<——  .....C R I -------------------------------
• — T e s t  CRI -♦[•—R e s e r v a t io n  I n t e r v a l

F ig .  4 -1
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4.1 Delay Analysis

F or R -T ree  A lg o r i th m  th e  c o n d i t i o n a l  CRI l e n g t h  h a s  two p a r t s ,  t h e  T e s t  

CRI, due to  t h e  c o l l i s i o n  r e s o l u t i o n  among th e  t e s t  p a c k e t s  o f  l e n g t h  bounded 

by (2 .886N +1)T , and  th e  R e s e r v a t io n  I n t e r v a l  o f  l e n g t h  hN w here N i s  t h e  

number o f  u s e r s  c o l l i d e d  i n  th e  f i r s t  s l o t  o f  t h e  CRI.

Thus L < (2 .8 8 6 N + l)x  + h N =  (2 .8 8 6 t + h)N +  t m u l t i p l y i n g  b o th  s i d e s  by
Iv ~

P(X * N) and summing o v e r  n we g e t  E (Y .)  < a  E (X .)  + T where s s  a u q

a = (2 .8 8 6  T  + h) . By t h e  P o is s o n  a s s u m p t io n  we h av e  E(X ,) = XE(Y ) ,  r e p l a c i n g  u d a

i t  i n t o  t h e  above  e q u a t i o n  we g e t

E (Y ,) <a X E(Y ) + T ( 4 .1 )d — u a

The second  moment o f  th e  c o n d i t i o n a l  CRI l e n g t h  i s  d e r iv e d  s i m i l a r l y  

a s  i n  Appendix I .  Here we have

E(Y2 ) < a 2 E(X2 ) + ( 2 t h  -  2 .3 3 6  t2 )E(Xcq ) +  x 2 ( 4 .2 )
SS — U SS bb

r e p l a c i n g  e q u a t i o n  ( 3 . 9 )  i n t o  ( 4 .2 )  d i v i d i n g  b o th  s i d e s  by E (^ s s ) an<  ̂ u s in g

(3 .1 )  we g e t

E(Y )< (6 x 2 + 9 .7 7 3 th  + h 2)X + x ^  (A>3)

a  “  1 -  X2 ( a 2 )

The u p p er  bound t o  th e  t o t a l  d e l a y  i s  a g a in  g iv e n  by ( 3 . 6 ) ,  i . e . ,

E(D) < 1/2E(Y ) + E(Y -1 )
a  a

( 4 .4 )

r e p l a c i n g  E(Y ) by ( 4 .1 )  we g e t
* 3.

E ( D ) < ( l / 2  + a  X)E(Y ) + x -  1
"1 1 1  E

where E(Y ) i s  g i v e n  i n  e q u a t io n  ( 4 . 3 ) .3
2 2

For s t a b i l i t y  we m ust have  E ( D ) < o o  o r  E(Ya )<o° o r  1 -  X a^ >0

which g iv e s  t h e  maximum v a lu e  o f  X f o r  a s t a b l e  sy s tem

Xmax = _ L _  = ---------1-------^  ( 4 .5 )
Amax a  2 .886x + hu

and th e  c o r r e s p o n d i n g  v a l u e  o f  t h e  maximum th r o u g h p u t  i s  h Xmax.
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In  T a b le  4 -1  we h a v e  t h e  maximum th ro u g h p u t  f o r  d i f f e r e n t  v a l u e s  o f  x 

and ii. For h  = 1 we s e e  t h e  trem endous  i n c r e a s e  o f  t h e  maximum th ro u g h p u t

0 .7 7 6  f o r  T = 0 .1  and  0 .6 3 4  f o r  t = 0 . 2 ,  compared w i t h  t h e  0 .3 4 5  o f  s i n g l e  

p a c k e t  m essage ( C a p e ta n a k i s - M a s s e y ) .

I n  F ig .  4 -2  t h e  d e l a y  th ro u g h p u t  c h a r a c t e r i s t i c s  a r e  p l o t t e d  f o r  x = 0 .

T = 0 .1 t  — 0 .2

h = l 0 .7 7 6 0 .634

E
/l II to 0 .8 7 3 0.776

h=8 0 .9 6 5  . 0 .939

T a b le  4-1
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0. 80.7 0.90 .50 . 1 0.2 0.4 0.60.3.
 T h ro u g h p u t h *_____________ »
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5. The Alternating Tree Algorithms

In  t h e  a l g o r i t h m s  d i s c u s s e d  so  f a r  we c o n s i d e r  z e ro  p ro p a g a t io n  d e l a y .

I n  t h i s  s e c t i o n  t h e  p ro b lem  o f  lo n g  p r o p a g a t i o n  d e la y  i s  a d d re s s e d .T h e  p ro p o s e d  

scheme named A l t e r n a t i n g  T re e  A lg o r i th m s  i s  d e s ig n e d  t o  make u s e  o f  t h e  c h a n n e l  

t im e  a t  lo n g  p r o p a g a t i o n  d e la y s  (0 .2 5  s e c  f o r  s a t e l l i t e  c h a n n e l s ) .

More s p e c i f i c a l l y  t h e  A-Tree A lg o r i th m s  a r e  k - i n t e r l e a v i n g  T ree  A lg o r i th m s ,  

i . e . ,  b e tw e en  t h e  s l o t s  o f  th e  i t h  A lg o r i th m  a r e  k -1  s l o t s  o f  th e  o t h e r  k-1  

a l g o r i t h m s  ( s e e  F ig .  5 - 1 ) .  The number o f  t h e  a l g o r i t h m s  i s  chosen  l a r g e  

enough t o  overcom e t h e  round  t r i p  p r o p a g a t i o n  d e l a y .

K K i  -  I M M
f*   Frame »1

F ig .  5-1

The C R I 's  o f  e a c h  o f  t h e  k - a lg o r i t h m s  s t a r t ,  i n  g e n e r a l ,  i n  d i f f e r e n t  f r a m e s .

The i n t e r v a l  b e tw een  two s u c c e s s i v e  s t a r t i n g  p o i n t s  o f  C R I 's  i s  c a l l e d

A r r i v a l  I i n t e r v a l  ( A - I ) . The p a c k e t s  t h a t  a r r i v e d  i n  e a ch  A -I  w i l l  r e s o l v e

  CRI -----:— -----  CRI
----------------------- 1-------------------------- —---------------------------  A lg o r i th m  i

(«--------  CRI'--{----------- »|«------ CRI ------------ -•
-J---------1 ------------- — ■— ■ A lg o r i th m  j

AI

F ig .  5 -2

t h e i r  c o l l i s i o n s  i n  t h e  n e x t  s t a r t i n g  CRI, i . e . ,  i n  CRI 2 o f  t h e  a l g o r i t h m  j  

f o r  t h e  exam ple  o f  F ig .  5 -2 .  I n  o t h e r  w o rd s ,  an a r r i v e d  p a c k e t  i s  go in g  to  

t h a t  a l g o r i t h m  whose CRI im m e d ia te ly  s t a r t s  n e x t  a f t e r  i t s  a r r i v a l .  T h is  

means no u s e r  i s  engaged  w i th  a  s p e c i f i c  a l g o r i t h m
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--------------------------CRI-

A1 A2 A3 A1 A2

“ 1 —  CRI-Aj

A1 A2 3 1 2 ^ 3 A3 Aj_ A2 A2 A3 A1 A2 A3

u p
1 n  Il'uU' U3U; tIlU2 UaJl'lU; .t i l

u 5
u u
-U-S

Ui L U 2
1 1 U4

»

U5 U6

“i t
f

EAi

f  r
uiu2 

AI f o r  A,

“ I
r

EAs SA3I

FT”
I* U5 U6 

AI f o r  A,

EA,

IT
•U3 u 4 
AI f o r  A^

SAi

c’Aj_: A. s t a r t s  CRI
EA. :  A^ ends CRI 1 x

F i g .  5-3

An i l l u s t r a t i v e  example o f  t h e  A -T ree  A lg o r i th m s  i s  g iv e n  ( s e e  F ig .  5 -3 ) ,  

We c o n s i d e r e d  k=3 i n t e r l e a v i n g  a l g o r i t h m s .  The p a c k e t s  t h a t  a r r i v e d  be tw een  

th e  s u c c e s s i v e  s t a r t i n g  p o i n t s  o f  A2 and A^ (U^ and  u 2) w i l l  r e s o l v e  t h e i r

c o l l i s i o n  i n  t h e  CRI o f  A^ w h i le  th e  p a c k e t s  t h a t  a r r i v e d  i n  t h e  A - I  f o r  A^

(U. » U c  an(i U,) w i l l  r e s o l v e  t h e i r  c o l l i s i o n  i n  t h e  CRI o f  A_, e t c .  ft 5 0 o

5 .1  The A verage  P a c k e t  D e lay

We c o n s i d e r  a s  I n t e r l e a v i n g  T re e  A lg o r i th m  t h e  one w i th  i n f i n i t e  p o p u la ­

t i o n  o f  u s e r s .  The m essages t h a t  a r r i v e d  i n  an  A r r i v a l  I n t e r v a l  w i l l  r e s o l v e  

t h e i r  c o l l i s i o n  i n  t h e  fo l lo w in g  CRI whose s t e a d y  s t a t e  l e n g t h  i s  Ygg t h a t  i s  

m easured  i n  f ram es  w here  a  fram e i s  k  s l o t s  lo n g .  From th e  P o is s o n  a s s u m p t io n

we h ave  E(Y ) = 1 /  AE(X ) w here  X th e  number o f  m essages  a r r i v e d  i n  th e  A -I  s  s  s s  s s

o r  t h e  number o f  u s e r s  c o l l i d i n g  i n  t h e  f o l l o w i n g  CRI. T h is  means t h a t  t h e  

A -I  i s  Ygg s l o t s  lo n g  i n  s t e a d y  s t a t e .
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The u p p e r  bound o f  t h e  t o t a l  d e la y  D i s

E(D )<1/2E(Y  ) + E Ci, -  1) ( 5 . 1 )— a  a

w here Y^ i s  t h e  A r r i v a l  I n t e r v a l  w here a  ran d o m ly  c h o se n  packed  a r r i v e d
o

E(Y ) = E(Y ) / E(Y ) and Y, t h e  l e n g t h  o f  t h e  CRI i n  f r a m e s ,  a  s s  s s  a*
w hich  i m p l i e s  E(Y , -  1) f ram es  i s  k E ( Y ,) - k  s l o t s .  But E (Y ,)<  a  X E(Y ) + 1 d d d -  u a

a s  im p l ie d  from  ( 3 .5 ) .  R e p la c in g  i t  i n t o  ( 5 . 1 )  we g e t  t h e  t o t a l  d e l a y  i n  

s l o t s  E(D) < ( 1 /2  +  kXa ) E (Y ) ( 5 . 2 )
— U 3

w here a  = 2 .8 8 6 7  +  i i-1  and  h  i s  t h e  a v e ra g e  l e n g th ,E ( Y  ) i s  g iv e n  by t h e  u / a

same e x p r e s s i o n  a s  i n  e q u a t i o n  ( 3 . 1 0 ) .  Thus t h e  maximum th r o u g h p u t  o f  t h e  

A -T ree  A lg o r i th m  i s  t h e  same a s  t h e  maximum t h r o u g h p u t  o f  e a c h  o f  t h e  i n t e r ­

l e a v i n g  a l g o r i t h m s ,  t h a t  i s ,  h / a ^  i n  o u r  c a s e ,  w h i l e  t h e  d e l a y  i s  i n c r e a s e d  

by (k -1 )X auE(Yfl) s l o t s .

T he a d v a n t a g e  o f  t h e  a b o v e  s c h e m e  i s  t h a t  i t  c a n  b e  

u s e d  i n  a  l a r g e  o r  s m a l l  p o p u l a t i o n  o f  u s e r s ,  w h i l e  i t  

s u c c e d s  t o  o v e r c o m e  t h e  r o u n d  t r i p  d e l a y  w i t h  t h e  o n l y  

i n c r e a c e  on  d e l a y  i n  t h e  d e p a r t u r e  CRI .  A l s o  t h e  b e h a v i o r  

o f  t h e  a  A - T r e e  A l g o r i t h m s  a n d  e a c h  o f  t h e  i n t e r l e a v i n g  

i s  t h e  s a me ,
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6. The Hybrid TDMA-Tree Algorithm

f o r  M u l t i b e a m  S a t e l l i t e s  

H e r e  we c o n s i d e r  t h e  s a t e l l i t e  s w i t c h e d  m u l t i b e a m  s y s t e m ,  

w i t h  n z o n e s  a n d  w i t h  e a c h  z o n e  c o v e r i n g  a l a r g e  p o p u l a t i o n  

o f  s p a c i a l l y  i s o l a t e d  u s e r s .  T h e  p r o p o s e d  s c h e m e  i s  a 

c o m b i n a t i o n  o f  t h e  T i me  D i v i s i o n  M u l t i p l e  A c c e s s  ( TDMA)  a n d  

t h e  T r e e  a l g o r i t h m  w i t h  v a r i a b l e  m e s s a g e  l e n g t h  p r o p o s e d  i n  

s e c t i o n  3 a n d  i s  a d a p t e d  f o r  m u l t i b e a m  s y s t e m s .  M o r e  

s p e c i f i c a l l y  t h e  s c h e m e  h a s  a s  f o l l o w s .  W i t h i n  e a c h  z o n e  t h e  

n u m b e r  o f  u s e r s  a r e  d i v i d e d  i n t o  n g r o u p s  a c c o r d i n g  t o  t h e i r  

d e s t i n a t i o n .  F o r  e a c h  d e s t i n a t i o n  g r o u p  i s  d e d i c a t e d  o n e  

s l o t  i n  t h e  TDMA f r a m e .  T h i s  s l o t  i s  u s e d  b y  t h e  i n  t h e  

g r o u p  t o  r e s o l v e  t h e i r  c o l l i s i o n  ( i n  s u c c e s s i v e  f r a m e s )  t o  

r e s o l v e  t h e i r  c o l l i s i o n  a c c o r d i n g  t o  t h e  t r e e  a l g o r i t h m .  Th e  

TDMA f r a m e ,  w h i c h  i s  n s l o t s  l o n g ,  i s  a s s u m e d  l o n g  e n o u g h  t o  

o v e r c o m e  t h e  r o u n d  t r i p  d e l a y .

T h e  s w i t c h i n g  i s  c o n s i d e r e d  t o  b e  s o l v e d  w i t h  t h e  s w i t c h  

f o l l o w i n g  a p r e d e t e r m i n e d  s e q u e n c e ,  w h i c h  me a n s  t h a t  w h i l e  

t h e  TDMA o f  s o u r c e  z o n e  1 h a v e  s l o t s  a s s i g n e d  t o  d e s t i n a t i o n  

z o n e s  i n  t h e  s e q u e n c e  1 , 2 , . . . , n  ; t h e  a s s i g n m e n t  o f  s l o t s  on  

t h e  i t h  s o u r c e  z o n e  i s  c y c l y  p e r m u t a t e d  i . e .  i n  t h e  s e q u e n c e  

i , i  + 1 , . .  . , n , 1 , . . . i - 1  . T h u s  w h i l e  t h e  i t h  s o u r c e  t r a n m i t s  t o  

t h e  j t h  d e s t i n a t i o n  z o n e  t h e  i +1 w i l l  b e  t r a n m i t t i n g  t o  t h e  

j  + 1 d e s t i n a t i o n  z o n e  e t c .  T h e  a b o v e  i s  i l l u s t r a t e d  i n  F i g  

6 .1
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TDMA-7RAME

Zone 1 to 1 2 3 •  •  • n

2 to 2 3 4 • •  • 1

•  • •  •

n - 1 to n-1 n 1 •  •  • n-2

n to n 1 2 •  •  • n-1

Jig 6.1

The d e l a y  a n a l y s i s  i s  b a s e d  on t h e  a n a l y s i s  o f  t r e e  

a l g o r i t h m  wi th l a r g e  popul a t i on  of  u s e r s  given in s e c t i o n  3- 

Nov i f  A the  message a r r i v a l  r a t e  per  s l o t  per  sons t hen  the 

message a r r i v a l  r a t e  per  s l o t  per  zone per  d e s t i n a t i o n  v i l l  

be 1 / n

Si nce  ve assume poi s son  a r r i v a l

P(X , -H/Y -nLWCXL/N!)* ] e ’ U / n )  nL«T ( X l ) N / R!  ] e ' U  ( 6 . 1 )  a a
The mes sage  a r r i v a l  CRI Y i s  L f rames or nL s l o t s  and X.a a

i s  as i n  s e c t i o n  3 . 1 .  From ( 6 . 1)  ve imply t ha t  E(X.)»X-E(Y ) ,u fi

r e p l a c i n g  i t  i n t o  (3 .2)  ve get

E(Yd) * auXE(Ya )+1 ( 6 . 2)

With a *, 2.88 + h-1 ,  and E(Y ) i s  i n  f rames ,  u &

R e p l a c i n g  ( 6 . 2 )  i n t o  ( 3 . 6 )  ve g e t  t h e  upper  bound o f  the
* •

t o t a l  de l ay  i n  s l o t s

“'E(D^S n O / 2  + au X)E(Ya ) ( 6 . 3)

Where E(Yfi) i s  given in (3. 10)  and t he  maximum t h r o u g h p u t  

i s  t he  same as i n  (3*11)

Thus  f r om ( 6 . 3 )  f o l l o v s  t h a t  t h e  d e l a y  vs t h r o u g h p u t  

c h a r a c t e r i s t i c s  a r e  t he  same a s  i n  F i g  3 .3 bu t  v i t h  t h e  

packet  de l ay  i n s t e a d  of  s l o t s  i n f rames.
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C o m p a r i n g  t h e  h y b r i d - T D M A  w i t h  t h e  R a n d o m  TDMA g i v e n  i n  

[ 5 ] t h e  f i r s t  h a s  t h e  a d v a n t a g e  t h a t  c a r r i e s  s m a l l  d e l a y s  i s  

s t a b l e  a n d  d o e s ' t  r e q u i r e  on  b o a r d  b u f f e r i n g .

7.7
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CONCLUSION

I n  t h i s  t h e s i s  . We h a v e  s t u d i e d  t h e  m u l t i p l e  a c c e s s  a n d

t h e  s w i t c h i n g  p r o b l e m s  f o r  m u l t i b e a m  s a t e l l i t e s ,  a n d  we

p r o p o s e d  s e v e r a l  a l g o r i t h m i c  s o l u t i o n s .  I n  c h a p t e r  1 we

p r e s e n t e d  a n d  e v a l u a t e d  t h e  a l g o r i t h m s  SA1 a n d  SA2 f o r

S S / TDMA s y s t e m s .  We h a v e  s h o w n  t h a t  b o t h  o f  t h e m  a r e

o p t i m a l , i . e  a c h i e v e  t h e  mi n i mu m s c h e d u l e  l e n g t h .  S i m u l a t i o n

r e s u l t s  s h o w  t h a t  t h e  n u m b e r  o f  g e n e r a t e d  s w i t c h i n g ,  f o r
2

b o t h  o f  t h e m ,  a r e  m u c h  l o w e r  t h a n  t h e  u p p e r  b o u n d  n - 2 n  + 2 .  

F u r t h e r  m o r e  t h e  o v e r a l l  c o m p l e x i t y  h a s  b e e n  r e d u c e d  t o  t h e
•X

o r d e r  o f  0 ( k n  ) ,  w h e r e  k i s  much s m a l l e r  t h a n  t h e  n u m b e r  o f  

s w i t c h i n g .  T h e  a b o v e  i s  a c h i e v e d  w i t h  t h e  a i d  o f  l a t i n  

s q u a r e s  f o r  SA1 a n d  s u b m a t r i c e s  o r  b l o c k s  f o r  SA2.

l ' n c h a p t e r  2 we h a v e  s t u d i e d  t h e  p r o b l e m  o f  m i m i m i z i n g  t h e  

n u m b e r  o f  s w i t c h i n g s  i n  a n  SS/TDMA s y s t e m  i n  s u c h  a way t h a t  

a l s o  c o n t i n u o u s  t r a n s m i s s i o n  o f  t h e  m e s s a g e  i s  p e r m i t t e d .  

F i r s t l y  u s i n g  t h e  m e t h o d  o f  s u p e r i m p o s i n g  a L a t i n  S q u a r e  

( LS)  on t h e  t r a f f i c  m a t r i x  T a n d  t r a s m i t t i n g  T a c c o r d i n g  t o  

L S ,  we h a v e  d e v e l o p e d  a n  a l g o r i t h m  w h i c h  a c h i e v e s  t h e  

m i n i m u m m  p o s s i b l e  s c h e d u l e  l e n g t h ,  w h i l e  t h e  n u m b e r  o f  mode  

m a t r i c e s  i s  b o u n d e d  b y  n ( n :  s i z e  o f  t h e  t r a f f i c  m a t r i x ) .

T h i s  a l g o r i t h m ,  n a m e d  MSL a l g o r i t h m ,  h a s  c o m p u t a t i o n a l
•Z

c o m p l e x i t y  b o u n d e d  b y  0 ( n  ) .  A l o n g  w i t h  t h e  a b o v e  m e t h o d  we 

a l s o  u s e  a s u b o p t i m u m  a l g o r i t h m  t o  c o m p a r e  w i t h .

S e c o n d l y ,  t h e  m e t h o d  o f  n o n c o n f l i c t i n g  b l o c k s  i s  u t i l i z e d  

a s  a n  e x t e n s i o n  o f  t h e  f i r s t  m e t h o d .  We h a v e  d e v e l o p e d  a
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heuristic algorithm to implement this method.

S i m u l a t i o n s  h a v e  b e e n  c a r r i e d  o u t  t o  c o m p a r e  t h e  g e n e r a t e d  

s c h e d u l e  l e n g h t h  o f  e a c h  a l g o r i t h m  w i t h  t h e  c r i t i c a l  l i n e  

s u m  o f  t h e  t r a f f i c  m a t r i x  a n d  w i t h  e a c h  o t h e r .  T h e  

s i m u l a t i o n  r e s u l t s  s h o w  t h a t  t h e  m e t h o d  o f  n o n c o n f l i c t i n g  

b l o c k s  i s  t h e  b e s t  f o r  a 4 x 4  t r a f f i c  m a t r i x  a l t h o u g h  t h e  

a l g o r i t h m  u s e d  i s  h e u r i s t i c .  Th e  MSL a l g o r i t h m  g e n e r a t e s  5 

t o  10$ a v e r a g e  p e r c e n t a g e  o v e r l e n g h t h  o f  t h e  o f  t h e  a v e r a g e  

c r i t i c a l  l i n e  sum .

I n  c h a p t e r  3 ,  we p r e s e n t e d  a n d  a n a l y z e d  a c l a s s  o f  t h e  t r e e  

a l g o r i t h m s  w i t h  v a r i a b l e  m e s s a g e  l e n g t h .  A l l  t h e  p r e s e n t e d  

a l g o r i t h m s  s h o w  c o n s i d e r a b l e  i m p o v e m e n t  o n  t h e  m a x i m u m  

t h r o u g h p u t ,  w h i c h  i n c r e a s e s  a s  t h e  m e s s a g e  l e n g t h  i n c r e a s e s

i . e . f o r  h=8 t h e  maxi mum t h r o u g h p u t  o f  i n f i n i t e  p o p u l a t i o n  

a l g o r i t h m  i s  0 . 8 0 9 .  F u r t h e r  m o r e ,  t h e  a b o v e  a l g o r i t h m s  h a v e  

a l l  t h e  g o o d  p r o p e r t i e s  o f  t h e  t r e e  a l g o r i t h m ,  i . e  a r e  

s t a b l e  a n d  f a i r  ^ o r ^ < ^ m a x - T h e  r e s e r v a t i o n  t r e e  a l g o r i t h m  

p r e s e n t e d  i n  i n  s e c t i o n  4 ,  s h o w s  e v e n  m o r e  on t h e  ma xi mum 

t h r o u g h p u t .  C o m p a r i n g  t h e  a b o v e  a l g o r i t h m s  w i t h  t h e  R-ALOHA 

p r e s e n t e d  i n  f 3 5 ] , w e  s e e  t h a t  t h e y  d o n t  h a v e  t h e  

d i s a d v a n t a g e  o f  t h e  A l o h a  p r o t o c o l ,  i . e .  i n s t a b i l i t y .  A l s o  

t h e  TDMA f r a m e  i n  R - A l o h a  d o e s n ' t  p e r m i t  a l a r g e  i n c r e a s e  t o  

t h e  p o p u l a t i o n  o f  u s e r s .  I n  s e c t i o n  8 ,  we p r e s e n t e d  t h e  

A l t e r n a t i n g  T r e e  A l g o r i t h m s  t h a t  a d a p t s  t h e  s a t e l l i t e ' s  

c h a n n e l  l o n g  p r o p a g a t i o n  d e l a y s .  Th e  a d v a n t a g e  o f  t h e  a b o v e  

s c h e m e  i s  t h a t  a d j u s t s  i t s e l f  t o  t h e  l a r g e  o r  s m a l l  

p o p u l a t i o n  o f  u s e r s  w h i l e  t h e  d e l a y  i ' c r e a s e  i s  o n l y  on  t h e
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d e p a r t u r e  CRI a s  s h o wn  i n  e q u a t i o n  ( 5 . 2 ) .

F i n a l l y  we p r e s e n t e d  a n d  a n a l y z e  t h e  h y b r i d  T D M A - T r e e  

a l g o r i t h m  f o r  m u l t i b e a m  s a t e l l i t e s ,  w h i c h  c a n  b e  u s e d  w i t h  

l a r g e  n u m b e r  o f  u s e r s  a n d  d o e s  n o t  r e q u i r e  o n  b o a r d  

b u f f e r i n g .
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APPENDIX I

THE MAX-MIN ALGORITHM

The max-min algorithm finds an SDR of maximum cardinality

w h i c h  a l s o  m a x i m i z e s  t h e  s m a l l e s t  e l e m e n t  i n  i t ;  i . e .  g i v e n

a n  n x n  QDS m a t r i x  t h e  m a x - m i n  a l g o r i t h m  w i l l  s e l e c t , a m o n g

t h e  e x i s t i n g  s y s t e m s  o f  n d i s t i n c t  r e p r e s e n t a t i v e s , t h e  one

w h i c h  m a x i m i z e s  t h e  s m a l l e s t  e l e m e n t  i n  i t .

T h e  p r o b l e m  o f  f i n d i n g  a n  SDR i n  a m a t r i x  D = T d ^ ^ l  i s

e q i u v a l e n t  t o  t h e  g r a p h  t h e o r y  p r o b l e m  o f  f i n d i n g  a ma x i mu m

c a r d i n a l i t y  m a t c h i n g  o n  a b i p a r t i t e  g r a p h  G={ s , T , a ] ;  w h e r e

S = l l , 2 , . . , n )  a n d  T = I 1 , 2 , . . , n l  . F o r  t h e  c a s e  o f  w e i g h t e d

b i p a r t i t e  g r a p h ,  A = f ( i , j ) / d . . > ,  o l .  T h e  m a x - m i n  m a t c h e d
3-  3

b i p a r t i t e  g r a p h  G = { s , T , A  I h a s  t h e  m i n i m u m  w e i g h t  o f  anm m

e d g e  m a x i m i z e d , i . e . A= ! ( i  , j ) / d ^ W ) w h e r e  W i s  a t h r e s h o l d .

T h e  m a x - m i n  b i p a r t i t e  m a t c h i n g  i s  g i v e n  i n  t h e  b o o k

" C o m b i n a t o r i a l  O p t i m i z a t i o n r N e t w o r k s  a n d  M a t r o i d s "  b y

E . L . L a w l e r  I" 24-1 . ( T h r e s h o l  d m e t h o d , p a g e  1 9 8 ) .  Th e  c o m p l e x i t y

o f  t h e  a b o v e  a l g o r i t h m  i s  p o l y n o m i a l  b o u n d e d  t o  n ; 0 ( n ' ) .

Th u s  we c a n  u s e  t h i s  a l g o r i t h m  d e s c r i b e d  i n  f 24-  ̂ t o  f i n d  an

SDR t o  o u r  t r a f f i c  m a t r i x  D = I" d . . 1 b y  c o n s t r u c t i n g  a
3

b i p a r t i t e  g r a p h  G = f S , T , A] , w h i c h  h a s  a s  a d j a c e n c y  m a t r i x  t h e

t r a f f i c  m a t r i x  P= l " d .  . 1 w i t h  i t s  a n d  j e T . T h e n  t h e  m a x - m i n
3

m a t c h e d  b i p a r t i t e  g r a p h  c o r r e s p o n d s  t o  t h e  m a x - m i n  SDR i n  D.

The  a b o v e  a l g o r i t h m  i s  a l s o  " t r a n s l a t e d "  f o r  m a t r i x  f o r m 

d a t a  s t r u c t u r e .  S t a r t i n g  w i t h  a n  e m p t y  SDR a n d  a l a r g e  

" t h r e s h o l d "  W , a t  a n y  g i v e n  s t e p  t h e  m a x - m i n  SDR o f
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cardidality Y has been obtained. The algorithm tries to find

a n  a u g m e n t i n g  s e t  i n  t h e  s u b s e t  o f  e n t r i e s  d .  . s u c h  t h a t  d.
i  J  i  1

( A n  a u g m e n t i n g  s e t  i s  d e f i n e d  i n  s t e p  2 ) .  I f  t h e  

a u g m e n t i n g  s e t  i s  f o u n d  t h e n  t h e  m a x - m i n  SDR o f  c a r d i n a l i t y  

Y+1 r e s u l t s .  I f  n o t ,  t h e  t h r e s h o l d  i s  r e d u c e d  s o  t h a t
Alihan ih '~ '

a u g m e n t a t i o n  i s  p o s s i b l e .  T h e A s t o p s  whe n  no  a u g m e n t a t i o n  i s

f o u n d ,  r e g a r d l e e s  o f  W.

I n  t h e  f o l l o w i n g  a l g o r i t h m  a l i n e  i n d e x  i s  s a i d  t o  b e

E x p o s e d  i f  t h e  l i n e  t o  w h i c h  i t  b e l o n g s  h a s  n o

r e p r e s e n a t i v e  i n  t h e  c u r r e n t  s o l u t i o n .  X i s  t h e  s e t  o f

c h o s e n  r e p r e s e n t a t i v e s ,  W a n d  flj  . i s j s *  a r e  t h e  w e i g h t s  u s e d

i n  t h e  a l g o r i t h m  t o  s e l e c t  t h e  r e p r e s e n t a t i v e s .

STEP 0 :  T he  m a t r i x  D=Td.  . ]  i s  g i v e n  ,0 c i , j  < n .  S e t  X=0,V= + aO
^  J

a n d  h ;  = - «o f o r  e a c h  j .  No r o w  i n d e x  o r  c o l u m n  i n d e x  i s  

l a b e l e d .

STEP 1:  a )  G i v e  t h e  l a b e l  0 t o  e a c h  e x p o s e d  r o w i n d e x .

b )  I f  t h e r e  a r e  n o  u n s c a n n e d  l a b e l s ,  b u t  e a c h  u n s c a n n e d

l a b e l  i s  on c o l u m n  i n d e x  j  f o r  w h i c h  /T, < W , t h e n  W = m a x ! j ^ / r y <

c ) F i n d  an  i n d e x  h w i t h  a n  u n s c a n n e d  l a b e l  w h e r e  e i t h e r  h i s  

a r ow o r  e l s e  h i s  a c o l u m n  i n d e x  a n d  p - i  V . I f  h i s  a r o w

i n d e x  go t o  s t e p  1 d ) ; I ‘f  h i s  a c o l u m n  i n d e x  go t o  s t e p  1 e ) .

d ) S c a n  t h e  l a b e l  o n  r o w  i n d e x  h a s  f o l l o w s .  F o r  e a c h  d-. .  

n o t  i n  X , i f ^ ‘$d a n d  F /  W, t h e  g i v e  t h e  c o l u m n  i n d e x  ti t h e  

l a b e l  h ( r e p l a c i n g  a n y  e x i s t i n g  l a b e l )  a n d  Fj R e t u r n  t o

s t e p  1 b ) .

e ) S c a n  t h e  l a b e l  on  c o l u m n  i n d e x  h a s  f o l l o w s .  I f  i n d e x  h
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i s  e x p o s e d , g o  t o  s t e p  2 ) .  O t h e r w i s e ,  i d e n t i f y  t h e  u n i q u e  r o w

i n d e x  i  s u c h  t h a t  d - i n  X a n d  g i v e  t h e  r o w  i n d e x  i  t h ei  n

l a b e l  h . R e t u r n  t o  1 b )

STEP 2 :  An a u g m e n t i n g  s e t  h a s  b e e n  f o u n d .  The  e l e m e n t s  i n  

t h e  s e t  a r e  i d e n t i f y  a s  f o l l o w s .  S t a r t i n g  f r o m  t h e  c o l u m n  

i n d e x  h ( i d e n t i f i e d  i n  s t e p  1 e )  f i r s t  f o r m  t h e  f o l l o w i n g  

s e q u e n c e  by  " b a c k t r a c k i n g "  f r o m  l a b e l  t o  l a b e l :

h p h p - 1 h p - 2 - • ' h 0 Wh e r e  h P * K

h . = l a b e l ( h )p -  1

h „ = l a b e l ( l a b e l ( h )  )p - 2

The  s e q u e n c e  s t o p s  a t  h Q , t h a t  h a s  t h e  l a b e l  0 .  Now i d e n t i f y  

t h e  f o l l o w i n g  s e t  o f  e n t r i e s  i n  P , w h i c h  i s  t h e  a u g m e n t h i n g  

s e t :

h p , h p-1 ’ h p- 1  ’ h p - 2 ’ ’ h 1 , h 0^
A u g m e n t  S b y  a d d i n g  t o  X a l l  t h o s e  w h i c h  a r e  i n  S.  Re move  

a l l  t h e  l a b e l s  f r o m  t h e  i n d e x e s .  S e t  T!) = -  «o f o r  a l l  J ' s .  

R e t u r n  t o  s t e p  1 a )

SmEP J>: No a u g m e n t i n g  s e t  e x i s t s ,  a n d  X i s  a ma x - mi n  s y s t e m  

o f  d i s t i n c t  r e p r e s e n t a t i v e s  o f  ma xi mum c a r d i n a l i t y .

8 3 '
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APPENDIX I I  

THE CONDITIONAL C RI LENGTH

L et  L = E(Y /X =N) be t h e  c o n d i t i o n a l  CRI l e n g t h  g iv e n  N u s e r s  c o n te n d in g  N s s s  s
2

f o r  t r a n s m i s s i o n  and l e t  S „  = E(Y /X =N) be t h e  c o n d i t i o n a l  second momentN s s  s s
2

o f th e  CRI l e n g t h ,  th e n  t h e  c o n d i t i o n a l  v a r i a n c e  V i s  g iv e n  by V„ = S -(L . . )N N N N

I f  we c o n s i d e r  l a r g e  number o f  u s e r s  N=2n c o l l i d e d  a t  th e  f i r s t  s l o t  o f  th e  

CRI, in  th e  f o l l o w i n g  s l o t  v e r y  c l o s e  to  h a l f  o f  t h e  u s e r s  w i l l  f l i p  0 and 

h a l f  w i l l  f l i p  1 ( s e e  f i g . i l - l ) .

2n

F i g . - I I - l

' Thus th e  CRI l e n g t h  L_ -  1+2L n>>l. The s o l u t i o n  o f  t h i s  r e c u r s i v e°  2n n

e q u a t io n  i s  = aN-1 w h ich  i s  v e r y  a c c u r a t e  e v e n  f o r  s m a l l  v a l u e s  o f  N.

S i m i l a r l y  f o r  t h e  v a r i a n c e  we c o n c lu d e  t h a t  = BN N>>1

In  L3.2J t h e  c o n s t a n t  a  i s  c a l c u l a t e d  to  b e  2.8810<ct<2.8867 w h ile

3.359N< 3 <3.404

Thus t h e  u p p e r  bound o f  t h e  c o n d i t i o n a l  CRI l e n g t h  f o r  th e  v a r i a b l e  

message a l g o r i t h m  i s  g iv e n  be low . Where t h e  t r a f f i c - i n d e p e n d e n t  p r o p e r t y  o f  t h e  

T ree  a l g o r i t h m  i s  u s e d ,  i . e . ,  g iv e n  N, L^ d ep e n d s  o n ly  on th e  r e s u l t s  o f  t h e  

c o in  t o s s e s  p e r fo rm e d  i n t e r n a l l y  i n  t h e  a l g o r i t h m ,  and h en ce  i s  i n d e p e n d e n t  o f  

th e  t r a f f i c  s t a t i s t i c s  t h a t  l e d  to  th e  g iv e n  v a l u e  N.

LN<2.8867N + ( h - l ) N  + « QN -  1 . 8 8 6 ^  N>0 

where ( h - l ) N  r e p r e s e n t s  t h e  CRI p a r t  due to  t r a n s m i s s i o n  o f  th e  r e s t  o f  t h e  

m essage f o r  e a c h  u s e r .  The te rm s  and <5̂ N i n c l u d e  th e  c a s e  o f  s m a l l  v a l u e s  

o f  N . (N = 0 ,1) w i t h  <5iN=l f o r  i=N and 0 f o r  i^N . F o r  s i m p l i c i t y  we bound th o s e  

te rm s by 1. Then we ca n  w r i t e
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w here  = 2 .8867  + h -1  and h t h e  a v e r a g e  m essage l e n g t h .

2
•The second moment o f  t h e  c o n d i t i o n a l  CRI l e n g t h  i s  + (L^) i s

u p p e r  bounded by

a 2N2 -  (2a-B )N +l = 8 .333N 2-2 .369N +1 f o r  N>3 ( 1 .2 )

Thus S„ = E(Y2 /X =N) = E {C Y + (h-l)N l2 /X =N} ( 1 .3 )N s s  s s  s s

w here  Y i s  th e  CRI l e n g t h  w i t h o u t  i n c l u d i n g  t h e  r e s t  o f  th e  m essage  ( h - 1 ) ,

and i s  bounded by t h e  ab o v e  e x p r e s s i o n  ( 1 . 2 ) .  Now ex p an d in g  ( 1 .3 )  and

r e p l a c i n g  in  i t  ( 1 .1 )  and ( 1 . 2 )  we g e t

S <a2N2 -  ( 4 . 36 9 -2 h )N + l ( 1 .4 )N “ u

M u l t i p l y i n g  b o th  s i d e s  o f  t h e  above  by p (Xg s =N) and summing o v e r  N we g e t

E(Y2 ) < a 2 E(X2 ) -  ( 4 . 369-2h)E (X  ) +  1 (1 .5 )s s  — u s s  s s

w here  E(Y2g) = I SNP(Xs s =N) E(XSS> = ?  NT(Xs g -N)

and E(X2 ) = ?  N2P(X =N)ss  s sn=o
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