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C h a p t e r  1 I n t r o d u c t io n

1.1 In t ro d u c t io n

M o d e m  s o c ie ty  h a s  b e c o m e  m o r e  a n d  m o r e  d e p e n d e n t  o n  in f o r m a t io n  s e r v ic e s ,  

t r a n s f e r r e d  in  b o th  p u b l ic  a n d  p r iv a te  n e tw o r k ,  t h a n  e v e r  b e f o r e .  T h e  u s e  o f  in te g r a t io n  

o f  c o m p u te r s  w i th  te le c o m m u n ic a t io n s  h a s  c r e a te d  a  s o - c a l l e d  “ I n f o r m a t io n  A g e ” . T h e  

a d v e n t  o f  h ig h  c a p a c i ty  d ig i ta l  te le c o m m u n ic a t io n  f a c i l i t ie s  h a s  m a d e  i t  p o s s ib l e  f o r  th e  

h u g e  a m o u n t  o f  t r a f f ic  to  b e  c a r r ie d  in  a n  e c o n o m ic a l  a n d  e f f i c i e n t  m e th o d ,  i n  r e c e n t  

y e a r s .  T h e s e  f a c i l i t ie s ,  w h ic h  a r e  u s e d  to  c a r ry  m u c h  h ig h e r  c a p a c i t i e s  t h a n  th e  

t r a d i t io n a l  o n e s ,  a ls o  r e s u l t  i n  th e  n e t w o r k ’s v u ln e r a b i l i ty  to  th e  f a i lu r e  o f  n e tw o r k  

f a c i l i t ie s ,  i .e . a  s in g le  l in k  fa i lu re .  A  s in g le  m u l t i - g ig a b i t  p e r  s e c o n d  f ib e r  o p t ic a l  c a b le  

c a n  c a r r y  th e  c a p a c i ty  e q u iv a le n t  o f  te n s  o f  th o u s a n d s  o f  i n d iv id u a l  c o n v e r s a t io n s  a n d  

d a ta  c o n n e c t io n s .  S o  th e  s e r v ic e  d i s r u p t io n  is  n o  lo n g e r  t o l e r a t e d  b y  in d u s t r i e s  i f  a  f ib e r  

c a b le  f a i l e d  a n d  th e r e  is  n o  m e a n s  in  p la c e  to  r a p id ly  r e r o u te  th e  t r a f f i c  w h ic h  f lo w e d  o n  

it .  F o r  e x a m p le ,  a  f ib e r  c a b le  c u t  in  th e  A T & T  n e tw o r k ,  w h ic h  o c c u r r e d  a t  N e w a r k  in  

J a n u a r y  1 9 9 1 , i n te r r u p te d  6 0  p e r c e n t  o f  v o ic e  a n d  d a ta  c o m in g  a n d  g o in g  o u t  o f  N e w  

Y o r k ,  in c lu d in g  th r e e  m a jo r  c o m m e r c ia l  a i r p o r ts ,  f o r  a b o u t  10  h o u r s .  T h e  c h a l l e n g in g  

is s u e  f o r  a  n e tw o r k  p r o v id e r  a n d  d e s ig n e r  is  h o w  to  e n s u r e  t h e  n e tw o r k  c o n t in u i ty  a t  a n  

a f f o r d a b le  c o s t  a n d  r e a s o n a b le  r e s to r a t io n  t im e .

I n  th e  l a s t  d e c a d e ,  m a n y  a p p r o a c h e s  h a v e  b e e n  p r o p o s e d  to  d e s ig n  th e  s u r v iv a b le  

n e tw o r k  i n  th e  e v e n t  o f  a  n e tw o r k  s p a n  fa i lu r e .  T h e s e  r e s to r a t io n  d e s ig n  t e c h n o lo g ie s  

a r e  b a s ic a l ly  d iv id e d  in to  tw o  c a te g o r ie s :  d e d ic a te d  s p a r e  c a p a c i ty  r o u t i n g  a n d  n o n 

d e d ic a te d  s p a r e  c a p a c i ty  r o u t in g .  I n  d e d ic a te d  s p a re  c a p a c i ty  r o u t in g  m e th o d s ,  s u c h  a s  

a u to m a t ic  p r o te c t io n  s w i tc h in g  ( A P S )  a n d  s e l f - h e a l in g  r in g s  ( S H R s ) ,  a  n e tw o r k  w i l l  

h a v e  s p a r e  c a p a c i ty  a d d e d  to  th e  n e tw o r k  w h ic h  is  d e d ic a te d  to  r e r o u t in g  th e  d is r u p te d  

w o r k in g  t r a f f ic  f lo w s . T h e  s p a r e  c a p a c i ty  is  p r e s e t  in  th e  e x t r a  n e tw o r k  f a c i l i t i e s  ( fo r  

e x a m p le  id le  f ib e r  c a b le ) .  W h e n  a  n e tw o r k  s p a n  f a i l s  th e  s w i tc h in g  e q u ip m e n t  

a u to m a t ic a l ly  r e r o u te s  th e  w o r k in g  t r a f f i c  b y  s w i tc h in g  th e  w o r k in g  f lo w  f r o m  th e  f a i l e d  

s p a n  to  t h e  p r e s e t  s p a r e  a l te r n a te  f a c i l i t ie s .  I n  n o n - d e d ic a te d  s p a r e  c a p a c i ty  r o u t in g  

m e th o d s ,  s p a r e  c a p a c i ty  is  p l a c e d  o n  e a c h  n e tw o r k  s p a n ,  w h ic h  th e  w o r k in g  c a p a c i t ie s  

a r e  lo c a te d  o n . T h e  s p a r e  c a p a c i ty  p o s s ib ly  c o n t r ib u te s  to  th e  r e s to r a t io n  o f  a l l  p o s s ib le  

n e tw o r k  fa i lu r e s .  I t  is  w o r th  n o t in g  th a t  th is  ty p e  o f  n e tw o r k  is  d o n a te d  m e s h  n e tw o r k  

b e c a u s e  o f  th e  w a y  th e y  u s e  s p a r e  c a p a c i ty .  I n  th e  e v e n t  o f  a  n e tw o r k  f a i lu r e ,  w o r k in g
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f lo w s  a re  r e r o u te d  o v e r  s p a n s ,  o n  w h ic h  s p a r e  c a p a c i t ie s  e x is t .  I n  s u m m e r y ,  in  d e d ic a te d  

r e s to r a t io n  te c h n o lo g ie s  th e  w o r k in g  t r a f f ic  is  r e r o u te d  th r o u g h  p r e d e f in e d  r e s to r a t io n  

p a th s  in  th e  e x t r a  n e tw o r k  f a c i l i t ie s ,  w h e r e a s  in  n o n - d e d ic a te d  r e s to r a t io n  te c h n o lo g ie s  

th e  n e tw o r k  is  r e c o v e r e d  f r o m  a  f a i lu r e  b y  u s in g  a l l  th e  s p a r e  c a p a c i t i e s  a v a i l a b le  in  th e  

n e tw o r k s ,  a s  n e e d e d ,  to  f o r m  r e s to r a t io n  p a th s .

T h e  p r im a r y  a d v a n ta g e  o f  d e d ic a te d  c a p a c i ty  r e s to r a t io n  m e th o d s  i s  i t s  s p e e d . T h e  s p a r e  

c a p a c i ty  i s  e f f e c t iv e ly  h a r d w ir e d  a n d  u s e d  o n ly  in  th e  e v e n t  o f  n e tw o r k  f a i lu r e .  T h e  

t r a n s p o r t  s ig n a l s  c a n  b e  r a p id ly  s w i tc h e d  to  th e  s ta n d - b y  p a th s ,  w h ic h  c a n  r e s u l t  in  

r e s to r a t io n  t im e s  o f  a s  l i t t l e  a s  5 0  m s e c [ l ] .  H o w e v e r ,  t h e r e  a r e  s o m e  d i s a d v a n ta g e s  to  

th is  ty p e  o f  r e s to r a t io n ,  f i r s t ly ,  th e  to ta l  a m o u n t  o f  s p a r e  c a p a c i ty  w h ic h  is  r e q u i r e d  to  

m a k e  s u c h  a  d e s ig n  f u l ly  r e s to r a b le ,  f o r  a l l  s p a n  f a i lu r e s ,  w i l l  b e  g e n e r a l ly  g r e a te r  t h a n  

th e  to ta l  a m o u n t  o f  w o r k in g  c a p a c i ty  p r e s e n t  in  th e  n e tw o r k .  T h e  n e tw o r k  w i l l  a ls o  b e  

r e la t iv e ly  in f le x ib le  in  i t s  c o n f ig u r a t io n  b e c a u s e  a l l  o f  i ts  s p a r e  c a p a c i t i e s  a r e  h a r d w ir e d .  

T h e  im p l ic a t io n  is  t h a t  n e tw o r k  t r a f f i c  h a s  to  b e  a c c u r a te ly  f o r e c a s t ,  a t  th e  t im e  o f  th e  

n e tw o r k ’s c o n s t r u c t io n ,  so  t h a t  t h e  n e tw o r k ’s f ix e d  p r o te c t io n  c o n f ig u r a t io n  w i l l  b e  a b le  

to  s u p p o r t  f u tu r e  t r a f f ic  g ro w th .

T h e  n e tw o r k  d e s ig n e d  b y  th e  n o n - d e d ic a te d  t e c h n o lo g ie s ,  o n  th e  o th e r  h a n d ,  u s e s  n o n 

d e d ic a te d  s p a r e  c a p a c i ty  a n d  h a s  th e  p r im a r y  a d v a n ta g e  o f  b e in g  f u l ly  r e s to r a b le  u s in g  

a n  a m o u n t  o f  s p a r e  c a p a c i ty  w h ic h  c a n  b e  3 o r  6  t im e s  le s s  t h a n  th a t  r e q u i r e d  in  a  

d e d ic a te d  n e tw o r k  [1 ] . T h e  r e d u c t io n  o c c u r s  b e c a u s e  a l l  th e  s p a r e  c a p a c i t i e s  i n  a  m e s h  

n e tw o r k  a r e  f r e e  to  b e  r e - u s e d  in  th e  r e s to r a t io n  o f  a n y  s p a n  f a i lu r e ,  w h e r e a s  t h e  s p a r e  

c a p a c i ty  in  a  d e d ic a te d  n e tw o r k  c a n  o n ly  b e  u s e d  in  th e  r e s to r a t io n  o f  a  s p e c i f ic  s e t  o f  

s p a n s . A n  a d d i t io n a l  a d v a n ta g e  w h ic h  m e s h  n e tw o r k s  o f f e r  i s  t h a t  b o th  w o r k in g  a n d  

s p a r e  c a p a c i ty  is  f u l ly  r e - c o n f ig u r a b le  to  m o r e  e a s i ly  a c c o m m o d a te  f u tu r e  c h a n g e s  in  

o f f e r e d  t r a f f ic .  T h e  d i f f e r e n c e  b e tw e e n  w o r k in g  c a p a c i ty  a n d  s p a r e  c a p a c i ty ,  in  a  m e s h  

n e tw o r k ,  is  t h a t  o n e  is  c o m m it te d  t o  s e r v ic e  a n d  th e  o th e r  is  s im p ly  s i t t in g  id le .  I f  t r a f f ic  

o f f e r e d  to  th e  n e tw o r k  s h o u ld  s u d d e n ly  in c r e a s e  in  a  c e r ta in  a r e a  i t  m a y  b e  c a r r ie d  b y  

p u t t in g  s o m e  o f  th e  s p a r e  c a p a c i ty  in to  s e rv ic e .  H o w e v e r ,  t h i s  m a y  r e s u l t  in  th e  

r e d u c t io n  o f  th e  n e tw o r k  s u r v iv a b i l i ty .  M o r e  u s u a l ly ,  th e  b e n e f i t  l ie s  in  p l a c in g  n e w  

w o r k in g  c a p a c i ty  o n ly  w h e r e  th e  g r o w th  is  a c tu a l ly  m a te r ia l i z e d  th i s  a l lo w in g  a  m e s h  

n e tw o r k  to  b e  le s s  d e p e n d e n t  o n  th e  a c tu a l  f o r e c a s t  o r d e r in g .  B e c a u s e  o f  th e  a d v a n ta g e s  

o f  t h e  n o n - d e d ic a te d  s u r v iv a b le  n e tw o r k  o v e r  th e  d e d ic a te d  o n e ,  w e  w i l l  c e n te r  o n  th e  

n o n - d e d ic a te d  s u r v iv a b le  n e tw o r k  in  th i s  th e s i s ,  n a m e ly ,  th e  s u r v iv a b le  m e s h  n e tw o r k .
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1 .2  R e s e a rc h  O b je c t iv e s

T h e  o b je c t iv e  o f  th i s  th e s i s  is  to  f in d  o u t  h o w  to  p la c e  th e  s p a r e  c a p a c i ty  in  m e s h  

n e tw o r k s  in  o r d e r  to  p r o te c t  th e  a c t iv e  t r a f f ic  f r o m  n e tw o r k  f a i lu r e  w i th  a  m in im a l  c o s t .  

D u e  to  th e  in c r e a s in g  in te r e s t  in  th e  s u rv iv a b le  n e tw o r k  d e s ig n ,  t h e r e  h a v e  b e e n  p le n ty  

o f  a p p r o a c h e s  p r o p o s e d  in  r e c e n t  y e a r s  to  a d d r e s s  th i s  p r o b le m  [2 ] [3 ] [4 ] . T h e s e  

a p p r o a c h e s  c a n  b a s ic a l ly  b e  c la s s i f i e d  in to  tw o  g ro u p ,  s t a n d a r d  m e th o d s  a n d  h e u r i s t i c  

m e th o d s .  I f  s t a n d a rd  m e th o d s ,  s u c h  a s  th e  L in e a r  P r o g r a m m in g  (L P ) ,  o r  I n te g e r  

P r o g r a m m in g  ( IP ) ,  a r e  a p p l ie d  to  th e  p r o b le m  o f  o p t im a l  s p a r e  c a p a c i ty  p l a n n in g  

[3 ] [4 ]  [5 ] , t h e n  s ta n d a r d  m e th o d s  c a n  b e  u s e d  to  o b ta in  t h e  o p t im a l  s o lu t io n  to  t h e  S p a re  

C a p a c i ty  P la c e m e n t  (S C P )  p r o b le m . I n  h e u r i s t i c  m e th o d s  th e  g r e e d y  a lg o r i th m  is  

e m p lo y e d  to  f in d  th e  n e a r  o p t im a l  s o lu t io n .  C o m p a r e d  w i th  th e  h e u r is t ic  m e th o d ,  th e  

s ta n d a r d  m e th o d  w o u ld  g e t  th e  o p t im a l  r e s u l t  a t  th e  e x p e n s e  o f  e x e c u t io n  t im e .  T h e  

s ta n d a r d  m e th o d  is  m o r e  t im e  c o n s u m in g  d u e  to  th e  l a r g e r  a m o u n t  o f  c o n s t r a in t s  

r e q u i r e d  b y  L P  ( o r  IP )  p r o g r a m m in g .

A lm o s t  a l l  m e th o d s  w e re  d e v e lo p e d  b a s e d  o n  th e  p r e c o n d i t io n  t h a t  t h e  l i n k  c o s t  

f u n c t io n  w i th  i t s  c a p a c i ty  is  l in e a r .  H o w e v e r ,  th e  f ib e r  c a b le s  w i th  th e  s p e c i f ic  a m o u n t  

o f  c a p a c i t ie s  a re  o n ly  a v a i la b le  in  c o m m e r c ia l  m a r k e t s ,  w h ic h  m a k e s  i t  n a tu r a l  to  

c o n s id e r  s o lu t io n s  f r o m  th e  a b o v e  m e th o d s  m a y  n o t  b e  o p t im a l  a l th o u g h  i t  is  s t i l l  g iv in g  

a  g o o d  a p p r o x im a t io n .  I n  th is  th e s i s ,  w e  p ro p o s e  a  h e u r i s t i c  a p p r o a c h  to  a d d r e s s  th e  

s te p w is e  p r o b le m .  T h e  a p p r o a c h ’s e f f e c t iv e n e s s  in  t e r m s  o f  e x e c u t io n  t im e  a n d  th e  c o s ts  

r e q u i r e d  w i l l  b e  e v a lu a te d  b y  c o m p a r in g  i t  w i th  o n e  s ta n d a r d  m e th o d  a n d  o n e  h e u r i s t i c  

m e th o d  r e s p e c t iv e ly .

1 .3  T h e s is  S t r u c tu r e

C h a p t e r  2  is  c o n c e r n e d  w i th  th e  in t r o d u c t io n  o f  th e  g e n e r a l  b a c k g r o u n d  in  th e  a r e a  o f  

s u r v iv a b le  n e tw o r k  d e s ig n ,  f o r  e x a m p le ,  s o m e  r e le v a n t  t e r m s  a n d  c o n c e p ts ,  a n d  t h e n  a  

b r i e f  d e s c r ip t io n  o n  t h e  w o r k  d e ta i l e d  in  c u r r e n t  l i t e r a tu r e s  is  a ls o  g iv e n .

C h a p t e r  3  c o n ta in s  a n  i l lu s t r a t io n  o f  th r e e  a lg o r i th m s  t h a t  a re  u s e d  to  o b ta in  th e  

f e a s ib le  p a th s  in  th e  s u r v iv a b le  n e tw o r k  d e s ig n ,  i.e . th e  F o r d - F u lk e r s o n ’s a lg o r i th m ,  th e  

K - S h o r te s t  P a th s  a lg o r i th m  ( K S P )  a n d  th e  M a tr ix  M a x im u m  F lo w  a lg o r i th m  ( M M F ) .  

T h e n  a  c o m p a r i s o n  o f  th e i r  e f f e c t iv e n e s s  in  te r m s  o f  th e  a m o u n t  o f  p a th s  f o u n d  b y  th e s e  

a lg o r i th m s  i s  p ro v id e d .
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C h a p t e r  4  is  c o n c e r n e d  w i th  th e  th r e e  a lg o r i th m s  w h ic h  a r e  a p p l ie d  to  s o lv e  t h e  S C P  

p r o b le m ,  IP  f o r m u la t io n ,  m a x - la tc h in g  a lg o r i th m  a n d  S te p w is e  C o s t  H e u r i s t i c  a lg o r i th m  

(S C H ) .  I n  a d d i t io n ,  in  o r d e r  to  s o lv e  th e  s u r v iv a b le  n e tw o r k  w i th  s te p w is e  c o s t  f u n c t io n ,  

t h e  A d d i t io n  M in im u m  I n c r e m e n t  (A M I)  a lg o r i th m  is  a ls o  p r o p o s e d  h e re .  I t  i s  a p p l ie d  

to  o b ta in  a  p a th  w h e r e  th e  a d d i t io n  o f  th e  s p e c i f i e d  a m o u n t  o f  t r a f f i c  c a u s e s  th e  

m in im u m  c o s t  in c re m e n t .  IP  f o r m u la t io n  is  a  S C P  s o lv e r  th a t  e m p lo y s  th e  IP  

p r o g r a m m in g  to  o p t im iz e  th e  p la c e m e n t  o f  s p a r e  c a p a c i ty  in  1 0 0 %  r e s to r a b le  n e tw o r k .  

T h e  m a x - la tc h in g  a lg o r i th m  is  a  h e u r is t ic  m e th o d  t h a t  u s e  t h e  m a t r ix  k n o w le d g e  to  

o b ta in  a  n e a r  o p t im a l  s o lu t io n  to  S C P  p ro b le m . T h e  S C H  a lg o r i th m  is  a ls o  a  h e u r i s t i c  

m e th o d  th a t  c o m b in e s  th e  m a x im a l  f lo w  a lg o r i th m  a n d  th e  A M I  a lg o r i th m  to  a d d r e s s  

S C P  w i th  th e  s te p w is e  c o s t  f u n c t io n .

C h a p t e r  5  p r e s e n ts  th e  r e s u l t s  o f  th e  th r e e  S C P  a lg o r i th m s  in  t e r m s  o f  e x e c u t io n  t im e  

a n d  c o s t .  F in a l ly ,  a n  o v e r a l l  c o m p a r i s o n  o f  m e th o d s  is  p r e s e n te d .

C h a p t e r  6  g iv e s  a  d i s c u s s io n  o f  th e  r e s u l ts .  F in a l ly ,  w e  s u g g e s t io n  s o m e  f u tu r e  r e s e a r c h  

f o r  m e s h  s u rv iv a b le  n e tw o r k .

1 .4  A lg o r i th m s  p r o p o s e d  a s s o c ia te d  w ith  th e  th e s is

1. M M F  a lg o r i th m , w h ic h  i s  u s e d  to  o b ta in  th e  m a x im u m  f lo w  b e tw e e n  a  g iv e n  p a i r  o f  

n o d e s  in  a  n e tw o rk .

2 . A M I ,  w h ic h  is  u s e d  to  f in d  a  p a th  w h e r e  a d d in g  th e  s p e c i f ie d  a m o u n t  o f  t r a f f i c  

c a u s e s  th e  m in im u m  c o s t  in c r e m e n t .  T h e  a lg o r i th m  is  d e v e lo p e d  b a s e d  o n  D i j k s t r a ’s 

a lg o r i th m  [8 ].

3 . S C H  a lg o r i th m , w h ic h  is  a  h e u r i s t i c  a lg o r i th m  to  a d d r e s s  m e s h  s u r v iv a b le  n e tw o r k  

w i th  s te p w is e  c o s t  f u n c t io n .
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C h a p t e r  2  M e s h  N e tw o r k  S u r v iv a b le  T e c h n o lo g ie s

2.1 In t ro d u c t io n

A s  d is c u s s e d  a b o v e ,  m e s h  s u r v iv a b le  n e tw o r k s  a r e  s e le c te d  f o r  s tu d y  in  th is  th e s i s  

b e c a u s e  th e y  h a v e  m a n y  a d v a n ta g e s  o v e r  d e d ic a te d  s u r v iv a b le  n e tw o r k s .  T h e  m a jo r  

a d v a n ta g e s  o f  m e s h  s u r v iv a b le  n e tw o r k  a re  a s  fo l lo w s :

1. F le x ib i l i ty :

S p a re  c a p a c i ty  is  d e d ic a te d  to  a lm o s t  a l l - p o s s ib le  f a i lu r e s  o f  a  n e tw o r k  r a th e r  t h a n  a n y  

s p e c i f ic  f a i lu r e  a s  d e d ic a te d  s u r v iv a b le  n e tw o r k s  d o . I n  c a s e  a n  u n e x p e c te d  f a i lu r e  

o c c u r s ,  r e s to r a b le  p a th s  w o u ld  b e  c a lc u la te d  d y n a m ic a l ly  a c c o r d in g  to  th e  s p a r e  

c a p a c i t ie s  a v a i la b le  in  o r d e r  to  p r o te c t  a s  m u c h  in te r r u p te d  t r a f f i c  a s  p o s s ib le  f r o m  th e  

n e tw o r k  fa i lu r e .  U p o n  n e tw o r k  f a i lu r e ,  to ta l  s p a r e  c a p a c i t i e s  a v a i l a b le  a r e  c o m p o s e d  o f  

b o th  s p a r e  c a p a c i t ie s  p la c e d  b e f o r e  th e  f a i lu r e ,  a n d  r e le a s e d  b y  t r a f f i c  a f f e c t e d  b y  th e  

fa i lu re .  A l l  c h a r a c te r i s t ic s  o f  m e s h  s u rv iv a b le  n e tw o r k s  c o n t r ib u te  to  i t s  f le x ib i l i ty .

2 . E x te n s ib i l i ty :

A n o th e r  a t t r a c t iv e  a d v a n ta g e  o f  m e s h  s u rv iv a b le  n e tw o r k s  is  i t s  e x te n s ib i l i ty .  D u e  to  

in c r e a s in g  r e l ia n c e  o f  o u r  s o c ie ty  o n  te le c o m m u n ic a t io n ,  t h e  a m o u n t  o f  n e w  s e r v ic e s  

h a v e  b e e n  m o u n t in g  r a p id ly  d a y  b y  d a y . T o d a y ’s  n e tw o r k  w i th  1 0 0 %  s u r v iv a b i l i ty  

( in t r o d u c e d  in  C h a p te r  3 )  m a y  n o  lo n g e r  g u a r a n te e  1 0 0 %  s u r v iv a b i l i ty  f o r  t h e  c o m in g  

n e w  s e r v ic e s ,  to m o r r o w . M e s h  s u r v iv a b le  n e tw o r k s  h a v e  m o r e  c a p a b i l i t i e s  to  m e e t  th e  

r e q u i r e m e n t  o f  t r a f f i c  g r o w th  t h a n  d e d ic a te d  s u r v iv a b le  n e tw o r k s .  W h e n  n e w  s e r v ic e s  

a re  c o m in g ,  s p a r e  c a p a c i t ie s  c a n  te m p o r a l ly  b e  u s e d  a s  w o r k in g  c a p a c i t ie s  to  c a r r y  th e  

n e w  s e r v ic e  a l th o u g h  i t  r e d u c e s  th e  n e tw o r k ’s s u r v iv a b i l i ty .  T o  s o lv e  th i s ,  n e w  s p a r e  

c a p a c i t ie s  w o u ld  b e  p l a c e d  w h e r e  n e w  s e r v ic e s  o c c u r r e d  in  o r d e r  to  k e e p  1 0 0 %  n e tw o r k  

s u r v iv a b i l i ty .

3 . A f f o r d a b le  T im e  C o m p le x i ty  f o r  r e a l  t im e  s e rv ic e s :

W i th  th e  d e p lo y m e n t  o f  th e  p o w e r f u l  n e tw o r k  e q u ip m e n t  ( i.e . D C S  e x p la in e d  in  th e  

s e c t io n  2 .2 .3  a n d  A D M  d e ta i le d  in  [6 ] ) , th e y  h a v e  s u c c e e d e d  in  s p e e d in g  u p  th e  

c a lc u la t io n  t im e  o f  S P C  a lg o r i th m  in  e a c h  n o d e  so  th a t  th e  d e la y  o f  s e r v ic e s  is  

a f f o r d a b le  b y  u s e r s  [7 ] . O n  th e  o th e r  h a n d ,  th e  f a s t  r e s to r a t io n  (5 0  m s e c )  p r o v id e d  b y
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S H R  a n d  A P S  is  n o t ,  s t r ic t ly  s p e a k in g ,  n e c e s s a r y  i n  m o s t  in s ta n c e s .  F o r  e x a m p le ,  i n  th e  

te le p h o n e  n e tw o r k ,  c a l l in g  w o u ld  n o t  b e  d r o p p e d  in  2  s e c o n d s ,  t h a t  m e a n s  u s e r s  c a n  n o t  

p e r c e iv e  it . T h e r e f o r e ,  2  s e c o n d s  is  a  v e r y  w e l l  r e a s o n e d  a n d  c o s t  e f f e c t iv e  t a r g e t  fo r  

r e s to r a t io n  t im e s .

I n  s u m m a r y ,  w e  w i l l  f o c u s  o n  s tu d y in g  m e s h  s u r v iv a b le  n e tw o r k s  in  th e  f o l lo w in g  

c h a p te r s .  B e f o r e  f u r th e r  d is c u s s io n ,  w e  w o u ld  l ik e  to  i l lu s t r a te  a  n u m b e r  o f  d e f in i t io n s  

r e g a r d in g  m e s h  s u r v iv a b le  n e tw o r k s  f i r s t ly .

2 .2  B a c k g r o u n d  to  M e s h  S u r v iv a b le  N e tw o r k s

2 .2 .1  C e n tra liz e d  a n d  D is tr ib u te d  R e s to ra t io n

A t  th e  m o s t  le v e l  o f  a b s t r a c t io n ,  m e s h  r e s to r a t io n  r e q u i r e s  th r e e  c o n c e p tu a l  s te p s :  (a )  

a c c e s s in g  a  n e tw o r k  d e s c r ip t io n ,  (b )  c o m p u t in g  a  r e - r o u t in g  p la n ,  a n d  (c )  d e p lo y in g  

c r o s s - c o n n e c t io n  a c t io n s  to  p u t  th e  p l a n  in to  e f f e c t .  C e n t r a l i z e d  a n d  d i s t r ib u te d  

r e s to r a t io n  c a n  b e  d i f f e r e n t ia te d  b y  e x a m in in g  th e  s te p s  o f  t h e  r e s to r a t io n  p r o c e s s .

I n  s te p  o n e  o f  th e  r e s to r a t io n  p r o c e s s ,  c e n t r a l i z e d  m e s h  r e s to r a t io n  a c c e s s e s  a  d a ta b a s e  

a t  a  c e n t r a l  c o n t r o l le r  t h a t  s to r e d  in f o r m a t io n  a b o u t  a l l  n e tw o r k  n o d e s ,  c o n n e c t iv i ty  

m a p s ,  a n d  s p a r e  f a c i l i t ie s .  I n  d is t r ib u te d  r e s to r a t io n  th e  n e tw o r k  i t s e l f  is  th e  d a ta b a s e ;  

r a th e r  th a n  a c c e s s in g  a  c e n t r a l  c o n t r o l le r ,  e a c h  D C S  o b ta in s  lo c a l  n e tw o r k  in f o r m a t io n  

f r o m  th e  l in k s  im p in g in g  o n  it.

T o  f u l f i l  s te p  tw o  o f  th e  r e s to r a t io n  p r o c e s s ,  c e n t r a l i z e d  r e s to r a t io n  c o m p u te s  th e  b e s t  

r e - r o u t in g  p a th s  f o r  a l l  f a i l e d  s ig n a ls  b a s e d  o n  th e  m o s t  r e c e n t  n e tw o r k  in f o r m a t io n  

a v a i la b le  in  th e  c o n t r o l l e r ’s d a ta b a s e .  D is t r ib u te d  r e s to r a t io n  c o m p u te s  th e  r e - r o u t in g  

p la n  is  a  d i s t r ib u te d  f a s h io n  a c r o s s  th e  e n t i r e  n e tw o r k  s o  t h a t  D C S  o n ly  c o m p u te s  th e  

p a r t  o f  t h e  c o m p o s i te  r o u t in g  s t r a te g y  w h ic h  i t  i s  r e q u i r e d  to  im p le m e n t .  T h e  c o m p u te d  

s e t  o f  r e s to r a t io n  p a th s  f o r m  th e  r e - r o u t in g  p la n  in  b o th  c a s e s .

I n  s te p  th r e e  o f  th e  r e s to r a t io n  p r o c e s s ,  c e n t r a l i z e d  r e s to r a t io n  r e q u i r e s  th e  d o w n lo a d in g  

o f  th e  r e - r o u t in g  p l a n  to  a l l  D C S  m a c h in e s .  H o w e v e r ,  d i s t r ib u te d  r e s to r a t io n  le a v e s  th e  

c o m p u te d  s e t  o f  r e s to r a t io n  p a th s  i n  p la c e  a t  e a c h  D C S  n o d e ,  o b v ia t in g  t h e  n e e d  to  

d o w n lo a d  a n y  r e - r o u t in g  p la n .

W h i le  c e n t r a l i z e d  a n d  d i s t r ib u te d  r e s to r a t io n  d is p e r s e s  in f o r m a t io n  o f  th e  r e r o u t in g  p la n  

d i f f e r e n t ly  in  s te p  th r e e  o f  th e  r e s to r a t io n  p r o c e s s ,  b o th  c e n t r a l i z e d  a n d  d i s t r ib u te d  

r e s to r a t io n  m a y  d e p lo y  t h e  c r o s s - c o n n e c ts  r e q u i r e d  to  im p le m e n t  a  r e r o u t in g  p l a n  in  th e



s a m e  w a y . T h e  w a y s  in  w h ic h  c r o s s - c o n n e c t io n  a c t io n s  m a y  b e  d e p lo y e d  a t  a  D C S  a re  

e x p la in e d  in  2 .2 .3 .

C e n t r a l iz e d  r e s to r a t io n  is  c h a l l e n g e d  w i th  p r o b le m s  r e l a t e d  to  th e  s iz e ,  c o s t ,  c o m p le x i ty ,  

a n d  v u ln e r a b i l i ty  o f  th e  s u r v e i l la n c e  a n d  c o n t r o l  c e n te r  n e e d e d  f o r  t r a n s p o r t  

m a n a g e m e n t .  A  c e n t r a l i z e d  s y s te m  is  a ls o  d e p e n d e n t  o n  t h e  a b i l i ty  to  m a i n t a i n  a  

c o m p le te ,  c o n s is te n t ,  a n d  a c c u r a te  d a ta b a s e  im a g e  o f  th e  n e tw o r k  w h ic h  n e c e s s i t i e s  

r e d u n d a n t  h ig h - a v a i la b i l i ty  te le m e t r y  a r r a n g e m e n ts .  A s  a  r e s u l t ,  c e n t r a l i z e d  r e s to r a t io n  

is  n o t  o n ly  s lo w e r  in  r e a l  t im e  t h a n  d is t r ib u te d  r e s to r a t io n  b u t  r u n s  th e  r i s k  t h a t  a  f a i lu r e  

in  th e  n e tw o r k  w i l l  c o in c id e  w i th  d o w n t im e  a t  th e  c e n t r a l  c o n t r o l  s i te  o r  a  f a i lu r e  i n  t h e  

t e le m e t r y  a r r a n g e m e n t .

I n  a  d i s t r ib u te d  a p p r o a c h  th e r e  a r e  n o  d e p e n d e n c ie s  o n  t e le m e t r y  o r  a  c e n t r a l  c o n t r o l  

s i te ;  th e  n e tw o r k  i s  t h e  c o m p u te r  o n  w h ic h  th e  r e c o n f ig u r a t io n  a lg o r i th m  ru n . T h e r e f o r e ,  

th e  d is t r ib u te d  a p p r o a c h  is  le s s  v u ln e r a b le  t h a n  t h e  c e n t r a l i z e d  a p p r o a c h .  F u r th e r m o r e ,  

d is t r ib u te d  m e s h  r e s to r a t io n  a lg o r i th m s  h a v e  th e  p o te n t i a l  to  c o m p u te  a  r e r o u t in g  p la n  

m u c h  f a s te r  t h a n  c e n t r a l i z e d  a lg o r i th m s  b e c a u s e  t h e y  u s e  th e  n e tw o r k  a s  t h e i r  d a ta b a s e ,  

a n d  p e r f o r m  d is t r ib u te d  p r o c e s s in g  o v e r  a l l  D C S s .  H o w e v e r ,  d i s t r ib u te d  r e s to r a t io n  

a lg o r i th m s  t e n d  to  b e  m o r e  c o m p le x  t h a n  c e n t r a l i z e d  a lg o r i th m s  b e c a u s e  t h e y  m u s t  

e n s u r e  th a t  th e  r o u t in g  d e c is io n s  t a k e n  b y  a l l  o th e r  n o d e s .  T h e  r e s to r a t io n  a lg o r i th m  

p r e s e n te d  in  th i s  th e s i s  i s  a  d i s t r ib u te d  m e s h  r e s to r a t io n  te c h n iq u e .

2 .2 .2  S O N E T  N e tw o rk  a n d  its  S ig n a l H ie ra rc h y

I n  th i s  s e c t io n ,  w e  p r o v id e  b a c k g r o u n d  o n  th e  n e tw o r k s  w h o s e  d e s ig n  w i l l  b e  o p t im iz e d  

a n d  in to  w h ic h  th e  d is t r ib u te d  d y n a m ic  p a th  r e s to r a t io n  a lg o r i th m  w i l l  b e  d e p lo y e d .  T h e  

r e le v a n t  n e tw o r k  e n v i r o n m e n t  is  t h a t  o f  th e  S O N E T  t r a n s p o r t  n e tw o r k .

•  S y n c h r o n o u s  D ig i ta l  H ie r a r c h y  (S D H )

S y n c h r o n o u s  D ig i ta l  H ie r a r c h y  (S D H )  is  a  s t a n d a r d  t e c h n o lo g y  f o r  s y n c h r o n o u s  d a ta  

t r a n s m is s io n  o n  o p t ic a l  m e d ia .  I t  is  th e  in te r n a t io n a l  e q u iv a le n t  o f  S O N E T . B o th  

te c h n o lo g ie s  p r o v id e  f a s te r  a n d  le s s  e x p e n s iv e  n e tw o r k  in te r c o n n e c t io n  t h a n  t r a d i t i o n a l  

P D H  (P le s io c h r o n o u s  D ig i ta l  H ie r a r c h y )  e q u ip m e n t .  I n  d ig i ta l  te le p h o n e  t r a n s m is s io n ,  

" s y n c h ro n o u s "  m e a n s  th e  b i t s  f r o m  o n e  c a l l  a r e  c a r r ie d  w i th in  o n e  t r a n s m is s io n  f r a m e . 

" P le s io c h r o n o u s "  m e a n s  " a lm o s t  ( b u t  n o t )  s y n c h r o n o u s ,"  o r  a  c a l l  t h a t  m u s t  b e  e x t r a c te d  

f r o m  m o r e  t h a n  o n e  t r a n s m is s io n  f r a m e .  S D H  u s e s  th e  f o l lo w in g  S y n c h r o n o u s
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T r a n s p o r t  M o d u le s  ( S T M )  a n d  ra te s :  S T M -1  (1 5 5  m e g a b i t s  p e r  s e c o n d ) ,  S T M - 4  (6 2 2  

M b p s ) ,  S T M - 1 6  (2 .5  g ig a b i t s  p e r  s e c o n d ) ,  a n d  S T M - 6 4  (1 0  G b p s ) .

•  P l e s io c h r o n o u s  D ig i ta l  N e tw o r k  ( P D N )  a n d  P le s io c h r o n o u s  D ig i t a l  H ie r a r c h y  

(P D H )

A  P le s io c h r o n o u s  D ig i t a l  N e tw o r k  (P D N )  u s e s  p o in t - to - p o in t  t r a n s m is s io n  s y s te m s  a n d  

a  la y e r e d  m u l t ip l e x in g  s c h e m e  to  p r o v id e  th e  p h y s i c a l  c o n n e c t iv i ty ,  e s ta b l i s h m e n t ,  

m a in te n a n c e ,  a n d  r e le a s e  o f  c o n n e c t io n s .  I n  a  P D N  f r a m in g  o c c u r s  a t  e a c h  m u l t ip l e x in g  

s te p ,  a n d  e a c h  p o in t - to - p o in t  t r a n s m is s io n  s y s te m  is  c lo c k e d  in d e p e n d e n t ly .  W h i le  a ll  

t h e  c lo c k s  in  a  P D N  a re  f r e e  r u n n in g ,  t h e y  n o m in a l ly  o p e r a te  a t  o n e  o f  t h e  s ta n d a r d i s e d  

r a te  s e t  i n  th e  P le s io c h r o n o u s  D ig i ta l  H ie r a r c h y  ( P D H )  s h o w n  in  T a b le  2 .1

D ig i ta l  S ig n a l  L e v e l D a ta  r a te  ( M b p s )

D SO 0 .0 6 4

D S 1 1 .5 4 4

D S 2 6 .3 1 2

D S 3 4 4 .7 3 6

D S 4 2 7 4 .1 7 6

T a b le  2 . lP le s io c h r o n o u s  D ig i ta l  H ie r a r c h y

W ith in  e a c h  r a te  i n  th e  m u l t ip l e x in g  h ie r a r c h y ,  t h e  v a r io u s  t r a n s m is s io n  s y s te m s  i n  a  

P D N  o p e r a te  a t  s l ig h t ly  d i f f e r e n t  f r e q u e n c ie s .  I n  o r d e r  to  m u l t ip l e x  s ig n a l s  w i th  s l ig h t ly  

d i f f e r e n t  b i t  r a te s  i t  is  n e c e s s a r y  to  a d ju s t  th e  v a r io u s  in p u t  s ig n a l s  to  a  c o m m o n  r a te  b y  

a d d in g  o r  d e le t in g  b i t s ,  m a y  b e  e l im in a te d  o r  a d d e d  w i th o u t  c o r r u p t in g  th e  t r a n s m i t t e d  

in f o r m a t io n .  W h i le  a d d in g  a n d  d e le t in g  s t u f f  b i t s  i n  a n  in p u t  s ig n a l  a c c o r d in g  to  th e  

r u le s  s t ip u la te d  in  t h e  P D N  d o e s  n o t  c o r r u p t  t h e  in f o r m a t io n  b e in g  t r a n s m i t te d ,  i t  d o e s  

r e n d e r  th e  t r ib u ta r y  s ig n a l  in a c c e s s ib le  a f te r  m u l t ip l e x in g .  I n  th e  P D H  i t  i s  im p o s s i b l e  to  

d i s c e r n  th e  d i f f e r e n c e  b e tw e e n  a  s t u f f  b i t  a n d  a n  in f o r m a t io n  b i t  i n  th e  p a y lo a d  o f  a n y  

d ig i t a l  c a r r ie r  s ig n a l  a b o v e  th e  D S O  le v e l  w i th  d e - m u l t ip l e x in g  th e  h ig h  s p e e d  in to  i t  

c o n s t i tu e n t  t r i b u ta r y  s ig n a ls .

•  S y n c h r o n o u s  O p t ic a l  N e tw o r k  ( S O N E T )

S O N E T  is  a  s ta n d a r d  i n  N o r th  A m e r ic a  t h a t  d e f in e s  b o th  a n  o p t ic a l  i n te r f a c e ,  a n d  r a te

a n d  f o r m a t  s p e c i f ic a t io n s  f o r  o p t ic a l  s ig n a l  t r a n s m is s io n .  I t  c a n  s u p p o r t  b o t h  b r o a d b a n d

a n d  n a r r o w - b a n d  s e r v ic e s .  S O N E T  P h a s e  I  s p e c i f ie s  t r a n s m is s io n  r a te s ,  s ig n a l  f o r m a ts ,

o p t ic a l  in te r f a c e  p a r a m e te r s ,  a n d  s o m e  p a y lo a d  m a p p in g s ,  h o w e v e r ,  i t  d o e s  n o t
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s ta n d a r d iz e  th e  o p e r a t io n s  a n d  m a in te n a n c e  f u n c t io n s  t h a t  m u s t  a l s o  b e  e x c h a n g e d  

b e tw e e n  N e tw o r k  E le m e n ts  (N E s ) .  P h a s e  II  o f  S O N E  d e f in e s  th e  m e s s a g e  s e t  a n d  

p r o to c o ls  f o r  u s in g  o v e r h e a d  c h a n n e ls  f o r  o p e r a t io n s ,  a d m in is t r a t io n ,  m a in te n a n c e ,  a n d  

P r o v is io n in g  (O A M & P ) .  P h a s e  I I  in c lu d e s  f o u r  m a jo r  c o m p o n e n t s :  a  p r o to c o l  s ta c k ,  a  

la n g u a g e ,  a  m e s s a g e  s t r u c tu r e ,  a n d  a  c o m m o n  v ie w  o f  th e  d a ta .

T h e  S O N E T  s ig n a l  h ie r a r c h y  p la y s  a  c ru c ia l  r o le  in  S O N E T  n e tw o r k s .  S e v e r a l  f a c to r s  

d e te r m in e  th e  d e s ig n  o f  th e  S O N E T  s ig n a l  h ie r a r c h y .  T h e s e  f a c to r s  in c lu d e  f l e x ib i l i ty  o f  

s u p p o r t in g  d i f f e r e n t  s e r v ic e s ,  s im p l ic i ty  in  c r o s s - c o n n e c t io n ,  b e n e f i t s  f r o m  s y n c h r o n o u s  

n e tw o r k s ,  f a c i l i ty  m a in te n a n c e ,  m o d u la r i ty  f o r  g r o w th ,  a n d  c o m p a t ib i l i ty  w i t h  e x i s t in g  

n e tw o r k s .  T h e  b a s ic  b u i ld in g  b lo c k  ( i .e . ,  th e  f i r s t  l e v e l )  o f  th e  S O N E T  s ig n a l  h ie r a r c h y  

is  c a l le d  S y n c h r o n o u s  T r a n s p o r t  S ig n a l - L e v e l  1 ( S T S - 1 ) .  T h e  S T S -1  h a s  a  b i t  r a te s  o f  

5 1 .8 4  M b p s .  T h e  t r a f f ic  in  S O N E T  n e tw o r k  i s  th e  c o m b in a t io n  o f  S T S n  ( n  =  1, 4 ,  9 , 

1 2 .. .) , c u r r e n t ly  th e  S T S n  is  d e f in e d ,  a s  d e p ic t e d  in  T a b le  2 .2

D ig i ta l  h ie r a r c h y L in e  r a te  ( M b p s )

S T S -1 5 1 .8 4

S T S -3 1 5 5 .5 2

S T S -9 4 6 6 .5 6

S T S -1 2 6 2 2 .0 8

S T S -1 8 9 3 3 .1 2

S T S -2 4 1 2 4 4 .1 6

S T S -3 6 1 8 6 6 .2 4

S T S -4 8 2 4 8 8 .3 2

T a b le  2 .2  S O N E T  S ig n a l  H ie r a r c h y  w i th  i ts  L in e  R a te

I t  is  w o r th  n o t in g  t h a t  n e tw o r k  t r a f f ic  c a n  o n ly  b e  r e p r e s e n te d  b y  th e  in te g e r  n u m b e r  o f  

S T S n  ( f o r  e x a m p le ,  S T S -1 ,  S T S -3  a n d  s o  o n )  d u e  to  th e  m o d u la r i ty  o f  th e  S O N E T  

s ig n a l  h ie r a r c h y .  T h e  f o l lo w in g  n e tw o r k  d e f in i t io n s  a ls o  p la y  a  c r u c ia l  r o l e  in  d e s ig n  o f  

m e s h  s u r v iv a b le  n e tw o rk s .

I n  r e c e n t  d e c a d e s ,  in c r e a s in g  d e p lo y m e n t  o f  f ib e r  f a c i l i t ie s  i n  t e l e c o m m u n ic a t io n s  

n e tw o r k  r a is e s  c o n c e r n s  a b o u t  s e r v ic e  e f f i c ie n c y  o n  th e  e n d - to - e n d  b a s i s  d u e  to  th e  la c k  

o f  s ig n a l  s ta n d a r d s  f o r  o p t ic a l  n e tw o r k s .  T h is  s e r v ic e  e f f i c ie n c y  c o n c e r n ,  a lo n g  w i t h  th e  

n e e d  f o r  s u p p o r t in g  b r o a d b a n d  s e r v ic e ,  w h ic h  r e q u i r e  b a n d w id th  b e y o n d  t h e  D C 3  le v e l  

(e .g . H ig h  D e f in i t io n  T e le v is io n  [H D T V ] ) ,  l e d  to  th e  e s ta b l i s h m e n t  o f  a  n a t io n a l



s ta n d a r d  s ig n a l  f o r m a t  t h a t  s u p p o r ts  p r e s e n t  s e r v ic e  a n d  f u tu r e  b r o a d b a n d  s e r v ic e s .  T h is  

o p t ic a l  s ig n a l  f o r m a t  h a s  b e e n  d e f in e d  a s  S O N E T . S o  S O N E T  n e tw o r k  w i l l  b e c o m e  th e  

m a jo r  in f r a s t r u c tu r e  n e tw o r k  f o r  th e  f u tu r e  b r o a d b a n d  n e tw o r k  ( i.e . A T M  n e tw o r k ) .  

A l th o u g h  S D H  n e tw o r k  is  a n o th e r  m a jo r  in f r a s t r u c tu r e  f o r  t h e  f u tu r e  b r o a d b a n d  

n e tw o r k ,  th e  m a jo r  p r in c ip le s  d e r iv e d  f r o m  S O N E T  n e tw o r k  c a n  a ls o  b e  a p p l ie d  to  S D H  

n e tw o r k  d u e  to  th e  s im i la r i ty  o f  S O N E T  a n d  S D H . T h e r e f o r e ,  o n ly  t e r m in o lo g y  

r e g a r d in g  S O N E T  n e tw o r k  is  g iv e n  in  th e  f o l lo w in g  s e c t io n .

2 .2 .3  S o m e  C o n c e p ts  re g a rd in g  N e tw o rk  S tru c tu re

•  A  s p a n  i s  th e  c o l le c t io n  o f  p o in t - to - p o in t  S T S n  c h a n n e ls ,  w o r k in g  a n d  s p a r e ,  in  

p a r a l l e l  b e tw e e n  tw o  D C S  n o d e s .

•  A  w o r k in g  c h a n n e l  is  a n y  c h a n n e l  t h a t  is  p a r t  o f  a  p a t h  b e a r in g  l iv e  t r a f f ic .

•  A  s p a r e  c h a n n e l  is  a n  e q u ip p e d - b u t - id le  S T S n  c h a n n e ls  t e r m in a te d  o n  D C S s ;

•  A  w o r k in g  p a th  is  a n  e n d - to - e n d  ( s o u r c e  to  s in k )  c o n c a te n a t i o n  o f  c h a n n e ls  (e .g . 

S T S -1 )  f r o m  a  p a i r  o f  s o u rc e  a n d  d e s t in a t io n  th r o u g h  th e  n e tw o r k .

•  A  s p a r e  p a th  is  a  c o n c a te n a t io n  o f  s p a r e  c h a n n e l s  th r o u g h  th e  s u r v iv in g  p o r t i o n  o f  a  

n e tw o r k  t h a t  l o g ic a l ly  s u b s t i tu te s  f o r  o n e  f a i l e d  w o r k in g  p a th .

•  A  r o u te  is  th e  s e q u e n c e  o f  s p a n s  f o l lo w e d  b y  a  w o r k in g  p a th  o r  s p a r e  p a th ;  N o te  th a t  

e a c h  s p a n  is  c o m p o s e d  o f  b o th  w o r k in g  a n d  s p a r e  c h a n n e ls .

A d ja c e n t  n o d e s  a r e  th o s e  th a t  a re  d i r e c t ly  c o n n e c te d  b y  a  s p a n . F e a s ib l e  p a th s  a re  

d e f in e d  a s  th o s e  t h a t  c o n s i s t  o f  s p a r e  p a th s  b e tw e e n  th e  n o d e s  p a i r ,  w h e r e  th e  f a i le d  

s p a n  s ta r ts  f r o m  a n d  te r m in a te s  in . F e a s ib l e  p a th s  c a n  b e  u s e d  to  r e r o u te  t h e  d i s r u p te d  

t r a f f ic  o n  th e  f a i l e d  s p a n  in  th e  e v e n t  o f  n e tw o r k  fa i lu r e .  I n  o r d e r  to  m a k e  th e s e  c o n c e p ts  

c le a r  w e  i l lu s t r a te  th e m  in  F ig u r e  2 .1 .
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S p are  c a p a c ity

  S p a re  c a p a c i t y   W o r k in g  c a p a c i ty

^  F a i le d  S p a n  V  M a r k e t  f e a s ib le  p a th

I ■ S p a n

F ig u r e  2 .1  M e s h  S u r v iv a b le  N e tw o r k

I n  F ig u r e  2 .1 ,  t h e  s p a n  b e tw e e n  D C S 1  a n d  D C S  4  f a i ls ,  t h e r e  a r e  tw o  w o r k in g  p a th s  

d r o p p e d  b y  t h e  f a i lu r e ,  i.e . a  w o r k in g  p a th  (D C S 1  ->  D C S 5  ->  D C S 6 ) ,  th e  o th e r  (D C S 1  

->  D C S 5  - > D C S 3 ) .  T w o  f e a s ib le  p a th s  a r e  f o u n d  to  r e s to r e  th e  f a i l e d  w o r k in g  p a th ,  i.e . 

t h e  f e a s ib le  p a th  (D C S 1  ->  D C S 6 )  f o r  th e  f i r s t  f a i l e d  w o r k in g  p a th ,  a n d  t h e  o th e r  

(D C S 1  ->  D C S 2  ->  D C S 3 )  f o r  th e  s e c o n d  f a i l e d  w o r k in g  p a th .

D ig i ta l  C r o s s - C o n n e c t  (D C S ) :  P r o v id e s  n o n - b lo c k  c o n n e c t io n s  b e tw e e n  a n y  o f  i t s  p o r ts .  

O f f e r s  c r o s s - c o n n e c t io n  fo r  S O N E T  s ig n a l  r a te s ,  t h r o u g h  m a p p in g  a n d  m u l t ip l e x in g  to  

th e  v a r io u s  S O N E T  S T S n  f r a m e s .  C a p a b le  o f  m o n i to r in g  a l lo c a te d  s e c t io n /p a th  

o v e r h e a d  ( m a n a g e m e n t  a n d  s ta tu s  in f o r m a t io n  a c c o m p a n y in g  th e  d a ta ) ,  f o r  e n h a n c e d  

f le x ib i l i ty  to  n e tw o r k  m a n a g e m e n t .  A l lo w s  f o r  th e  in te r c o n n e c t io n  o f  v a r io u s  n e tw o r k  

to p o lo g ie s ,  i .e .  r in g  a n d  s ta r , th u s  e n h a n c in g  o v e r a l l  n e tw o r k  f le x ib i l i ty .  I t s  t r a n s p a r e n t  

s w i tc h in g  c h a r a c te r i s t i c  o f f e r s  e x te n s iv e  s w i tc h in g  c a p a b i l i ty  f o r  n e tw o r k  r e s to r a t io n  

a n d  n e tw o r k  r e - c o n f ig u r a b i l i ty .  In  m e s h  s u r v iv a b le  n e tw o r k s ,  D C S  h a s  th r e e  b a s ic  

f u n c t io n s  a s  f o l lo w s :

•  D C S  c a n  b e  u s e d  to  s w i tc h  th e  in c o m in g  t r a f f ic  in to  i t s  d e s t in a t io n  b y  id e n t i f y in g  i ts  

h e a d e r  b i t  w h e n  n e tw o r k s  s ta y  in  o rd e r .

•  D C S  c a n  b e  u s e d  to  c r o s s - c o n n e c t  t h e  d i s r u p te d  t r a f f i c  in to  s p a r e  p a th s  b y  r o u te r

ta b le  a t  th e  e v e n t  o f  f a i lu r e  o f  n e tw o r k  c o m p o n e n ts .
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•  D C S  c a n  b e  u s e d  to  w o r k  o u t  th e  s p a r e  p a th s  b y  u s in g  th e  k n o w le d g e  a b o u t  n e tw o r k  

to p o lo g y  a n d  s p a re  c a p a c i ty  la y o u t .  I n  d i s t r ib u te d  r e s to r a t io n  s c h e m e ,  th e  

k n o w le d g e  a v a i la b le  to  D C S  is  g lo b a l .  I n  c e n te r e d  r e s to r a t io n  s c h e m e ,  th e  

k n o w le d g e  c o m e s  f r o m  th e  n e ig h b o r s  o f  th e  D C S .

2 .2 .4  S o m e  Im p o r ta n t  P a ra m e te rs  R e g a rd in g  S u rv iv a b le  n e tw o rk s

T h e r e  a r e  a  f e w  m a jo r  p a r a m e te r s  th a t  a r e  u s e d  to  j u d g e  th e  p e r f o r m a n c e  o f  m e s h  

s u r v iv a b le  n e tw o r k s ,  i.e . s p a n  s u r v iv a b i l i ty ,  n e tw o r k  s u r v iv a b i l i ty  a n d  s p a r e  c a p a c i ty  

r e d u n d a n c y .

S p a n  s u r v iv a b i l i ty  S v Sj j a n d  n e tw o r k  s u r v iv a b i l i ty  S v n a re  d e f in e d  a s :

m in ( w „ fc ,)  _  ,=1
S v S; j =  ------------ -  S v n =

W,

2
i = i

W h e r e  S is  th e  n u m b e r  o f  s p a n s  in  n e tw o r k s .  N o te  t h a t  S v n i s  n o t  t h e  a v e r a g e  o f  

in d iv id u a l  s p a n  s u r v iv a b i l i ty  (u n le s s  a l l  s p a n s  h a v e  th e  s a m e  v a lu e s  W j). A s  d e f in e d ,  S v n 

w e ig h ts  th e  r e s to r a b i l i ty  o f  e a c h  s p a n  b y  th e  s iz e  o f  e a c h  s p a n  s o  th a t  i t  e x p r e s s e s  th e  

to ta l  f r a c t io n  o f  w o r k in g  c a p a c i ty  th a t  i s  p r o te c te d ,  n o t  th e  a v e r a g e  f r a c t io n  p r o t e c t e d  o n  

e a c h  s p a n . T h is  r e f le c ts  th e  im p o r ta n c e  o f  l a r g e  s p a n s  in  o v e r a l l  n e tw o r k  p e r f o r m a n c e .  

T h e  w o r s e  c a s e  s u r v iv a b i l i ty  o f  a  n e tw o r k  ( to  s p a n  f a i lu r e )  is  d e f in e d  a s  t h e  l o w e s t  s p a n  

s u r v iv a b i l i ty  le v e l  o f  a n y  s p a n  in  th e  n e tw o r k :

S v n, wc =  m in { S v v,}
/e,y ’

I n  th e  c a s e  o f  S v n < 1 . 0 ,  S v n> wc c a n  b e  u s e d  a s  p a r t  o f  a  d e te r m in a t io n  o f  w h e th e r  m a n y  

s p a n s  a r e  s l ig h t ly  b e lo w  fu l l  r e s to r a b i l i ty  o r ,  in  c o n tr a s t ,  o n e  o r  a  f e w  s p a n s  a r e  v e ry  

u n d e r - p r o te c te d .

S p a re  C a p a c i ty  R e d u n d a n c y  i s  th e  r a t io  o f  s p a r e  c a p a c i t ie s  r e q u i r e d  to  w o r k in g  

c a p a c i t ie s  f o r  th e  s p e c i f ie d  le v e l  o f  n e tw o r k  r e s to ra b i l i ty .

2 .3  R e p r e s e n ta t iv e  o f  N e tw o r k  T o p o lo g y  in  a  C o m p u te r

I n  th is  s e c t io n  w e  w i l l  p r e s e n t  tw o  p o p u la r  m e th o d s  to  r e p r e s e n t  a  g iv e n  n e tw o r k  

to p o lo g y  o n  a  c o m p u te r ,  B in a r y  A d ja c e n c y  M a t r ix  (B A M )  a n d  i ts  v a r ia t io n ,  n a m e ly ,  

C a p a c i ty  M a t r ix  (C M ) . B A M  is  a  s im p le  a n d  in tu i t iv e  n e tw o r k  r e p r e s e n ta t iv e  w h e re  

e n t r ie s  o f  t h i s  m a t r ix  a r e  s e t  1 i f  th e  s p a n  e x i ts  b e tw e e n  th e  c o r r e s p o n d in g  n o d e s  p a ir s ,  

a n d  0  o th e r w is e .  T h e  m a in  d i s a d v a n ta g e  o f  B A M  is  t h a t  i t  m a y  o n ly  b e  u s e d  to  

r e p r e s e n t  t h e  to p o lo g y  o f  n e tw o r k s  r a th e r  t h a n  th e  c a p a c i ty  o n  n e tw o r k  s p a n s ,  s o  a n
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a d d i t io n a l  m a t r ix  is  r e q u i r e d  to  s to r e  n e tw o r k  c a p a c i ty .  O b v io u s ly ,  p l e n ty  o f  e x t r a  

c o m p u te r  m e m o r y  w i l l  b e  r e q u e s te d  to  s to r e  th e m . T o  s o lv e  th i s  p r o b le m ,  w e  s u b s t i t u te  

B A M  m a t r ix  b y  i ts  C a p a c i ty  M a t r ix  (C M ) , th a n k s  to  th e  f a c t  t h a t  c a p a c i ty  o f  a  g iv e n  

n e tw o r k  w o u ld  b e  p la c e d  o n  a  p a i r  o f  n o d e s  i f  a n d  o n ly  i f  a  s p a n  e x i s t  b e tw e e n  th e m . 

W e  c a n  e a s i ly  c o n v e r t  th e  C a p a c i ty  M a tr ix  (C M )  in to  th e  B A M  i f  n e c e s s a r y .  T h e  B A M  

is  t h e r e f o r e  r e g a r d e d  a s  a  s p e c ia l  C a p a c i ty  M a t r ix  w h e r e  th e  c a p a c i ty  in  e a c h  s p a n  is  1. 

W e  w i l l  p r e s e n t  th e  d e ta i l s  o f  B A M  a n d  C a p a c i ty  M a t r ix  in  t h e  f o l l o w in g  s e c t io n .  N o te  

th a t  a  C a p a c i ty  M a t r ix  (C M )  is  d e n o te d  b y  w e ig h t  c a p a c i ty  in  g r a p h  th e o r y  [1 3 ] , w h e r e  

“ w e ig h t”  m a y  r e p r e s e n t  c a p a c i ty ,  d i s ta n c e  a n d  s o  o n . H e r e ,  w e  w i l l  b e g in  c o m p u te r  

r e p r e s e n ta t iv e  o f  n e tw o r k s  w i th  s o m e  g r a p h  th e o r ie s .

2 .3 .1  G ra p h ic a l N e tw o rk s

A  g r a p h  G  =  (V , E )  c o n s is t s  o f  a  s e t  o f  v e r t ic e s  V  =  {v ; V2    v„} w i t h  th e  f in i t e  n u m b e r

o f  e le m e n ts  a n d  a  f in i te  s e t  E  o f  e d g e s  E  =  {e e 2 e m}, a s  s e e n  in  F ig u r e  2 .2 .T o  e a c h

e d g e ,  e, th e r e  c o r r e s p o n d s  a  p a i r  o f  d i s t in c t  v e r t i c e s  (u,  v )  w h e r e  e  i s  s a id  to  b e  i n c i d e n t  

o n . W h e n  d r a w in g  a  g r a p h  w e  r e p r e s e n t  e a c h  v e r t e x  b y  a  d o t  a n d  e a c h  e d g e  e  b y  a  l in e  

s e g m e n t  j o i n i n g  i t s  tw o  e n d  v e r t ic e s .  A  g r a p h  is  s a id  to  b e  a  d i r e c t e d  g r a p h  (o r  d ig r a p h  

f o r  s h o r t ) ,  a s  s e e n  in  F ig u r e  2 .2 ,  i f  th e  v e r te x  p a i r  (u , v ) a s s o c ia te d  w i t h  e a c h  e d g e  e  is  

a n  o r d e r e d  p a i r .  E d g e  e  is  th e n  s a id  to  b e  d i r e c te d  f r o m  v e r t e x  u  to  v e r te x  v, a n d  th e  

d i r e c t io n  i s  s h o w n  b y  a n  a r r o w h e a d  o n  th e  e d g e .  A  g r a p h  is  u n d i r e c te d  i f  t h e  e n d  

v e r t i c e s  o f  a l l  e d g e s  a re  u n o r d e r e d  ( i.e . e d g e s  h a v e  n o  d i r e c t io n ) .  A  n e tw o r k  i s  a  

d i r e c te d  o r  u n d i r e c te d  g r a p h  in  w h ic h  a  r e a l  n u m b e r  is  a s s ig n e d  to  e a c h  e d g e . T h is  

n u m b e r  is  o f te n  r e f e r r e d  to  a s  th e  w e ig h t  o f  t h a t  e d g e . I n  a  p r a c t i c a l  n e tw o r k  th is  

n u m b e r  ( w e ig h t )  m a y  r e p r e s e n t  th e  d r iv in g  d is ta n c e ,  th e  c o n s t r u c t i o n  c o s t ,  t h e  t r a n s i t  

t im e ,  th e  r e l i a b i l i ty ,  th e  t r a n s i t i o n  p r o b a b i l i ty ,  t h e  c a r r y in g  c a p a c i ty ,  o r  a n y  o th e r  s u c h  

a t t r ib u te  o f  t h e  e d g e .

V3

F ig u r e  2 .2  U n d i r e c te d  g r a p h  w i th  5 v e r t i c e s  a n d  6  e d g e s ,
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T w o  e d g e s  a r e  s a id  to  b e  p a r a l l e l  i f  th e y  h a v e  th e  s a m e  p a i r  o f  e n d  v e r t i c e s  ( a n d  

a d d i t io n a l ly ,  i f  t h e y  h a v e  th e  s a m e  d i r e c t io n  in  c a s e  o f  a  d i r e c te d  g r a p h ) .  T h r o u g h o u t  

f o l lo w in g  c h a p te r s  w e  a s s u m e  th a t  th e  n e tw o r k  u n d e r  c o n s id e r a t io n  h a s  n o  p a r a l l e l  

e d g e s .  ( T h is  a s s u m p t io n  g iv e s  u s  s o m e  s im p l ic i ty  w i th o u t  a n y  c o s t  i n  g e n e r a l i ty ) .  T h u s  

w e  c a n  r e f e r  to  e a c h  e d g e  b y  i ts  e n d  v e r t ic e s .

F ig u r e  2 .3  D ig r a p h  w i th  v e r t i c e s  a n d  11 e d g e s

W e  d e n o te  th e  le t te r s  n  a n d  m  a s  th e  n u m b e r  o f  v e r t i c e s  a n d  n u m b e r  o f  e d g e s  

r e s p e c t iv e ly  in  a  n e tw o r k .  A  v e r te x  w i l l  b e  r e f e r r e d  to  a s  a  n o d e  ( a  t e r m  m o r e  p o p u la r  in  

a p p l ie d  f ie ld s ) .

2 .3 .2  W e ig h t  (C a p a c ity )  M a tr ix  a n d  B in a ry  M a tr ix  o f  N e tw o rk s

T h e  s im p le s t  a n d  p e r h a p s  th e  m o s t  p o p u la r  c o m p u te r  r e p r e s e n ta t iv e  o f  a  n e tw o r k  i s  th e  

w e ig h t  m a t r ix  ( c a p a c i ty  m a tr ix ) .  T h e  w e ig h t  m a t r ix  o f  a n  n - n o d e  n e tw o r k  is  a n  n  x  n  

m a t r ix  W  =  { w i; j} in  w h ic h  th e  ( i , j ) t h  e n t r y  w y  is  th e  w e ig h t  o f  ( i,  j ) .  T h e  e d g e  f r o m  

n o d e  i to  n o d e  j  in  th e  n e tw o r k  G . I f  th e r e  is  n o  e d g e  ( i,  j )  i n  G , t h e  c o r r e s p o n d in g  

e le m e n t  is  s e t  u s u a l ly  to  b e  0  ( in  p r a c t i c e ,  s o m e  v e r y  la r g e  n u m b e r ) .  T h e  d ia g o n a l  

e n t r ie s  a r e  u s u a l ly  s e t  to  z e r o  ( o r  to  s o m e  o th e r  v a lu e  d e p e n d in g  o n  th e  a p p l i c a t io n  a n d  

a lg o r i th m ) .  I t  is  e a s y  to  s e e  t h a t  th e  w e ig h t  m a tr ix  o f  a n  u n d i r e c t e d  n e tw o r k  i s  a lw a y s  

s y m m e tr ic .  A  n e tw o r k  a n d  i t s  w e ig h t  m a t r ix  a re  s h o w n  in  F ig u r e  2 .4 . B o x e d  n u m b e r s  

n e x t  to  th e  e d g e s  a r e  th e i r  w e ig h ts .
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18

v °

0 0 35 0

19 0 0 85 0

18 43 0 11 0

0 0 0 0 0

0 16 0 77

V

F ig u r e  2 .4  A  n e tw o r k  a n d  i ts  w e ig h t  m a tr ix

B a s e d  o n  t h e  n e tw o r k  w e ig h t  m a t r ix  w e  o b ta in  a  B in a r y  A d ja c e n c y  M a t r ix  ( B A M )  b y  

c o n v e r t in g  n o n - z e r o  e n t r y  to  1 b e c a u s e  n o n - z e r o  e n t r y  i n  t h e  n e tw o r k  w e ig h t  m a t r i x  

in d ic a te s  t h a t  th e r e  is  a  l in k  b e tw e e n  t h e  c o r r e s p o n d in g  v e r t i c e s .  I n  F ig u r e  2 .5 ,  th e  

b in a r y  a d ja c e n c y  m a t r ix  o f  t h e  n e tw o r k  i n  F ig u r e  2 .4  i s  g iv e n .

f °
0 1 0

1 0 0 1 0

1 1 0 1 0

0 0 0 0 0

L °
1 0 1

V

F ig u r e  2 .5  B in a r y  A d ja c e n c y  M a t r ix  o f  a  N e t w o r k

A l l  a lg o r i th m s  t h a t  w i l l  b e  i l lu s t r a t e d  i n  C h a p te r  3 a n d  4  w o r k s  w i t h  w e ig h t  m a t r ix  a n d  

b in a r y  a d ja c e n c y  m a tr ix .
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2 .4  G e n e ra l D e s c r ip t io n  o f  M e s h  S u r v iv a b le  N e tw o r k s

I n  g e n e r a l ,  th e  r e s to r a t io n  te c h n o lo g ie s  c a n  fa l l  in to  tw o  c a te g o r ie s ,  t r a f f i c  r e s to r a t io n  

a n d  f a c i l i ty  r e s to r a t io n .  T r a f f ic  r e s to r a t io n  is  th e  c i r c u i t  le v e l  r e s to r a t io n  w h e r e  th e  

d i s r u p te d  c i r c u i t  is  r e - r o u te d  a r o u n d  f a i lu r e .  A  c i r c u i t  s w i tc h ,  s u c h  a s  A T & T ’s 5 E S S  

s w i tc h ,  p e r f o r m  t r a f f ic  r e s to r a t io n  b y  r e r o u t in g  c a l l s  a r o u n d  f a i l e d  c i r c u i t .  F a c i l i ty  

r e s to r a t io n  is  th e  t r a n s p o r ta t io n  le v e l  r e s to r a t io n  th a t  r e r o u te s  th e  f a i l e d  t r a f f i c  i n  la r g e  

u n i t s  s u c h  a s  S T S n  u p o n  f a i lu r e  o f  th e  n e tw o r k .  A s  d i s c u s s e d  in  C h a p te r  1, f a c i l i ty  

r e s to r a t io n  c a n  b e  d iv id e d  in  tw o  s u b c a te g o r ie s ,  d e d ic a te d  s p a r e  c a p a c i ty  ( f a c i l i t i e s )  

r e s to r a t io n  a n d  n o n - d e d ic a te d  s p a r e  c a p a c i ty  ( f a c i l i t ie s )  r e s to r a t io n .  F a c i l i t y  d e d ic a te d  

r e s to r a t io n  is  c h a r a c te r iz e d  b y  u s in g  th e  d e d ic a te d  f a c i l i t i e s  f o r  p r o te c t io n  in c lu d in g  

A u to m a t ic  P r o te c t io n  S w itc h  (A P S ) ,  d u a l  h o m in g ,  a n d  S e l f - H e a l in g  R in g s  ( S H R s ) .  

N o n - d e d ic a te d  f a c i l i ty  r e s to r a t io n  is  d e f in e d  b y  u s in g  D C S s  ( o r  A D M )  to  r e r o u te  a  

f a i lu r e  p o in t .

T h e s e  te c h n iq u e s  a r e  a ls o  r e f e r r e d  to  a s  D C S  r e s to r a t io n  te c h n iq u e s .  D C S  r e s to r a t io n  

d o e s  n o t  r e q u i r e d  th e  d e d ic a te d  f a c i l i t ie s  to  w o r k in g  s y s te m s  f o r  r e s to r a t io n .  

A l te r n a t iv e ly ,  i t  u s e s  s p a r e  c a p a c i t ie s  w i th  w o r k in g  s y s te m s  to  r e s to r e  d i s r u p te d  t r a f f ic .  

F ig u r e  2 .6  s h o w s  s e v e r a l  e x a m p le s  o f  f a c i l i ty - d e d ic a te d  r e s to r a t io n  a n d  n o n - d e d ic a te d  

r e s to r a t io n  in  o r d e r  to  m a k e  th e  a b o v e  d e f in i t io n s  c le a re r .

P r o t e c t io n  F a c i l i t y  w i t h  S p a r e  p a t h s
.... r \ _ ,

__
W o r k i n g  F a c i l i t y  w i t h  W o r k i n g  P a th s

m

p

s

■ -

,
W o r k i n g  F a c i l i t y  w i t h  W o r k i n g  P a th s

w

m
P

s'—

•

A

W o r k i n g  F a c i l i t y  w i t h  W o r k i n g  p a th s

V

i

A
W w

(a )  1 :N  A P S  A r c h i te c tu r e
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•—  --------  S p a r e  C a p a c i ty

D C S  D ig i ta l  C r o s s - c o n n e c te d  S w i tc h

R e r o u te  P a th

(c )  D C S  r e s to r a t io n

F ig u r e  2 .6  F a c i l i ty  R e s to r a t io n :  (a )  a n d  (b )  is  r e f e r r e d  to  a s  F a c i l i ty  D e d ic a te d  

R e s to r a t io n  a n d  (c )  i s  r e f e r r e d  to  a s  F a c i l i ty  n o n - d e d ic a te d  R e s to r a t io n

•  1: N  A P S  D iv e r s e  P r o te c t io n

T h e  A P S  a p p r o a c h  is  c o m m o n ly  u s e d  to  f a c i l i t a te  m a in te n a n c e  a n d  p r o te c t  w o r k in g

s e r v ic e s ,  a n d  h a s  th e  a d v a n ta g e  o f  b e in g  to ta l ly  a u to m a t ic .  T h e  1: N  d iv e r s e  p r o te c t io n

s t r u c tu r e  is  a n  a l te r n a t iv e  to  th e  c o m m o n ly  u s e d  1 :N  p r o te c t io n  s t r a te g y ,  w h e r e  N

w o r k in g  f ib e r  s y s te m  s h a r e  o n e  c o m m o n  p r o te c t io n  f ib e r  s y s te m . T h e  o n ly  d i f f e r e n c e

b e tw e e n  th e s e  s t r u c tu r e s  i s  th e  lo c a t io n  o f  th e  f ib e r  p r o t e c t io n  s y s te m ;  t h e  1 :N

p r o te c t io n  s t ru c tu re  p la c e s  th e  p r o te c t io n  f ib e r  in  th e  s a m e  r o u te  a s  t h a t  o f  w o r k in g

s y s te m s ,  a n d  th e  1 :N  d iv e r s e  p r o te c t io n  s t r u c tu r e  p la c e s  th e  p r o te c t io n  f ib e r  in  a  d iv e r s e
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ro u te .  I n  a  1 :N  s y s te m , a  c a b le  c u t  o c c u r s  a n d  a  1 :N  d iv e r s e  p r o te c t io n  s c h e m e  is  u s e d ,  

p a r t  o f  th e  s e r v ic e  i s  l o s t  b e c a u s e  o n ly  o n e  o f  t h e  N  w o r k in g  s y s te m s  c a n  b e  r e s to r e d .  

F ig u r e  2 .7  s h o w s  th e  d i f f e r e n c e  b e tw e e n  th e s e  s t r u c tu r e s .  T h is  d iv e r s e  p r o te c t io n  

s c h e m e  is  a t t r a c t iv e  b e c a u s e  e le c t r o n ic s  c o s t  d o m in a te  to t a l  c o s t  a n d  r e m a in  u n c h a n g e d  

w h e n  a t te m p t in g  to  a c h ie v e  s u rv iv a b i l i ty ,  a  1:1 d iv e r s e  p r o te c t io n  a r r a n g e m e n t ,  w h ic h  

p r o v id e s  1 0 0 %  s u r v iv a b i l i ty  fo r  f ib e r  c a b le  c u ts ,  r e q u i r e d  m o r e  f a c i l i t ie s  a n d  e q u ip m e n t  

t h a n  1 :N  d iv e r s e  p r o te c t io n  a r r a n g e m e n t

I n  c o n t r a s t  w i th  f a c i l i ty  r e s to r a t io n ,  t r a f f ic  r e s to r a t io n  is  m o r e  e f f i c ie n t  w i th  r e s p e c t  to  

u t i l i z in g  n e tw o r k  b a n d w id th  a t  th e  e x p e n s e  o f  m o r e  c o m p le x  s w i tc h  c o n tro l .  D u e  to  th e  

p o p u la r i ty  o f  S O N E T  n e tw o r k  in  t h e  fu tu r e  b r o a d b a n d ,  o u r  a t t e n t io n  w i l l  b e  p u t  o n  

f a c i l i ty  r e s to r a t io n .  A l th o u g h  f a c i l i ty  d e d ic a te d  r e s to r a t io n  h a s  s e v e r a l  a d v a n ta g e s  o v e r  

f a c i l i ty  n o n - d e d ic a te d  r e s to r a t io n ,  e .g . ,  s im p le r  c o n t r o l  a n d  q u ic k e r  r e s to r a t io n ,  i n  th e  

th e s i s  f a c i l i ty  n o n - d e d ic a te d  r e s to r a t io n  s t i l l  h a s  b e e n  e x p lo i t e d  a n d  s tu d ie d  d u e  to  i ts  

f l e x ib i l i ty  o f  c o p in g  w i th  u n e x p e c te d  f a i lu r e  a n d  t r a f f i c  g r o w th  a n d  h ig h e r  e f f e c t iv e n e s s  

o f  u t i l i z in g  n e tw o r k  b a n d w id th .  I n  f a c t ,  r e a l  t im e  f a c to r  i s  n o  lo n g e r  th e  m o s t  im p o r t a n t  

f o r  m o s t  o f  s e r v ic e s  p r o v id e d  b y  th e  n e tw o r k ,  e .g . ,  d a t a  a n d  e v e n  v o ic e  [7 ] ,  s in c e  le s s  

t h a n  2  s e c o n d s  o u ta g e  t im e  is  n o t  p e r c e iv e d  b y  u s e r s  i n  p r a c t ic e .  I n  th i s  c h a p te r ,  f a c i l i ty  

n o n - d e d ic a te d  r e s to r a t io n  w i l l  b e  s tu d ie d  a s  a  m a jo r  t e c h n o l o g y  to  p r o d u c e  a  s u r v iv a b le  

n e tw o r k .

N o n - d e d ic a te d  f a c i l i ty  r e s to r a t io n  c a n  b e  c o n s id e r e d  a t  tw o  d i f f e r e n t  le v e l s :  p a th  

r e s to r a t io n  a n d  s p a n  r e s to r a t io n .  P a th  r e s to r a t io n  r e s to r e s  th e  e n d - to - e n d  lo g ic a l  p a th  

a f f e c t e d  b y  th e  s p a n  c u t ,  a n d  s p a n  r e s to r a t io n  r e s to r e s  a l l  d i s r u p te d  c h a n n e ls  c a r r i e d  b y  a  

f a i l e d  s p a n . F ig u r e  2 .7  d e p ic t s  e x a m p le s  o f  s p a n  a n d  p a th  r e s to r a t io n  te c h n iq u e s .  T a b le  

2 .3  s h o w s  a  r e la t iv e  c o m p a r i s o n  b e tw e e n  th e  s p a n  a n d  p a th  r e s to r a t io n  m e th o d .  T h e  

p a th  r e s to r a t io n  u s e s  s p a r e  c a p a c i ty  m o r e  e f f ic ie n t ly  t h a n  s p a n  r e s to r a t io n  [2 4 ].  

H o w e v e r ,  s p a n  r e s to r a t io n  r e q u i r e s  a  s im p le r  r o u t in g  d e c is io n .  T h u s ,  s p a n  r e s to r a t io n  is  

e x p e c te d  to  b e  f a s te r  th a n  p a t h  r e s to r a t io n  in  t e r m s  o f  r e s to r a t io n  t im e .
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F ig u r e  2 .6  (a )  S p a n  R e s to r a t io n

F ig u r e  2 .6  (b )  P a th  

R e s to r a t io n

O r ioi rm l  ^  Rrn V pn

■> R e s to r e d

F ig u r e  2 .7  S p a n  R e s to r a t io n  a n d  P a th  R e s to r a t io n

A t t r ib u t e S p a n  R e s t o r a t io n P a t h  R e s t o r a t i o n

T im e  C o m p le x i ty lo w e r h ig h e r

S p a re  C a p a c i ty  r e d u n d a n c y h ig h e r lo w e r

R e s to r a t io n  C o n tr o l s im p le r c o m p le x

T a b le  2 .3  R e la t iv e  c o m p a r is o n  b e tw e e n  s p a n s  r e s to r a t io n  a n d  p a th  r e s to r a t io n
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T e c h n ic a l ly ,  s p a n  r e s to r a t io n  d o e s  n o t  h a v e  a n y  b ig  d i f f e r e n c e  f r o m  p a th  r e s to r a t io n .  I n  

s p a n  r e s to r a t io n ,  t h e  t r a f f ic  a f f e c te d  b y  a  f a i lu r e  o f  a  s in g le  c a b le  i s  t h e  w o r k in g  

c h a n n e ls  b e tw e e n  th e  n o d e s  p a i r  c o n n e c te d  b y  th e  f a i l e d  s p a n ,  s o  th e  n u m b e r  o f  n o d e s  

p a i r s  a f f e c te d  is  o n ly  o n e  f o r  a n y  p a r t i c u la r  s in g le  c a b le  f a i lu r e .  I n  p a th  r e s to r a t io n ,  t h e  

t r a f f i c  a f f e c te d  b y  a  f a i lu r e  o f  a  s in g le  c a b le  is  t h e  w o r k in g  p a th s  th r o u g h  t h e  f a i l e d  

s p a n . T h e  n u m b e r  o f  n o d e s  p a i r s  a f f e c te d  is  th e  n u m b e r  o f  th e  d e m a n d  p a i r  a f f e c t e d  b y  

th e  f a i l e d  s p a n .

D u e  to  th e  s im i la r i ty  o f  th e  tw o  r e s to r a t io n  te c h n o lo g ie s ,  a l l  r e s to r a t io n  a lg o r i th m s  f o r  

p a th  r e s to r a t io n  c a n  b e  a p p l ie d  to  s p a n  r e s to r a t io n  w i th  a  s m a l l  m o d i f ic a t io n .  A lm o s t  a l l  

a lg o r i th m s  d e v e lo p e d  f r o m  s p a n  r e s to r a t io n  c a n  a ls o  b e  a p p l ie d  to  p a t h  r e s to r a t io n .  A  

h e u r is t ic  S C P  a lg o r i th m  [1 8 ] p ro p o s e d  b y  B .D .V e n r a b le  e l  a l  i n  1 9 9 3  is  a n  e x c e p t io n .  

T h e  a lg o r i th m  j u s t  w o r k s  f o r  s p a n  r e s to r a t io n ,  w e  w i l l  d i s c u s s  th e  a lg o r i th m  in  d e ta i l  in  

C h a p te r  4 . S o  s p a n  r e s to r a t io n  c a n  b e  c o n s id e r e d  a s  a  s p e c ia l  c a s e  o f  t h e  p a t h  

r e s to r a t io n .  I n  th e  th e s i s ,  a l th o u g h  th e  a lg o r i th m  w e  p r o p o s e d  c a n  w o r k s  f o r  b o th  s p a n  

r e s to r a t io n  a n d  p a th  r e s to r a t io n ,  o n ly  i t s  s p a n  r e s to r a t io n  im p le m e n ta t io n  w i l l  b e  g iv e n  

b e c a u s e  th e  h e u r is t ic  a lg o r i th m ,  a  s p a n  r e s to r a t io n  a lg o r i th m ,  w i l l  b e  s e le c te d  to  

c o m p a r e  w i th  o u r  n e w  a lg o r i th m .

A s  d i s c u s s e d  a b o v e ,  th e  f a c i l i ty  n o n - d e d ic a te d  r e s to r a t io n  is  a  t r a n s p o r t  le v e l  r e s to r a t io n  

t e c h n o lo g y ,  w h ic h  ta k e  a d v a n ta g e s  o f  f u n c t io n a l i ty  o f  D ig i ta l  C r o s s - C o n n e c t  S w itc h  

(D C S )  to  r e - r o u te  t h e  f a i le d  t r a f f ic s  th r o u g h  s p a r e  c a p a c i t ie s  o n  o th e r  u n a f f e c t e d  s p a n s . 

I t  i s  n o t  h a r d  to  r e a l i z e  1 0 0 %  s u r v iv a b i l i ty  i f  d e s i r e d ,  b u t  a  c h a l l e n g in g  i s s u e  i s  to  h o w  

to  o b ta in  a  S p a re  C a p a c i ty  P la c e m e n t  (S C P )  a lg o r i th m ,  w h ic h  m e e t s  n o t  o n ly  n e tw o r k  

r e q u i r e m e n t  f o r  r e a l  t im e  a n d  m in im a l  c o s t ,  b u t  a ls o  1 0 0 %  s u r v iv a b i l i ty  o r  a n y  t a r g e t  

le v e l  o f  s p e c i f ie d  s u r v iv a b i l i ty  le s s  th a n  1 0 0 % .

2 .5  G e n e r a l D e s c r ip t io n  o f  S p a r e  C a p a c ity  P la c e m e n t  p ro b le m  

(S C P )

T h e  a im  o f  d e s ig n in g  m e s h  s u rv iv a b le  n e tw o r k s  is  to  in s ta l l  th e  e x t r a  b a c k u p  s p a r e  

c a p a c i t ie s  to  b e  u t i l i z e d  to  r e r o u te  th e  d i s r u p te d  t r a f f i c s  in  th e  e v e n t  o f  n e tw o r k  f a c i l i t i e s  

f a i lu r e  m in im iz in g  th e  c o s t .  A l l  th e s e  k in d s  o f  p r o b le m s  h a v e  b e e n  d e f in e d  a s  t h e  S P C  

p r o b le m ,  n a m e ly ,  S p a re  C a p a c i ty  P la c e m e n t  (S C P )  p r o b le m . H e re ,  a  g e n e r a l  d e s c r ip t i o n  

o n  th e  p r o b le m  o f  m e s h  s u r v iv a b le  n e tw o r k  is  g iv e n .

S p a re  c a p a c i ty  p la c e m e n t  p r o b le m  c a n  b e  s ta te d  a s :
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M in  ^ f ( S j  +  W j )  s u c h  th a t  R (| = l , w - ,  >  0 , s .  > 0  /' =  1 S

/=i

W h e r e  Sj a n d  Wj a re  th e  n u m b e r  o f  t h e  s p a r e  c h a n n e l s  a n d  w o r k in g  c h a n n e ls  o n  s p a n  i 

r e s p e c t i v e l y , ^ ;  + w d  is  t h e  l i n k  c o s t  f u n c t io n  w i th  i ts  c a p a c i t i e s  c a r r ie d  o n  s p a n  i. S C P  

p r o b le m  c o n s id e r e d  r e q u i r e s  f o l lo w in g  n e tw o r k  i n f o r m a t io n  a s  in p u t :  th e  n e tw o r k  

to p o lo g y ,  a  v e c to r  o f  w o r k in g  p a th s ,  W j, t h e  t a r g e t  l e v e l  o f  n e t w o r k  s u r v iv a b i l i ty  

R ( a s s u m e d  to  b e  1 0 0  h e r e ) ,  a n d  th e  m a x im a l  r e s to r a t io n  p a t h  l e n g th  a l lo w e d  ( i .e .  H o p -  

L im i ts ) .  T h e  o u tp u t  i s  a  v e c to r  o f  s p a r e  p a th s ,  Sj, w h i c h  m e e t s  th e  s u r v iv a b i l i ty  t a r g e t  

w i th in  h o p - l im i t s  s e t  b y  th e  m a x im u m  a l lo w e d  r e s to r a t io n  p a t h  le n g th .

2 .6  R e v ie w  o f  S C P  A p p r o a c h e s  in  th e  L ite r a tu r e

D u e  to  th e  in c r e a s in g  c o n c e r n  o f  s u r v iv a b le  n e tw o r k  d e s ig n ,  th e r e  h a s  b e e n  lo ts  o f  w o r k  

to  a d d r e s s  th i s  i s s u e  in  th e  l a s t  d e c a d e s .  I n  g e n e r a l ,  a l l  a p p r o a c h e s  p r o p o s e d  c a n  f a l l  in to  

tw o  g r o u p s ,  h e u r i s t i c  a p p r o a c h  a n d  n o n - h e u r i s t i c  a p p r o a c h .  H e u r i s t i c  a p p r o a c h  is  

c h a r a c te r iz e d  a s  t h e  n e a r - o p t im a l  a lg o r i th m  t h a t  is  u s e d  to  r e d u c e  th e  h i g h e r  t im e  

c o m p le x i ty  o f  n o n - h e u r i s t i c  a p p r o a c h  a t  t h e  e x p e n s e  o f  o b ta in in g  t h e  n e a r - o p t im a l  

s o lu t io n  to  S C P  p r o b le m . N o n - h e u r i s t i c  a p p r o a c h  i s  t h e  o p t im a l  a lg o r i th m  t h a t  is  

e m p lo y e d  to  o b ta in  th e  e x a c t  s o lu t io n  o f  S C P  p r o b le m ,  b u t ,  t a k in g  m o r e  e x e c u t io n  t im e ,  

s o  i t  c a n  o n ly  b e  a p p l ie d  to  s m a l l - s c a le  n e tw o r k s .  N o te  t h a t  a lm o s t  a l l  n o n - h e u r i s t i c  

a p p r o a c h e s  a p p ly  L in e a r  P r o g r a m m in g  (L P )  o r  I n te g e r  P r o g r a m m in g  (L P )  to  f o r m u la t e  

S C P  p r o b le m s .

I n  a  1 9 9 3  p a p e r  [1 4 ] , M e i r  H e r z b e r g  s u g g e s te d  a  d e c o m p o s i t io n  a p p r o a c h  f o r  S C P  

p r o b le m  i n  o r d e r  to  d e a l  w i th  a  s in g le  c a b le  f a i lu r e .  T h e  a p p r o a c h  is  a  s p a n  r e s to r a t io n  

a lg o r i th m  th a t  w a s  d e v e lo p e d  b a s e d  o n  a  L i n e a r  P r o g r a m m in g  (L P )  m o d e l .  T h e  p a p e r  

a s s u m e s  s tu d y  n e tw o r k s  c a n  b e  d e c o m p o s e d  in to  s e v e r a l  s im p le r  s u b - n e tw o r k s  m o d e l ,  

a n d  t h e n  f o r m u la te  th e s e  s u b - n e tw o r k  S C P  p r o b le m s  in to  L in e a r  P r o g r a m m in g  m o d e l .  

T h e  a p p r o a c h  is  c o m m it te d  to  m in im iz in g  s p a r e  c h a n n e l s  t h a t  a r e  u s e d  to  r e r o u te  

d i s r u p te d  w o r k in g  c h a n n e l s  a t  th e  e v e n t  o f  f a i lu r e .  F o r  t h e  s a m e  p u r p o s e ,  M e i r  H e r b e r g ,  

e t  a l [1 5 ] p r o p o s e d  a  n e w  m o d e l  to  a d d r e s s  S C P  a lg o r i th m ,  a n d  e x p lo r e d  h o w  h o p - l im i t s  

f a c to r  a f f e c ts  th e  o p t im a l  r e s u l t ,  a n d  e v e n tu a l ly  th e  p r in c ip le  to  c h o o s e  p r o p e r  h o p -  

l im i t s  w a s  g iv e n .  T h is  a lg o r i th m  is  c o m p o s e d  o f  tw o  p a r ts :  P a r t i  -  r e l ie s  o n  a  L in e a r  

P r o g r a m m in g  (L P )  f o r m u la t io n  (M in - M a x )  f r o m  w h ic h  a  lo w e r  b o u n d  s o lu t io n  i s  f o u n d  

f o r  S C P  p r o b le m ;  P a r t2  -  r o u n d s  u p  th e  s o lu t io n  o f  P a r t  1 a n d  u s e s  a  s e r ie s  o f  r e l a t e d  

L P , a im e d  to  t i g h te n in g  th e  ro u n d - u p  a s s ig n m e n t  to  a  p r a c t i c a l  o p t im a l  s o lu t io n .  T h e
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m a in  d is a d v a n ta g e  o f  th e  a b o v e  tw o  a lg o r i th m s  is  t h a t  b o t h  j u s t  c a n  c o p e  w i t h  a  s in g le  

c a b le  f a i lu r e ,  s o  h is  1 9 9 5  p a p e r  [1 6 ],  a  n e w  a lg o r i th m  w a s  p r o p o s e d  to  a d d r e s s  m u l t i 

c a b le  f a i lu r e  a n d  n o d e  fa i lu r e .  I t  is  a ls o  b a s e d  o n  a  L in e a r  P r o g r a m m in g  (L P )  m o d e l .

B a s e d  o n  a n  I n te g e r  P r o g r a m m in g  m o d e ,  R .R .I r a s c h k o  e l  al ,  [2 1 ]  d e v e lo p e d  a n  

a lg o r i th m  th a t  c a n  b e  u s e d  f o r  s p a n  r e s to r a t io n  a n d  p a t h  r e s to r a t io n .  T h e  a lg o r i th m  is  

a im e d  to  m in im iz e  th e  to ta l  a m o u n t  o f  s p a r e  c a p a c i t i e s  th a t  c o n t r ib u te s  s ig n i f i c a n t ly  to  

i t s  c o s ts .  T o  r e d u c e  s p a r e  c a p a c i t ie s  f u r th e r ,  t h e  a lg o r i th m  is  a ls o  d e s ig n e d  to  r e - u s e  th e  

w o r k in g  c a p a c i ty  r e le a s e d  b y  a f f e c te d  w o r k in g  p a th s .  S o  t h e  a lg o r i th m  is  m o r e  e f f e c t iv e  

i n  te r m s  o f  m in im iz in g  s p a r e  c a p a c i t ie s  t h a t  i s  n e c e s s a r y  to  p r o te c t  n e tw o r k s  f r o m  

fa i lu r e .  A  d e ta i l e d  d e s c r ip t io n  a b o u t  th e  a lg o r i th m  is  g iv e n  in  c h a p te r  4  a n d  i t s  C + +  

c o d e s  im p le m e n ta t io n  i s  d o n e  in  th e  P C  b a s i s  a s  a  b e n c h m a r k .

D u e  to  th e  h ig h e r  t im e  c o n s u m p t io n  o f  L P  o r  I P  b a s e d  S C P  a lg o r i th m ,  r e c e n t ly  s e v e r a l  

r e s e a r c h e r s  h a v e  a d d r e s s e d  th e  i s s u e  b y  in t r o d u c in g  h e u r i s t i c  a p p r o a c h e s .  I n  1 9 9 1 , 

W .D .G r o v e r  e t  a l  [1 9 ] d e v e lo p e d  a n  e f f e c t iv e  a p p r o a c h  f o r  th i s  t a s k  w h ic h  h e u r i s t i c a l ly  

f i r s t  f in d s  a  f e a s ib le  s o lu t io n  (“ F o r w a r d  S y n th e s i s ” )  a n d  t h e n  r e d u c e s  r e d u n d a n c y  w h i le  

m a in ta in in g  th e  r e s to r a t io n  le v e l  a c h ie v e d  ( “ D e s ig n  T ig h te n in g ” ). T h e  a p p r o a c h  

p r o v id e d  a  f u l l  t r a d e o f f  c u r v e  b e tw e e n  s u r v iv a b i l i ty  a n d  r e d u n d a n c y  f o r  a  n e t w o r k  th a t  

I P  (L P )  b a s e d  a lg o r i th m  c a n  n o t  g iv e .  I n  p r a c t ic e ,  t h e  c u r v e  is  r e a l ly  im p o r t a n t  f o r  

n e tw o r k  p la n n e r s  a n d  d e s ig n e r s  b e c a u s e  i t  c a n  p r o v id e  a  g u id e l in e  f o r  n e t w o r k  d e s ig n .  

I n  1 9 9 7 , W .D .G r o v e r  e t  a l [1 8 ] p r o p o s e d  a  m o r e  e f f e c t iv e  h e u r i s t i c  a lg o r i th m  f o r  S C P  

p r o b le m . T h e  h e u r i s t i c  a lg o r i th m  r u n s  m u c h  f a s te r  t im e s  t h a n  t h e  o p t im a l  I n te g e r  

P r o g r a m m in g  ( IP )  w h i le  h a v in g  b ig  c a p a c i ty  r e d u n d a n c y .  T h e s e  c h a r a c te r i s t i c s  c a n  

c o n t r ib u te  s ig n i f ic a n t ly  to  th e  p r o b le m  o f  f in d in g  th e  g lo b a l ly  b e s t  s in g le  o r  m u l t ip l e  

n e w  s p a n  a d d i t io n s  in  th e  e v o lu t io n  o f  la r g e  t r a n s p o r t  n e tw o r k s .  T h e  a lg o r i th m  w i l l  b e  

a ls o  d e s c r ib e d  a n d  im p le m e n te d  o n  a  P C  th a t  is  b e n c h m a r k e d  in  C h a p te r  4 .

B o th  tw o  ty p e s  o f  S C P  a lg o r i th m s  a s s u m e d  t h a t  th e  l i n k  c o s t  w i th  i t s  c a p a c i ty  i s  l in e a r ,  

h o w e v e r ,  i t  is  n o t  a lw a y s  t r u e ,  s in c e  o n ly  a r e  f i b e r  l in k s  w i t h  s te p w is e  c a p a c i ty  a v a i l a b le  

in  c o m m e r c ia l  m a r k e t .  T h a t  m e a n s  th a t  l in k  c o s t  i s  n o  lo n g e r  c o n t in u o u s  b u t  s te p w is e .  

S o  i t  is  o b v io u s  th a t  t h e  S C P  a lg o r i th m s  p r o p o s e d  w i t h  th e  a s s u m p t io n  o f  l in e a r  l in k  

c o s t  r e s t r i c t  th e  im p le m e n ta t io n  i s s u e  a l th o u g h  th e s e  a lg o r i th m s  a r e  s t i l l  a  g o o d  

a p p r o x im a t io n  o f  th e  S C P  s o lu t io n . I n  C h a p te r  4 , w e  p r o p o s e d  a  n e w  S C P  a lg o r i th m  to  

a d d r e s s  t h e  is s u e  b a s e d  o n  M a t r ix  M a x im u m  F lo w  (M M F )  a n d  A d d i t io n  M in im u m  

I n c r e m e n t  (A M I)  t h a t  w i l l  b e  d e s c r ib e d  in  C h a p te r  3 a n d  in  C h a p te r  4  r e s p e c t iv e ly .
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C h a p t e r  3  A lg o r i t h m s  fo r  F in d in g  F e a s ib l e  P a th s  In  a  

N e tw o r k

3.1  In t ro d u c t io n

T h is  c h a p te r  f o c u s e s  p r im a r i ly  o n  th e  in v e s t ig a t io n  o f  s e v e r a l  im p o r t a n t  a p p r o a c h e s ,  

c a l l e d  F e a s ib l e  P a th  A lg o r i th m s  (F P A s ) ,  w h ic h  a r e  d e s ig n e d  to  f in d  f e a s ib l e  p a th s  

b e tw e e n  a  p a i r  o f  n o d e s  in  n e tw o r k s .  T h e  F P A s  a re  m a jo r  f u n c t io n s  in  th e  M e s h  

S u r v iv a b le  N e tw o r k  (M S N )  d e s ig n . I n  f a c t ,  th e  M S N  d e s ig n  a lg o r i th m s  e m p lo y  th e  

d i f f e r e n t  F P A s  to  d e te r m in e  r e s to r a b le  p a th s  to  r e - r o u t e  th e  f a i l e d  t r a f f i c  u p o n  n e tw o r k  

f a i lu r e ,  s o  F P A s  a lg o r i th m s  p la y  a  c r u c ia l  r o le  in  im p r o v in g  th e  e f f e c t iv e n e s s  o f  M S N  

d e s ig n  in  te r m s  o f  c o s t  s a v in g s  a n d  e x e c u t io n  t im e .  I n  g e n e r a l ,  t h e  F P A s  a lg o r i th m s  

e m p lo y e d  b y  M S N  d e s ig n  ta k e  a lm o s t  9 9 %  o f  e x e c u t io n  t im e  t a k e n  b y  M S N  d e s ig n  

[1 0 ] , h e n c e ,  th e  e f f e c t iv e n e s s  o f  F P A s  c o n t r ib u te s  s ig n i f i c a n t ly  to  th e  r e d u c t io n  o f  

M S N ’s t im e  c o m p le x i ty .

W e  w i l l  in v e s t ig a te  tw o  e x is t in g  F P A s  a lg o r i th m s ,  i.e . t h e  F o r d - F u lk e r s o n ’s  a lg o r i th m , 

th e  K - S h o r te s t  P a th s  (K S P )  a lg o r i th m . T h e  F o r d - F u lk e r s o n ’s a lg o r i th m  is  a  m a x im a l  

f lo w  a lg o r i th m  th a t  c a n  b e  u s e d  to  f in d  th e  m a x im a l  f lo w  b e tw e e n  a  g iv e n  p a i r  o f  n o d e s  

in  a  n e tw o r k .  B a s e d  o n  th e  m a t r ix  th e o r e m  4 0  in  [1 1 ] , w e  d e v e lo p e d  a  n e w  F P A s  

a lg o r i th m , w h ic h  w e  h a v e  t e r m e d  M a t r ix  M a x im u m  F lo w  ( M M F )  a lg o r i th m .  F in a l ly ,  

th e  r e la t iv e  c o m p a r i s o n  o f  th e s e  F P A s  a lg o r i th m s  i s  g iv e n  in  t e r m s  o f  to t a l  f e a s ib le  

p a th s .

W e  o r g a n iz e  th e  r e s t  o f  th is  c h a p te r  a s  fo l lo w s .  I n  S e c t io n  3 .2 ,  T h e  d e s c r ip t i o n  o f  tw o  

ty p e s  o f  M S N  d e s ig n  p r o b le m s ,  i.e . p r e - p la n n e d  s u r v iv a b le  n e tw o r k  d e s ig n  a n d  d y n a m ic  

r e s to r a b le  n e tw o r k  d e s ig n ,  a n d  th e i r  d i f f e r e n t  r e q u i r e m e n t  f o r  F P A s .  I n  s e c t io n  3 .3 ,  w e  

g iv e  tw o  c r i t e r ia  f o r j u d g i n g  p e r f o r m a n c e  o f  M S N  d e s ig n ,  i.e . n e tw o r k  s u r v iv a b i l i ty  a n d  

r e s to r a b i l i ty .  I n  S e c t io n  3 .4 , w e  d is c u s s  th r e e  F P A s  a lg o r i th m s ,  i.e . th e  M a x im u m  F lo w  

a lg o r i th m  ( i.e . th e  F o r d - F u lk e r s o n ’s a lg o r i th m ) ,  t h e  K - S h o r te s t  P a th  a lg o r i th m  a n d  

M M F . I n  s e c t io n  3 .5 ,  th e  t e s t  n e tw o r k s  o v e r  w h ic h  th e  F P A s  a lg o r i th m  w i l l  b e  a p p l ie d  

a re  g iv e n . I n  s e c t io n  3 .6 ,  R e s u l t s  a re  p r e s e n te d  a n d  d i s c u s s e d .  C o n c lu s io n s  a r e  p r e s e n te d  

in  s e c t io n  3 .7 .
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3 .2  P r e -p la n n e d  S u r v iv a b le  N e tw o r k  D e s ig n  a n d  D y n a m ic  

R e s to r a b le  N e tw o r k  D e s ig n

T h e r e  is  a n  in c r e a s in g  r e l i a n c e  b y  s o c ie ty  o n  th e  t im e ly  a n d  r e l i a b le  t r a n s f e r  o f  la r g e  

q u a n t i t ie s  o f  i n f o r m a t io n  ( s u c h  a s  v o ic e ,  d a ta ,  a n d  v id e o )  a c r o s s  h i g h  s p e e d  

t e l e c o m m u n ic a t io n  n e tw o r k s .  A  n e tw o r k  f a i lu r e ,  s u c h  a s  th e  lo s s  o f  a  l in k  o r  a  n o d e ,  c a n  

o c c u r  d u e  to  a  v a r ie ty  o f  r e a s o n s  c a u s in g  s e r v ic e  d i s r u p t io n s  r a n g in g  in  l e n g th  f r o m  

s e c o n d s  to  w e e k s .  T y p ic a l  n e tw o r k  f a i lu r e s  a re  a t t r ib u te d  to  a c c id e n ta l  c a b le  c u ts ,  

h a r d w a r e  m a l f u n c t io n s ,  s o f tw a r e  e r ro r s ,  n a tu r a l  d i s a s te r s  ( i .e .  f i r e s ) ,  a n d  h u m a n  e r r o r  

( i.e . in c o r r e c t  m a in te n a n c e ) .  W i th  a d v e n t  o f  h ig h  b a n d w id th  o p t ic  f ib e r  m o r e  a n d  m o r e  

s e r v ic e s  in  n e tw o r k s  a re  b e in g  c a r r ie d  o n  a  f e w  o p t ic a l  f ib e r  c a b le s  b u n d le ,  w h ic h  

m e a n s  e v e n  a  s in g le  f ib e r  o u ta g e  c a n  a f f e c t  m a n y  s e r v ic e s .  I n  th e  l a s t  d e c a d e s  th e r e  h a s  

b e e n  a n  in c r e a s in g  in te r e s t  in  f in d in g  a p p r o a c h e s  to  d e s ig n  n e tw o r k s  th a t  a r e  r e s i l i e n t  to  

f a i lu r e  [2 ] [1 5 ] [2 8 ],

I n  g e n e r a l ,  th e  s u r v iv a b le  n e tw o r k  d e s ig n  c a n  f a l l  in to  tw o  s te p s ,  i.e . p r e - p la n n e d  

s u r v iv a b le  n e tw o r k  d e s ig n  a n d  d y n a m ic  r e s to r a b le  n e tw o r k  d e s ig n ,  p r e p la n n e d  n e tw o r k s  

h a v e  p r e s e t  r o u te s  f o r  r e s to r a t io n ,  d y n a m ic  r e s to r a b le  n e tw o r k s  f in d  ro u te s  d y n a m ic a l ly  

b a s e d  o n  a l l  e x is t in g  s p a r e  c a p a c i ty  in  a  n e tw o r k ,  h e n c e ,  th e  d y n a m ic  r e s to r a b le  n e tw o r k  

d e s ig n  r e l ie s  s ig n i f ic a n t ly  o n  th e  p r e - p la n n e d  s u r v iv a b le  n e tw o r k  d e s ig n .  B o t h  th e  

p r e p la n n e d  s u r v iv a b le  n e tw o r k  d e s ig n  a n d  th e  d y n a m ic  r e s to r a b le  n e tw o r k  d e s ig n  w o r k  

to g e th e r  to  o b ta in  a  s u r v iv a b le  n e tw o rk .

T h e  a im  o f  th e  p r e - p la n n e d  s u r v iv a b le  n e tw o r k  d e s ig n  i s  t o  w o r k  o u t  a n  a p p r o a c h ,  

c a l l e d  S p a re  C a p a c i ty  P la c e m e n t  (S C P )  a lg o r i th m s ,  to  p la c e  s p a r e  c a p a c i ty  in  n e tw o r k s  

in  o r d e r  to  e n a b le  th e  n e tw o r k  to  r e c o v e r  f r o m  n e tw o r k  f a i lu r e .  I t  i s  im p o s s ib le  a n d  

u n n e c e s s a r y  to  p r e d ic t  a l l  p o s s ib le  n e tw o r k  f a i lu r e s  th a t  m a y  h a p p e n .  I f  a l l  p r e d ic t a b l e  

f a i lu r e s  w e r e  c o n s id e r e d  la r g e  a m o u n ts  o f  e x t r a  c a p a c i ty  w o u ld  b e  r e q u i r e d  r e s u l t in g  in  

h ig h ly  o v e r - e n g in e e r e d  n e tw o r k .  I n  f a c t ,  s o m e  n e tw o r k  f a i lu r e s  a re  s o  u n l ik e ly  to  

h a p p e n ,  f o r  e x a m p le ,  m u l t ip l e  l in k s  f a i lu r e ,  a n d  s o m e  o th e r  n e tw o r k  c h a n g e  is  n o t  

p r e d ic ta b le ,  f o r  e x a m p le ,  t r a f f i c  g ro w th ,  s o  o n ly  a r e  th e  m o s t  l ik e ly  n e tw o r k  f a i lu r e s ,  

e .g . a  s in g le  l in k  o r  n o d e  f a i lu r e ,  c a n  b e  ta k e n  in to  a c c o u n t  in  p r e - p la n n e d  s u r v iv a b le  

n e tw o r k  d e s ig n .  T h e  S C P  a lg o r i th m  is  a p p l ie d  to  p la c e  s p a r e  c a p a c i ty  f o r  a l l  c o n s id e r e d  

n e tw o r k  f a i lu r e s  w i th  m in im a l  n e tw o r k  c o s t .  T h e  r e - r o u t in g  ta b le s  i s  g e n e r a te d  b a s e d  o n  

th e  r e s u l t  o f  th e  S C P  a lg o r i th m , a n d  s to re d  in  th e  n e tw o r k  D C S s .  W h e n  a  p r e - s p e c i f i e d
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f a i lu r e  o c c u r s ,  th e  n e tw o r k  s w i tc h e s  to  i t s  o u ta g e  s ta te ,  w h e r e  D C S s  in  e a c h  n e t w o r k  

n o d e  h a v e  th e  f o l lo w in g  f u n c t io n s  to  p e r f o r m  to  r e s to r e  th e  f a i lu r e :

1. I d e n t i f y  th e  n e tw o r k  f a i lu r e ,  i .e .  w h ic h  s p a n  o r  n o d e  f a i ls .

2 . C h a n g e  th e  o r ig in a l  r o u te  ta b le  to  th a t  o f  O u ta g e  S ta te  c o r r e s p o n d in g  to  th e  o c c u r r e d  

fa i lu r e  a n d  t h e n  s w i tc h  th e  a f f e c te d  w o r k in g  p a th s  in to  th e  p r e - s e t  s p a r e  p a th s  th a t  

w e r e  p la c e d  b y  S C P  a lg o r i th m  a t  d e s ig n  tim e .

3 . S w i tc h  b a c k  to  th e  n o r m a l  s ta te  w h e n  th e  f a i lu r e  is  f ix e d .

S o  th e  p r e - p la n n e d  s u r v iv a b le  d e s ig n  h a s  th e  c a p a b i l i ty  to  r e s to r e  a l l  p r e - s p e c i f i e d  

n e tw o r k  f a i lu r e s  b u t  c a n  n o t  r e c o v e r  f r o m  f a i lu r e  in  t h e  c a s e  o f  u n e x p e c te d  n e tw o r k  

f a i lu r e s  a n d  t r a f f ic s  g ro w th .  T h e  d y n a m ic  r e s to r a b le  n e tw o r k  d e s ig n  c a n  b e  e m p lo y e d  to  

a d d r e s s  th e  is s u e .

T h e  a im  o f  th e  d y n a m ic  r e s to r a b le  n e tw o r k  d e s ig n  is  to  w o r k  o u t  a  n e tw o r k  r e - r o u t in g  

p r o to c o l ,  c a l l e d  th e  R e s to r a t io n  S c h e m e  (R S ) ,  to  e x te n d  th e  n e tw o r k ’s f l e x ib i l i t y  o f  

c o p in g  w i th  n e tw o r k  t r a f f ic  g r o w th  a n d  u n e x p e c te d  n e tw o r k  f a i lu r e s  b a s e d  o n  th e  

e x is t in g  n e tw o r k  s p a r e  c a p a c i ty  p la c e d  b y  th e  p r e p la n n e d  s u r v iv a b le  n e tw o r k  d e s ig n . 

T h e  R S  is  a  p r o to c o l  t h a t  u s e s  th e  e x is t in g  s p a r e  c a p a c i ty  a v a i l a b le  to  r e - r o u te  th e  n e w ly  

a d d e d  t r a f f ic  o r  f a i l e d  t r a f f ic  a t  t h e  e v e n t  o f  u n e x p e c te d  n e tw o r k  f a i lu r e s .  F o r  e x a m p le ,  

w h e n  a n  u n e x p e c te d  n e tw o r k  f a i lu r e  o c c u r s ,  D C S  w i l l  in v o k e  th e  R e s to r a t io n  S c h e m e  

(R S )  e m b e d d e d  in  th e m , D C S s  w o u ld  p e r f o r m  f o l lo w in g  f u n c t io n s .

1. O b ta in  th e  n e tw o r k  k n o w le d g e ,  i.e . n e tw o r k  to p o lo g y ,  s p a r e  c a p a c i ty  l a y o u t  a n d  

so  fo r th ,  a s  th e  in p u t  to  R e s to r a t io n  S c h e m e

2 . E x e c u te  th e  R S  to  w o r k  o u t  th e  f e a s ib le  p a th s  f o r  f a i l e d  o r  a d d e d  w o r k in g  p a th s .

3 . S w i tc h  th e  f a i l e d  o r  n e w ly  a d d e d  t r a f f i c s  to  th e  f e a s ib le  p a th s  f o u n d  b y  th e  R S .

B o th  th e  p r e - p la n n e d  s u r v iv a b le  n e tw o r k  d e s ig n  a n d  d y n a m ic  r e s to r a b le  n e tw o r k  d e s ig n  

t a k e  u s e  o f  th e  F P A s  to  f in d  th e  “ s u i ta b le ”  p a th s .  I n  th e  p r e - p la n n e d  s u r v iv a b le  n e tw o r k  

d e s ig n ,  th e  t e r m  “ s u i ta b le ”  p a th s  a r e  th o s e  o n  w h ic h  t h e  s p a r e  c a p a c i ty  is  p l a c e d  to  r e 

r o u te  th e  f a i l e d  t r a f f ic  u p o n  a l l  m o s t-o f i te n - h a p p e n e d  n e tw o r k  f a i lu r e s  w i th  th e  m in im a l  

n e tw o r k  c o s t .  I n  th e  d y n a m ic  r e s to r a b le  n e tw o r k  d e s ig n ,  th e  “ s u i ta b le ”  p a th s  a r e  th o s e  

o n  w h ic h  th e  n e w ly  a d d e d  t r a f f i c s  o r  f a i le d  t r a f f i c s  a t  th e  u n e x p e c te d  n e tw o r k  f a i lu r e  

c a n  b e  r e - r o u te d  a s  m a n y  a s  p o s s ib le  w h i le  c o n s id e r in g  th e  r e a l  t im e  r e q u i r e m e n t ,  

o b v io u s ly ,  tw o  ty p e s  o f  M S N  d e s ig n  r e q u i r e  th e  F P A s  d if f e r e n t ly .  T h e  f o r m e r  i s  m o re
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s e n s i t iv e  to  n e tw o r k  c o s t ,  t h e  l a t te r  is  m o r e  s e n s i t iv e  to  r e a l  t im e .  T h e  d i f f e r e n c e  

d e te r m in e s  th e  d i f f e r e n c e  o n  th e  im p le m e n ta t io n  o f  F P A s .

3 .3  N e tw o r k  S u r v iv a b i l i ty  a n d  R e s to r a b il i ty

N e tw o r k  s u r v iv a b i l i ty  a n d  r e s to r a b i l i ty  a re  tw o  im p o r t a n t  c o n c e p ts  f o r  p r e - p la n n e d  

s u r v iv a b le  n e tw o r k  d e s ig n  a n d  d y n a m ic  r e s to r a b le  n e tw o r k  r e s p e c t iv e ly .  T h e  n e tw o r k  

s u r v iv a b i l i ty  is  a  n e tw o r k  d e s ig n  o b je c t iv e  a n d  th e  n e tw o r k  r e s to r a b i l i t y  is  a  c r i t e r i a  to  

m e a s u r e  th e  f l e x ib i l i ty  o f  a  n e tw o r k  to  d e a l  w i th  u n e x p e c te d  n e tw o r k  f a i lu r e  o r  t r a f f i c  

g ro w th .

3 .3 .1  N e tw o rk  S u rv iv a b il ity

T h e  d e f in i t io n  o f  n e tw o r k  s u r v iv a b i l i ty  h a s  b e e n  g iv e n  in  C h a p te r  2 .  N e tw o r k  

s u r v iv a b i l i ty  is  a  n e tw o r k  d e s ig n  o b je c t iv e  to  b e  r e a c h e d  b y  n e tw o r k  d e s ig n e r s .  T h e  

s u r v iv a b i l i ty  h a s  to  b e  s e t  a s  a n  in p u t  o f  a  S C P  a lg o r i th m  th a t  is  a p p l ie d  to  f in d  o u t  th e  

p l a c e m e n t  o f  s p a r e  c a p a c i ty  to  p r e v e n t  th e  n e tw o r k  f r o m  f a i lu r e .  T h e  h ig h e r  

s u r v iv a b i l i ty  n e tw o r k s  a re ,  m o r e  s p a r e  c a p a c i t ie s  a r e  r e q u i r e d .  I n  p r a c t i c e ,  w e  c a n  s e t  u p  

a n y  le v e l  o f  n e tw o r k  s u r v iv a b i l i ty  a c c o r d in g  to  th e  r e q u i r e m e n ts  o f  t h e  n e tw o r k  

o p e ra to r .

3 .3 .2  N e tw o rk  R e s to ra b il ity

N e tw o r k  r e s to r a b i l i ty  is  a  m e t r ic  t h a t  c a n  b e  u s e d  to  m e a s u r e  th e  n e t w o r k ’ a b i l i ty  to  u s e  

th e  e x is t in g  s p a r e  c a p a c i ty  in  th e  c a s e  o f  n e tw o r k  f a i lu r e .  T h e  la y o u t  a n d  n u m b e r  o f  

s p a r e  c a p a c i ty  f o u n d  b y  S C P  a lg o r i th m  in  p r e - p la n n e d  s u r v iv a b le  n e tw o r k  d e s ig n  a n d  

R e s to r a t io n  S c h e m e  ( R S )  d e te r m in e  th e  le v e l  o f  n e tw o r k  r e s to r a b i l i ty .  I t  r e f le c t s  th e  

c a p a b i l i ty  o f  s u r v iv a b le  n e tw o r k s  to  u t i l i z e  t h e  e x is t in g  s p a r e  c a p a c i ty  to  r e c o v e r  f r o m  

n e tw o r k  o u ta g e s  b y  u s in g  th e  r e s to r a t io n  p r o to c o l  ( s c h e m e )  in  th e  f a c e  o f  u n e x p e c te d  

n e tw o r k  e v e n ts .  T h e  a im  o f  th e  r e s to r a b le  n e tw o r k  d e s ig n  is  to  f in d  p r o to c o l  ( s c h e m e )  to  

s e r v e  a s  m a n y  t r a f f i c s  a s  p o s s ib le  in  o r d e r  to  m in im iz e  im p a c t  o n  t h e  n e tw o r k  

p e r f o r m a n c e  w h e n  a n  u n e x p e c te d  f a i lu r e  o f  n e tw o r k  f a c i l i t i e s  o c c u r s  o r  n e w  t r a f f ic s  

n e e d  to  b e  a d d e d .

N e tw o r k  r e s to r a b i l i ty  h a s  th e  s a m e  m a th e m a t i c a l  d e f in i t io n  a s  th a t  o f  n e tw o r k  

s u rv iv a b i l i ty .  B e f o r e  w e  g iv e  th e  n e tw o r k  r e s to r a b i l i ty  th e  n e tw o r k  s p a n  r e s to r a b i l i ty  is  

in t r o d u c e d  a s  fo l lo w s :
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a n d  th e n  th e  n e tw o r k  r e s to r a b i l i ty  is  d e f in e d  b a s e d  o n  th e  n e tw o r k  s p a n  r e s to r a b i l i ty .

W h e r e  F  r e p r e s e n t s  a l l  p o s s ib le  n e tw o r k  f a i lu r e s  a n d  S n e tw o r k  s p a n s ,  in c lu d in g  s in g le  

s p a n  f a i lu r e ,  H e r e ,  R  f i  is  th e  s in g le  s p a n  r e s to r a b i l i ty  in  th e  e v e n t  o f  th e  f a i l u r e / ( e  F ).

R n is  t h e  n e tw o r k  r e s to r a b i l i ty  f o r  a l l  u n e x p e c te d  n e tw o r k  f a i lu r e s .  B e c a u s e  th e  

u n e x p e c te d  n e tw o r k  f a i lu r e  a n d  t r a f f ic  g r o w th  a r e  n o t  k n o w n  b e f o r e h a n d  th e  e x a c t  

r e s u l t  o f  n e tw o r k  r e s to r a b i l i ty  is  n o t  a v a i la b le .  W e  c a n  a p p r o x im a te  i t  b y  t h e  f o l lo w in g  

m e th o d s .

I n  c a s e  th e  n e w  t r a f f i c  is  a s s u m e d  to  ta k e  p la c e ,  w e  c a n  c o n v e r t  s p a r e  c a p a c i ty  in  e a c h  

n e tw o r k  s p a n  to  w o r k in g  c a p a c i ty  (o n e  a t  a  t im e ) ,  t h e  R e s to r a t io n  S c h e m e  ( R S )  is  

a p p l ie d  to  r e - r o u te  t h e s e  n e w  w o r k  c a p a c i ty ,  a n d  c a lc u la te  i t s  r e s to r a b i l i ty .  I n  c a s e  tw o -  

s p a n  f a i lu r e  is  a s s u m e d  to  b e  a n  u n e x p e c te d  n e tw o r k  f a i lu r e ,  w e  c h o o s e  a l l  s e ts  o f  tw o  

s p a n s  a s  f a i le d  (o n e  s e t  a t  a  t im e )  a n d  c a lc u la te  n e tw o r k  r e s to r a b i l i ty .

S in c e  n e tw o r k  s u r v iv a b i l i ty  o n ly  a p p l ie s  in  p r e - p la n n e d  s u r v iv a b le  n e tw o r k  d e s ig n ,  w e  

r e f e r  to  p r e - p l a n n e d  s u r v iv a b le  n e tw o r k  d e s ig n  t e c h n iq u e s  a s  s u r v iv a b i l i ty  t e c h n iq u e s  

f o r  s im p l ic i ty .  S im i la r ly ,  d y n a m ic  r e s to r a b le  n e tw o r k  d e s ig n  t e c h n iq u e s  a r e  r e f e r r e d  to  

a s  r e s to r a b i l i ty  te c h n iq u e s .

3 .3 .3  R e la t io n s h ip  b e tw e e n  S u rv iv a b il ity  a n d  R e s to ra b il ity

A lth o u g h  th e r e  i s  s o m e  s im i la r i ty  b e tw e e n  n e tw o r k  s u r v iv a b i l i ty  a n d  r e s to r a b i l i t y  th e y  

r e f le c t  th e  d i f f e r e n t  p e r f o r m a n c e  o f  n e tw o r k s  u p o n  th e i r  f a i lu re .  T h e  f o r m e r  is  a  d e s ig n  

t im e  o b je c t iv e ,  th e  la t t e r  is  a  n e tw o r k  p e r f o r m a n c e  m e a s u r e .

1 0 0 %  o f  n e tw o r k  s u r v iv a b i l i ty  in  d e s ig n  t im e  c a n  n o t  g u a r a n te e  1 0 0 %  o f  n e tw o r k  

r e s to r a b i l i ty .  T h e  r e a s o n  is  th a t  th e  r e s to r a t io n  s c h e m e s  a r e  e x e c u te d  in  a  d i s t r ib u te d  

w a y , a n d  d o  n o t  a lw a y s  f in d  d e s i r a b le  p a th s  ( o p t im u m  p a th s )  w h ic h  a r e  e x p e c te d  b y  t h e

R
i=i

n

29



S p a re  C a p a c i ty  P la c e m e n t  a lg o r i th m  (S C P )  in  d e s ig n  t im e .  T h i s  is  i l l u s t r a t e d  in  

F ig u r e 3 .1 .

F ig u r e 3 .1  N e tw o r k  R o u te  f o r  a  S in g le  S p a n  F a i lu r e

W h e r e  th e  c i r c le s  a re  th e  n e tw o r k  n o d e s  a n d  th e  l in e s  r e p r e s e n t  t h e  n e tw o r k  s p a n  

c h a n n e ls ,  f o r  e x a m p le ,  tw o  s p a n  c h a n n e l s  in  th e  s p a n  b e tw e e n  n o d e s  1 a n d  2 . T h e  

a r ro w s  in d ic a te  th e  r o u t in g  d ire c t io n .

A s s u m e  th e  s p a n  b e tw e e n  n o d e  1 a n d  n o d e  2  f a i l s ,  tw o  u n i t s  o f  c a p a c i ty  w i l l  b e  

d ro p p e d .  I n  d e s ig n  t im e ,  tw o  f e a s ib le  p a th s  a r e  a s s ig n e d  b y  a  S C P  a lg o r i th m  f o r  a  s p a n  

f a i lu r e  a s  d e p ic t e d  in  F ig u r e 3 .1 ( b ) .  H o w e v e r ,  w h e n  th e  n e tw o r k  o u ta g e  o c c u r s ,  th e  

r e s to r a t io n  s c h e m e  m a y  c h o o s e s  w r o n g  f e a s ib le  p a th s  so  t h a t  th e  w r o n g  c h o s e n  p a th s  a s  

d e p ic te d  in  F ig u r e 3 .1 ( a )  e x h a u s t  a ll  s p a r e  c a p a c i ty  a s s ig n e d  f o r  th e  s p e c i f ie d  fa i lu r e .

3 .3 .4  D if fe re n t  R e q u ire m e n t  o f  N e tw o rk  S u rv iv a b il ity  a n d  R e s to r a b il ity  fo r  

F e a s ib le  P a th  A lg o r ith m s  (F P A s )

D u e  to  th e  d i f f e r e n c e  b e tw e e n  r e s to r a b i l i ty  a n d  s u r v iv a b i l i ty  t e c h n i q u e s ,  th e  

im p le m e n ta t io n s  o f  F P A s  r e g a r d in g  n e tw o r k  s u r v iv a b i l i ty  a n d  r e s to r a b i l i ty  a r e  n o t  

a lw a y s  s a m e .

T h e  p r im a r y  a im  o f  s u r v iv a b i l i ty  a n d  r e s to r a b i l i ty  (S & R )  t e c h n iq u e s  is  to  r e c o v e r  

n e tw o r k s  f r o m  th e  f a i lu r e  o f  n e tw o r k  f a c i l i t i e s  t a k in g  a c c o u n t  o f  t h e i r  t im e  c o m p le x i ty ,  

a n d  m in im iz in g  th e  c o s t  o f  n e tw o r k  c o n s t r u c t io n .  D e m a n d s  f o r  th e  d e s ig n  o f  s u r v iv a b le  

a n d  r o b u s t  n e tw o r k s  h a v e  b e e n  in c r e a s in g ,  s o  th e r e  h a s  b e e n  p le n ty  o f  w o r k  d o n e  in  

d e v e lo p in g  S R  te c h n iq u e s  [2 ] [3 ] [2 7 ] [2 9 ] . A s  d i s c u s s e d  a b o v e ,  f in d in g  f e a s ib le  p a th s ,  

th r o u g h  w h ic h  th e  f a i l e d  w o r k in g  c h a n n e ls  a r e  r e - r o u te d ,  is  a n  im p o r ta n t  i s s u e  in  S C P  

a lg o r i th m , s o  F P A s  p la y  a  c ru c ia l  r o le  in  im p r o v in g  th e  e f f e c t iv e n e s s  o f  S R  te c h n iq u e s  

in  te r m s  o f  c o s t  s a v in g s  a n d  e x e c u t io n  t im e .  B e c a u s e  d i f f e r e n t  F P A s  te c h n iq u e s  h a v e
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d i f f e r e n t  a d v a n ta g e s  a n d  d i s a d v a n ta g e s  in  p r a c t i c e ,  s o m e  m a y  o n ly  b e  s u i t a b le  f o r  

s u r v iv a b i l i ty  t e c h n iq u e s  o r  f o r  r e s to r a b i l i ty  t e c h n iq u e s ,  w h i le  o th e r s  c a n  b e  a p p l ie d  to  

b o th  c a s e s .  I n  s o m e  c a s e s ,  s o m e  F P A  a p p r o a c h e s  f o r  s u r v iv a b i l i ty  t e c h n i q u e s  t h a t  a re  

n o t  s u i ta b le  f o r  r e s to r a b i l i ty  te c h n iq u e s  c a n  b e  m o d i f ie d  to  w o r k  f o r  r e s to r a b i l i t y  

te c h n iq u e s .  F o r  e x a m p le ,  th e  F P A s  i s  e m p lo y e d  in  r e s to r a b i l i ty  t e c h n i q u e s  a r e  m o r e  

s e n s i t iv e  to  e x e c u t io n  t im e  th a n  o n e s  f o r  s u r v iv a b i l i ty  b e c a u s e  t h e y  m u s t  o p e r a te  i n  a  

r e a l  n e tw o r k  e n v i r o n m e n t ,  a n d  f in d  s o lu t io n s  v e r y  q u ic k ly  to  m in im iz e  t h e  d i s r u p t io n  to  

th e  n e tw o r k  c a u s e d  b y  th e  n e tw o r k  f a i lu r e :  s u c h  s p e e d  r e q u i r e m e n t s  m a y  r e s u l t  in  th e  

u s e  o f  n o n - o p t im a l  s o lu t io n s .  O n  th e  c o n t r a r y ,  th e  F P A s  a lg o r i th m s  e m p lo y e d  b y  

s u r v iv a b i l i ty  t e c h n iq u e s  c a n  ta k e  r e la t iv e ly  lo n g e r  t im e  to  g e t  a s  m a n y  f e a s ib l e  p a th s  a s  

p o s s ib le  to  p la c e  s p a r e  c a p a c i ty  o n  in  o r d e r  to  m in im iz e  th e  c o s t  o f  n e tw o r k s .  I n  th e  

f o l lo w in g  s e c t io n  s e v e r a l  F P A  a lg o r i th m s ,  i.e . F o r d - F u lk e r s o n ’s a lg o r i th m ,  th e  K -  

s h o r te s t  p a th s  a lg o r i th m ,  a n d  th e  M a tr ix  M a x im u m  F lo w  a lg o r i th m s  ( M M F )  w i l l  b e  

p r e s e n te d  a n d  th e  a d v a n ta g e s  a n d  d i s a d v a n ta g e s  o f  th e s e  a lg o r i th m s  w i l l  a ls o  b e  

c o m p a r e d  in  f iv e  t e s t  n e tw o r k s .  S in c e  R e s to r a b i l i t y  t e c h n iq u e  is  b e y o n d  th e  s c o p e  o f  th e  

p r o je c t ,  w e  w i l l  f o c u s  o n  th e  s u r v iv a b i l i ty  t e c h n iq u e s  in  th e  r e s t  o f  th i s  t h e s i s .  B u t ,  i n  

o r d e r  to  d i s t in g u is h  th e  d i f f e r e n t  F P A  im p le m e n ta t io n  f o r  tw o  ty p e s  o f  n e tw o r k  d e s ig n ,  

T w o  im p le m e n ta t io n s  o f  th e  K - S h o r te s t  P a th s  a lg o r i th m  w i l l  a ls o  b e  d i s c u s s e d  f o r  b o th  

s u r v iv a b i l i ty  a n d  r e s to r a b i l i ty  te c h n iq u e s  r e s p e c t iv e ly .

3 .4  F e a s ib le  P a th  A lg o r i th m s  (F P A s )

I n  th i s  s e c t io n  th e  F P A s  a re  d is c u s s e d :  th e  F o r d  F u lk e r s o n ’s a lg o r i th m ,  th e  K - S h o r te s t  

P a th s  (K S P )  a lg o r i th m  a n d  th e  M a tr ix  M a x im u m  F lo w  a lg o r i th m . W e  w i l l  d i s c u s s  a n d  

c o m p a r e  th e s e  a lg o r i th m s  in  te r m s  o f  th e  n u m b e r  o f  p a th s  f o u n d .  I n  a d d i t io n ,  w e  

d e s c r ib e  tw o  ty p e s  o f  im p le m e n ta t io n  o f  K - S h o r t e s t  P a th s  ( K S P )  a lg o r i th m , n a m e ly ,  

n o n - d i s jo in t  K S P  a n d  d i s jo in t  K S P  i n  o r d e r  to  s h o w  s u r v iv a b i l i ty  a n d  r e s to r a b i l i ty  

t e c h n iq u e s  im p o s e  d i f f e r e n t  r e s t r ic t io n s  o n  F P A s ?

3 .4 .1  F o rd -F u lk e r s o n ’s A lg o r ith m

3 .4 .1 .1  G e n e ra l T h e o ry  o f  M a x im a l F lo w

A s  th e  n a m e  s u g g e s ts ,  th e  m a x im a l  f lo w  a lg o r i th m  is  u s e d  to  f in d  t h e  m a x im a l  f lo w  

b e tw e e n  a  g iv e n  p a i r  o f  n o d e s  in  a  d i r e c te d  n e tw o r k  N  =  G (V , E ,  C )  w h e r e  V  is  th e  s e t  

o f  n o d e s  in  th e  n e tw o r k ,  E  is  th e  s e t  o f  e d g e s  in  th e  n e tw o r k ,  C  i s  a  t h e  n e tw o r k  c a p a c i ty  

m a tr ix .  I n  a d d i t io n ,  th e  n u m b e r  o f  w o r k in g  c h a n n e l s  ( i.e . t r a f f i c  f lo w )  is  t h e  e x is t in g
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t r a f f ic  f lo w  in  th e  n e tw o r k ,  i t  is  s to r e d  in  m a t r ix  / .  C  tj  a n d  f j ,  th e  e n t r ie s  (i, j )  o f  m a t r ix  

C  a n d  m a t r ix  f  a re  th e  m a x im u m  t r a f f ic  f lo w  a l lo w e d  th r o u g h  e d g e  (/, j )  a n d  th e  

e x is t in g  t r a f f ic  f l o w  th a t  e x is t s  in  th e  e d g e  (i, j )  r e s p e c t iv e ly .  N o te  th a t  C i s  a lw a y s  

g r e a te r  t h a n  o r  e q u a l  t o 7 ^ -re s u l t in g  f r o m  th e  s te p w is e  l in k  c o s t  f u n c tio n .

0  <  / j  <  C y ,  f o r  t h e  e d g e  (i, j )  e E

H e re ,  th e  d i f f e r e n c e  o f  C  tj  m in u s  f j  is  th e  n u m b e r  o f  t h e  in s ta l l e d - a n d - id le  s p a re  

c h a n n e ls .  I n  th e  f o l lo w in g  s e c t io n  w e  w i l l  d e s c r ib e  h o w  to  f in d  th e  m a x im u m  n u m b e r  

o f  s p a r e  p a th s  c o n s i s t in g  o f  th e s e  e x is t in g  s p a r e  c h a n n e ls  o n  e a c h  o f  n e tw o r k  e d g e s  

b e tw e e n  a  g iv e n  p a i r  o f  n e tw o r k  n o d e s  w h ic h  is  r e p r e s e n te d  b y  i t s  s o u r c e  n o d e  s a n d  

d e s t in a t io n  n o d e  d .

F o r  e a c h  n o d e  j ,  o th e r  t h a n  s o u r c e  n o d e  s  a n d  d e s t in a t io n  n o d e  d,  T h e  c o n s e r v a t io n  

la w , i.e . th e  s u m  o f  f lo w s  in to  a  n o d e  e q u a ls  th e  s u m  o f  f lo w s  le a v in g  th e  n o d e ,  a re  

s a t i s f ie d ,

■'■(/) '(/)

Z  f ,  / -  Yu f u  = 0  1 G s 0 ') ,7  e  s(0>
1 I

W h e r e  s ( i )  is  a  s e t  o f  l in k s  f o r  w h ic h  n o d e  i a c ts  a s  a  s o u r c e  , s (J )  a  s e t  o f  l in k s  f o r  w h ic h  

n o d e  I a c ts  a s  a  s in k . S in c e  th e  n e tw o r k  t r a f f ic  f lo w  m a y  b e  u s e d  b y  lo c a l  u s e r s  in  n o d e  s  

a n d  n o d e  d ,  th e  f lo w  c o n s e r v a t io n  l a w  m a y  n o t  b e  h e ld .

T h e  s u m  o f  e d g e  f lo w s  in to  th e  d e s t in a t io n  n o d e  d  is  f { d ) ,

/ ( < * ) = Z 4 /
i

W h e r e  i i s  th e  s e t  o f  e d g e s  in c o m in g  to  th e  d e s t in a t io n  n o d e  d.

T h e  m a x im u m - f lo w  p r o b le m  ( m a x - f lo w )  is  to  f in d  th e  v a lu e s  o f  / i j  f o r  a l l  th e  e d g e s  s u c h  

th a t  f ( d )  i s  m a x im is e d .  T o  f in d  th e  m a x im u m  f lo w  a  p a th  a u g m e n ta t io n  te c h n i q u e  c a n  

b e  u s e d . A n  a u g m e n t in g  p a th  is  a  s e q u e n c e  o f  p a i r - w is e  a d ja c e n t  e d g e s  f r o m  th e  s o u rc e  

n o d e  .s’ to  th e  d e s t in a t io n  n o d e  d ,  w h ic h  a l lo w s  u s  to  in c r e a s e  th e  v a lu e  o f  f lo w . I f  t h e  (/, 

/ ) t h  e d g e  o r i e n ta t io n  c o in c id e s  w i th  th e  d i r e c t io n  o f  th e  p a th ,  t h e n  in  o r d e r  to  p u s h  m o re  

f lo w  th r o u g h  it , m u s t  b e  le s s  th a n  C\  j. I f  th e  (/', / ) t h  e d g e  p o in t s  in  th e  o p p o s i te  

d i r e c t io n ,  t h e n  in  o r d e r  to  p u s h  s o m e  a d d i t io n a l  f lo w  th r o u g h  i t ,  w e  m u s t  r e d u c e  its  

f lo w , andT ij >  0  is  r e q u ir e d .

•  L a b e l l i n g  A lg o r i t h m
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T o  f in d  a n  a u g m e n t in g  p a th  f r o m  s to  d , a  la b e l l in g  p r o c e d u r e  is  u s e d .  T h e  la b e l l in g  

a lg o r i th m  a s s u m e s  th a t  th e r e  e x is t s  a n  in i t ia l  f l o w  in  th e  n e tw o r k ,  w e  m a y  h a v e ,  f o r  

in s ta n c e ,  a ll f\] =  0 . T h e n  la b e l s  o f  th e  f o r m  ( j ,  s ' )  o r  ( j ,  - s ) ,  w h e r e  6’ is  a  p o s i t iv e  

n u m b e r  o r  in f in i ty ,  a re  a s s ig n e d  to  e a c h  o th e r ,  b e g in n in g  w i th  t h e  s o u r c e  .v. I f  i t  is  

p o s s ib le  to  la b e l  th e  s in k  d ,  a  c h a n g e  o f  th e  f lo w  f r o m  s  to  d  i s  m a d e  a n d  th e  la b e l l in g  is  

r e p e a te d .  I f  i t  is  im p o s s ib le  to  la b e l  th e  s in k , t h e  f lo w  is  o p t im a l .  T h e  p r o c e d u r e  u s e s  

tw o  r o u t in e s ,  A  a n d  B . D u r in g  e a c h  s te p  o f  r o u t in e  A , a  n o d e  is  i n  o n e  o f  th r e e  s ta te s :  

u n la b e le d  a n d  u n s c a n n e d ,  la b e l le d  a n d  u n s c a n n e d ,  o r  l a b e l le d  a n d  s c a n n e d .  I n i t i a l l y  a l l  

n o d e s  a re  u n la b e l le d  a n d  u n s c a n n e d .

1 . R o u t in e  A  (L a b e l in g )

S te p  1. L a b e l  th e  s o u r c e  w i th  (- , oo). B e c a u s e  th e  s o u rc e  is  th e  n o d e  f o r  la b e l l in g  a n d  is  

a s s u m e d  to  a l lo w  a n y  n u m b e r  o f  f lo w s  to  c o m e  in  i ts  p r e d e c e s s o r  n o d e  i s  n o n e  

r e p r e s e n te d  b y  -, a n d  th e  f lo w  th r o u g h  i t  is  in f in i te  c o .

S te p  2 . F o r  a n y  la b e l le d  a n d  u n s c a n n e d  n o d e  j  w i th  la b e l  ( / ,  £ \  ( o r  - £ j ) ) ,  s c a n  i t  b y  

e x a m in in g  a l l  u n la b e le d  n o d e s  I, a d ja c e n t  to  j .

a . I f  (j, I) is  a n  e d g e  a n d  f j i  <  C /7, t h e n  la b e l  n o d e  / w i th  (J, £  ]),  w h e r e  s  \ =  m in  

O j>  Cji  - f j i ) .

b .  I f  (/, j )  is  a n  e d g e  a n d  f j  >  0 , t h e n  la b e l  n o d e  / w i th  ( j , - e  \ ) , w h e r e  e  / =  m in

O j  J i j ) -

S te p  3 . T h e  n o d e  /  a re  n o w  la b e l le d  a n d  u n s c a n n e d ,  a n d  n o d e  j  is  la b e l le d  a n d  

s c a n n e d . R e p e a t  s te p  2  u n t i l  e i th e r  th e  s in k  t  is  la b e l le d  o r  i t  is  im p o s s ib le  to  la b e l  

th e  s in k . I n  th e  f i r s t  c a s e  w e  h a v e  a  b r e a k th r o u g h  a n d  r o u te  B  is  in i t ia l i s e d .  I n  th e  

s e c o n d  c a s e  w e  h a v e  a  n o n - b r e a k th r o u g h  a n d  th e  a lg o r i th m  is  t e r m in a te d ,  t h e  f lo w  is  

o p t im a l .

2 . R o u t in e  B  (F lo w  C h a n g e )

T h e  s in k  d  h a s  b e e n  la b e l le d  w i th  (I, s  d). T h e r e f o r e ,  th e  n e tw o r k  w i th  t h e  c u r r e n t  

f lo w  a d m its  a n  a u g m e n t in g  p a th  f r o m  s  to  d ,  w h ic h  c a n  in c r e a s e  th e  f lo w  v a lu e  b y  

e  a. a n d  I is  th e  s e c o n d  la s t  n o d e  o n  th i s  p a th .  H e n c e  s e t / ]d = / d + s  d- N o w  lo o k  a t  th e  

n o d e  I l a b e l le d  ( i , S j  ( o r  - £ ] ) ) .  I f  th e  s e c o n d  la b e l  is  e  \ t h e n  / h a s  b e e n  l a b e l le d  f r o m  

j  b y  u s in g  th e  e d g e  ( j , I),  t h e r e f o r e  s e t  /id =  /id + e  d- O th e r w is e ,  th e  e d g e  (/, j )  h a s  b e e n
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u s e d , a n d  s e t  f j  = f j  - e d . C o n t in u e  th e  f lo w  c h a n g e  in d ic a te d  b y  th e  f i r s t  e l e m e n t  o f  

th e  l a b e l s  u n t i l  t h e  n o d e  s  is  r e a c h e d .  D is c a r d  th e  la b e l s  a n d  r e t u r n  to  r o u t i n e  A . I n  

F ig u r e 3 .2 ,  th e  d ia g r a m  f o r  th e  a b o v e  M a x im u m  F lo w  A lg o r i th m  ( M F A )  i s  g iv e n  a s  

fo l lo w s .

F ig u r e 3 .2  L a b e l l in g  A lg o r i th m :

(a )  I n i t ia l  f l o w  a n d  f i r s t  la b e l l in g ;  (b )  S e c o n d  L a b e l l in g

W h e r e  t h e  n u m b e r  in  th e  b r a c k e ts  a r e  f j  a n d  Q j .  I n i t i a l  e d g e  f lo w s  a r e  z e r o .  

A c c o r d in g  to  t h e  a b o v e  a lg o r i th m  th e  f o l l o w i n g  s te p s  c a n  b e  e x e c u te d :

1. L a b e l  t h e  s o u r c e  [-, oo ].

2 .  L a b e l  n o d e s  1 a n d  2  w i th  [5 , 5 ]  a n d  [s , 4 ] ,  r e s p e c t iv e ly .
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3 . L a b e l  n o d e  4  w i th  [2 , 4 ] ,

4 .  L a b e l  n o d e s  3 a n d  6  w i th  [4 ,1 ]  a n d  [4 , 2 ] ,  r e s p e c t iv e ly .

5 . L a b e l  n o d e  5 w i th  [3 , 1].

6 . L a b e l  th e  s in k  ( d e s t in a t io n )  w i th  [5 , 1].

T h e r e  i s  a  b r e a k th r o u g h  a n d  th e  a u g m e n t in g  p a th  is  in d ic a te d  . T h e  f i r s t  la b e l l in g  

p r o c e d u r e  th e  f lo w  o f  1 th r o u g h  th e  e d g e s  [s , 2 ] ,  [2 , 4 ] ,  [4 , 3 ] ,  [3 , 5 ] ,  a n d  [5 , d ] .  T h e  

s e c o n d  la b e l l in g  i s  s h o w n  in  F ig u r e 3 .2  (b ) . T h e  th i r d  l a b e l l in g  i s  a t t e m p te d  b u t  n o  

b r e a k th r o u g h  o c c u r s .

T h e  a lg o r i th m  te r m in a te s  a n d  p r o d u c e s  th e  f in a l  s o lu t io n :  x S2  = x si = x i 3  = * 2 4  =  * 3 5 =  

X4 6 = X5 d= X6 d= l ,  a n d  th e  f lo w  v a lu e  is  2 .

A s s u m in g  t h a t  th e  a lg o r i th m  t e r m in a te s ,  th e  l a s t  la b e l l in g  d o e s  n o t  r e a c h  th e  s in k  n o d e  d .

L e t  S  b e  th e  s e t  o f  n o d e s  l a b e l le d  in  th e  l a s t  l a b e l l in g  a t t e m p t  a n d  S  th e  s e t  o f  u n la b e l le d

n o d e s .  I f  a n  e d g e  (i, j )  is  d i r e c te d  f r o m  S to  S , i t  m u s t  b e  s a tu r a te d ,  t h a t  is , f j  =  Cy;

o th e r w is e ,  j  w o u ld  h a v e  b e e n  la b e l l e d  w h e n  i w a s  s c a n n e d . A ls o ,  a l l  e d g e s  (j, i)  f r o m  S

to  S m u s t  h a v e  z e r o  f lo w ; o th e r w is e ,  j  w o u ld  h a v e  l a b e l le d  w h e n  i w a s  s c a n n e d .  O b s e r v e

th a t  s b e lo n g s  to  S a n d  t  b e lo n g s  to  S . I t  is  f a i r ly  o b v io u s  th a t  th e  f lo w  v a lu e  is  n o t  

g r e a te r  t h a n  th e  s u m  o f  c a p a c i t ie s  o f  a n y  s e t  o f  e d g e s  ( c a l le d  a  c u t )  w h ic h  c o n ta in s  a t  

l e a s t  o n e  e d g e  o f  e v e r y  p a th  f r o m  .v to  d .  H e n c e  th e  f lo w  v a lu e  j { d )  i s  o p t im a l  a n d  e q u a ls

th e  s u m  o f  c a p a c i t ie s  o f  t h e  e d g e s  b e tw e e n  S  a n d  S . W e  s ta te  t h i s  a s  t h e  m a x - f lo w  m in -  

c u t  th e o r e m .

3 .4 .1 .2  F o rd -F u lk e r s o n ’s  A lg o r ith m

W h e n  th e  la b e l l in g  a lg o r i th m  t e r m in a te s ,  th e  f lo w  / ( d )  is  o p t im a l  a n d  e q u a l  to  th e  

c a p a c i ty  o f  t h e  m in im u m  c u t .

T h e  q u e s t i o n  o f  w h e th e r  th e  a lg o r i th m  a lw a y s  te r m in a te s  a ls o  n e e d s  to  b e  c o n s id e r e d .  

T o  s e e  th a t  i t  d o e s  i f  a l l  in i t i a l  e d g e  f lo w s  a n d  c a p a c i t ie s  a r e  in te g e r ,  w e  n e e d  to  m a k e  

tw o  o b s e r v a t io n s .  F i r s t ,  th e  a lg o r i th m  a d d s  a n d  s u b t r a c ts  o n ly  a n d  d o e s  n o t  in t r o d u c e  

f r a c t io n a l  f lo w s .  S e c o n d ,  i f  d  i s  l a b e l le d  th e  f lo w  v a lu e  is  i n c r e a s e d  b y  a t  l e a s t  o n e  u n i t .  

S in c e  th e  f lo w  v a lu e  is  b o u n d e d  f r o m  a b o v e  (e .g . b y  ^ C ,  d w h ic h  i s  f in i te )  t h e  

la b e l l in g  a lg o r i th m  m u s t  te r m in a te .
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H o w e v e r ,  u n le s s  w e  b e t te r  d e f in e  th e  la b e l l in g  p r o c e s s  ( p r o c e s s  A )  t h e  a lg o r i th m  c a n  

b e  in e f f ic ie n t  in  s o m e  p a th o lo g ic a l  c a s e s .  M o d i f y  th e  c a p a c i t i e s  o f  th e  n e tw o r k  in  

F ig u r e 3 .2  a s  s h o w n  in  F ig u r e 3 .3  a n d  a s s u m e  th a t  M  is  a  v e r y  l a r g e  n u m b e r .  I f  th e  

la b e l l in g  a lg o r i th m  s ta r ts  w i th  f [ d )  =  0  a n d  a l t e r n a t iv e ly  u s e s  t h e  s a m e  a u g m e n t in g  

p a th s  a s  s h o w n  in  F ig u r e 3 .2 ,  i t  w i l l  r e q u i r e  2 M  i te r a t io n s  o f  r o u te s  A  a n d  B  to  f in d  

th e  o p t im u m  f lo w  v a lu e  j { d )  =  2 M . H e r e  th e  n u m b e r  o f  i t e r a t io n s  d e p e n d s  o n  th e  

p r o b le m  c a p a c i t ie s .

F ig u r e 3 .3  W o r s t -C a s e  P e r fo rm a n c e

E d m o n d s  a n d  K a r p  [1 9 7 2 ]  c o r r e c t e d  th i s  d e f ic ie n c y  a n d  s h o w e d  t h a t  i f  t h e  la b e l l in g  

p r o c e d u r e  a lw a y s  u s e s  th e  a u g m e n t in g  p a th s  a s  s h o r t  a s  p o s s ib le ,  i t s  t im e  c o m p le x i ty  is  

0 ( n m 2),  in  a n  n - n o d e  m - e d g e  n e tw o r k .  H a d  w e  u s e d  t h e  s h o r te s t  a u g m e n t in g  p a t h  in  th e  

e x a m p le  s h o w n  in  F ig u r e 3 .3  w e  w o u ld  h a v e  u s e d  r o u t in e s  A  a n d  B  o n ly  tw ic e .  T h e  

F o r d - F u lk e r s o n ’s a lg o r i th m  w i l l  b e  im p le m e n te d  b y  C + +  in  a  P C  b a s is .

3 .4 .2  K -S h o r te s t  P a th  A lg o r ith m

I n  [1 5 ] ,  M a c G r e g o r ,  e t  a l  p r o p o s e d  th e  K - S h o r te s t  d i s jo in t  P a th s  ( K S P )  a lg o r i th m . T h e  

a lg o r i th m  h a s  tw o  a d v a n ta g e s  o v e r  th e  F o r d - F u lk e r s o n ’s  a lg o r i th m ;  i t  is  m u c h  e a s ie r  to  

c o n t r o l  t h e  l e n g th  o f  p a th s  f o u n d  a n d  t h a t  i t  i s  m u c h  e a s ie r  to  im p le m e n t .  H o w e v e r ,  th e  

m a jo r  d i s a d v a n ta g e  o f  th e  K S P  a lg o r i th m  is  t h a t  it  d o e s  n o t  g u a r a n te e  th a t  th e  m a x im u m  

a m o u n t  o f  f lo w  is  f o u n d .  T h e  K S P  w a s  d is c u s s e d  in  d e ta i l  in  [2 3 ] ,  T h e  a d v a n ta g e s  a n d  

d i s a d v a n ta g e s  o f  th e  K S P  w h e n  c o m p a r e d  w i th  th e  F o r d - F u lk e r s o n ’s a lg o r i th m  w e r e  

d i s c u s s e d  a n d  tw o  a lg o r i th m s  w e r e  c o m p a r e d  in  te r m s  o f  p e r f o r m a n c e .  I n  [2 3 ] , i t  h a s  

a ls o  b e e n  s h o w n  th a t  th e  a m o u n t  o f  p a th s  f o u n d  b y  th e  K S P  is  m o r e  t h a n  9 9 .9  %  o f  th a t  

f o u n d  b y  t h e  F o r d - F u lk e r s o n ’s a lg o r i th m . H e n c e ,  th e  K S P  c a n  b e  u s e d  i n  m o s t
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c i r c u m s ta n c e s  th a t  th e  F o r d - F u lk e r s o n ’s a lg o r i th m  c a n  b e  u s e d  a n d  i t  o f f e r s  th e  a d d e d  

a d v a n ta g e s  g iv e n  a b o v e .

F le re  w e  in t r o d u c e  a l l  th e  n o ta t io n  u s e d  in  th e  K S P  a lg o r i th m . I n  th e  g iv e n  n e tw o r k  

G (V , E )  w h e r e  V  is  d e n o te d  a  s e t  o f  n o d e s  a n d  E  a  s e t  o f  s p a n s ,  w e  d e f in e  tw o  m a t r ic e s  

R  a n d  C , w h e r e  a n d  C y ,  th e  e n t r ie s  (i, j ) o f  m a t r ix  R  a n d  m a t r ix  C , r e p r e s e n t  th e  

m a x im u m  n u m b e r  o f  c h a n n e ls  a n d  t h e  a c t iv e  n u m b e r  o f  c h a n n e l s  c a r r ie d  o n  th e  s p a n  (z, 

j )  r e s p e c t iv e ly .  R (i/- is  a lw a y s  g r e a te r  th a n  o r  e q u a l  to  C y .  N o te  t h a t  th e r e  a re  R y  -  C y  

s p a r e  c h a n n e ls  o n  e a c h  s p a n  a n d  th e s e  c a n  b e  u s e d  to  r e - r o u t e  th e  d i s r u p te d  w o r k in g  

p a th s  w i th o u t  a n y  in c r e a s e  in  th e  n e tw o r k  c o s t

T h e  K S P  c a n  b e  im p le m e n te d  in  tw o  d i f f e r e n t  m e th o d s ,  i .e .  d i s jo in t  s p a n  K S P  a n d  n o n -  

d i s jo in t  s p a n  K S P . T h e  d i s jo in t  s p a n  K S P  a lg o r i th m  f in d s  d i s jo in t  p a th s  b e tw e e n  n o d e  

p a i r s ,  i .e . p a th s  d o  n o t  s h a r e  a n y  c o m m o n  s p a n s ;  th e  n o n - d i s jo in t  K S P  a lg o r i th m  d o e s  

n o t  h a v e  th is  r e s t r ic t io n .

I n  th e  d i s jo in t  s p a n  K S P  im p le m e n ta t io n ,  th e  b a s ic  id e a  is  to  p e r f o r m  D i j k s t r a ’s 

a lg o r i th m  a  n u m b e r  o f  t im e s ,  r e m o v in g  s p a n s  b e tw e e n  e a c h  i t e r a t io n  [ 8 ].

F i r s t ,  th e  D i jk s t r a ’s a lg o r i th m  is  u s e d  to  g e t  th e  s h o r te s t  p a th  i n  t e r m s  o f  th e  r e a l  

d i s ta n c e  b e tw e e n  th e  s p e c i f ie d  n o d e s  p a i r  ( s a y , s, d ) \  N e x t ,  a l l  s p a n s  o n  th e  s h o r te s t  p a th  

a re  r e m o v e d  f r o m  th e  n e tw o r k  to p o lo g y .  B a s e d  o n  th e  u p d a te d  n e tw o r k ,  D i jk s t r a ’s 

a lg o r i th m  is  in v o k e d  a g a in  to  f in d  th e  s e c o n d  s h o r te s t  p a th ,  a n d  t h e n  a l l  s p a n s  o n  th e  

s e c o n d  s h o r te s t  p a t h  a r e  d e le t e d  f r o m  th e  n e tw o r k  to p o lo g y .  T h e  p r o c e d u r e  c o n t in u e s  

u n t i l  k  s h o r te s t  p a th s  a r e  f o u n d  o r  n o  m o r e  p a th s  c a n  b e  f o u n d ,  i .e .  th e  n e tw o r k  is  

d is c o n n e c te d  b e tw e e n  n o d e s  s  a n d  d .  P s e u d o - c o d e  f o r  d i s jo in t  s p a n  K S P  is  g iv e n  I n  

F ig u r e  3 .4 .

I n  th e  n o n - d i s jo in t  s p a n  K S P , D i jk s t r a ’s a lg o r i th m  is  a g a in  u s e d  to  f in d  th e  s h o r te s t  p a th  

b e tw e e n  n o d e s  s  a n d  d .

T h e  n e tw o r k  to p o lo g y  is  t h e n  u p d a te d  b y  d e le t in g  th e  s p a n s  o n  w h ic h  th e  c a p a c i ty  

c a r r ie d  i s  m in im a l  o v e r  a ll s p a n s  c o n s t i tu te .  T h e  c a p a c i ty  o n  a l l  o th e r  s p a n s  t h a t  m a k e  

u p  th e  s h o r te s t  p a th  is  t h e n  r e d u c e d  b y  th is  m in im a l  c a p a c i ty .  D i j k s t r a ’s a lg o r i th m  is  

a g a in  p e r f o r m e d  f o l lo w e d  b y  th e  n e tw o r k  to p o lo g y  a n d  c a p a c i ty  u p d a te  u n t i l  e i th e r  k  

s h o r te s t  p a th s  a re  f o u n d  o r  n o  m o r e  p a th  e x is t s  b e tw e e n  n o d e s  5  a n d  d .  P s e u d o - c o d e  f o r  

th e  n o n - d i s jo in t  f o r m  o f  th e  K S P  a lg o r i th m  is  g iv e n  in  F ig u r e  3 .5 .
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V a r ia b le s :

•  C i j  E n t r y  (i, j ) o f  c a p a c i ty  m a t r ix  C  s to r in g  th e  c a p a c i ty  o f  l i n k  c o n n e c t in g

n o d e  i  a n d  j .

•  E i j  E n t r y  (/, j )  o f  s p a n  a d ja c e n c y  m a t r ix  E , w h e r e  i t  i s  a  “ 1 ”  i f  a  l i n k

b e tw e e n  n o d e s  i a n d  j  e x is t s  a n d  a  0  o th e rw is e .

G iv e n :

•  s  S o u rc e  n o d e .

•  d  D e s t in a t io n  n o d e .

•  P  A n  a r r a y  to  s to r e  th e  s p a n s  o n  th e  r e c e n t  s h o r t e s t  p a th .

•  M  N u m b e r  o f  p a th s  f o u n d  s o  f a r  b e tw e e n  n o d e s  p a i r  s  a n d  d.

•  K  N u m b e r  o f  p a th s  e x p e c te d  to  f in d .

P r o c e d u r e :

S t e p  1 . C a l l  D i jk s t r a ’s a lg o r i th m  to  d e te r m in e  th e  s h o r te s t  p a t h  b e tw e e n  n o d e s  s  a n d  d  i n  

t h e  n e tw o r k  a n d  s to re  th e  n o d e s  o n  th e  p a t h  in  th e  a r r a y  P .

S t e p  2 . U p d a te  E  b y  c o n v e r t in g  th e  e n t r ie s  in  P  f r o m  1 to  0 .

S t e p  3 . I f M  <  K  a n d  a n y  p a th  e x is t s  b e tw e e n  n o d e s  s  a n d  d,  g o  to  s te p  1 , o th e r w is e ,  th e  

p r o c e d u r e  s to p s .

F ig u r e  3 .4  P s e u d o - c o d e  f o r  th e  D i s jo in t  S p a n  K S P  a lg o r i th m

P r o c e d u r e :

S t e p  1 . P e r f o r m  D i jk s t r a ’s a lg o r i th m  to  o b ta in  th e  s h o r te s t  p a t h  b e tw e e n  n o d e s  (5 , d )  a n d  

s to r e  i t  i n  th e  a r r a y  P .

S t e p  2 .  C o m p a r e  a l l  th e  c a p a c i ty  c a r r i e d  o n  th e  s p a n s  i n  th e  a r r a y  P  to  f in d  th o s e  s p a n s  

w i th  m in im u m  c a p a c i ty  a n d  d e le te  th e s e  s p a n s  b y  u p d a t in g  t h e  n e tw o r k  a d ja c e n c y  m a t r ix

S t e p  3 .  U p d a te  C  b y  s u b t r a c t in g  th e  a b o v e  m in im u m  c a p a c i ty  f r o m  th e  c a p a c i ty  o n  th e  

o th e r  s p a n s  in  th e  a r r a y  P .

S t e p  4 . I f K  >  M  a n d  a n y  p a t h  e x is t s  b e tw e e n  n o d e s  s  a n d  d ,  g o  to  s t e p l ,  o th e r w is e ,  t h e
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F ig u r e  3 .5  N o n - d is jo in t  s p a n  K S P  a lg o r i th m

C o m p a r e d  w i th  th e  d i s jo in t  s p a n  K S P ,  th e  n o n - d i s jo in t  s p a n  K S P  c a n  f in d  th e  m o r e  

p a th s .  H o w e v e r ,  t h e  n o n - d is jo in t  s p a n  v e r s io n  o f  th e  K S P  t a k e s  lo n g e r  to  o b ta in  

s o lu t io n s .  F o r  e x a m p le ,  s u r v iv a b i l i ty  te c h n iq u e s  d o  n o t  r e q u i r e  v e r y  f a s t  o p e r a t io n  s in c e  

t h e y  a re  d e s ig n  t im e  te c h n iq u e ,  i t  is  u s e d  to  p la c e  th e  s p a r e  c a p a c i ty  in  a  n e tw o r k  to  

m e e t  r e q u i r e m e n t  o f  r e s to r a t io n  o f  d i s r u p te d  w o r k in g  t r a f f i c  u p o n  th e  m o s t - l i k e ly -  

h a p p e n e d  n e tw o r k  f a i lu r e  m in im iz in g  n e tw o r k  c o s t  a t  d e s ig n  t im e ,  s o  i t  i s  n o t  v e r y  

s e n s i t iv e  to  e x e c u t io n  t im e .  H e n c e ,  th e  n o n - d is jo in t  s p a n  K S P  is  m o s t  s u i t a b le  m e th o d  

b e c a u s e  i t  f in d s  m o r e  p a th s  to  p la c e  s p a r e  c a p a c i ty .  C o n v e r s e ly ,  th e  o b je c t iv e  o f  

r e s to r a b i l i ty  t e c h n iq u e s  i s  to  d e te r m in e  h o w  to  r e - r o u te  th e  d i s r u p te d  w o r k in g  p a th s  

u t i l i z in g  th e  e x is t in g  s p a r e  c a p a c i t ie s  a s  q u ic k  a s  p o s s ib l e ,  s o , t h e  d i s jo in t  s p a n  K S P  is  a  

b e t t e r  o p t io n .  N o te  t h a t  th e  tw o  ty p e s  o f  K S P  a lg o r i th m s  f in d  a lm o s t  a s  m a n y  p a th s  a s  

t h e  F o r d - F u lk e r s o n ’s a lg o r i th m  a n d  o f f e r s  s o m e  e x t r a  a d v a n ta g e s .  T h e  c o m p a r i s o n  

b e tw e e n  tw o  ty p e s  o f  K S P  a lg o r i th m  w il l  b e  g iv e n  in  t e r m s  o f  to t a l  p a th s  a n d  e x e c u t io n  

t im e  b e lo w .

3 .4 .3  M a tr ix  M a x im a l F lo w  (M M F ) A lg o r ith m

T h e  M a x im a l  F lo w  a lg o r i th m  ( F o r d - F u lk e r s o n ’s a lg o r i th m )  c a n  b e  u s e d  a s  a n  a c c u r a te  

a p p r o a c h  to  f in d  th e  m a x im a l  f lo w s  b e tw e e n  a  p a i r  o f  n o d e s  in  a  n e tw o r k .  H o w e v e r ,  th e  

a lg o r i th m  h a s  th e  f o l lo w in g  d i s a d v a n ta g e s .

a )  T h e  m a x im u m  le n g th  o f  p a th s  c a n  n o t  b e  c o n t r o l le d .  I t  is  o f te n  u s e f u l  t o  b e  a b le  to  

c o n t r o l  th e  m a x im u m  le n g th  o f  th e  f e a s ib le  p a th  b e c a u s e  lo n g  p a th s ,  in  g e n e r a l ,  a r e  

w a s te f u l  o f  r e s o u r c e s  a n d  r e s u l t  in  lo s in g  th e  s y n c h r o n iz a t io n  o f  t r a f f ic s  in  d i f f e r e n t  

f e a s ib le  p a th s .

b )  I t  h a s  h ig h  t im e  c o m p le x i ty .  I t s  t im e  c o m p le x i ty  r e s t r i c t s  i t  f r o m  b e in g  a p p l ie d  to  

la r g e - s c a le  n e tw o r k  [2 3 ].

T h e  K S P  a lg o r i th m  w a s  d e v e lo p e d  to  o v e r c o m e  th e s e  p r o b le m s  to  s o m e  e x te n t ,  

H o w e v e r ,  i t  d o e s  n o t  g u a r a n te e  t h e  m a x im u m  a c c o u n t  o f  th e  f e a s ib le  p a t h  o th e r  t h a n  

9 9 .9 %  o n  a v e r a g e  [2 3 ],

H e r e ,  a  n e w  a lg o r i th m  c a l l e d  th e  M a t r ix  M a x im a l  F lo w  ( M M F )  is  p r o p o s e d .  T h e  M M F  

a lg o r i th m  is  e a s ie r  to  im p le m e n t  th a n  th e  F o r d - F u lk e r s o n ’s a lg o r i th m  a n d  i t  a ls o  

p r o v id e s  a  w a y  to  l im i t  th e  le n g th  o f  th e  f e a s ib le  p a th  f o u n d  in  t e r m s  o f  h o p s .  I t  h a s  th e

p r o c e d u r e  s t o p s .
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h ig h e r  t im e  c o m p le x i ty  th a n  th e  F o r d - F u lk e r s o n ’s a lg o r i th m  in  a  s in g le  p r o c e s s o r  

c o m p u te r .  H o w e v e r ,  i t  is  d e r iv e d  to  r e d u c e  i ts  t im e  c o m p le x i ty  d r a m a t ic a l ly  in  a  v e c to r  

p r o c e s s o r  e q u ip p e d  c o m p u te r  f r o m  th e  c o n c lu s io n  o f  t h e  p a p e r  [ 1 0 ] w h e r e  th e  s a m e  

m a t r ix  te c h n iq u e  is  e m p lo y e d .  I n  th is  p r o je c t  t h e  c o m p a r i s o n  o f  t h e i r  t im e  c o m p le x i t i e s  

w i l l  n o t  b e  g iv e n  b e c a u s e  th e  v e c to r  p r o c e s s o r  is  n o t  a v a i la b le .  B u t  w e  w i l l  g iv e  a n  

in t r o d u c t io n  o f  th e  R e c u r s iv e  M a tr ix  (R M )  a lg o r i th m  [1 0 ] ,  w h ic h  u s e s  th e  s a m e  b a s ic  

t e c h n iq u e ,  i.e . m a t r ix  m u l t ip l i c a t io n ,  a s  th e  M M F  a lg o r i th m  d o e s ,  i n  o r d e r  to  s h o w  th e i r  

s im i la r i ty  in  t im e  c o m p le x i ty .

3 .4 .3 .1  R e c u rs iv e  M a tr ix  a lg o r ith m  (R M )

I n  [1 0 ] , th e  R e c u r s iv e  M a t r ix  (R M )  a lg o r i th m  w a s  p r o p o s e d  to  f in d  a  d i s jo in t  s h o r te s t  

p a th  s u b je c t  to  a  p a r t i c u la r  h o p - l im i t .  T h e  a lg o r i th m  is  b a s e d  o n  th e  c o n c e p t  o f  t h e  K S P  

a lg o r i th m ,  n a m e ly ,  i t  is  u s e d  to  f in d  th e  s p e c i f i e d  n u m b e r  o f  t h e  s h o r te s t  p a th s ,  b u t  

r e p la c e s  th e  s h o r te s t  d i s ta n c e  p a t h  a s  c r i t e r io n  w i th  t h e  m in im u m  h o p s  a s  c r i t e r io n  

b e tw e e n  a  p a i r  o f  n o d e s  f o r  f u r th e r  m a t r ix  c a lc u la t io n .

T h e  th e o r y  o f  m a t r ix  o n  w h ic h  th e  R M  a lg o r i th m  is  b a s e d  i s  d e s c r ib e d  in  [1 1 ] , n a m e ly ,  

i f  th e  m a t r ix  A  is  t h e  b in a r y  a d ja c e n c y  m a t r ix  o f  a  n e tw o r k  w i th  n  n o d e s ,  th e  n u m b e r  o f  

d i s t in c t  p a th  o f  l e n g th  k  in  t e r m s  o f  h o p  b e tw e e n  a  p a i r  o f  n o d e s  (i, j )  is  th e  e n t r y  (i, j )  o f  

A k f o r  a n y  p o s i t iv e  in te g e r  k .

C o n s id e r  th a t  t h e  n u m b e r  o f  d i s jo in t  p a th s  b e tw e e n  n o d e s  ( i,  j )  o f  a  n e tw o r k  w i l l  b e  

d e te r m in e d  b y  th e  R M  a lg o r i th m . T h e  R M  w o r k s  b y  f i r s t  s e t t in g  th e  e n t r y  (i, j ) o f  th e  

n e tw o r k  b in a r y  a d ja c e n c y  m a t r ix  to  z e ro .  T h e  m a t r ix  i s  t h e n  m u l t ip l i e d  b y  i t s e l f  u n t i l  

r e s u l t in g  m a t r ix  h a s  a  n o n - z e r o  e n try  in  th e  (i, j )  p o s i t io n .  T h e  v a lu e  o f  t h i s  e n t r y  

r e p r e s e n ts  th e  n u m b e r  o f  t h e  d i s t in c t  p a th s  b e tw e e n  n o d e s  (i, j ) h a v in g  h o p s  e q u a l  to  th e  

a c c o u n t  o f  t im e s  th e  b in a r y  m a t r ix  h a s  b e e n  m u l t ip l ie d  b y  i ts e l f .  N e x t ,  t h e  a lg o r i th m  c a n  

t r a c e  b a c k w a r d  f r o m  d e s t in a t io n  j  to  s o u rc e  n o d e  i to  m a r k  o n e  p a t h  b e tw e e n  th e  s o u r c e  

a n d  d e s t in a t io n  n o d e s .  A l l  s p a n s  o n  th is  p a th  a r e  t h e n  r e m o v e d  b y  u p d a t in g  th e  b in a r y  

m a tr ix .  T h e s e  s te p s  a r e  r e p e a te d  u n t i l  t h e  n u m b e r  o f  m u l t ip l i c a t io n  r e a c h e s  th e  p r e - s e t  

h o p - l im i t  o r  n o  m o r e  f e a s ib le  p a th s  c a n  b e  f o u n d .  P s e u d o - c o d e  f o r  t h e  a lg o r i th m  is  

g iv e n  b e lo w .

A  n e tw o r k  G (V , E )  V  a n d  E  a re  a  s e t  o f  n o d e s  a n d  a  s e t  o f  s p a n s  in  th e  n e tw o r k  

r e s p e c t iv e ly .

G iv e n :
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•  A  B in a r y  a d ja c e n c y  m a tr ix .

•  H  H o p - l im i t  o f  a l l  s e a r c h in g  p a th s .

•  k  N u m b e r  o f  t im e s  th e  A  h a s  b e  m u l t ip l i e d  b y  i t s e l f  so  f a r  t h a t  i s  le s s  t h a n  o r

e q u a l  to  H .

P r o c e d u r e s :

S t e p  1 .

C o p y  th e  a d ja c e n c y  m a t r ix  A  to  th e  te m p o r a r y  m a t r ix  B . C h e c k  th e  e n t r y  a,y o f  

m a t r ix  A , i f  a,y is  1, s e t  t h e  e n try  b,y o f  m a t r ix  B  to  0 .

S t e p  2 .

L e t  k  =  2 .

S t e p  3 .

C a lc u la te  B k b y  m u l t ip ly in g  B k_1 b y  B . I f  b * ., th e  e n try  o f  B k, is  0  a n d  k  i s  le s s  

th a n  H , th e n  th e r e  a r e  n o t  p a th  f r o m  n o d e  i to  j  w i t h  k  h o p s  o r  le s s .  G o  to  s te p  4 . I f  

b *  is  0  a n d  k  is  e q u a l  to  H , th e  p r o c e d u r e  e n d s  b e c a u s e  n o  p a t h  e x i s t s  b e tw e e n  

n o d e s  i a n d  j  w i th  h o p s  H  o r  le s s . I f  b  * i s  g r e a te r  t h a n  o r  e q u a l  to  1, t h e n  b  * p a th s  

b e tw e e n  n o d e s  i a n d  j  e x is t .  G o  to  s te p  5.

S t e p  4 .

In c r e a s e  k  b y  1. I f  k  <  H , g o  to  s te p  3 , o th e r w is e ,  t h e  p r o c e d u r e  e n d s  b e c a u s e  n o  

m o r e  p a th s  w i th  H  h o p s  c a n  b e  fo u n d .

S t e p  5 .

D e c r e a s e  & b y  1 in  o r d e r  to  f in d  a  s e t  o f  p  s u c h  t h a t  t h e  f o l lo w in g  e q u a t i o n  is  

s a t i s f ie d .

b i - b * * 0  (1 )

T h e  a b o v e  e q u a t io n  m e a n s  th a t  a t  l e a s t  o n e  p a t h  f r o m  n o d e  i to  n o d e  p  e x is t ,  a s  

d o e s  th e  s p a n  (p, j ) b e c a u s e  E q . (1 )  im p l ie s  b  *, >  1 a n d  b  pj >  1. A l th o u g h  th e r e  

m a y  b e  s e v e r a l  p s  t h a t  s a t i s fy  E q  (1 ) ,  o n ly  o n e  o f  th e m  is  s e le c te d  b e c a u s e  o n e  

p a th  w i l l  o n ly  b e  d e te r m in e d  d u r in g  o n e  i te r a t io n ,  t h e  p r in c ip le  o f  t h e  s e le c t io n  is  

F i r s t - F o u n d - F i r s t - S e le c t  (F F F S ) .  S in c e  th e  s p a n  (p ,  j ) is  n o w  u s e d  in  o n e  o f  th e  

p a th s ,  b  Pj  is  s e t  to  z e r o  to  p r e v e n t  i t  b e in g  u s e d  in  o th e r  p a th s  a n d  h e n c e  r e s u l t s  in  

a  s e t  o f  l in k  d i s jo in t  p a th s .  T h e n  j  is  r e p la c e d  b y  p .  I f  k  is  g r e a te r  t h a n  o r  e q u a l  to  

2 , r e p e a t  s te p  5 . O th e r w is e ,  a  p a th  w i th  k  h o p s  is  f o u n d  a n d  th e  t e m p o r a r y  

a d ja c e n c y  m a t r ix  B  is  u p d a te d  b y  d e le t in g  a l l  s p a n s  c o n s t i tu te  th e  f o u n d  p a th ,  t h e n  

g o  to  s te p  2  to  s e a r c h  f o r  th e  o th e r  p o s s ib le  p a th s .
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3 .4 .3 .2  M a tr ix  M a x im u m  F lo w  (M M F ) a lg o r ith m

I n  [1 0 ] , th e  R M  a lg o r i th m  h a s  b e e n  s h o w n  to  im p r o v e  s ig n i f i c a n t ly  i t s  t im e  c o m p le x i ty  

i n  a  v e c to r  p r o c e s s o r  e q u ip p e d  P C  o v e r  th e  F o r d - F u lk e r s o n ’s a lg o r i th m .  D u e  to  th e  

c r u c ia l  r o le  o f  v e c to r  p r o c e s s o r  in  r e d u c in g  t h e  t i m e  c o m p le x i ty  o f  m a t r ix  c a lc u la t io n ,  

w e  e x te n d  t h e  m a t r ix  t e c h n iq u e  to  b e  u s e d  to  f in d  m a x im u m  f lo w  i n  a  n e tw o r k  . S o  w e  

p r o p o s e  th e  M a t r ix  M a x im u m  F lo w  a lg o r i th m  ( M M F )  b a s e d  o n  th e  s a m e  te c h n iq u e .  

T h e  M M F  c a n  b e  e m p lo y e d  to  f in d  th e  m a x im u m  f lo w  b e tw e e n  a  g iv e n  p a i r  o f  n o d e s  

w i th  th e  s p e c i f ie d  h o p - l im i t .  T h e  d e ta i le d  a lg o r i th m  is  p r e s e n te d  b e lo w .

A  p s e u d o - c o d e  v e r s io n  o f  th e  M M F  a lg o r i th m  is  b e lo w .

G iv e n :

•  A  B in a r y  a d ja c e n c y  m a t r ix  o f  t h e  n e tw o r k .

•  C  C a p a c i ty  m a t r ix  w h e r e  C y  i s  th e  a m o u n t  o f  t h e  a v a i la b le  c a p a c i t i e s  o n  th e

s p a n  (i, j ) .

•  T  A n  a r r a y  s to r in g  th e  p a th  fo u n d .

•  H  H o p - l im i t  o f  a l l  s e a r c h in g  p a th s .

•  k  L o o p  i te r a to r .

P r o c e d u r e s :

S t e p  1.

I n i t i a l i z e  t h e  m a t r ix  A  b y  s e t t in g  i t s  e n t r y  (i, j )  to  z e r o .

S t e p  2 .

k  k

I n c r e a s e  k b y  1 u n t i l  a  u , th e  e n t r y  o f  A  , b e c o m e s  n o n z e r o .  W h ic h  r e p r e s e n t s  th a t  

k  d i s t in c t  p a th s  e x i s t  b e tw e e n  th e  n o d e  p a i r  ( i, j ) .

S t e p  3 a .

D e te r m in e  th e  s e t  o f  p  s u c h  th a t

A k- \ i , p ) . A ( p , j )  * 0    (2 )

T h e n  c h o o s e  th e  p °  s u c h  th a t  th e  c a p a c i ty  o n  t h e  s p a n  (p ° , j )  is  m a x im a l  o v e r  th e  

s e t  o f  s p a n  ( p w, j )  f o r  a l l  p w ( is  th e  e le m e n t  o f  p )  a n d  s to r e  p °  to  t h e  a r r a y  T .

S t e p  3 b .

R e p e a t  t h e  f o l lo w in g  p ro c e d u r e :

j = P ° ’> 

k = k - 1 ;

g o  to  s te p  3 a  u n t i l  k  b e c o m e s  1. T h e n  f in d  s p a n  (n,  m )  o n  w h ic h  t h e  m in im a l
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c a p a c i ty  D min e x is t s  o v e r  a l l  s p a n s  c o n s t i tu t in g  th e  f o u n d  p a t h  b y  t r a c in g  

b a c k w a r d  th e  a r r a y  T . F in a l ly  u p d a te  C  b y  s u b t r a c t in g  th e  c a p a c i t i e s  o n  th e  s p a n s  

o n  th e  f o u n d  p a t h  b y  th e  D  min, a n d  A  b y  s e t  i t s  e n t r ie s ,  c o r r e s p o n d i n g  to  th e s e  

s p a n s  o n  th e  f o u n d  p a th  c a r r y in g  th e  D  min c a p a c i ty  to  0. W h e n  s te p  3 e n d s  g o  to  

s te p  5 .

S t e p  5 :

G o  to  s te p  2  u n t i l  ( k  >  H )  o r  e n o u g h  c a p a c i ty  f o u n d .

A s  d i s c u s s e d  a b o v e  th e  M M F  a lg o r i th m  is  s im i la r  to  th e  R M  a lg o r i th m  i n  t e r m s  o f  

u s in g  th e  m a tr ix .  F ig u r e  3 .6 (a )  a n d  F ig u r e  3 .6 (b )  g iv e  th e  s im p l i f i e d  f lo w c h a r t  v e r s io n  

o f  th e  R M  a lg o r i th m  a n d  th e  M M F  a lg o r i th m  in  o r d e r  to  c o m p a r e  t h e a t r i c a l ly  t h e i r  t im e  

c o m p le x i t ie s .  F ig u r e  3 .6  (a )  a n d  F ig u r e  3 .6  (b )  s h o w  th e  R M  a lg o r i th m  is  a lm o s t  th e  

s a m e  f lo w c h a r t  a s  th e  M M F  a lg o r i th m  e x c e p t  th e i r  th i r d  lo o p s .  I n  th e  R M  a lg o r i th m  th e  

p r o c e d u r e  ju m p s  o u t  o f  t h e  th i r d  lo o p  o n c e  a  p  is  f o u n d  w h e r e a s  th e  M M F  a lg o r i th m  

ju m p s  o u t  o f  th e  th i r d  lo o p  i f  a n d  o n ly  i f  th e  th i r d  lo o p  is  c o m p le te d  in  o r d e r  to  g e t  th e  

p °  f r o m  a  s e t  o f  p ,  s o  in  th e  w o r s e  c a s e  o f  th e  R M  a lg o r i th m  th a t  p  is  f o u n d  w h e n  i ts  

th i r d  lo o p  is  c o m p le te d ,  th e  R M  a lg o r i th m  ta k e s  th e  s a m e  e x e c u t io n  t im e  a s  th e  M M F  

a lg o r i th m  d o e s .  H e r e ,  th e  r e la t iv e  t im e  c o m p le x i t i e s  o f  th e  tw o  a lg o r i th m  c a n  b e  d e r iv e d  

f r o m  tw o  f lo w c h a r t .  A s s u m e  th a t  th e  t im e  c o m p le x i ty  o f  th e  R M  a lg o r i th m  is  T C ,  a n d  

th e n  th e  t im e  c o m p l ic i ty  o f  t h e  M M F  a lg o r i th m  is  2  T C ,  s o  th e  e x e c u t io n  t i m e  o f  th e  R M  

a lg o r i th m  is  tw o  t im e s  f a s te r  t h a n  th a t  o f  th e  M M F  a lg o r i th m .
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( a ) T h e  M M F  a l g o r i t h m

(b )  T h e  R M  a lg o r i th m

F ig u r e  3 .6  T h e  c o m p a r i s o n  o f  tw o  F lo w c h a r ts  o f  th e  R M  a lg o r i th m  a n d  t h e  M M F

a lg o r i th m

I n  [1 0 ]  i t  h a s  b e e n  p r o v e n  th a t  th e  R M  a lg o r i th m  is  10  t im e s  f a s t e r  th a n  th a t  o f  t h e  F o r d -  

F u lk e r s o n ’s a lg o r i th m  d o e s  in  a  v e c to r  e q u ip p e d  s u p e r  c o m p u te r ,  i .e . C r a y - 2 .  I t  i s  

r e a s o n a b le  to  b e l ie v e  t h a t  th e  e x e c u t io n  t im e  o f  th e  M M F  a lg o r i th m  is  s h o r te r  t h a n  th a t  

o f  th e  F o r d - F u lk e r s o n ’s a lg o r i th m  in  a  v e c to r  e q u ip p e d  s u p e r  c o m p u te r .  O u r  e m p h a s i s  

is  n o t  o n  th e  R M  a lg o r i th m  in  th is  p r o je c t  th e  o n ly  M M F  a lg o r i th m  is  im p le m e n te d  

b e lo w .

3 .5  N e tw o r k s  u s e d  to  In v e s t ig a te  th e  a b o v e  A lg o r i th m s

F iv e  n e tw o r k s  w i t h  a s s o c ia te d  d e m a n d  m a t r ic e s  w i l l  b e  u s e d  to  t e s t  t h e  p e r f o r m a n c e s  o f  

th e  f o u r  a lg o r i th m s  d e s c r ib e d  a b o v e ,  i.e .  th e  F o r d - F u lk e r s o n ’s  a lg o r i th m ,  th e  d i s jo in t  

K S P  a lg o r i th m , n o n - d i s jo in t  K S P  a lg o r i th m  a n d  th e  M M F  a lg o r i th m . T h e  f iv e  t e s t  

n e tw o r k s  -  b o t h  n o d e  lo c a t io n  a n d  in te r c o n n e c t io n  c a p a c i t ie s  -  h a v e  b e e n  d e s c r ib e d  in  

[3 0 ] . T h e  d i s ta n c e  b e tw e e n  a  p a i r  o f  n o d e s  is  g iv e n  b y  o u r  m e a s u r e m e n t  in  t h e  d ia g r a m . 

In  F ig u r e 3 .7 ,  t h e  t e s t  n e tw o r k  1 is  g iv e n . T h e  o th e r  t e s t  n e tw o r k s  a r e  s h o w n  in  a p p e n d ix
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F ig u r e 3 .7  T o p o lo g y  o f  T e s t  N e tw o r k  1

I n  F ig u r e 3 .7  e a c h  l in e  r e p r e s e n ts  a  n e tw o r k  l in k ,  a n d  t h e  tw o  n u m b e r s  n e x t  t o  e a c h  l in k  

r e p r e s e n ts  th a t  l in k  c a p a c i ty  a n d  th e  le n g th  o f  th e  s p a n ;  t h e  l e n g th  o f  th e  s p a n  is  in  

b r a c k e ts .  I n  T a b le  3 .1 ,  th e  d e ta i l e d  in f o r m a t io n  a b o u t  th e  f iv e  t e s t  n e tw o r k s  is  g iv e n .

N o . o f  N o d e s N o . o f  S p a n s T o ta l  C a p a c i t y L in k  L e n g th  o n  A v e r a g e

N e tw o r k  1 7 9 4 5 3 2

N e tw o r k  2 8 16 1 3 6 3 7

N e tw o r k  3 16 2 8 3 9 7 3 2

N e tw o r k  4 9 17 1 53 3 8

N e tw o r k  5 9 16 1 3 6 3 7

T a b le  3 .1  In f o r m a t io n  o f  t h e  F iv e  T e s t  N e tw o r k s

3 .6  R e s u lts  a n d  D is c u s s io n

A ll  f o u r  F P A s ,  i .e . ,  F o r d - F u lk e r s o n ’s a lg o r i th m ,  n o n - d i s jo in t  s p a n  K S P  a lg o r i th m  a n d  

d is jo in t  s p a n  K S P  a lg o r i th m  a n d  th e  M a t r ix  M a x im u m  F lo w  a lg o r i th m ,  w i l l  b e  t e s t e d  b y  

u s in g  th e  f iv e  t e s t  n e tw o r k s  m e n t io n e d  a b o v e  in  o r d e r  to  d e te r m in e  th e i r  r e la t iv e  

p e r f o r m a n c e .  T h e  k e y  p e r f o r m a n c e  in d ic a to r  o f  i n te r e s t  h e r e  i s  t h e  a m o u n t  o f  f e a s ib le  

p a th  fo u n d .  T h e  c o m p a r i s o n  o f  t h e  e x e c u t io n  t im e  o f  tw o  ty p e s  o f  K S P  a lg o r i th m s  is  

g iv e n  a s  w e l l .  A l l  a lg o r i th m s  d e s c r ib e d  a b o v e  a re  im p le m e n te d  in  a  s t a n d a r d  P C  w i th  a  

P e n t iu m  I I  p r o c e s s o r  o p e r a t in g  a t  1 8 0 M h z . I t is  w o r th  n o t in g  th a t  f o r  th e  p u r p o s e  o f  

c o m p a r i s o n  o f  th e  f o u r  F P A s  a lg o r i th m s  th e  p a t h  h o p - l im i t  f o r  th e  M M F  a lg o r i th m  a n d  

tw o  ty p e s  o f  t h e  K S P  a lg o r i th m s  is  s e t  to  a  v e r y  la r g e  n u m b e r ,  s a y  7 ,  i n  o r d e r  t h a t  a s  

m a n y  p a th s  a s  p o s s ib le  c a n  b e  fo u n d .
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F ig u r e  3 .8  R e s u l t s  f o r  N e tw o r k  1

N o d e  P a ir s

F ig u r e  3 .9  R e s u l t s  f o r  N e tw o r k  2
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F ig u r e  3 .1 2  R e s u l t s  f o r  N e tw o r k  5

F o rd -

F u lk e rs o n 's

A lg o r ith m (F F )

N o n -d is jo in t

K S P

a lg o rith m

( N -K S P )

R a t io  F F  

to  N -  K S P

D is jo in t K S P  

a lg o r ith m  

(K S P - D )

R a t io  o f  

F F  to  

K S P - D

M a tr ix

M a x im u m

A lg o r ith m (M M

F )

R a t io  o f  

F F  to  

M M F

N e t w o r k  1 1 7 3 1 7 3 1 1 6 2 0 . 9 4 1 7 3 1

N e t w o r k  2 6 4 6 6 4 6 1 5 6 5 0 . 8 8 6 4 9 1

N e t w o r k  3 3 9 0 9 3 8 5 8 0 . 9 8 2 7 4 7 0 . 7 0 3 9 0 9 1

N e t w o r k  4 8 9 6 8 9 6 1 7 2 3 0 . 8 0 8 9 6 1

N e t w o r k  5 8 4 6 8 4 6 1 6 4 4 0 . 7 6 8 4 6 1

T a b le  3 .2  R e s u l t s  G e n e r a te d  b y  F o u r  F e a s ib l e  P a th  A lg o r i th m s  f o r  F iv e  T e s t  N e tw o r k s

T h e  r e s u l t s  g e n e r a te d  b y  a p p ly in g  e a c h  o f  th e  F P A s  to  e a c h  o f  th e  t e s t  n e tw o r k s  a re  

s h o w n  in  th e  g r a p h s  in  F ig u r e  3 .8  to  F ig u r e  3 .1 2 . F o r  e a c h  n o d e  p a i r  i n  e a c h  n e tw o r k ,  

th e  a m o u n t  o f  f e a s ib le  p a th s  f o u n d  u s in g  e a c h  a lg o r i th m  is  d e te r m in e d .  T h e s e  r e s u l t s  a re  

g r a p h e d  i n  a f o r e m e n t io n e d  g ra p h s .  T h e  o v e r a l l  r e s u l t s  a r e  s u m m a r iz e d  in  T a b le  3 .2 .  

T h e  i n f o r m a t io n  o f  th e  a b o v e  f ig u r e s  a s s o c ia te d  w i th  e a c h  t e s t  n e tw o r k  in c lu d e s :

1. F o r  a l l  p o s s ib le  n o d e s  p a i r s  b e tw e e n  w h i c h  th e  F P A s  a lg o r i th m s  a re  e x e c u te d  to  f in d  

f e a s ib le  p a th s .  T h e  n o d e  p a i r s  a r e  o r d e r e d  in  th e  f o l lo w in g  p r in c ip le s :  t h e  s o u r c e  ID  

is  a lw a y s  g r e a te r  t h a n  t h a t  o f  th e  d e s t in a t io n  f o r  o n e  n o d e s  p a i r  a n d  N o d e  P a i r s  a re  

s o r te d  in  th e  in c r e a s in g  o r d e r  o f  th e  s u m  o f  th e i r  s o u r c e  I D  a n d  d e s t i n a t io n  ID . F o r  

e x a m p le ,  a  s e t  o f  n o d e  p a i r s  i s  o r d e r e d  a s  (1 ,2 ) ,  ( 1 , 3 )  . . .  (3 ,  4 ) ,  (3 ,  5 )  a n d  s o  o n .

2 . T h e  n u m b e r  o f  th e  f e a s ib le  p a th s  b e tw e e n  a  g iv e n  p a i r  o f  n o d e s  w i t h  r e g a r d  to  th e  

f o u r  F P A s  a lg o r i th m s  d e s c r ib e d  a b o v e .

I n  T a b le  3 .3  th e  e x e c u t io n  t im e s  f o r  t h e  n o n - d i s jo in t  K S P  a lg o r i th m  a n d  d i s jo in t  K S P  

a lg o r i th m  a re  s h o w n .

T h is  is  s e e n  m o r e  e a s i ly  in  th e  ta b le  - T h e  r e s u l t s  i n  T a b le  3 .2  s h o w  t h a t  th e  F o r d -  

F u lk e r s o n ’s a lg o r i th m  f in d s  th e  h ig h e s t  a m o u n t  o f  f e a s ib le  p a th s  in  e a c h  o f  th e  f iv e  t e s t  

n e tw o r k s .  C o m p a r e d  w i th  F o r d - F u lk e r s o n ’s a lg o r i th m  th e  n o n - d i s jo in t  K S P  c a n  f in d  

1 0 0 %  in  th e  t e s t  n e tw o r k s  1, 2 ,  4  a n d  5 a n d  9 7 %  in  t h e  t e s t  n e tw o r k  3 o f  t h e  m a x im u m  

a m o u n t  o f  t h e  f e a s ib le  p a th s .  T h e  3 %  lo s s  o f  t h e  f e a s ib le  p a th s  b y  th e  n o n - d i s jo in t  K S P
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a lg o r i th m  r e s u l t s  f r o m  th e  f a c t  t h a t  o n e  f e a s ib le  p a th  f o u n d  m a y b e  r e s t r i c t s  f r o m  f in d in g  

th e  o th e r  f e a s ib le  p a th s  th a t  s h a r e  s o m e  c o m m o n  s p a n s  w i th  th e  f o r m e r  o n e .

F ig u r e  3 .1 3  i l lu s t r a te s  w h y  th e  K S P  a lg o r i th m  c a n  n o t  f in d  t h e  m a x im a l  a m o u n t  o f  

f e a s ib le  p a th s  in  s o m e  c a s e s .  W e  a s s u m e  th a t  e a c h  s p a n  in  F ig u r e  3 .1 3  c a r r ie s  th e  s a m e  

a m o u n t  o f  c a p a c i ty .  A t  m o s t ,  tw o  s p a n - d i s jo in t  p a th s  c a n  b e  f o u n d  b e tw e e n  n o d e s  1 

a n d  4 . O n e  p a th  is  1 -5 -3 -4  a n d  th e  o th e r  is  1 -2 -6 -4  s h o w n  in  F ig u r e  3 .1 3  (a ) . B u t  i f  th e  

p a th  1 -2 -3 -4  is  c h o s e n ,  t h e n  o n ly  o n e  s p a n  f r o m  n o d e s  1 a n d  4  c a n  b e  f o u n d  in  to ta l  

s h o w n  in  F ig u r e  3 .1 3  (b ) . T h e  K S P  a lg o r i th m  o p e r a t in g  lo g ic  h o p  d i s ta n c e s  m a y  m a k e  

th e  l a t t e r  c h o ic e  b e c a u s e  i t  h a s  n o  b a s is  f o r  p r e f e r e n c e  b e tw e e n  th e  tw o  e q u a l  le n g th  

p a th s  c h o ic e .  A n d  i f  th e  p a th  v i a  1 -5  a n d  2 - 6  to  n o d e  4  a r e  lo n g e r  t h a n  th e  1 -2 - 3 -4  p a th ,  

th e  K S P  w i l l  a lw a y s  m a k e  th e  s u b - o p t im a l  c h o ic e  in  th e  p a r t i c u la r  t o p o lo g y  b e c a u s e  i t  

m u s t  in c lu d e  th e  s h o r te s t  ro u te .  T h e  is s u e  i s  t h e r e f o r e  h o w  o f te n  th i s  t r a p  w i l l  a r is e  in  

r e a l i s t i c  n e tw o r k s .  I n  th e  d i s jo in t  K S P  a lg o r i th m  th e  t r a p  w i l l  a r i s e  i f  th e  p a r t i c u la r  

n e tw o r k  t o p o lo g y  o c c u r s  w h e r e  in  th e  n o n - d i s jo in t  K S P  a lg o r i th m  t h e  t r a p  w i l l  a r i s e  i f  

t h e  p a r t i c u la r  n e tw o r k  to p o lo g y  o c c u r s  a n d  e a c h  s p a n s  in  th e  n e tw o r k  t o p o lo g y  c a r r ie s  

th e  s a m e  a m o u n t  o f  c a p a c i ty .

N o t  o n ly  d o e s  th e  n o n - d i s jo in t  K S P  a lg o r i th m  f in d  a lm o s t  a s  m a n y  f e a s ib le  p a th s  a s  th e  

F o r d - F u lk e r s o n ’s a lg o r i th m , i t  a ls o  h a s  s o m e  e x t r a  a d v a n ta g e s  o v e r  F o r d - F u lk e r s o n ’s 

a lg o r i th m , i.e . e a s e  o f  im p le m e n ta t io n  a n d  c o n t r o l  o f  h o p - l im i t s ,  t h a t  m a k e  i t  a  g o o d  

a l te r n a t iv e  to  th e  F o r d - F u lk e r s o n ’s a lg o r i th m .
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F ig u r e  3 . 1 3  T h e  t r a p  i n  t h e  K S P  a l g o r i t h m

N e tw o r k  1 N e tw o r k  2 N e tw o r k  3 N e tw o r k  4 N e tw o r k  5

T im e

(s)

N u m b e r

o f  p a t h s

T im e

(s )

N u m b e r  

o f  p a t h s

T im e

(s)

N u m b e r  o f  

p a t h s

T im e

( s )

N u m b e r  

o f  p a t h s

T i m e

( s )

N u m b e r  

o f  p a t h s

D i s j o i n t

K S P

17 1 6 7 3 8 5 6 5 1 8 7 2 7 4 3 4 1 7 2 3 3 9 6 4 4

N o n - d i s j o i n t

K S P

19 1 73 4 5 6 4 6 3 2 8 3 8 5 8 4 7 8 9 6 5 2 8 6 4

P e r c e n t a g e

d i f f e r e n c e

1 0 % 3 % 1 5 .6 % 1 2 .6 % 4 3 % 2 9 % 1 2 .8 % 2 0 % 2 5 % 2 5 %

T ab le  3 .3  C o m p a r i s o n  o f  tw o  K S P  a lg o r i th m s  w i th  r e s p e c t  to  th e  t im e  c o m p le x i ty

T h e  r e s u l t s  f r o m  th e  g r a p h s  a n d  T a b le  3 .2  s h o w s  th a t  t h e  M M F  a lg o r i th m  f in d s  th e  

s a m e  a m o u n t  o f  p a th s  a s  th e  F o r d - F u lk e r s o n ’s a lg o r i th m  w h e n  th e  h o p - l i m i t  o f  f e a s ib le  

p a th s  is  la r g e  e n o u g h ,  e .g . 7 . T h e  M M F  a lg o r i th m  c o m b in e s  th e  a d v a n ta g e s  o f  t h e  F o r d -  

F u lk e r s o n ’s  a lg o r i th m  w i th  th e  a d v a n ta g e s  o f  t h e  K S P  a lg o r i th m :  i t  c a n  f in d  t h e  s a m e  

n u m b e r  o f  f e a s ib le  p a th s  a s  th e  F o r d - F u lk e r s o n ’s a lg o r i th m  a n d  i t  a ls o  p r o v id e s  th e  

a b i l i ty  to  c o n t r o l  th e  n u m b e r  o f  h o p s .  N o te  t h a t  th e  h o p - l im i t  w e  c h o s e  f o r  th e  M M F  

a lg o r i th m  is  la rg e  e n o u g h  in  o r d e r  t h a t  t h e  M M F  a lg o r i th m  c a n  f in d  a s  m a n y  p a th s  a s  

p o s s ib l e  b e c a u s e  th e  s m a l le r  h o p - l i m i t  m a y  r e s u l t  i n  lo s in g  s o m e  p a th s  in  a  n e tw o r k  th a t  

h a v e  th e  l a r g e r  h o p s  th a n  th e  p r e s e t  h o p - l im i t .

A p a r t  f r o m  th e  a b o v e  a d v a n ta g e s ,  t h e  M M F  a lg o r i th m  is  b e l i e v e d  to  h a v e  t h e  m u c h  

lo w e r  t im e  c o m p le x i ty  th a n  th e  o th e r  tw o  a lg o r i th m s  in  a  v e c to r  p r o c e s s o r  e q u ip p e d  

c o m p u te r  d u e  to  th e  u s e  o f  m a t r ix  t e c h n iq u e s .  T h e  e f f e c t  o f  t h e  v e c to r  p r o c e s s o r  o n  th e  

r e d u c t io n  o f  th e  t im e  c o m p le x i ty  o f  m a t r ix  m u l t ip l i c a t io n  w a s  p r o v e n  in  [1 0 ] . H e r e ,  T h e  

e x e c u t io n  t im e  o f  th e  M M F  a lg o r i th m  is  n o t  g iv e n  b e c a u s e  th e  v e c to r  p r o c e s s o r  is  n o t  

a v a i la b le .

T a b le  3 .3  s h o w s  th a t  th e  n o n - d is jo in t  K S P  a lg o r i th m  c a n  f in d  3%  - 2 9 %  m o r e  p a th s  

th a n  t h e  d i s jo in t  K S P  a lg o r i th m  f o r  th e  t e s t  n e tw o r k s  s tu d ie d .  H o w e v e r ,  t h i s  i s  a t  t h e  

e x p e n s e  o f  p r o c e s s in g  t im e ;  th e  n o n - d is jo in t  v e r s io n  o f  th e  a lg o r i th m  ta k e s  lo n g e r  in  th e  

c a s e s  s tu d ie d .  A s  d is c u s s e d  a b o v e ,  th e  d i s jo in t  K S P  a lg o r i th m  c a n  m e e t  th e  n e e d  o f  r e a l  

t im e  s e r v ic e s ,  so  i t  is  a n  im p o r ta n t  a lg o r i th m  f o r  u s e  in  r e s to r a b i l i ty  p r o b le m  [1 2 ] . T h e
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n o n - d i s jo in t  K S P  a lg o r i th m , o n  th e  o th e r  h a n d ,  is  a n  im p o r t a n t  a lg o r i th m  f o r  u s e  in  

s u r v iv a b i l i ty  p r o b le m s .

3 .7  C o n c lu s io n

T h e  r e s u l t s  a n d  a n a ly s is  h a v e  b e e n  s h o w n  in  th i s  c h a p te r  t h a t  th e  n o n - d i s jo in t  K S P  

a lg o r i th m  c o m p a r e s  w e l l  w i th  th e  F o r d - F u lk e r s o n ’s a lg o r i th m  in  t e r m s  o f  th e  n u m b e r  o f  

p a th s .  M o r e o v e r ,  i t  is  e a s ie r  to  im p le m e n t  a n d  th e  n u m b e r  o f  h o p s  in  th e  p a th s  c a n  b e  

c o n t r o l le d .

T h e  n e w  M M F  a lg o r i th m  c o m b in e s  th e  a d v a n ta g e s  o f  t h e  F o r d - F u lk e r s o n ’s  a lg o r i th m  

a n d  th e  n o n - d i s jo in t  K S P  a lg o r i th m :  th e  M M F  a lg o r i th m  c a n  f in d  th e  s a m e  a m o u n t  o f  

f e a s ib le  p a th s  a s  th e  F o r d - F u lk e r s o n ’s a lg o r i th m  d o e s  p r o v id in g  th e  c o n t r o l  o v e r  th e  

n u m b e r  o f  h o p s  in  t h e  f e a s ib le  p a th s  a s  t h e  K S P  a lg o r i th m . T h e  e x e c u t io n  t im e  t a k e n  th e  

M M F  a lg o r i th m  in  a  v e c to r - e q u ip p e d  c o m p u te r  i s  u n d e r  in v e s t ig a t i o n  a l th o u g h  i t  is  

b e l i e v e d  to  h a v e  le s s  t im e  c o m p le x i ty  th a n  th e  F o r d - F u lk e r s o n ’s  a lg o r i th m  in  th e o r e t ic a l  

p o i n t  o f  v i e w  a s  d i s c u s s e d  in  s e c t io n  3 .4 .3 .

R e s to r a b i l i t y  te c h n iq u e s  a n d  s u r v iv a b i l i ty  t e c h n iq u e s  h a v e  d i f f e r e n t  r e q u i r e m e n t  f o r  th e  

F P A s ,  i .e .  r e s to r a b i l i ty  t e c h n iq u e s  a re  m o r e  s e n s i t iv e  to  i t s  e x e c u t io n  t im e  to  m e e t  th e  

n e e d  o f  r e a l  t im e  s e r v ic e s  w h e r e a s  s u r v iv a b i l i ty  t e c h n iq u e s  is  m o r e  s e n s i t iv e  to  n e tw o r k  

d e s ig n  c o s t  a t  d e s ig n  t im e .

T o  i l lu s t r a te  th e  d i f f e r e n t  r e q u i r e m e n ts  o f  r e s to r a b i l i ty  t e c h n o l o g ie s  a n d  s u r v iv a b i l i ty  

te c h n o l o g ie s  fo r  t h e  F P A s ,  th e  c o m p a r i s o n  o f  tw o  ty p e s  o f  t h e  K S P  a lg o r i th m s ,  i.e . 

d i s jo in t  s p a n  K S P  a n d  n o n - d i s jo in t  s p a n  K S P , is  g iv e n  in  t e r m s  o f  e x e c u t io n  t im e  a n d  

to ta l  f e a s ib le  p a th s .  I t  h a s  b e e n  s h o w n  th a t  th e  d i s jo in t  s p a n  K S P  a lg o r i th m  is  a  b e t t e r  

o p t io n  to  m e e t  th e  n e e d  o f  r e a l  t im e  s e r v ic e s  i n  r e s to r a b i l i ty  t e c h n o lo g ie s  t h a n  t h e  n o n -  

d i s jo in t  K S P  a lg o r i th m  d o e s .  H o w e v e r ,  i n  s u r v iv a b i l i ty  t e c h n o lo g ie s ,  t h e  n o n - d i s jo in t  

K S P  a lg o r i th m  h a s  a n  o b v io u s  a d v a n ta g e  th a t  t h e  d i s jo in t  a lg o r i th m  d o e s  n o t ,  i .e .  th e  

a m o u n t  o f  f e a s ib le  p a th s  f o u n d  b y  th e  f o r m e r  is  m u c h  m o r e  t h a n  th a t  b y  th e  la t te r .
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C h a p t e r  4  O p t im a l  S p a r e  C a p a c i t y  P la c e m e n t  in  M e s h  

S u r v iv a b le  N e tw o r k s

4 .1  In t ro d u c t io n

I n  th i s  c h a p te r ,  w e  p r o p o s e  a  n e w  a lg o r i th m  to  d e a l  w i t h  s u r v iv a b le  n e tw o r k  d e s ig n  

p r o b le m s  b a s e d  o n  th e  F P A s  d e s c r ib e d  in  C h a p te r  3 . I n  t h e  s u r v iv a b le  n e tw o r k  d e s ig n ,  

t h e  S p a re  C a p a c i ty  P la c e m e n t  (S C P )  a lg o r i th m s  a re  u s e d  to  p l a c e  s p a r e  c a p a c i ty  in  a  

n e tw o r k  to  p r e v e n t  t h e m  f r o m  n e tw o r k  f a i lu r e s ,  e .g . a  s in g le  s p a n  c u t ,  i n  m e s h  

s u r v iv a b le  n e tw o r k  d e s ig n .  I n  r e c e n t  y e a r s ,  m u c h  w o r k  h a s  b e e n  d o n e  o n  th i s  a r e a

[2 ] [4 ] [7 ] [2 9 ] .  I n  g e n e r a l ,  w e  c a n  d iv id e  th e  S C P  a lg o r i th m s  in to  tw o  c a te g o r ie s :  L in e a r  

o r  I n t e g e r  P r o g r a m m in g  (L P /I P )  a p p r o a c h e s  a n d  h e u r i s t i c  a p p r o a c h e s .  I n  th e  L P /I P  

a p p r o a c h ,  th e  p r o b le m  is  f o r m u la t e d  a s  a  l in e a r  o r  in te g e r  p r o b le m  a n d  s ta n d a r d  l in e a r  

o r  in te g e r  p r o g r a m m in g  te c h n iq u e s  a r e  u s e d  to  o b ta in  a  s o lu t io n .  I n  th e  h e u r i s t i c  

a p p r o a c h ,  th e  p r o b le m  m a y  b e  f o r m u la te d  in  a  c o m p le x  m a n n e r  ( v e r y  n o n - l i n e a r  

d is c r e te  s ta te  s p a c e )  a n d  s o m e  h e u r i s t i c  a p p r o a c h e s  a re  u s e d  to  s o lv e  th e  p r o b le m . T h e s e  

a p p r o a c h e s  o f te n  o p e r a te  q u ic k e r  t h a n  th e  L P / I P  a p p r o a c h e s  s in c e  t h e  h e u r i s t i c s  a r e  

d e s ig n e d  s p e c i f ic a l ly  f o r  th e  p r o b le m  u n d e r  s tu d y  a n d  u s e  k n o w le d g e  o f  th e  s t r u c tu r e  o f  

th e  p r o b le m  to  o b ta in  g o o d  s o lu t io n s .  A l l  th e  w o r k  to  d a te  u s in g  th e s e  tw o  a p p r o a c h e s  

a s s u m e s  t h a t  th e  l i n k  c o s t  f u n c t io n  is  l in e a r .  H o w e v e r ,  m o d e m  c o m m u n ic a t io n s  l in k s  

a r e  o n ly  a v a i la b le  in  s e t  s ta n d a r d iz e d  c a p a c i t ie s .  H e n c e ,  t h e  l in k  c o s t  f u n c t io n  is  

s te p w is e  in  c a p a c i ty  r a th e r  th a n  l in e a r  a s  d e s c r ib e d  in  F ig u r e  4 .1 ( a ) .  S in c e  th e  p r e v io u s  

w o r k  h a s  u s e d  l in e a r  a p p r o x im a t io n s  to  th e  c o s t  f u n c t io n ,  i t  is  h ig h ly  u n l ik e ly  t h a t  t h e y  

w o u ld  f in d  th e  o p t im a l  s o lu t io n  to  th e  r e a l  p r o b le m ;  t h e y  m a y  b e  u s e f u l  f o r  f in d in g  a  

f i r s t  a p p r o x im a t io n  t o  th e  s o lu t io n .  H o w e v e r ,  p r e v io u s  w o r k  h a s  n o t  a d d r e s s e d  t h e  n o n 

l in e a r  c o s t  f u n c t io n  p ro b le m .

T h e  r e s t  o f  th e  c h a p te r  is  o r g a n iz e d  a s  fo l lo w s . I n  s e c t io n  4 .2  s e v e r a l  t y p e s  o f  l i n k  c o s t  

f u n c t io n s  is  d e s c r ib e d .  I n  s e c t io n  4 .3  a n  IP  b a s e d  S C P  a lg o r i th m  is  d i s c u s s e d .  I n  s e c t io n  

4 .4  a  f a s t  h e u r i s t i c  a lg o r i th m  is  i l lu s t r a te d  f o r  S C P  p r o b le m s .  I n  s e c t io n  4 .5  a  n e w  

a lg o r i th m  th a t  c a n  d e a l  w i th  th e  s te p w is e  c o s t  f u n c t io n  i s  p r o p o s e d .
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4 .2  L in k  C o s t  F u n c t io n s

I n  [1 5 ] [1 6 ] [3 1 ] ,  l in e a r  l i n k  c o s t  a n d  c o n c a v e  l in k  c o s t  f u n c t io n  h a v e  b e e n  a d o p te d  in  

s u r v iv a b le  n e tw o r k  d e s ig n  a n d  o p t im a l  n e tw o r k  d e s ig n .

W i th  th e  p r o l i f e r a t io n  o f  h ig h  c a p a c i ty  o p t ic  f ib r e ,  th e  l in e a r  a n d  c o n c a v e  c o s t  f u n c t io n s  

n o  lo n g e r  r e f le c t  th e  r e a l i ty  t h a t  o p t ic  f ib r e  s y s te m s  w i th  s p e c i f i c  c a p a c i t i e s  a r e  

a v a i la b le .  H e n c e ,  th e  e x i s t in g  S C P  a lg o r i th m s  d e v e lo p e d  f o r  a  l i n e a r  l i n k  c o s t  f u n c t io n  

m a y  n o t  a p p l ic a b le  p r o p e r ly  f o r  t h e  s te p w is e  c a s e .  I n  t h e  f o l lo w in g  s e c t io n ,  s e v e r a l  l in k  

c o s t  f u n c t io n s  w i l l  b e  i l lu s t r a te d .

F iv e  m o d e ls  f o r  l i n k  c o s t  f u n c t io n s  a re  r e a s o n a b le ,  i .e .  l i n e a r  c o s t  f u n c t io n ,  l i n e a r  c o s t  

w i th  f ix e d  c o s t ,  c o n c a v e  l in k  c o s t  fu n c t io n ,  c o n c a v e  l in k  c o s t  f u n c t io n  w i th  f ix e d  c o s t ,  

s te p w is e  l in k  c o s t  f u n c t io n  a l l  o f  w h ic h  a r e  s h o w n  in  F ig u r e  4 .1 .  A s  w e  d e s c r ib e d  

a b o v e ,  s te p w is e  l in k  c o s t  f u n c t io n s  m o s t  c lo s e ly  r e f le c t s  r e a l i ty .  T h e  o th e r  f o u r  l i n k  c o s t  

f u n c t io n s  a re  a p p r o x im a t io n s  o f  s te p w is e  l in k  c o s t  f u n c t io n s ,  I t  i s  w o r th  n o t in g  t h a t  w e  

a s s u m e  th a t  a  l in k  c o s t  f u n c t io n  is  a lw a y s  a  n o n - d e c r e a s in g  f u n c t io n  o f  i ts  c a p a c i ty ;  a  

s y s te m  in  w h ic h  th e  c o s t  d e c r e a s e s  w i th  in c r e a s in g  c a p a c i ty  d o e s  n o t  m a k e  s e n s e

I n  [3 2 ] ,  K e m e r  e t  a l  d i s c u s s e d  r e a l  c o s ts  a s s o c ia te d  w i th  th e  in s t a l l a t io n  o f  b o th  m e ta l l i c  

a n d  o p t ic a l  f ib e r  f a c i l i t ie s  o n  a n  in te r o f f i c e  n e tw o r k .  I n  b o th  c a s e s  a  la r g e  c o s t  is  

a s s o c ia te d  w i th  c h a n n e l  c o n s t r u c t io n  a n d  m u c h  o f  th e  r e m a in d e r  c o n s is t s  o f  l i n k  c o s ts ,  

w h ic h  d e p e n d  o n  c a p a c i ty .  W e  c a n  e x p e c t  to  e n c o u n te r  s im i la r  c o s t  t y p e s  w h e n  d e a l in g  

w i th  th e  t r a n s m is s io n  n e tw o r k .

f  I (Ci)

C i

fa ) S te p w is e
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F ig u r e  4 .1  D if f e r e n t  T y p e s  o f  L in k  C o s t  F u n c t io n

T h e  c o n s t r u c t io n  c o s t  is  p r o p o r t io n a l  to  d is ta n c e ,  w h i l e  a c k n o w le d g in g  t h a t  t h i s  is  a  

g ro s s  a s s u m p t io n .  D ig g in g  u p  s t r e e ts  w i l l  b e  m o r e  e x p e n s iv e  in  u r b a n  t h a n  r u r a l  a r e a s  

a n d  a ls o  w i l l  d e p e n d  o n  th e  te r r a in .  A l l  w e  n e e d  f o r  o u r  m o d e l  is  a  t o t a l  c o n s t r u c t i o n  

c o s t  f o r  a  p a r t i c u la r  l in k ,  s o  w e  d o  n o t  n e e d  to  m a k e  t h a t  a s s u m p t io n .  L in k s  c o s t s  w i l l  

d e p e n d  o n  d is ta n c e ,  b u t  a g a in ,  a s  d i s ta n c e  i s  c o n s ta n t  f o r  a  p a r t i c u la r  l in k ,  t h i s  is  n o t  s o  

im p o r ta n t .  L in k  c o s t  w i l l  d e p e n d  o n  c a p a c i ty ,  h o w e v e r ,  a s  th e  c a p a c i ty  d e te r m in e s  th e  

n u m b e r ,  s iz e  a n d  t y p e  o f  l in k s  r e q u ir e d .

N e tw o r k  o p t im iz a t io n  p r o b le m  h a s  b e e n  s tu d ie d  f o r  s te p w is e  a n d  c o n c a v e  l i n k  c o s t  

f u n c t io n s  [3 3 ] [3 4 ] .  H o w e v e r ,  l i t t l e  w o r k  h a s  b e e n  d o n e  o n  th e  S p a r e  C a p a c i ty  

P la c e m e n t  (S C P )  p r o b le m  w h e r e  th e  l i n k  c o s t  f u n c t io n  is  s te p w is e .  A s  o p t ic  f ib r e s  a re  

o n ly  a v a i la b le  w i th  s p e c i f ic  c a p a c i t ie s ,  a n d  th e  a m o u n t  o f  c a p a c i ty  o n  a  l i n k  c o n t r ib u te s  

s ig n i f ic a n t ly  to  i ts  c o s t ,  th e  s te p w is e  l i n k  c o s t  f u n c t io n  s h o w n  i n  F ig u r e  4 .1 ( a )  i s  th e
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c lo s e s t  to  r e a l i ty .  T h is  is  w h y  th e  s te p w is e  l i n k  c o s t  f u n c t io n  is  c h o s e n  f o r  t h e  S C P  

m o d e l .

A s  d is c u s s e d  a b o v e ,  a l l  S C P  a lg o r i th m s  to  d a te  w e r e  b a s e d  th e  a s s u m p t io n  t h a t  t h e  l in k  

c o s t  f u n c t io n  is  l in e a r  in  c a p a c i ty .  I t  is  u n l ik e ly  th a t  t h e  s o lu t io n  f o u n d  b y  th e s e  S C P  

a lg o r i th m s  u s in g  a  l in e a r  c o s t  f u n c t io n  is  c o in c id e n t  w i t h  th e  o p t im a l  s o lu t io n  to  th e  

S C P  f o u n d  u s in g  th e  s te p w is e  c o s t  f u n c t io n .  H o w e v e r ,  i t  is  l ik e ly  t h a t  th e  s o lu t io n s  

b a s e d  o n  th e  a s s u m p t io n  o f  th e  l in e a r  c o s t  f u n c t io n  m a y  b e  c lo s e  to  th e  o p t im a l  f o r  th e  

s te p w is e  c o s t  f u n c t io n  p r o b le m  w h e n  th e  s te p w is e  l i n k  c o s t  f u n c t io n s  a re  c lo s e  to  b e  

l in e a r .  A  n e w  h e u r i s t i c  S C P  a lg o r i th m  is  p r o p o s e d  h e r e  to  s o lv e  th e  S C P  p r o b le m  w h e n  

s te p w is e  c o s t  f u n c t io n s  a r e  u s e d .

I n  c a s e  th e  l in k  c o s t  f u n c t io n  is  a s s u m e d  to  b e  l in e a r ,  th e  L P /I P  b a s e d  S C P  a lg o r i th m  

c a n  b e  u s e d  to  o b ta in  o n e  o p t im a l  s o lu t io n  [1 4 ] [ 1 5 ] [ 1 6 ] [ 2 1 ] .  B u t ,  th e  v e r y  la r g e  

e x e c u t io n  t im e  o f  th e s e  a lg o r i th m s  l im i t s  t h e i r  a p p l ic a t io n  in  l a r g e - s c a le  n e tw o r k s .  

M a n y  h e u r i s t i c  a lg o r i th m s  h a v e  b e e n  p r o p o s e d  f o r  la r g e  n e tw o r k  S C P  p r o b le m s .  W h ile  

th e s e  a lg o r i th m s  o p e r a te  m u c h  q u ic k e r  th a n  th e  L P /I P  b a s e d  o n e s ,  a n d ,  h e n c e ,  t h e y  c a n  

b e  a p p l ie d  to  la r g e  n e tw o r k s ,  th e  r e s u l t s  t h e y  o b ta in  fo r  s m a l l  n e tw o r k s  a re  p o o r ,  le a d in g  

u s  to  b e l i e v e  t h a t  th e  r e s u l t s  th e y  o b ta in  f o r  la r g e  n e tw o r k s  c a n  b e  im p r o v e d  o n

[1 8 ] [1 9 ] ,

F i r s t ,  w e  d e s c r ib e  th e  IP  b a s e d  S C P  a lg o r i th m  a s  p r o p o s e d  in  [2 1 ] a n d  o n e  h e u r i s t i c  

S C P  a lg o r i th m  a s  p r o p o s e d  in  [1 8 ] . N e x t ,  a  n e w  h e u r i s t i c  a lg o r i th m  to  s o lv e  th e  S C P  

p r o b le m  f o r  a  s te p w is e  is  p ro p o s e d .

4 .3  IP -B a s e d  S C P  S o lu t io n  T e c h n iq u e s

M e s h  s u r v iv a b le  n e tw o r k s  u s e  D ig i ta l  C r o s s - c o n n e c te d  S y s te m s  ( D C S )  to  m in im i z e  th e  

a m o u n t  o f  s p a r e  c a p a c i ty  r e q u i r e d  to  r e - r o u te  t r a f f ic  i n  th e  c a s e  o f  f a i le d .  I n  m e s h  

s u rv iv a b le  n e tw o r k s  th e  s p a r e  c a p a c i ty  o n  o n e  s p a n  c a n  c o n t r ib u te  to  th e  s u r v iv a b i l i ty  o f  

o th e r  s p a n s ,  n e tw o r k  r e d u n d a n c y ,  o n  th e  o th e r  h a n d ,  is  n o t  d e d ic a te d  to  r e s to r a t io n  o f  

o n e  s p a n . T h e s e  n e tw o r k s  a re  c a l le d  “ m e s h ”  n o t  to  im p ly  th a t  th e  n e tw o r k  i s  a  fu l l  

m e s h ,  b u t  to  r e f le c t  t h e  a b i l i ty  o f  th e  r e r o u t in g  m e c h a n i s m  to  e x p lo i t  a  m e s h - l ik e  

to p o lo g y  h ig h ly  d iv e r s e  a n d  e f f ic ie n t  r e r o u t in g  o f  d i s r u p te d  t r a f f ic s .

L P /I P  s o lu t io n  t e c h n iq u e s  m a k e  i t  p o s s ib le  to  o b ta in  o p t im a l  s o lu t io n s  to  S C P  p r o b le m s  

in  w h ic h  th e  l i n k  c o s t  f u n c t io n  is  l in e a r  in  c a p a c i ty .  D u e  to  th e  g r a n u la r i ty  o f  c a p a c i ty  

o n  n e tw o r k  s p a n s ,  th e  IP  f o r m u la t io n  o f  S C P  p r o b le m s  is  a  m o r e  r e a l i s t i c  f o r m u la t io n



th a n  th e  L P  f o r m u la t io n .  H o w e v e r ,  th e  L P  f o r m u la t io n  is  s t i l l  a p p l ic a b le  in  t r a n s p o r t  

n e tw o r k s  w h e r e  th e  c a p a c i t ie s  o f  th e  s p a n s  a r e  s o  h u g e  t h a t  th e  g r a n u la r i ty  o f  th e  

c a p a c i ty  c a n  b e  n e g le c te d .

4 .3 .1  IP  b a s e d  S C P  a lg o rith m s

4 .3 .1 .1  P re v io u s  w o rk s  o n  th e  L P /IP  b a s e d  S C P  a lg o r ith m

I n  th e  r e c e n t  d e c a d e  a  lo t  o f  th e  L P /I P  b a s e d  a p p r o a c h e s  to  s o lv e  th e  S C P  a lg o r i th m  

h a v e  b e e n  p r o p o s e d .  I n  [1 4 ] o n e  a p p r o a c h  h a s  b e e n  to  d e v e lo p  c o n s t r a in t s  f o r  t h e  S C P  

p r o b le m  b a s e d  o n  a  n e tw o r k ’s c u ts e ts  a f te r  th e  f a i lu r e  o f  a  s in g le  s p a n . A  c u t s e t  i s  a  s e t  

o f  s p a n s  w h ic h  w h e n  s e v e r e d  d iv id e  a  c o n n e c te d  n e tw o r k  in to  tw o  d i s t in c t  p a r t s .  T h e  

m in - c u t  m a x - f lo w  th e o r e m  p r o v id e s  c o n s t r a in t s  o n  s u r v iv a b i l i ty  th r o u g h  th e  s e t  o f  

m in im u m  c u ts  in  th e  n e tw o r k  [3 5 ]. W h ic h  c u ts e ts  l im i t  th e  m a x im u m  f lo w  p o s s ib le  

b e tw e e n  th o s e  n o d e s  s e e k in g  f e a s ib le  p a th s  a f te r  a  f a i lu r e  is  d e p e n d e n t  o n  th e  s p a r e  

c a p a c i ty  in  th e  n e tw o r k .  I t  is  u s u a l ly  im p r a c t ic a l  to  in c lu d e  a ll c u ts e ts  in  th e  c o n s t r a in t  

s e t  s in c e  th e  n u m b e r  o f  c u ts e ts  is  a n  e x p o n e n t i a l  f u n c t io n  o f  th e  s iz e  o f  t h e  n e tw o r k .  

C h o o s in g  c u ts e ts  to  p o p u la te  th e  c o n s t r a in t  s e t  i t e r a t iv e ly  a f te r  in te r m e d ia t e  s p a r e  

c a p a c i ty  d e s ig n s  c a n  r e d u c e  th e  s iz e  o f  t h e  c o n s t r a in t  s e t  d r a m a t ic a l ly .  P r io r  w o r k  in  [3 ] 

a n d  [2 0 ] p o p u la te s  c o n s t r a in t  s e t  w i th  c u ts e ts  i te r a t iv e ly ,  c h o o s in g  c u ts e ts  a c c o r d in g  to  a  

h e u r is t ic ,  u n t i l  th e  s o lu t io n  p r o v id e d  a  s p a r e  c a p a c i ty  p l a c e m e n t  w h ic h  w a s  1 0 0 %  s p a n  

r e s to r a b le  a n d  m in im i z e d  to ta l  s p a re  c a p a c i ty .

A  m o r e  r e c e n t  a p p r o a c h  h a s  b e e n  to  s p e c i f y  f lo w  c o n s t r a in t s  b a s e d  o n  a  s u i ta b le  s e t  o f  

p r e d e f in e d  r o u te s  o v e r  w h ic h  p a th - s e t s  m u s t  b e  im p le m e n te d  [1 2 ] [2 2 ] , A n  IP  

f o r m u la t io n  u s in g  th i s  a p p r o a c h  w h ic h  o p t im iz e  th e  p l a c e m e n t  o f  s p a r e  c a p a c i ty  in  

1 0 0 %  s p a n  r e s to r a b le  n e tw o r k  w a s  r e p o r te d  in  [1 2 ] . I n  s u c h  a  f o r m u la t io n  a  f ix e d  

w o r k in g  c a p a c i ty  la y o u t  is  g iv e n , a n d  th e  c o n s t r a in t  s e t  is  b a s e d  o n  e l ig ib le  r e s to r a t io n  

ro u te s  b e tw e e n  e a c h  p a i r  o f  n o d e s  t e r m in a t in g  a  s p a n . W h e n  t h e  IP  c o m p le te s ,  t h e  to ta l  

f lo w  f e a s ib le  a lo n g  th o s e  r e s to r a t io n  ro u te s  is  a d e q u a te  to  r e s to r e  th e  lo s t  c a p a c i ty  o f  

a n y  s p a n  c u t  i n  [1 9 ] . [3 7 ].

4 .3 .1 .2  A n  IP  b a s e d  S C P  a lg o r ith m

I n  th is  s e c t io n ,  a n  I P  b a s e d  S C P  a lg o r i th m  p r o p o s e d  in  [2 1 ] w i l l  b e  d e ta i le d .  U n l ik e  th e  

I P ’s p r e s e n te d  in  [1 2 ] a n d  [2 2 ] , i t  u s e s  a  h ig h ly  d iv e r s e  r o u te  s e t  t h a t  e x p lo i t s  m e s h - l ik e  

to p o lo g ie s  to  o p t im iz e  w o r k in g  a n d  s p a r e  c a p a c i ty  o r  o n ly  s p a r e  c a p a c i ty ,  a n d  c o n s id e r s  

b o th  s p a n  a n d  p a th  r e s to r a b le  n e tw o r k s .  C o m p a r in g  th e s e  b a s ic  a p p r o a c h e s  [1 2 ] [
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1 4 ][2 2 ] ,  i t  is  o b v io u s  th a t  w h e n  th e  c o n s t r a in t  s e t  is  f o r m e d  u s in g  e l ig ib le  r o u te s  in s te a d  

o f  c u ts e ts ,  i t  o n ly  h a s  to  b e  d e f in e d  o n c e ,  a n d  a  s o lu t io n  w i l l  b e  e n s u r e d  in  a  s in g le  

l in e a r  o r  in te g e r  p r o g r a m  r u n  w i th  n o  i t e r a t io n .  M o r e o v e r ,  w h i l e  e i th e r  a p p r o a c h  

s p e c i f ie s  th e  o p t im a l  s p a r e  c a p a c i ty  p e r  s p a n ,  th e  r o u te - b a s e d  a p p r o a c h  a ls o  y ie ld s  

d e ta i l s  o f  th e  a c tu a l  p a th s  u s e d  to  r e s to r e  e a c h  s p a n  fa i lu r e .  T h is  i n f o r m a t io n  i s  h e lp f u l  

w h e n  e v a lu a t in g  th e  p e r f o r m a n c e  o f  a  d i s t r ib u te d  r e s to r a t io n  m e c h a n is m  o p e r a t in g  in  

th e  s u r v iv a b le  n e tw o r k  d e s ig n  [3 6 ],  a n d  u s e f u l  in  a  c e n t r a l i z e d  r e s to r a t io n  p a th s .

T h e  f o l lo w in g  n o ta t io n s  a re  u s e d :

•  C  C o s t  o f  a  c h a n n e ls  ( w o r k in g  o r  s p a r e  c h a n n e ls )  a s s ig n e d  to  s p a n  i.

•  S N u m b e r  o f  n e tw o r k  s p a n s  in  th e  n e tw o r k .

•  H  L i m i t  to  th e  n u m b e r  o f  h o p s  o n  a  p a th  th a t  c a n  b e  u s e d  to  r e r o u te  t r a f f i c

in  th e  c a s e  o f  f a i lu re .

•  L ' T h e  s u rv iv a b le  le v e l  r e q u i r e d  f o r  d e m a n d  p a i r  r  u p o n  th e  f a i lu r e  o f  s p a n

/. 0  <  L '  < 1  ( f o r  1 0 0 %  n e tw o r k  s u r v iv a b i l i ty ,  L '  = 1  f o r  a l l  d e m a n d  p a i r  r

a n d  a l l  s p a n s  i in  a  n e tw o r k ,  L '  =  0  r e p r e s e n ts  t h a t  th e  d e m a n d  r  w i l l  n o t  b e  

r e c o v e r e d  u p o n  th e  f a i lu r e  o f  s p a n  i)

•  D  T h e  n u m b e r  o f  n o d e  p a i r s  t h a t  h a v e  n o n z e r o  d e m a n d  b e tw e e n  th e m .

•  D  N u m b e r  o f  d e m a n d  p a i r s  a f f e c t e d  b y  th e  f a i lu r e  o f  s p a n  i.

r

•  d  N u m b e r  o f  d e m a n d  u n i t s  b e tw e e n  n o d e  p a i r  r .

•  X r N u m b e r  o f  w o r k in g  c h a n n e ls  lo s t  f r o m  d e m a n d  p a i r  r  u p o n  th e  f a i lu r e  o f

s p a n  i.

•  P r N u m b e r  o f  f e a s ib le  r e s to r a t io n  r o u te s  f o r  d e m a n d  p a i r  r  u p o n  th e  f a i lu r e

o f  s p a n  i  t h a t  d o  n o t  v io la te  th e  p r e - s e t  h o p - l im i t .

•  f  -r T h e  r e s to r a t io n  f lo w  th r o u g h  th e  p th r e s to r a t io n  r o u te  f o r  d e m a n d  p a i r  r

u p o n  th e  f a i lu r e  o f  s p a n  i.

•  s ; j  T a k e  th e  v a lu e  o f  1 i f  th e  p h r e s to r a t io n  r o u te  f o r  d e m a n d  p a i r  r  a f t e r  th e

f a i lu r e  o f  s p a n  i u s e s  s p a n  j ,  a n d  0  o th e r w is e .

•  s  N u m b e r  o f  s p a re  c h a n n e ls  p l a c e d  o n  s p a n  j  f o r  n e tw o r k  f a i lu r e s .

•  w  . N u m b e r  o f  w o r k in g  c h a n n e ls  c a r r i e d  o n  s p a n  j .

r

•  Q  T o ta l  n u m b e r  o f  w o r k in g  r o u te s  a v a i la b le  to  s a t i s f y  th e  d e m a n d  b e tw e e n

n o d e  p a i r  r .
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r,q

T h e  w o r k in g  c h a n n e ls  r e q u i r e d  o n  th e  q th w o r k in g  r o u t e  to  s a t i s f y  th e  

d e m a n d  b e tw e e n  n o d e  p a i r  r.

•  £ r,q T a k e  th e  v a lu e  o f  1 i f  t h e  q th w o r k in g  r o u te  f o r  d e m a n d  p a i r  r  u s i n g  s p a n
^  ./

j -

T h e  o b je c t iv e  f u n c t io n  is :

M i n  -<

M

(1)

T h e  c o n s t r a in t s  to  b e  s a t i s f i e d  a re :

1) R e s to r a t io n  f lo w  m e e ts  t a r g e t  r e s to r a t io n  le v e l s  f o r  e a c h  d e m a n d  p a i r  r\

= > [ x [ x L ^  V r  = 1 ,2 , . . . ,D .  V i =  1 ,2 , . . . ,  S . (2 )

p=i

2 )  S p a n  f  s  s p a r e  c a p a c i ty  is  s u f f ic ie n t  t o  m e e t  t h e  s im u l ta n e o u s  d e m a n d s  o f  a l l

n o d e  p a i r s  a f f e c t e d  b y  a n y  o n e  s p a n  f a i lu r e :

p'

( 3 )

/•=! p=\

3 ) T h e  to t a l  d e m a n d  lo s t  f r o m  d e m a n d  p a i r  r  a f t e r  t h e  f a i lu r e  o f  s p a n  i i s  th e  s u m  o f

th e  f lo w s  o v e r  w o r k in g  r o u te s  o f  t h e  d e m a n d  p a i r  r  t r a v e r s in g  s p a n  i:

f ] c r q * g r’q = * :  V r  = 1 ,2 , . . . ,D .  V  i =  1 ,2 , . . . ,  S . (4 )

4 )  f i ’p , g r’ q ^  0  a n d  i n t e g e r .

5 ) s  . , w  >  0  a n d  in te g e r .

A s  f o r m u la te d ,  t h e  IP  f o r m u la t io n  c a n  b e  a d a p te d  to  o p t im iz e  s p a r e  c a p a c i ty  p l a c e m e n t  

f o r  e i th e r  a  s p a n  o r  p a t h  r e s to r a b le  n e tw o r k .  I f  a  s p a n  r e s to r a t io n  d e s ig n  is  d e s i r e d ,  th e
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s e t  o f  a ll  n o d e  p a i r s  a f f e c te d  b y  a  f a i lu r e  i s  r e s t r i c te d  to  j u s t  t h e  s in g le  p a i r  o f  n o d e s  

te r m in a t in g  th e  s e v e r e d  s p a n , i.e . D  =  1 , a n d  X '  =  w  .

I n  a  p a t h  r e s to r a b le  n e tw o r k  i t  i s  a d v a n ta g e o u s  to  r e le a s e  th e  s u r v iv in g  p o r t i o n s  o f  a  c u t  

w o r k in g  p a th  a n d  m a k e  th o s e  p a th s  a v a i l a b le  to  th e  r e s to r a t io n  p r o c e s s .  T h i s  i s  c a l le d  

s tu b  r e le a s e .  S tu b  r e le a s e  is  a n  o p t io n  in  a  p a t h  r e s to r a b le  n e tw o r k  b e c a u s e  s p a n  

r e s to r a t io n  o n ly  r e p la c e s  th e  c u t  p o r t io n  o f  a  c o n n e c t io n .  T h e  c h a n n e l s  o c c u p ie d  b y  th e  

a f f e c te d  d e m a n d s  c a n  b e  o p t io n a l ly  r e l e a s e d  a t  th e  t im e  o f  th e  f a i lu r e  a n d  a d d e d  to  th e  

p o o l  o f  s p a r e  c a p a c i ty  a v a i la b le  f o r  r e s to r a t io n .  T o  r e p r e s e n t  s tu b  r e le a s e  in  th e  IP  

f o r m u la t io n ,  c o n s t r a in t  2  is  r e p la c e d  w i th  c o n s t r a in t  6  a s  f o l lo w s  :

6 )  S p a n  f  s s p a r e  d im e n s io n in g  is  s u f f ic ie n t  to  m e e t  t h e  s im u l ta n e o u s  d e m a n d s  o f

a l l  n o d e  p a i r s  a f f e c te d  b y  a n y  o n e  s p a n  f a i lu r e  ( f i r s t  d o u b le  s u m )  a f te r  r e le a s in g  

th e  s u r v iv in g  p o r t io n s  o f  c u t  p a th s  ( s e c o n d  d o u b le  s u m ) .

r=1 p=1 r=1 q=1

V  ( i , f )  =  1 ,2 ,. . . , S . i  * j .

F ig u r e  4 .2  IP - b a s e d  F o r m u la t io n  o f  S C P  P r o b le m s

4 .3 .2  Im p le m e n ta t io n  o f  IP  B a s e d  S C P  A lg o r ith m

T h is  s e c t io n  f o c u s e s  o n  h o w  to  s o lv e  th e  I P  f o r m u la t io n .  T h e  B r a n c h  a n d  B o u n d  

a lg o r i th m  [3 8 ] is  e m p lo y e d  to  s o lv e  th e  IP  p r o b le m . F ir s t ,  w e  in v e s t ig a te  a l l  v a r ia b le s  in  

th e  IP  f o r m u la t io n  g iv e n  a b o v e .

•  C la s s i f i c a t i o n  o f  V a r ia b le s  in  I P  b a s e d  S C P  F o r m u la t io n

W e  c a te g o r iz e  a l l  v a r ia b le s  in  th e  a b o v e  IP  f o r m u la t io n  in to  tw o  g r o u p s ,  i.e .  in p u t  

v a r ia b le  a n d  o u tp u t  v a r ia b le .  I n p u t  v a r ia b le  is  d e f in e d  a s  th e  v a r ia b le  t h a t  c a n  b e  

o b ta in e d  b e f o r e h a n d  a s  in p u t  o f  th e  I P  f o r m u la t io n ,  o u tp u t  v a r ia b le  i s  c h a r a c te r iz e d  a s  

th e  o u tp u t  v a r ia b le  o f  th e  IP  f o r m u la t io n .

r,q

H o w  th e  v a r ia b le  w .  a n d  g  a r e  u s e d  d e p e n d s  o n  th e  p r o b le m  b e in g  s o lv e d .  I n  p r a c t ic e ,  

th e r e  a r e  tw o  ty p e s  o f  n e tw o r k s  o v e r  w h ic h  th e  a b o v e  IP  f o r m u la t io n  c a n  b e  to  p la c e  

s p a r e  c a p a c i ty  to  p r e v e n t  th e m  f r o m  f a i lu r e .  O n e  is  t h a t  th e  n e tw o r k  h a s  t h e  f ix e d
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to p o lo g y  a n d  la y o u t  o f  w o r k in g  p a th s  to  m e e t  t h e  n e e d  o f  i t s  d e m a n d ,  t h e  o th e r  t h a t  th e  

n e tw o r k  h a s  th e  f ix e d  to p o lo g y  w i th  la y o u t  o f  w o r k in g  p a th s  u n k n o w n .  I n  t h e  f i r s t  c a s e

w  j a n d  g  r'q a r e  th e  c o n s ta n ts  a s  th e  in p u t  v a lu e s ,  s o  th e  e q u a t i o n  (4 )  c a n  b e  r e m o v e d

f r o m  th e  I P  f o r m u la t io n  in  F ig u r e  4 .2 .  I n  t h e  s e c o n d  c a s e  w  , a n d  g r'q a r e  t h e  v a r ia b le s ,  

w h ic h  m u s t  b e  d e te r m in e d  a s  o u tp u t  v a lu e s .  I n  th e  p r o je c t  t h e  o n ly  s e c o n d  c a s e  is  

c o n s id e r e d  f o r  s im p l ic i ty .

T h e  in p u t  v a r ia b le s  o f  t h e  I P  f o r m u la t io n  in c lu d e :  C , S , H , L [ ,  D ( , X ' ,  P ' ,  Q r , s f f ,  

w  ■;, g r,q . I t s  o u tp u t  v a r ia b le s  in c lu d e :  f \ ' q , g r'q , s ; a n d  w  y . T h e  in p u t  v a r ia b le  a r e  g iv e n  

b y  u s e r s  o r  n e tw o r k  d e s ig n e r s ,  f o r  e x a m p le ,  X '  is  d e te r m in e d  b y  t h e  l a y o u t  o f  th e  

w o r k in g  c h a n n e l s  in  a  n e tw o r k ,  P ' ”, Q r , s '- j c a n  b e  o b ta in e d  b y  th e  F P A s ,  e .g . t h e  K S P  

a n d  th e  M M F  a lg o r i th m s  d e s c r ib e d  in  C h a p te r  3 .

•  T h e  B r a n c h  a n d  B o u n d  a lg o r i t h m

L o ts  o f  a p p r o a c h e s  h a v e  b e e n  p r o p o s e d  to  s o lv e  IP  p r o b le m . T h e  B r a n c h  a n d  B o u n d  

a lg o r i th m  a n d  G o m o r y ’s A l l - I n te g e r  D u a l  A lg o r i th m  a re  tw o  o f  t h e  m o s t  p o p u la r .  I n  

th is  p r o je c t ,  th e  B r a n c h  a n d  B o u n d  a lg o r i th m  is  c h o s e n  to  s o lv e  th e  I P  p r o b le m . I n  th e  

f i r s t  s te p  o f  th e  B r a n c h - a n d - B o u n d  m e th o d ,  L P - r e la x a t io n  o f  o u r  IP  f o r m u la t io n  ( w h e r e  

L P - r e l a x a t i o n  i s  d e r iv e d  b y  r e le a s in g  th e  in te g e r  c o n s t r a in t s  o f  I P  f o r m u la t io n )  is  

s o lv e d .  I t  o p t im a l  o b je c t iv e  v a lu e  is  a n  u p p e r  b o u n d  f o r  th e  o p t im a l  o b je c t iv e  v a lu e  o f  

i t s  o r ig in a l  IP  fo r m u la t io n .  I f  th e  s o lu t io n  o f  th e  L P - r e la x a t io n  is  in t e g e r  w e  a r e  d o n e :  i t  

is  a ls o  a n  o p t im a l  s o lu t io n  o f  th e  o r ig in a l  IP  f o r m u la t io n .  I f  n o t ,  t h e  f e a s ib le  r e g io n  o f  

th e  L P  r e l a x a t i o n  i s  p a r t i t io n e d  in to  tw o  s u b - r e g io n s  g iv in g  r i s e  to  t w o  n e w  IP -  

f o r m u la t io n s ,  a n d  tw o  s u b - f o r m u la t io n s  a r e  s o lv e d  r e s p e c t iv e ly .  T h e  s o lu t io n s  o f  tw o  

s u b - f o r m u la t io n s  a r e  c o m p a r e d .  I n  th e  c a s e  th e  o b je c t iv e  v a lu e  o f  o n e  s o lu t io n  is  le s s  

th a n  th a t  o f  th e  o th e r  a n d  i ts  s o lu t io n  is  in te g e r ,  t h e  s o lu t io n  i s  th e  o p t im a l  s o lu t io n  o f  IP  

f o r m u la t io n .  O th e r w is e ,  in  th e  c a s e  b o th  s o lu t io n s  o f  tw o  s u b - L P  f o r m u la t io n s  a r e  n o t  

in te g e r ,  w e  c h o o s e  th e  s u b -L P  f o r m u la t io n  w h o s e  o b je c t iv e  v a lu e  is  l e s s  t h a n  th a t  o f  t h e  

o th e r ,  a n d  p a r t i t i o n  th e  s u b -L P  f o r m u la t io n  in to  tw o  s u b - L P  f o r m u la t io n  f u r th e r  b y  

b r a n c h in g  a n y  n o n - in t e g e r  s o lu t io n ,  s a y  X j. T h e  p r o c e d u r e  i s  r e p e a te d  u n t i l  th e  s o lu t io n  

o f  IP  f o r m u la t io n  is  a p p ro a c h e d .  N o te  th a t  th e  p r in c ip le  o f  s e l e c t io n  o f  n o n - in t e g e r  

s o lu t io n  i s  to  c h o o s e  o n e  th a t  h a s  th e  s m a l le s t  in d e x  b e c a u s e  i t  i s  th e  c lo s e s t  to  th e  

s o lu t io n  t h a n  th e  o th e r s  w i th  th e  l a r g e r  in d ic e s  a n d  th e  S im p le x  a lg o r i th m  is  u s e d  to
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s o lv e  th e  L P  r e la x a t io n  fo r m u la t io n .  W e  i l lu s t r a te  th e  B r a n c h - a n d - B o u n d  a lg o r i th m  b y  

d r a w in g  a  f lo w c h a r t  o f  th e  a b o v e  p r o c e d u r e  in  F ig u r e  4 .3 .

T h e  g e n e r a l  f o r m  o f  th e  B r a n c h - a n d - B o u n d  a lg o r i th m  c a n  n o w  b e  f o r m u la t e d  a s  

f o l lo w s :

T •

m a x { c  x  | A x  <  b , x  >  0 , x  in te g e r  } o r

m ix  {cTx  | A x  <  b , x  >  0 , x  in t e g e r  }

W e  u s e  th e  s e t  N F  to  h o ld  th e  n o d e s  th a t  a r e  n o t  e x c lu d e d  f r o m  f u r th e r  c o n s id e r a t io n ;  

th e  v a r ia b le  z  d e n o te s  th e  c u r r e n t  l o w e r  b o u n d  o n  th e  o p t im a l  s o lu t io n  o f  th e  o r ig in a l  

m o d e l .  T h e  f u n c t io n  f  : F  - »  R  w i th  F  t h e  f e a s ib le  r e g io n  i s  th e  o b je c t iv e  f u n c t io n .  B y

R

F  i s  d e n o te d  th e  f e a s ib le  r e g io n  o f  a  r e la x a t io n  o f  t h e  o r ig in a l  m o d e l .  O p t im a l  

s o lu t io n s  o f  s u b - m o d e ls  a r e  d e n o te d  b y  (z , x )  w i th  z  th e  o b je c t iv e  v a lu e  c o r r e s p o n d in g  

to  th e  o p t im a l  s o lu t io n  x .

I n p u t :

V a lu e s  f o r  th e  p a r a m e te r  o f  th e  o p t im iz a t io n  m o d e l  m a x  { /(x )  | x  e F ] ,  w i t h  F  th e  

f e a s ib le  r e g io n .

O u t :  E i th e r

( i)  T h e  m e s s a g e :  th e  m o d e l  h a s  n o  o p t im a l  s o lu t io n ;  o r

( i i )  T h e  s o lu t io n  o f  th e  m o d e l .

£ t e p  0 .  I n i t ia l i z a t io n .  D e f in e  F  0 = F  , N F  =  { 0 } , a n d  z £ =  -oo.

A

S t e p  1 . S e le c t  a  la b e l  k  e N F .  L e t  m a x { f ( x )  x  e  F  } ,  w ith  F c F  , b e  th e  s u b - m o d e l  

a s s o c ia te d  w i th  la b e l  k \  c a l l  th is  s u b - m o d e l  S . G o  to  S te p  2 .

S t e p  2 .  D e te r m in e ,  i f  e x is t s ,  a n  o p t im a l  s o lu t io n  (z  , x  )  o f  S  k ( n o te  t h a t  z  is  a n  

u p p e r  b o u n d  o f  m a x  { f  (x ) | x  e  F k n  F } ) .  I f  S h a s  n o  o p t im a l  s o lu t io n ,  d e f in e  z k =  

- o o .  G o  to  S te p  3 .

S t e p  3 . S  is  e x c lu d e d  f r o m  f u r th e r  c o n s id e r a t io n ,  i f  e i th e r  o n e  o f  t h e  f o l lo w in g

s i tu a t io n s  o c c u r :

(a )  z k =  -c o  ( i.e . s^  h a s  n o  o p t im a l  s o lu t io n ) ;

G>) z t  <  z  ( i.e . Zk is  w o r s e  th a n  th e  c u r r e n t  b e s t  s o lu t io n ) ;

(c )  z  >  z  . I f  x k e  F  ( i .e .  z k is  a t  l e a s t  a s  g o o d  a s  th e  c u r r e n t  b e s t  s o lu t io n ) ,
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th e n  d e f in e  z L =  z k a n d  g o  to  s te p  5 w i th  N F  =  N F \{ & } ; o th e r w is e ,  g o  to  S te p  

4 .

S t e p  4 . P a r t i t i o n  F  k in to  tw o  o r  m o r e  n e w  s u b s e ts ,  s a y  F ^  F ^  . D e f in e ,  N F  =

( N F \ { k } ) u  { k i , . . . ,k s}. G o  to  s te p  1.

S t e p  5 . O p t im a l i ty  t e s t  a n d  s to p p in g  ru le .  I f  N F  ^  <D, t h e n  g o  to  S te p  1. S to p  th e  

p r o c e d u r e  w h e n  N F  =  O ; th e  c u r r e n t  b e s t  s o lu t io n  is  o p t im a l .  I f  t h e r e  is  n o  c u r r e n t  

b e s t  s o lu t io n ,  i.e .  z  =  - o o , t h e n  th e  o r ig in a l  m o d e l  h a s  n o  o p t im a l  s o lu t io n .

F ig u r e  4 .3  T h e  b r a n c h  a n d  b o u n d  a lg o r i th m

I n  S te p  3 (c )  w e  c o n s id e r  th e  s i tu a t io n  t h a t  z  k ^ z ; . F o r  z  k =  z ; , a n d  x k e F  w e  c o u ld  

e x c lu d e  s u b - m o d e l  S f r o m  f u r th e r  c o n s id e r a t io n ,  s in c e  f u r th e r  b r a n c h in g  m a y  o n ly  

le a d  to  a l t e r n a t iv e  o p t im a l  s o lu t io n s .  N o te  th a t  th e  a b o v e  p r o c e d u r e  is  a p p l ie d  to  

m a x im iz in g  m o d e l .  I n  c a s e  o f  a  m in im iz in g  m o d e l ,  th e  B r a n c h - a n d - B o u n d  A lg o r i t h m  

c a n  e a s i ly  b e  a d a p te d :  e .g . z  h a s  to  b e  r e p la c e d  b y  th e  “ c u r r e n t  u p p e r  b o u n d ”  z w ,  -  o o  

b y  o o , a n d  th e  in e q u a l i ty  s ig n s  r e v e r s e d .

•  T h e  S o lu t io n  to  L P -  R e la x a t io n  o f  I P  F o r m u la t io n

F r o m  d is c u s s io n  a b o v e , th e  m e th o d  to  s o lv e  th e  L P - r e l a x a t i o n  o f  IP  f o r m u la t io n  is  o f  

u tm o s t  im p o r ta n c e .  T h e  P S I M P L E X  p r o c e d u r e  th a t  is  b a s e d  o n  t h e  r e v i s e d  s im p le x  

m e th o d  is  e m p lo y e d  to  s o lv e  th e  L P - r e la x a t io n  p r o b le m . W e  w i l l  i l lu s t r a te  th e  

P S I M P L E X  p r o c e d u r e  b y  a  f lo w c h a r t  in  F ig u r e  4 .4 .  T h e  p r o c e d u r e  b e in g  g iv e n  is  

a p p l ie d  f o r  m in im iz in g  m o d e l .

W e  a s s u m e  th e  n u m b e r  o f  i n p u t  v a r ia b le s  is  n  a n d  th e  n u m b e r  o f  c o n s t r a in t s  is  m  in  o u r  

e x a m p le ,  s o  th e  s ta n d a r d  f o r m u la t io n  o f  L P  p r o b le m  c a n  b e  g iv e n  a s  fo l lo w s :

M in  { c i x i  + ....  +  c„xn}

C o n s t r a in t s  to  b e  s a t is f ie d :

a j ]X]  +  (X1 2X2 + . . . . +  ainX„ < b j

a 2 ]X] +  CI2 2X2 + . . . . +  Ct2nXn ^

& m l% l  ̂ @m2 %2 ^ ^  Qm ti^n  — &m

a n d x i ,  X2, . . . ,x „  > 0  a n d  in te g e r .
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T o  d i r e c t ly  a p p ly  P S I M P L E X  m e th o d  s o m e  m o d i f ic a t io n s  o f  th e  a b o v e  L P  f o r m u la t io n  

is  r e q u i r e d  a n d  s e v e r a l  a r t i f i c ia l  v a r ia b le s  a re  in t r o d u c e d ,  s o  th e  a b o v e  f o r m u la t io n  is  

c o n v e r te d  in to  a  n e w  a n d  e q u iv a le n t  f o r m u la t io n  a s  fo l lo w s :

M a x  x n+m+i ( 6 )

S u b j e c t t o  a u x i  +  CI1 2X2 + . . . .+ ai„x„  +  x n+ i =  b j

a 2i x i  +  CI2 2X2 + . . . .+  a 2rPCn +  x n+2 -  b 2

W h e re

ClmlXl (im2 X2 + —  +  ClmnXn Xn+m b m

@m+l,]X] H" drn+l,2 X2 &m+l,nXn Xn+m+I ~  0

@m+2 ,lX] +  Um+2,2 X2 @m+2,nXn Xn+m+2 b m+2

a n d x i ,  x 2, . . . , x n+m > 0 .

m

@m+l,j = Cj> flm+2,j @y i J  ~  I 5 2 ,  Yl

i=1

m

bm+2 ~  b j ,
i=1

W e  h a v e  a d d e d  th e  n o n n e g a t iv e  a r t i f i c ia l  v a r ia b le s  x n+i, i =  1, m ,  in to  t h e  s t r u c tu r e  

v a r ia b le s  x j , . . . ,  x„  to  c r e a te  a  s im p le  b a s is  m a t r ix  B  =1. S in c e

Xn+m+2 _ (Xn+1 “H.. H” Xn+m)

th e  v a r ia b le  x n+m +2  is  th e  n e g a t iv e  s u m  o f  th e  a r t i f i c ia l  v a r ia b le s .  C le a r ly ,  w e  m u s t  h a v e

Xn+m+2 — 0 .

T h e  r e v i s e d  p r o b le m  h a s  m + 2  e q u a t io n s  in  n  +  m +  2  v a r ia b le s .  T h e  b a s ic  f e a s ib le  

s o lu t io n ,  i f  i t  e x is t s ,  h a s  m  + 2  v a r ia b le s  f r o m  th e  s e t  { X i , . . . ,  x n, x n+m, x n+m+2}, w i t h  -  

Xn+m+i r e p r e s e n t in g  th e  o p t im a l  o b je c t iv e  f u n c t io n  v a lu e  a n d  x n + m + 2  = 0 . I n  th e  f o l lo w in g  

f lo w c h a r t ,  th e  p r o c e d u r e  is  d iv id e d  in to  tw o  p h ra s e s .  I n  p h a s e  I  w e  m a x im iz e  x n+m+i 

s u b je c t  t o  th e  c o n s t r a in t s  o f  (6 ) . I f  m a x  x „ + m+2  =  0 , w e  b e g in  p h a s e  I I  w i th  th e  o b je c t iv e  

f u n c t io n

Xn+m+l (  CiXj +   +  CnXr\)

W h ile  k e e p in g  x n+m+2 =  0 . W e  d e f in e  th e  m a t r ix  A  a s
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a n i + l , l " ' a m + l j i  

_ a m + 2 , \ - - a m + 2 , n  _

W h ic h  is  A  a u g m e n te d  b y  tw o  la s t  r o w s .  R o w  m  + 2  i s  u s e d  to  c o m p u te  t h e  r e la t iv e  

c o s t  v e c to r  p  in  p h a s e  I. r o w  m  + 1  h a s  th e  s a m e  r o le  in  p h a s e  I I .  W e  a ls o  in t r o d u c e  a n  

(m + 2 )  x ( m  +  2 )  m a t r ix  w h ic h  in i t i a l ly  is :

^  m x m
0

0
^ 2 x 2

T h is  f i r s t  m  r o w  a n d  c o lu m n s  o f  U  w i l l  c o n ta in  th e  in v e r s e  o f  B . T h e  l a s t  tw o  r o w s  o f  U  

w i l l  b e  u s e d  to  d e te r m in e  th e  v e c to r  e n te r in g  th e  b a s i s  ( r o w  m  + 2  i n  p h a s e  I  a n d  r o w  m  

+  1 in  p h a s e  II ) .

U s in g  th i s  n o ta t io n  a n d  in i t i a l  v a lu e s  x n+i =  bj, i =  1, ... , m ,  t h e  c o m p u ta t io n a l  s te p s  in  

p h a s e  I  a n d  p h a s e  I I  a r e  a s  f o l lo w s :

P h a s e  I :

S t e p  1 . I f  x m+n+2  <  0 ,  c a lc u la te

8  j =  r o w m+2 (U ) .c o l j (  A )

» i+ 2

— ^m+2,p flp j, j  ~  1 ,2 ,. .. ,  n .

p = l

a n d  c o n t in u e .  I f  x m+ „+ 2  — 0 , g o  to  g o  p h a s e  I I ,  s te p  1.

C o m m e n t :  I n  p h a s e  I  th e  o b je c t i v e  f u n c t i o n  to  b e  m a x im i z e d  is  x m + n +2  a n d  a l l  

c o s t  c o e f f i c i e n t s  e x c e p t  cm+ n +2  — 1 a r e  z e r o . T h e  v a lu e s  o f  S  j  a r e  th e  c o m p o n e n t s  o f  

th e  r e la t i v e  c o s t  v e c to r  p .

S t e p  2 .  I f  a l l  8  j >  0 , t h e n  x n+ m +2  is  a t  i t s  m a x im u m  a n d  n o  f e a s ib le  s o lu t io n  to  th e  

o r ig in a l  L P  p r o b le m  e x is t s .  I f  a t  l e a s t  o n e  0 , t h e n  th e  v a r ia b le  to  b e  in t r o d u c e d  

in to  th e  b a s ic  s e t  is  Xk s u c h  th a t

64



8  k =  m in  8  \
1 <j<n 
S : <  0

S t e p  3 .  C o m p u te

m+2

y i  =  roM > i(U ) .c o h (A )  =  ^  u ipapk, i =  1 ,2 , . . . ,  m + 2

p~i

S t e p  4 . C a lc u la te

m m
IS jSm
y j< 0 y,

X ,
=  - L  =  e  

y,

i f  y i  <  0  f o r  a ll i =  1, 2 , . . . ,  m ,  th e r e  i s  n o  f e a s ib le  s o lu t io n .  O th e r w is e ,  th e  

v a r ia b le  x ,  is  e l im in a te d  f r o m  th e  b a s ic  s e t

S t e p  5 . C a lc u la te  th e  n e w  v a lu e s  o f  th e  v a r ia b le s  i n  th e  b a s ic  s o lu t io n  

x ,  =  0

x,. = X j - 0 y - t ( i * / )

f o r  z =  1 ,2 ,  ....,  m  + 2 , a n d

—  U,j

u u =  —
y,

-—  u ,

u ii = u i} - y i   (1*0
y,

f o r  i =  1, 2 , . . . ,  m  + 2 , j  =  1 ,2 ,.. .,  w . R e tu r n  to  s te p  1.

C o m m e n t :  th e  c o lu m n s  m + 1  a n d  m  + 2  o f  U  d o  n o t  c h a n g e . T h e  p h a s e  I  

i t e r a t io n  a r e  c o n t i n u e d  u n t i l  x n+m +2  =  0  o r  i t  is  d e t e r m in e d  t h a t  n o  f e a s i b l e  s o l u t i o n  

e x is ts . I n  th e  f o r m e r  c a s e  w e  g o  to  p h a s e  II.

P h a s e  I I :

S t e p  1 . H e r e  w e  m a in ta in  x m+n+2 =  0 . C o m p u te  

Y i  =  r o w m+i(U ) .c o l j ( A )
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hi+2

^  , Wm+1jfopj, J 1 ,2 , . . . ,  n

p- i

S te p  2 . C o m p u te

=  m m  y ,
K IS /S H  •'

<S; <0

T h e  v a r ia b le  x* i s  s e le c te d  to  e n te r  th e  b a s ic  s e t .  I f  a l l  y } > 0 ,  th e n  x „ +„,+/ is  a t  

it s  m a x im u m  v a lu e  a n d  th e  o r ig in a l  p r o b le m  is s o lv e d .

S t e p  3 .  C a lc u la te

n i \ 2

Y, =  2  u‘i>aPk< * =  2>- ’ m +2
p=i

S t e p  4 . F in d

n n n
!£/£«( 
y,> 0 y ,

X ,

=  —  =  9

y<

I f  a ll y i  <  0 ,  th e  o b je c t iv e  f u n c t io n  x„+,„+/ c a n  b e  m a d e  a r b i t r a r i ly  la rg e .  T h e  

c o m p u ta t io n  is  te rm in a te d .  O th e r w is e ,  p r o c e e d  to  s te p  5.

S t e p  5 . C a lc u la te

x ,  =  6

x , = x i - 0 y i ( i  * 1 )  

f o r  r =  1 , 2 , m + 1, a n d

—  u u

U(i =  ~
y>

U,j
U,J =  My- -  y i  —  ( i  * / )

y>

f o r  i =  1 ,2 ,. .. ,  m  + 1  , j  =  1 , 2 ,.. . ,  m .

R e tu rn  to  s te p  1.
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T h e  B r a n c h - a n d - B o u n d  m e th o d  w i th  P S I M P L E X  is  v e r y  t im e  c o n s u m in g  0 ( 2 N -1 ) , 

w h e r e  N  is  th e  n u m b e r  o f  v a r ia b le s  o f  th e  IP  b a s e d  S C P  f o r m u la t i o n  g iv e n  i n  F ig u r e  4 .2 ,  

a l th o u g h  i t  c a n  b e  a p p l ie d  to  o b ta in  a n  g o o d  s o lu t io n  to  S C P  p r o b le m s .  N o te  th a t  th e  

n u m b e r  o f  v a r ia b le s  in  th e  I P  b a s e d  S C P  f o r m u la t io n  is  S * S * D , w h e r e  S  a n d  D  a r e  th e  

n u m b e r  o f  n e tw o rk  s p a n s ,  a n d  n e tw o rk  c o n n e c t iv i ty  r e s p e c t iv e ly .  I n  p r a c t i c e ,  i t  w o r k s  

o n ly  f o r  s m a l l  a n d  m id d le - s c a le  n e tw o rk s ,  w h ic h  d o e s  n o t  m a k e  a n y  p r a c t i c a l  u s e .  F o r  

l a r g e - s c a le  n e tw o r k  (e .g . t r a n s p o r t a t io n  n e tw o rk ) ,  m o r e  e f f e c t iv e  a lg o r i th m s  a re  

r e q u ir e d .  I n  th e  f o l lo w in g  s e c t io n ,  w e  w i l l  in t r o d u c e  th e  a lg o r i th m  p r o p o s e d  b y  [1 8 ] . 

T h e  a lg o r i th m  is  b a s e d  o n  th e  h e u r is t ic  p r in c ip le ,  w h ic h  l e a d  d r a m a t i c a l ly  im p r o v e m e n t  

i n  th e  t im e  c o m p le x i ty  c o m p a r e d  w i th  I P /L P  b a s e d  S C P  a lg o r i th m s .

4 .4  A  H e u r is t ic  A lg o r i th m  fo r  S p a r e  C a p a c ity  P la c e m e n t  (S C P )

I n  [1 8 ] a n  u s e f u l  a n d  e f f e c t iv e  h e u r is t ic  a p p r o a c h  te r m e d  m a x - la t c h in g  to  th e  S C P  

p r o b le m  h a s  b e e n  p r o p o s e d  to  f in d  a  r e a s o n a b le  s o lu t io n  to  S C P  p r o b le m  f o r  la r g e  s c a le  

n e tw o rk s .  A  s t r a ig h t f o rw a rd  h e u r is t ic  o f  a v e r a g e  c a s e  c o m p le x i ty  0 ( S ) ,  w h e r e  S is  th e  

n u m b e r  o f  n e tw o r k  s p a n s ,  i s  f a s te r  th a n  th e  IP  b a s e d  S C P  a lg o r i th m  0 { 2 N -1 ) . T h e  

a lg o r i th m  h a s  tw o  d i s a d v a n ta g e s ;  i t  c a n  o n ly  b e  u s e d  f o r  s p a n  n e tw o r k  r e s t o r a t i o n  a n d  i t  

is  a  lo c a l  s e a r c h  S C P  a lg o r i th m .

T h e  m a in  id e a  o f  th e  h e u r i s t i c  a lg o r i th m  is  a s  fo l lo w s .  W h e n  a  s in g le  s p a n  f a i lu r e  o c c u r s  

a  F P A s  is  e m p lo y e d  to  f in d  f e a s ib le  p a th s  o n  w h ic h  s p a r e  c a p a c i ty  i s  p l a c e d  to  r e r o u te  

th e  d is r u p te d  w o r k in g  p a th s  m in im iz in g  n e tw o rk  c o s t .

A s s u m e  a  n e tw o rk  g r a p h  G  h a s  S s p a n s  a n d  N  n o d e s  a n d  a  v e c to r  w  o f  w o rk in g  

c a p a c i ty  ( w . )  o n  e a c h  s p a n  j .  C i s  th e  c o s t  p e r  c h a n n e l  o n  s p a n  i. T h e  i s s u e  is  h o w  to  

s p e c i f y  s ,  th e  v e c t o r  s to r in g  th e  a m o u n t  o f  s p a r e  c h a n n e ls  o n  e a c h  s p a n  i (s  ,■) so  th a t  th e  

c o s t  o f  th e  n e tw o rk ,  i .e .  E C , .  . s is  m in im is e d .

F o r  e v e r y  s p a n  i  ( t a k e n  o n e  a t  a  t im e )  th e r e  is  a  s e t  o f  fe a s ib le  p a th s  th r o u g h  th e  r e s t  o f

th e  n e tw o rk  a t  th e  e v e n t  o f  th e  s p a n  i f a i lu r e .  T h e  s p a r e  c a p a c i t ie s  o n  s u c h  p a th s  a r e

g r e a te r  th a n  o r  e q u a l  to  w  (. s o  th a t  th e  w ,. c a n  f u l ly  b e  r e c o v e r e d  a t  th e  e v e n t  o f  a  s p a n  i

f a i lu r e .  T h e  p a th s  c o n s i s t  o f  c i r c u i t - l ik e  c o n t in u o u s  c h a n n e ls  e a c h  u s in g  a n  in d iv id u a l

t r a f f i c  u n i t  (e .g .  a n  S T S -1  o r  S T S -3  t r a n s p o r t  u n i t )  o n  e a c h  s p a n  o n  f e a s ib le  p a th s .  F o r

s p a n  r e s to r a t io n  p a th s  c o n n e c t  th e  e n d  n o d e s  a d ja c e n t  to  th e  f a i l e d  s p a n . T h e  n u m b e r  o f
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c h a n n e ls  t r a v e r s in g  a n y  s p a n  c a n n o t  e x c e e d  s  . W o r k in g  a n d  s p a r e  c a p a c i t i e s ,  w a n d  

s , c a n  o n ly  b e  in te g e r  n u m b e r s .  F o r  s im p l ic i ty ,  w e  l e t  a l l  C , = 1 ,  I n  w h i c h  c a s e  th e  

c a p a c i ty  r e d u n d a n c y  ( X s  , ) / ( I w , .  ) , is  th e  d e s ig n  e f f ic ie n c y  m e a s u r e .

U s in g  th is  a lg o r i th m , th e  p r o b le m  is  s o lv e d  a s  f o l lo w s .  L e t  P  . b e  a  b in a r y  m a t r i x  o f  S 

r o w s ,  r e p r e s e n t in g  s p a n s ,  b y  k ,. c o lu m n s  e a c h  r e p r e s e n t i n g  a  d i s t i n c t  p a th ,  n o t  

e x c e e d in g  h o p - l i m i t  H , b e tw e e n  th e  e n d  n o d e s  o f  s p a n  i, e x c lu d in g  s p a n  i i ts e l f ,  k , is  

th e  n u m b e r  o f  e l ig ib le  d i s t in c t  ( n o t  d i s jo in t )  p a th s  f o r  r e s t o r a t i o n  o f  f a i l e d  s p a n  i. I n  th is  

p r o je c t  th e  K S P  a lg o r i th m  is  e m p lo y e d  to  d e te r m in e  f e a s ib le  p a th s .  C o lu m n s  o f  P j a re  

s o r te d  le f t  to  r i g h t  i n  o r d e r  o f  in c r e a s in g  w e ig h t  (e .g . ,  l e n g th  in  h o p s ) .  L e t  a ( w , k )  b e  

a  v e c to r  o f  th e  m o s t - n e a r ly - e q u a l  a s s ig n m e n t  o f  th e  r e q u i r e d  r e s t o r a t i o n  f l o w  f o r  s p a n  i 

o v e r  th e  r o u te s ,  w i th  p la c e m e n t  o f  th e  e x c e s s  a l lo c a t i o n  (d u e  to  w h o le  n u m b e r  

e f f e c ts )  o n  th e  lo w e r  n u m b e r e d  p a th s . F o r  e x a m p le  a ( 1 0 ,  3 )  =  (4 , 3 , 3 ) ,  a ( l  1 , 3 )  =  (4 ,  4 ,

3 ) ,  e tc . S o  th e  f o l lo w in g  f o r m u la t io n  is  o b ta in e d .

S (G , w )  =  r o w m a x [ ( P i . a T(w ; , k i ) ) ,  ( P 2 . aJ (w 2, k 2) ) , .... ( P s . a T(w,. k s) ) ] sxs (7 ) ,

is  a  s u f f ic ie n t  ( i .e . f u l ly  r e s to r a b le )  a n d  r e a s o n a b ly  e f f ic ie n t  S C P  s o lu t io n .  R o w m a x  

t a k e s  th e  r o w - w is e  m a x im u m  o f  m a t r ix  e le m e n ts .  T h e  id e a  is  a s  fo l lo w s :  e a c h  p r o d u c t  

P  i . a T()  y i e ld s  a  v e c t o r  o f  th e  s p a r e  c h a n n e l s  q u a n t i t i e s  r e q u i r e d  o n  o th e r  s p a n s  to  

r e s to r e  s p a n  i ,  a s  i f  th e  s p a n  i w a s  th e  o n ly  f a i lu r e  to  c o n s id e r .  A n  S x  S m a t r i x  is  

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

s p a n  o v e r  a l l  r e s to r a t io n  p a th s e ts  in  w h ic h  i t  p a r t i c ip a te s .  T h e  p r in c ip le  i s  th a t  f o r  a n y  

s p a n  j  th e r e  w i l l  a lw a y s  b e  s o m e  o th e r  s p a n  i  w h ic h  w i l l  r e q u i r e  m o r e  s p a r e  c a p a c i ty  o n  

s p a n  /  th a n  a n y  o th e r  s p a n  fo r  r e a l i s a t io n  o f  th e  r e q u i r e d  p a th s e ts .  W h e n  th i s  i s  t ru e ,  w e  

s a y  th a t  s p a n  i is  th e  f o r c e r  o f  s p a n  j .  S e v e r a l  s p a n  m a y  e q u a l ly  f o r c e  a n o th e r  s p a n ,  so  

th e  f o r c e r  r e la t io n s h ip s  a r e  in  g e n e r a l  m a n y  t o  o n e .

E q u a t io n .  7  e x p r e s s e s  a  s im p le  p r in c ip le  th r o u g h  w h ic h  a d e q u a te  a n d  r e a s o n a b ly  

e f f ic ie n t  S C P  s o lu t io n s  c a n  b e  o b ta in e d  c o m p a r e d  to  u s in g  IP . B y  i ts  n a tu r e ,  s  w i l l  

a lw a y s  y i e ld  a  f u l ly  r e s to r a b le  n e tw o rk  b u t  in  g e n e r a l  w i th  e x c e s s  s p a r e  c a p a c i ty .  S om e  

l in e s  o f  r e a s o n in g  s u g g e s t ,  h o w e v e r ,  th a t  th is  p r in c ip le  s h o u ld  b e  r e a s o n a b ly  e f f ic ie n t :  

F i r s t ,  w h e r e  a l l  f o r c e r  r e la t io n s h ip s  a r e  1 :1 , th e  h e u r i s t i c  a lg o r i th m  w o u ld  e q u a l  th e  IP  i f
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th e  f lo w  a s s ig n m e n ts  to  ro u te s  a re  a ls o  th e  s a m e . S e c o n d ly ,  in  a  f u l ly  c o n n e c te d  g r a p h  

w i th  a l l  w  e q u a l ,  IP  a n d , r e s u l ts  o f  th e  h e u r i s t i c  a lg o r i th m  w o u ld  a g a in  b e  id e n t ic a l .

H e r b e r g  e t  a l  [1 6 ] th e r e f o r e  te s te d  a  p r o c e d u r e  w h ic h  e a c h  s p a n  in  tu r n  is  c o n s id e r e d  a  

f a i lu r e  s p a n , o b s e r v e s  th e  s p a r e  c h a n n e ls  r e q u i r e d  b y  th e  le v e l l in g  f lo w  a s s ig n m e n t  to  

r o u te s  a n d  la t c h e s  th e  m a x im u m  s p a r e  c h a n n e ls  o n  e a c h  s p a n  a s  o th e r  s p a n s  a r e  a l lo w e d  

to  f o r c e  th e  n e tw o r k  s p a r e  c h a n n e ls .  H o w e v e r ,  w h i le  E q u a t io n  7  i s  a n  e x p r e s s io n  o f  th e  

b a s ic  m a x - la t c h in g  c o n c e p t .  W h e r e  e a c h  s p a n  f o r c e s  th e  o th e r s  in  i s o la t io n ,  a  p r a c t i c a l  

im p r o v e m e n t  is  to  a l lo w  s p a n s  to  f o r c e  th e  n e tw o r k  in  s e q u e n c e  a n d  l e t  th e  f lo w  

a s s ig n m e n t  s ta g e  f o r  th e  c u r r e n t  s p a n  f i r s t  e x p lo i t  th e  s p a r e s  a l r e a d y  f o r c e d  b y  p r io r  

s p a n s . W h i le  th is  im p r o v e s  th e  a lg o r i th m  d e s ig n s ,  i t  i n t r o d u c e s  d e p e n d e n c y  o n  th e  o r d e r  

o f  s p a n  s e le c t io n .  S e v e ra l  o r d e r in g  p r in c ip le s  h a v e  b e e n  in v e s t ig a te d  in  d e p th  i n  [1 8 ] . A  

s im p le  o r d e r in g  is  b y  d e c r e a s in g  w , / k , , th e  id e a  b e in g  to  le t  s p a n s  w i th  th e  la r g e s t  

w o rk in g  f lo w s  r e la t iv e  to  th e  n u m b e r  o f  r e s t o r a t i o n  r o u te s  g o  f i r s t  a s  th e y  te n d  to  b e  

s t r o n g  fo rc e r s .  S u b s e q u e n t ly  s p a n s  w i l l  f in d  th e i r  r e s to r a b i l i ty  p a r t ly  o r  w h o l ly  s a t i s f i e d  

b y  r o u t i n g  f i r s t  to  ta k e  a d v a n ta g e  o f  th e  a l r e a d y  f o r c e d  s p a r e s .  O n ly  th e  f lo w s  

r e q u i r e m e n t  th a t  is  u n r o u ta b le  th r o u g h  th e  c u r r e n t  s ta te  o f  th e  s (. m a x im u m s ,  is  

s u b je c te d  to  th e  f lo w  a s s ig n m e n t  fu n c t io n  a ( )  a n d  is  a l lo w e d  to  fu r th e r  f o r c e  th e  n e tw o r k  

s p a r e  c h a n n e ls .  R M  a lg o r i th m  is  u s e d  to  f in d  a l l  f e a s ib le  ro u te s  b e tw e e n  a  g iv e n  p a i r  o f  

n o d e s  ( i.e . th e  e n d p o in ts  o f  a  f a i le d  s p a n ) .  A  p s e u d o - c o d e  o f  th e  a lg o r i th m  is  p r e s e n te d  

in  F ig u r e  4 .5 .

•  A  B in a r y  m a t r ix  o f  a  g iv e n  n e tw o r k  to p o lo g y  w h e r e  a  ,y is  th e  e n t r y  ( / , / )  o f

th e  m a t r ix  A .

•  P  B in a r y  m a t r ix  w h e r e  P  . is  a  b in a r y  m a t r ix  o f  S  r o w s ,  r e p r e s e n t in g

s p a n s ,  b y  k , c o lu m n s  e a c h  r e p r e s e n t in g  a  d i s t in c t  r o u te ,  n o t  e x c e e d in g  H  h o p s .

•  W  M a t r ix  s to r in g  th e  n u m b e r  o f  w o r k in g  c h a n n e ls  w h e r e  w ,y is  th e  n u m b e r

o f  w o r k in g  c h a n n e ls  o n  th e  s p a n  ( i j ) .

•  F  M a t r ix  s to r in g  th e  n u m b e r  o f  f e a s ib le  ro u te s  f o r  th e  s p e c i f i e d  s p a n  f a i lu r e

w h e r e  k  y is  th e  n u m b e r  o f  f e a s ib le  p a th s  b e tw e e n  th e  d i s r u p te d  s p a n  ( i j ) .

•  S M a t r ix  s to r in g  th e  n u m b e r  o f  s p a r e  c h a n n e ls  f o r  a l l  p o s s ib l e  n e tw o rk

fa i lu re s .

•  S S  N u m b e r  o f  s p a n s .

•  N  N u m b e r  o f  n o d e s
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H H o p s - l im i t  f o r  fe a s ib le  p a th s

In itia liza t io n :

I n i t i a l i s e  S  b y  s e t t in g  a l l  e n t r ie s  o f  S  to  0 .

P r o c e d u r e :

W h i le  ( a l l  s p a n s  in  th e  n e tw o rk )

{

C o m p a r in g  w (j I f tJ a n d  r a n k  s p a n s  in  th e  o r d e r  o f  d e c r e a s in g  w y  / f j .

}

F o r  ( a l l  s p a n s  in  th e  n e tw o rk  a n d  a s s u m e  th e y  f a i l  i n  th e  o r d e r  o f  d e c r e a s i n g

W U /f i i - )

{

U s in g  th e  ( F P A s )  a lg o r i th m  d e s c r ib e d  in  C h a p te r  

3 to  f in d  a l l  f e a s ib le  p a th s  ( k (. )  in  o r d e r  to  o b t a in  a (w , k ) .  A n d  th e n

c a lc u la te  P  . . a ( w . k  . ) .

}

W h i le  (  a l l  s p a n s  in  a  n e tw o rk )

{

S sp an (y ) =  r o w m a x [ ( P j . a T( w i ,k i ) ) ,  (P 2 . a T(w 2, k 2) ) , .... ( P s . a T( w Sj

ks))]sxs

}

F ig u r e  4 .5  P s c u d o - c o d e  f o r  m a x - la t c h in g  A lg o r i th m

4 .4 .1  T im e  C o m p le x i t y  o f  t h e  m a x - la t c h in g  A lg o r i t h m

C o m p le x i ty  a n a ly s is  i n  [1 8 ] s h o w s  th a t  th e  a lg o r i th m  p r o c e d u r e ,  ( c o d e d  a s  d e s c r ib e d ,  

n o t  w i th  th e  m a t r i x  o p e r a t io n s  o f  E q n . l )  i s  th e o r e t i c a l ly  0 ( S  lo g  S )  in  i ts  d e p e n d e n c e  o n  

n e tw o rk  s iz e .  T h is  r e f le c ts  th e  s u c c e s s io n  o f  ( i )  f in d in g  e a c h  s p a n s ’ h o p  l im i te d  e l ig ib le

p a th - s e t ,  (9 (S ), ( i i )  s o r t in g  s p a n s  in  d e c r e a s in g  w . /k  . (<9(S l o g  S )  w i th  a  h e a p - s o r t )  a n d

( i i i )  a l lo w in g  e a c h  s p a n  to  a c t  a s  a  f o r c e r  o f  o th e r  s p a n s ,  a ls o  0 ( S ). T h e s e  s te p s  a re  

c o n s e c u t iv e  n o  n e s te d  s o  th e  th e o r e t i c a l  c o m p le x i ty  is  0 ( S  l o g  S ) . H o w e v e r ,  th e  

c o e f f ic ie n ts  in  th e  0 ( S )  te r m s  h e a v i ly  d o m in a te  e x e c u t io n  t im e  a s  th e  s o r t  is  v e r y  fa s t .  

I n  c o n t r a s t ,  f in d in g  a l l  e l ig ib le  r o u te s  u p  to  h o p  le n g th  H  is  0 ( H  d ,!) in  a  n e tw o r k  o f  

e f f e c t iv e  a v e r a g e  n o d e  d e g re e  d . B u t  H  a n d  d  a re  n o t  d e p e n d e n t  o n  th e  n e tw o r k  s iz e ;
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th e y  o n ly  e x p r e s s  th e  to p o lo g i c a l  d iv e r s i ty  o f  th e  n e tw o r k  g r a p h  a n d  th e  l e n g th  l i m i t  f o r  

re s to r a t io n .

4 .5  A  N e w  H e u r is t ic  A lg o r ith m  fo r  th e  S C P  p ro b le m  w ith  

S te p w is e  L in k  C o s t  F u n c t io n

4 .5 .1  T h e  P ro b le m  o f  th e  E x is tin g  S C P  a lg o r ith m

B o th  IP  b a s e d  S C P  a lg o r i th m  a n d  th e  h e u r i s t i c  a lg o r i th m  d e s c r ib e d  a b o v e  w a s  

d e v e lo p e d  w i th  th e  a s s u m p t io n  th a t  th e  l in k  c o s t  fu n c t io n  i s  l in e a r  i n  c a p a c i ty .  I n  

E q u a t io n  1, C  is  th e  c o s t  o f  o n e  c a p a c i ty  u n i t ,  i .e .  S T S -3 ,  o n  th e  s p a n  j ,  th a t  is , th e  c o s t

o f  th e  s p a n  is  p r o p o r t io n a l  to  th e  n u m b e r  o f  c h a n n e l s  i t  c a r r ie s  o n  a s  d e s c r ib e d  F ig u r e  

4 .1 (b ) .  W h i le  th e  c o s t  o f  s e t t in g  th e  s p a n , i.e . d ig g in g  f o r  o p t i c  f ib r e  s e t t in g ,  a n d  o th e r  

r e le v a n t  e q u ip m e n t ,  i .e . D C S , i s  c o n s id e r e d  th e  l in k  c o s t  fu n c t i o n  is  l ik e  th a t  d e s c r ib e d  

in  F ig u r e  4 .1 ( c ) .  S o  th e  e q u a t i o n  (1 )  c a n  b e  h e ld  i f  a n d  o n ly  i f  C  . i s  c o n s t a n t  w h e r e  C  J

m a y  n o t  b e  th e  s a m e  f o r  d i f f e r e n t  s p a n s  in  th e  n e tw o rk .  T h e r e f o r e ,  th e  e q u a t i o n  (1 )  c a n  

b e  u s e d  to  o b t a in  th e  m in im a l  c o s t  o f  th e  s u r v iv a b le  n e tw o r k  w h i le  th e  c o n d i t i o n  o f  

l in e a r  l in k  c o s t  fu n c t io n  is  h e ld .

In  a d d i t io n ,  th e  m a x - la t c h in g  a p p r o a c h  w a s  d e v e lo p e d  b a s e d  o n  th e  a s s u m p t i o n  th a t  th e  

l in k  c o s t  fu n c t io n  is  a ls o  l in e a r  in  c a p a c i ty .  I f  th is  a s s u m p t io n  is  n o t  v a l id ,  th e  m in im u m  

a m o u n t  o f  s p a r e  c a p a c i t ie s  in  th e  n e tw o r k  m a y  n o t  b e  c o in c id e n t  w i th  th e  m in im u m  c o s t  

o f  th e  n e tw o rk .  S a y , th e r e  a r e  tw o  n e tw o r k  s t r a te g ie s  a s  d e s c r ib e d  in  F ig u r e  4 .6  ( a )  a n d  

(b ) ,  th e  c a p a c i ty  f  in  th e  n e tw o rk  1 i s  g r e a te r  th a n  th e  c a p a c i t y i n  th e  n e tw o rk 2 .  In  

n e tw o rk  2 , th e  c a p a c i t y ^  is  d iv id e d  in  tw o ,  i .e . f%\ a n d  j '22 w h e r e / 2 1  +  f i i  =  f i -  T h e  / 2 1  

a n d  f i 2  a r e  p l a c e d  in  tw o  d i s t in c t  p a th s  r e s p e c t iv e ly  a s  i l lu s t r a te d  in F ig u r e  4 .6 (b )  

w h e r e a s  th e  f  i n  th e  n e tw o rk  1 is  p la c e d  in  o n e  p a th  in  F ig u r e  4 .6  (a ) .

71



(a )  N e tw o r k  1 S t r a te g y

D  D e s t in a t io n  f  f i  N e tw o r k  T r a f f ic

(b )  N e tw o r k  2  S t r a te g y  

F ig u r e  4 .6  Tw o N e tw o r k  S tr a te g ie s

F ig u r e  4 .7  S te p w is e  L in k  C o s t  F u n c t io n

F o r  s im p l ic i ty ,  w e  a s s u m e  th a t  th e  l i n k  c o s t  fu n c t io n s  o f  a l l  s p a n s  in  tw o  n e tw o rk s  a re  

th e  s a m e  a s  d e s c r ib e d  in  F ig u r e  4 .7 ,  w h e r e  Q  >  C 2 . H e n c e ,  i t  is  e a s y  to  k n o w  th e  c o s t  o f  

n e tw o r k  2  w i th  c a p a c i ty  f \  is  C 2  + C i  w h e r e a s  th e  c o s t  o f  n e tw o r k  2  w i th  c a p a c i ty  / 2 1  a n d  

f n  is  C i + C i .  C i  + C i  is  g r e a te r  th a n  C i + C 2 , s o  th e  c o s t  o f  n e tw o r k  1 w i th  c a p a c i ty  f \  is  

lo w e r  th a n  th a t  o f  n e tw o rk  2  w i th  c a p a c i ty  f 2 a l th o u g h  th e  c a p a c i ty  f \  in  n e tw o r k  1 is  

g r e a te r  th a n  th e  c a p a c i t y ^  in  n e tw o rk  2 . H e n c e ,  th e  m a jo r  p r o c e d u r e  in  m a x - l a t c h in g  

a lg o r i th m  th a t  m in im iz e s  th e  a m o u n t  o f  s p a r e  c a p a c i t ie s  r e q u i r e d  to  m in im i z e  th e  c o s t  

o f  s u r v iv a b le  n e tw o r k  d o e s  n o t  w o r k  p r o p e r ly  in  c a s e  th e  l in k  c o s t  fu n c t i o n  w i th  i ts  

c a p a c i ty  is  s te p w is e .

I n  o r d e r  to  a d d r e s s  th e  p r o b le m ,  a  n e w  h e u r i s t i c  a lg o r i th m  n a m e d  S te p w is e  C a p a c i ty  

H e u r i s t i c  a lg o r i th m  (S C H )  i s  p r o p o s e d  h e re .  B e f o r e  w e  s ta r t  t o  i l lu s t r a te  th e  S C H  

a lg o r i th m  th e  A d d i t io n  M in im u m  I n c r e m e n t  (A M I)  a lg o r i th m  w i l l  b e  in t r o d u c e d
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b e c a u s e  th e  S C H  a lg o r i th m  w a s  d e v e lo p e d  b a s e d  o n  th e  F P A s  d e s c r ib e d  in  C h a p te r  3 

a n d  th e  A M I  a lg o r i th m .

4 .5 .2  A d d it io n  M in im u m  In c re m e n t  a lg o r ith m  (A M I)

F in d in g  “ s u i t a b le ”  p a th s  to  p la c e  th e  s p a r e  c a p a c i ty  f o r  r e s t o r i n g  th e  f a i l e d  t r a f f ic  

m in im is in g  th e  n e tw o rk  c o s t  is  a  c r u c ia l  i s s u e  f o r  s u r v iv a b le  n e tw o r k  d e s ig n ,  th e  te r m  

“ s u i t a b le ”  is  c h a r a c te r i s e d  a s  a  p a th  o n  w h ic h  p la c in g  s p a r e  c a p a c i ty  r e q u i r e d  r e s u l t s  in  

th e  m in im u m  n e tw o r k  c o s t .  T h e r e  h a v e  b e e n  m a n y  w o r k s  o n  a d d r e s s in g  th e  is s u e

[1 3 ] [3 9 ] .  T h e  m o s t  p o p u la r  a lg o r i th m  p r o p o s e d  in  1 9 5 9  is  D i j k s t r a ’s a lg o r i th m  th a t  is  

u s e d  to  f in d  th e  s h o r te s t  p a th  in  d i s t a n c e  b e tw e e n  a  g iv e n  p a i r  o f  n o d e s .  I n  C h a p te r  3 , 

D i jk s t r a ’s a lg o r i th m  w a s  a p p l ie d  in  th e  K S P  a lg o r i th m  to  f i n d  th e  K  s h o r te s t  p a th s .  

S in c e  th e  le n g th  o f  th e  p a th s  c o n t r ib u te s  s ig n i f ic a n t ly  to  th e i r  c o s t ,  th e  s h o r te s t  p a th  is  

a lw a y s  c o in c id e n t  w i th  th e  m in im u m  p a th  c o s t  in  c a s e  th e  l in k  c o s t  fu n c t i o n  o f  a  

n e tw o r k  is  a p p r o x im a te ly  l in e a r  a n d  c o n c a v e  i n  c a p a c i ty  [3 1 ] . B u t ,  in  c a s e  th e  l in k  c o s t  

fu n c t io n  i s  s te p w is e  in  c a p a c i ty ,  th e  s h o r te s t  p a th  is  n o  lo n g e r  c o in c i d e n t  w i th  th e  

m in im u m  c o s t  p a th .  W e  p r o p o s e  a  n e w  a lg o r i th m , A M I  (A d d i t i o n  M in im u m  

In c r e m e n t ) ,  to  f i n d  a  p a th  o n  w h ic h  to  p la c e  th e  s p e c i f ie d  a m o u n t  o f  s p a r e  c a p a c i t i e s  

w i th  th e  m in im u m  c o s t  in c r e m e n t .

T h e  b a s ic  id e a  o f  th e  A M I  a lg o r i th m  is  b a s e d  o n  th e  D i jk s t r a ’s a lg o r i th m . W e  a s s u m e  

th e  A M I  p a th  w i l l  b e  s e a r c h e d  f o r  b e tw e e n  n o d e  s  a n d  d  w i th  th e  s p e c i f ie d  a m o u n t  o f  

c a p a c i ty  c  sd . W e  s ta r t  b y  g iv in g  a  p e r m a n e n t  la b e l  0  to  th e  s o u r c e  n o d e  b e c a u s e  

c a p a c i ty  b e tw e e n  s  a n d  i t s e l f  i s  a lw a y s  z e ro . A ll  o th e r  n o d e s  g e t  l a b e l le d  o o , 

te m p o r a r i ly ,  b e c a u s e  th e y  h a v e  n o t  b e e n  r e a c h e d  y e t .  T h e n  w e  la b e l  e a c h  im m e d ia te  

s u c c e s s o r  i o f  s o u r c e  s ,  w i th  te m p o r a r y  la b e l  e q u a l  to  th e  l in k  c o s t  in c r e m e n t  a f te r  

p la c in g  c a p a c i ty  c  sd o n  l in k  (s, i) . I t  is  o b v io u s  th a t  n o d e  m in  w i th  s m a l le s t  te m p o r a r y  

la b e l  a m o n g  th e s e  im m e d ia te  s u c c e s s o r s  is  th e  n o d e  w h e r e  th e r e  i s  th e  m in im a l  

in c r e m e n t  o f  l in k  c o s t  i f  c  sd is  p l a c e d  o n  th e  l in k  (s , m in ) .  S in c e  a l l  l a b e l s  o f  s 

im m e d ia te  s u c c e s s o r s  i is  n o n n e g a t i v e ,  th e r e  c a n  b e  n o  s m a l le r  la b e l  th a n  o n e  o f  m in  

f r o m  ,v to  i. T h e r e f o r e  w e  m a k e  th e  la b e l  o f  m in  p e r m a n e n t .  N e x t ,  w e  f in d  a l l  im m e d ia te  

s u c c e s s o r s  o f  n o d e  m in ,  a n d  s h o r te n  th e i r  te m p o r a r y  la b e l s  i f  th e  la b e l  f r o m  s  t o  a n y  o f  

th e m  is  s m a l le r  th a n  b y  g o in g  th r o u g h  m in  ( th a n  i t  w a s  w i th o u t  g o in g  th r o u g h  m in ) .  

N o w , f r o m  a m o n g  a l l  te m p o r a r i ly  n o d e s  w e  p ic k  th e  o n e  w i th  th e  s m a l l e s t  l a b e l ,  s a y  

n o d e  y ,  a n d  m a k e  i ts  la b e l  p e r m a n e n t .  T h e  n o d e  y  is  th e  s e c o n d  s m a l le r  la b e l  n o d e  f r o m  

s . T h u s ,  a t  e a c h  i te ra t io n ,  w e  r e d u c e  th e  v a lu e s  o f  te m p o r a r y  la b e l s  w h e n e v e r  p o s s ib le
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( b y  s e le c t in g  th e  m o s t  r e c e n t  p e r m a n e n t l y  l a b e l le d  n o d e ) ,  th e n  s e l e c t  th e  n o d e  w i th  

s m a l le s t  te m p o r a r y  la b e l  a n d  m a k e  i t  p e r m a n e n t .  W e  c o n t in u e  in  th i s  f a s h io n  u n t i l  th e  

t a r g e t  n o d e  d  g e ts  p e r m a n e n t l y  la b e l le d .  I n  o r d e r  to  d i s t i n g u i s h  th e  p e r m a n e n t l y  l a b e l le d  

n o d e s  f r o m  th e  te m p o r a r i ly  l a b e l le d  o n e s .  W e  w i l l  k e e p  a  B o o le a n  a r r a y  State o f  o r d e r  

n . W h e n  th e  z'th n o d e  b e c o m e s  p e r m a n e n t l y  la b e l le d ,  th e  z th e l e m e n t  o f  th is  a r r a y  

c h a n g e d  f r o m  f a ls e  to  t ru e . A n o th e r  a r ra y , D ,  o f  o r d e r  n  w i l l  b e  u s e d  t o  s to re  l a b e l s  o f  

n o d e s .  A  v a r i a b le  r e c e n t  w i l l  b e  u s e d  to  k e e p  t r a c k  o f  m o s t  r e c e n t  n o d e  to  b e  

p e r m a n e n t l y  la b e l le d .  I n  F ig u r e  4 .8 ,  a  p s e u d o - c o d e  o f  th e  A M I  a lg o r i th m  to  f i n d  th e  

m in im a l  c o s t  i n c r e m e n t  p a th  to  p la c e  th e  d e m a n d  le f t  u n a s s ig n e d  is  p r e s e n te d :

V a r ia b le s  u s e d  in  th e  a lg o r i th m  a re  g iv e n  b e lo w :

•  A  B in a r y  a d ja c e n c y  m a t r ix  s to r in g  th e  n e tw o r k  to p o lo g y  w h e r e  i f  th e  s p a n

e x is ts  b e tw e e n  n o d e  p a i r  (z, j ) ,  s e t  th e  e n t r y  a , . , o f  th e  m a t r i x  A  to  1, o th e r w is e ,  0.

•  C  C a p a c i ty  m a t r ix  s to r in g  th e  n u m b e r  o f  w o r k in g  c a p a c i ty ,  w h e r e  th e  e n t r y

c . o f  m a t r ix  C  is  th e  n u m b e r  o f  w o r k in g  c a p a c i ty  o n  th e  s p a n  (i, j).

•  s  S o u r c e  n o d e .

•  d  D e s t in a t io n  n o d e .

•  State A rra y  o f  th e  t y p e  B o o le a n ,  w h e n  n o d e  i i s  to  b e  p e r m a n e n t l y  la b e l le d ,

th e  e n t r y  State[i\ o f  th e  State is  t ru e ,  o th e r w is e ,  f a ls e .

•  R e c e n t  T h e  m o s t  re c e n t  n o d e  p e r m a n e n t l y  la b e l le d

•  P  P r e d e c e s s o r  a r r a y ,  w h e r e  th e  e le m e n ts  P [z ']o f  a r r a y  P  s to re  th e

p r e d e c e s s o r  n o d e  ID  o f  n o d e  i, f o r  e x a m p le ,  P  [ R e c e n t]  is  p r e d e c e s s o r  o f  n o d e  

R e c e n t .

•  I N F  U p p e r  b o u n d  o f  th e  a m o u n t  o f  c a p a c i t ie s  c a r r i e d  o n  a n  o p t i c  f ib r e .

•  D [z] M in im a l  s u m  o f  th e  c o s t  in c r e m e n t  o f  s p a n s  r e s u l t i n g  f r o m  p la c i n g  th e

s p e c i f i e d  a m o u n t  o f  c a p a c i ty  o n  th e  s p a n s  f r o m  z to  s o u r c e  s ,  m e a s u r e d  s o  fa r .

•  F ( C , z) O p t ic  f ib r e  s p a n  s te p w is e  c o s t  fu n c t io n  w i th  c a p a c i ty  C  c a r r i e d  o n  th e

s p a n  z. F o r  s im p l ic i ty ,  w e  a s s u m e  th e  s p a n  c o s t  fu n c t io n  o f  a l l  s p a n s  in  th e  n e tw o r k  

is  th e  s a m e , so  th e  f u n c t io n  F ( C ,  z) c a n  b e  s im p l i f ie d  t o  th e  f u n c t i o n  F ( C ) .  I t  i s  w o r th  

n o t in g  th a t  th e  a s s u m p t io n  o f  th e  s a m e  s p a n  c o s t  fu n c t io n  i s  n o t  n e c e s s a r y  f o r  th e  

A M I  a lg o r i th m .

•  E  A rra y  to  s to re  a l l  n o d e s  to  h a v e  b e e n  p e r m a n e n t l y  l a b e le d  m e a s u r e d  so

fa r .

In it ia liza t io n :
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W h ile  (  f o r  a l l  n o d e s  in  a  g iv e n  n e tw o r k )

{

State[i] = f a ls e  

P [ / ]  =  - l  

D [z] =  oo

}

=  0  

R e c e n t  =  s  

E  =  { 4

P ro ced u r e :

State[s\ =  t ru e  

D  [s] =  0

W h ile  ( i f  th e r e  s t i l l  a re  n o d e s  th a t  d o  n o t  b e lo n g  to  E  o r  R e c e n t  n o d e  is  d i s c o n n e c te d  

f ro m  th e  o th e r  p a r t  o f  th e  n e tw o r k  o r  S t a t e [ d \  !=  t r u e  )

{

W h ile  (  f o r  a ll n o d e s  i  , th e  im m e d ia te  s u c c e s s o r s  o f  th e  n o d e  R e c e n t , w h ic h  

h a v e  b e e n  n o t  l a b e l le d  p e r m a n e n t ly  a n d  u p d a te  D [ /] )

{

T e m p C  =  c  v rf +  c  RcccillJ 

C o s t  =  F ( T e m p C )  -  F ( c R£CW), , )  

i f  (C o s t  <  D [ /] )

{

D [ /]  = C o s t  

P [ /]  =  R e c e n t

}

}

F o r  ( A ll im m e d ia te  s u c c e s s o r s  i  o f  th e  n o d e  R e c e n t )

{

F in d  th e  n o d e  w i th  th e  s m a l le s t  v a lu e  a m o n g  D [ / ] ,  s a y  _y 

State\}> ]  =  t ru e  

R e c e n t  =  y  

E  =  { R e c e n t}

}

}
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F ig u r e  4 .8  A d d i t io n  M in im a l  I n c r e m e n t  A lg o r i th m

N o te  th a t  th e  a r r a y  P [ ]  k e e p  t r a c k  o f  th e  im m e d ia te  p r e d e c e s s o r  o f  a  n o d e  in  th e  A M I  

p a th  f r o m  n o d e  s to  d . A t  th e  e n d  o f  th e  e x e c u t io n ,  th e  A M I  p a th  c o s t  f o r  th e  a m o u n t  o f  

th e  d i s r u p te d  c a p a c i t ie s ,  c  s d , is  g iv e n  b y  D ( d ) .  T h e  a c tu a l  p a th  c a n  b e  o b t a i n e d  b y

t r a c in g  b a c k w a r d  th e  p r e d e c e s s o r s  o f  th e  n o d e s  in  th e  P  a r r a y  f r o m  n o d e  d  to  s. T h a t  is  

th e  s e q u e n c e  o f  n o d e s

5 , P ( P [ . . . ] ) , ..., P (P [c (]) , P M ,  d ,

is  a n  A M I  p a th  f r o m  s  to  d . I n  c a s e  th e r e  is  n o  p a th  f r o m  s  to  d  i n  a  g iv e n  n e tw o rk ,  D[<f] 

w i l l  r e m a in  o o . T h is  c o n d i t io n  w i l l  o c c u r  i f  a n d  o n ly  i f  a t  s o m e  p o i n t  a l l  th e  te m p o r a r i ly  

l a b e le d  n o d e s  o f  th e  p o in t  h a v e  o o  la b e l .  U p o n  d e te c t in g  th is  c o n d i t io n ,  w e  m u s t  e x i t  

f r o m  th e  o u te r  lo o p  in  th e  “ w h i l e ”  lo o p  s te p  a n d  s to p .

4 .5 .3  S te p w is e  C o s t  H e u r is tic  (S C H ) a lg o r ith m  o n  S C P  P ro b le m s  w ith  

S te p w is e  L in k  C o s t  F u n c tio n

T h e  S C H  is  d e v e lo p e d  b a s e d  o n  th e  F P A s  a n d  th e  A M I  a lg o r i th m . I n  n e tw o rk s  th e r e  a re  

a lw a y s  s o m e  s p a r e  c a p a c i t ie s  in  th e  s p a n s  o f  th e  n e tw o r k  r e s u l t i n g  f r o m  s te p w is e  c o s t  

fu n c t io n  ( e x p la in e d  b e lo w ) .  T h e  is s u e  is  h o w  to  u t i l i z e  th e s e  s p a r e  c a p a c i t i e s ?  T h e  S C H  

a lg o r i th m  u s e s  a  m a x im u m  f lo w  a lg o r i th m , th e  F o r d - F u lk e r s o n ’s a lg o r i th m , t o  f in d  th e  

m a x im a l  a m o u n t  o f  fe a s ib le  s p a r e  p a th s  c o n s is t in g  o f  th e s e  s p a r e  c a p a c i t ie s  to  r e - r o u te  

th e  d i s r u p te d  t r a f f ic  a t  th e  e v e n t  o f  n e tw o r k  fa i lu r e .  T h e  A M I  a lg o r i th m  is  th e n  u s e d  to  

d e te r m in e  th e  A M I  p a th  f o r  th e  d i s r u p te d  t r a f f i c  le f t  th a t  is  n o t  r e r o u te d  to  m in im iz e  th e  

n e tw o r k  d e s ig n  c o s t .

•  S p a r e  C a p a c i t y  r e s u l t in g  f r o m  t h e  S t e p w i s e  C o s t  F u n c t io n

I n  a  g i v e n  n e tw o r k  G (V , E )  w h e r e  V  is  d e n o te d  a  s e t  o f  n o d e s  a n d  E  a  s e t  o f  s p a n s  o f  

th e  n e tw o r k  G , w e  d e f in e  tw o  m a t r i c e s  C  a n d  R  s to r in g  th e  a m o u n t  o f  w o rk in g  c h a n n e ls  

a n d  th e  m a x im a l  c a p a c i ty  o n  e a c h  o p t i c - f ib e r  c a b le  r e s p e c t iv e ly .  S in c e  th e  l in k  c o s t

fu n c t io n  is  s te p w is e  in  c a p a c i ty ,  th e  e n t r y  R  (. . o f  m a t r ix  R ,  s to r in g  th e  n u m b e r  o f

c h a n n e ls  o n  s p a n  (i, j ) ,  is  a lw a y s  le s s  th a n  o r  e q u a l  to  th e  e n t r y  C u  o f  m a t r ix  C , s to r in g

th e  m a x im a l  c a p a c i ty  o n  s p a n  ( i,  j ) ,  a s  e x p la in e d  in  F ig u r e  4 .9 .  I n  F ig u r e  4 .9 ,  th e r e  is  a  

S T S - 9  s p a n  w h e r e  7  S T S - I s  a re  th e  w o r k in g  c h a n n e ls  a n d  2  e x t r a  S T S -1  c h a n n e ls .
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  W o r k in g  C h a n n e ls   S p a r e  C h a n n e ls

F ig u r e  4 .9  S t ru c tu r e  o f  S p a n s

I n  p r a c t i c e ,  7  S T S -1  c a p a c i t ie s  a re  a c t iv e  to  t r a n s f o r m  th e  n e tw o r k  s e r v ic e s ,  b u t  w e  h a v e  

to  in s ta l l  9  S T S -1  ( i .e . S T S -9 )  s p a n  f o r  th is  p u r p o s e  b e c a u s e  S T S - 9  s p a n s  a r e  o n ly  

a v a i la b le  in  m a r k e ts .  T h e r e f o r e ,  tw o  S T S -2  c h a n n e ls  in  th e  S T S - 9  a r e  in s t a l le d  b u t  id le .  

I t  is  o b v io u s  th a t  u s in g  th e s e  e x t r a  c h a n n e ls  w o u ld  n o t  r e s u l t  in  a n y  m o r e  c o s t  o f  

n e tw o rk s .

I n  c a s e  n o  S C P  a lg o r i th m  is  a p p l ie d  to  p la c e  s p a r e  c a p a c i ty  in  th e  n e tw o rk ,  2  e x t r a  

c h a n n e ls  c a n  s t i l l  b e  u s e d  to  r e a c h  s o m e  le v e l  o f  n e tw o r k  s u r v iv a b i l i ty  b e c a u s e  th e  

f a i l e d  t r a f f ic  a t  th e  e v e n t  o f  n e tw o r k  f a i lu r e  c a n  b e  r e - r o u te d  th r o u g h  th e s e  e x t r a  

c h a n n e ls .  T h e  S C H  a lg o r i th m  c a n  e f f e c t iv e ly  t a k e  th e  a d v a n t a g e  o f  th e s e  e x t r a  c h a n n e ls  

to  r e s to r e  th e  p a r t  o f  th e  d is r u p te d  t r a f f ic .  S in c e  th e  g r a n u la r i ty  o f  c a p a c i ty  o f  n e tw o r k  

l in k s ,  a s  d e s c r ib e d  in  F ig u r e  4 .9 ,  r e s u l ts  in  th e s e  e x t r a  c h a n n e ls  in  a  n e tw o rk ,  u s in g  

th e s e  e x t r a  c h a n n e ls  in  th is  m a n n e r  w il l  n o t  i n c u r  a n y  e x t r a  n e tw o r k  d e s ig n  c o s t .  T h e  

S C H  a lg o r i th m  c a n  b e  im p le m e n te d  a s  fo l lo w s .  T h e  a lg o r i th m  o n ly  c o n s id e r s  s in g le  

s p a n  f a i lu r e ;

•  D e s c r ip t i o n  o f  t h e  S t e p w i s e  C o s t  H e u r i s t i c  ( S C H )  a lg o r i t h m

T h e  a lg o r i th m  o n ly  c o n s id e r s  s in g le  s p a n  f a i lu r e  -  th e  a lg o r i th m  g e n e r a te s  a  n e tw o r k

d e s ig n  w h ic h  is  r e s i l i e n t  to  a  s in g le  s p a n  f a i lu r e ;  th e  n e tw o r k  d e s ig n  w i l l  n o t  b e  r e s i l i e n t

to  m u l t ip l e  s p a n  fa i lu r e s .  F i r s t ,  to  a v o id  r e a c h in g  lo c a l  o p t im a l  s o lu t io n  to  th e  S C P

p r o b le m , w e  ta k e  a  s p a n  in  tu r n  a s  f a i l e d  in  a  r a n d o m  o r d e r  ( t a k e  o n e  a t  a  t im e ) .  S e c o n d ,

d e te r m in e  a l l  d e m a n d  p a i r s  a f f e c te d  b y  th e  s p a n  f a i lu r e  a n d  r e le a s e  a l l  a f f e c te d  w o r k in g

p a th s  th r o u g h  th e  f a i l e d  s p a n  w h ic h  c a n  b e  p u t  in to  th e  p o o l  o f  e x t r a  c h a n n e ls  a n d  m a k e

th o s e  a v a i la b le  to  th e  r e s t o r a t i o n  p r o c e s s .  T h i r d ,  th e  F o r d - F u lk e r s o n ’s a lg o r i th m  is

a p p l ie d  to  o b t a in  th e  m a x im u m  n u m b e r  o f  e x t r a  p a th s ,  c o n s i s t in g  o f  e x t r a  c h a n n e ls ,

b e tw e e n  e a c h  p a i r  o f  a f f e c te d  d e m a n d  in  tu r n .  I n  c a s e  th e  n u m b e r  o f  e x t r a  p a th s  is

g r e a te r  th a n  o r  e q u a l  to  th e  a f f e c te d  p a th s ,  o n ly  th e  a c tu a l  n u m b e r  o f  th e  e x t r a  p a th s  is
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la b e le d  te m p o r a r i ly  a s  th e  o c c u p ie d  p a th s  th a t  w i l l  n o  lo n g e r  b e  a v a i l a b le  f o r  th e  o th e r  

d e m a n d  p a i r s  a f f e c te d  b y  th e  s a m e  s p a n  f a i lu r e .  I n  c a s e  th e  n u m b e r  o f  th e  e x t r a  p a th s  

o b t a in e d  b y  th e  F o r d - F u lk e r s o n ’s a lg o r i th m  is  le s s  th a n  th e  a f f e c te d  p a th s ,  a l l  e x t r a  

p a th s  f o u n d  is  l a b e le d  te m p o r a r i ly  a s  th e  o c c u p ie d  p a th s .  F o u r th ,  th e  A M I  a lg o r i th m  

w i l l  b e  e m p lo y e d  to  f in d  a n  A M I  p a th  to  p l a c e  th e  s a m e  th e  n u m b e r  o f  s p a r e  p a th s  a s  

th e  a f f e c te d  p a th s  le f t  u n s a v e d  in  o r d e r  to  r e c o v e r  th e m  w i th  th e  m in im a l  c o s t  

in c r e m e n t .  A n d  th e n  th e  n e w ly  p la c e d  s p a r e  c a p a c i t ie s  a r e  l a b e le d  te m p o r a r i ly  a s  th e  

o c c u p ie d  p a th s  a n d  u p d a te  th e  e x t r a  c h a n n e ls  a v a i l a b le  b y  th e  s te p w is e  l i n k  c o s t  

fu n c t io n .  W h e n  a l l  a f f e c te d  d e m a n d  p a i r s  b y  th e  s p a n  f a i lu r e  is  e x a m in e d  a l l  

te m p o r a r i ly  o c c u p ie d  p a th s  w i l l  b e  c o n v e r te d  to  th e  e x t r a  p a th s  a v a i l a b le  f o r  o th e r  s p a n  

f a i lu r e  in  th e  n e tw o rk ;  R e p e a t  th e  a b o v e  p r o c e d u r e  in  th e  f a s h io n  u n t i l  a l l  s p a n s  in  th e  

n e tw o r k  a re  e x a m in e d .  T o  m a k e  th e  a b o v e  d e s c r ip t i o n  c le a r e r ,  a  p s e u d o - c o d e  o f  th e  

S C H  a lg o r i th m  is  g iv e n  b e lo w .

G iv e n :

•  A  N e tw o r k  b in a r y  a d ja c e n t  m a tr ix .

•  C  N e tw o r k  c a p a c i ty  m a t r ix  f o r  l i n k  c a p a c i ty

•  R  N e tw o r k  c a p a c i ty  m a t r ix  f o r  a c tu a l  w o r k in g  c a p a c i ty

•  L C  N u m b e r  o f  w o r k in g  p a th s  le f t  u n - r e s to r e d  a f te r  u s in g  th e  F o r d -

F u l k e r s o n ’s a lg o r i th m

•  T O  A  m a tr ix ,  w h e r e  i ts  e n t r y  T O  f/ s to r ie s  th e  n u m b e r  o f  e x t r a  c h a n n e ls

a v a i la b le  s o  f a r  o n  th e  s p a n  (i, j ) .

P r o c e d u r e :

W h iI e (A l l  s p a n s  in  a  n e tw o rk )

{

(1 )  R a n d o m ly  c h o o s e  o n e  s p a n  f a i le d  w h ic h  s ta r ts  f r o m  n o d e  i  a n d  te r m in a te s  a t  

n o d e  j ,  a n d  th e n  r e m o v e  i t  b y  s e t t in g  a i; to  z e ro .

(2 )  D e te r m in e  a l l  d e m a n d  p a i r s  a f f e c te d  b y  th e  s in g le  s p a n  f a i lu r e  a n d  th e  

c o r r e s p o n d in g  a m o u n t  o f  w o rk in g  p a th s  f a i le d .

(3 )  R e le a s e  th e  n e tw o r k  c a p a c i t ie s  o c c u p ie d  b y  th e  w o r k in g  p a th s  f a i l e d  a t  th e  

e v e n t  o f  th e  s p a n  f a i lu r e  a n d  m a k e s  th o s e  a v a i l a b le  t o  f o l lo w in g  r e s t o r a t i o n  

p ro c e s s .

W h i l e  (A ll  d e m a n d  p a i r s  a f f e c te d )

{
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( a )  U s in g  th e  F o r d - F u lk e r s o n ’s a lg o r i th m  to  f in d  th e  m a x im u m  n u m b e r  o f  th e  

e x t r a  p a th s  b e tw e e n  d e m a n d  p a i r  (i, j ) .

(b )  I f  th e  n u m b e r  o f  e x t r a  p a th s  is  g r e a te r  th a n  o r  e q u a l  to  th e  w o r k in g  p a th s  

f a i l e d  b e tw e e n  th e  d e m a n d  p a i r  (i, j )  a n d  th e n  u p d a te  th e  m a t r i x  T O  b y  

s u b t r a c t i n g  th e  a c tu a l ly  u s e d  e x t r a  c h a n n e ls ,  m a k in g  u p  th e  e x t r a  p a th s  

fo u n d ,  f r o m  th e  s p a n s  w h ic h  th e s e  e x t r a  p a th s  p a s s  th r o u g h .  A n d  th e n  g o  to  

th e  e n d  o f  th e  “ w h i l e ”  lo o p ,  o th e r w is e  g o  to  s te p  (c ) .

(c )  U s e  th e  A M I  a lg o r i th m  to  f in d  th e  A M I  p a th  o n  w h ic h  to  p la c e  th e  f a i l e d  

w o r k in g  p a th s  le f t  u n s a v e d  ( i .e . L C ) ,  a n d  u p d a te  th e  m a t r ix  C  a n d  T O  b y  

u s in g  th e  s te p w is e  l i n k  c o s t  fu n c t io n .

}

(4 )  U p d a te  th e  m a t r ix  T O  b y  s u b t r a c t in g  m a t r ix  R  b y  m a t r ix  C .

}

F ig u r e  4 .1 0  P s e u d o - c o d e  o f  th e  S te p w is e  C o s t  H e u r i s t i c  ( S C H )  a lg o r i th m

T h e  v e r s io n  o f  th e  S C H  a lg o r i th m  d e s c r ib e d  a b o v e  is  o f  p a th  r e s to r a t io n ,  b u t  i t  c a n  a ls o  

w o r k  f o r  s p a n  r e s to r a t io n  w i th  a  s m a l l  m o d i f ic a t io n .  F o r  s p a n  r e s t o r a t i o n  th e r e  is  o n ly  

o n e  d e m a n d  p a i r  a f f e c te d  w h e n  a  s p a n  f a i l s  in  a  n e tw o rk ,  i .e . th e  d e m a n d  o n  th e  f a i l e d  

s p a n , s o  th e  s te p  (2 )  o f  th e  f i r s t  “w h i le ”  lo o p  in  F ig u r e  4 .1 1  c a n  i s  s im p l i f i e d  a s  fo l lo w s :

(2  )  D e te r m in e  th e  a m o u n t  o f  d e m a n d  in  th e  f a i l e d  s p a n .

S o , i t  c a n  b e  s e e n  th a t  th e  v e r s io n  o f  th e  S C H  a lg o r i th m  f o r  s p a n  r e s t o r a t i o n  is  a  s p e c ia l  

c a s e  f o r  p a th  r e s to r a t io n .

L ik e  I P  b a s e d  S C P  a lg o r i th m  th e  S C H  a lg o r i th m  a ls o  t a k e s  s tu b  r e le a s e  in to  a c c o u n t  in  

o r d e r  to  m in im iz e  th e  a m o u n t  o f  s p a r e  c a p a c i ty  re q u i r e d .
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C h a p t e r  5  R e s u l t s  a n d  C om p a r is o n

5.1  In t ro d u c t io n

I n  c h a p te r  4 , th r e e  S C P  a lg o r i th m s , i.e . th e  IP  b a s e d  S C P  a lg o r i th m , th e  m a x - l a t c h in g  

a lg o r i th m  a n d  th e  S C H  a lg o r i th m , h a v e  b e e n  i l lu s t r a te d .  I n  th i s  s e c t io n  th e  r e s u l t s  w i th  

r e g a r d  to  e x e c u t io n  t im e  a n d  n e tw o rk  c o s t  f r o m  th e  th r e e  S C P  a lg o r i th m s  w i l l  b e

p r e s e n te d

H e re ,  th e  S C H  a lg o r i th m  a n d  th e  IP  b a s e d  S C P  a lg o r i th m  c a n  b e  a p p l ie d  to  b o th  th e  

p a th  r e s to r a t io n  d e s ig n  a n d  s p a n  r e s to r a t io n  d e s ig n .  B u t  th e y  a re  o n ly  im p le m e n te d  f o r  

s p a n  r e s to r a t io n  in  th is  c h a p te r  b e c a u s e  th e y  w i l l  b e  c o m p a r e d  w i th  th e  m a x - l a t c h  

a lg o r i th m , a n  o n ly  s p a n  r e s to r a t io n  a lg o r i th m .

W e  w i l l  a p p ly  th e  a b o v e  th r e e  S C P  a lg o r i th m s  o v e r  10  te s t  n e tw o rk s  d e s c r ib e d  in  

s e c t io n  5 .2  w i th  4  d i f f e r e n t  s c e n a r io s  o f  l in k  c o s t  fu n c t io n  in t r o d u c e d  in  s e c t io n  5 .3 .  T h e  

r e s u l ts ,  p r e s e n te d  in  s e c t io n  5 .4 , h e lp  u s  to  f ig u r e  o u t  th e  p e r f o r m a n c e s  o f  th e s e  th r e e  

S C P  a lg o r i th m s  in  te r m s  o f  e x e c u t io n  t im e  a n d  n e tw o r k  c o s t  r e q u i r e d  b y  a  s in g le  

n e tw o r k  s p a n  f a i lu r e  s c e n a r io ,  a n d  e f f e c t  o f  th e  d i f f e r e n t  l i n k  c o s t  s c e n a r io s  o n  th e  

n e tw o rk  c o s t  o b ta in e d  b y  th r e e  S C P  a lg o r i th m s .

5 .2  T e s t  N e tw o rk s

T e n  n e tw o rk s  a re  u s e d  a s  th e  te s t  n e tw o rk s  in  th is  c h a p te r .  T h r e e  o f  th e m ,  i.e . th e  te s t  

n e tw o rk s  1, 7  a n d  2 , w i th  th e i r  a s s o c ia te d  d e m a n d  m a t r ic e s ,  d e t a i l e d  in  E r r o r !  

R e f e r e n c e  s o u r c e  n o t  f o u n d . ,  E r r o r !  R e f e r e n c e  s o u r c e  n o t  f o u n d ,  a n d  E r r o r !  

R e f e r e n c e  s o u r c e  n o t  f o u n d ,  o f  th e  A p p e n d ix  A , h a v e  b e e n  u s e d  in  C h a p te r  3 . F ig u r e

5 .1  s h o w s  th e  a r c h i te c tu r e  o f  th e  te s t  n e tw o r k  6  th a t  m a n y  l i te r a tu r e s  [ 1 2 ] [  1 4 ] [  1 5 ][2 0 ] 

a d o p te d  to  te s t  th e i r  S C P  a lg o r i th m s , w h e r e  th e  n u m b e r s  n e x t  to  th e  n e tw o r k  l in k s  

r e p r e s e n t  th e i r  w o r k in g  c a p a c i t ie s .  T h e  r e s t  o f  te s t  n e tw o rk s  a re  g e n e r a te d  in  r a n d o m , 

th e  n u m b e r  o f  n o d e s  o f  th e s e  te s t  n e tw o rk s  r a n g e s  f r o m  8 to  4 0 . T a b le  5 .1  s h o w s  th e  

d e t a i l e d  i n f o r m a t io n  o f  th e s e  te s t  n e tw o rk s ,

N o . o f  N o d e s N o d e s  o f  S p a n s N e tw o r k  W o r k in g  C a p a c i t y

N e tw o r k  1 8 1 6 1 3 6

N e tw o r k  2 9 17 1 5 3

N e tw o r k  3 9 19 8 1 3

N e tw o r k  4 1 0 21 9 2 0
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N e tw o r k  5 11 2 3 1 2 5 2

N e tw o r k  6 16 2 8 3 9 7

N e tw o r k  7 2 0 4 4 2 1 5 8

N e tw o r k  8 19 5 2 2 0 7 8

N e tw o r k  9 31 97 4 3 2 4

N e tw o r k  10 3 9 1 2 8 6 2 1 0

T a b le  5 .1  T h e  I n f o r m a t io n  o f  te n  T e s t  N e tw o r k s

F ig u r e  5 .1  T e s t  N e tw o r k  6  A r c h i te c tu r e

5 .3  S te p w is e  L in k  C o s t  F u n c t io n  S c e n a r io s

T h e  c h a p te r  4  in t r o d u c e d  f iv e  ty p e s  o f  l i n k  c o s t  fu n c t io n ,  i.e . l in e a r  c o s t  fu n c t io n ,  l in e a r  

c o s t  w i th  f ix e d  c o s t ,  c o n c a v e  l in k  c o s t  fu n c t io n ,  c o n c a v e  l in k  c o s t  fu n c t io n  w i th  f ix e d  

c o s t ,  s te p w is e  l in k  c o s t  fu n c t io n .  A s  d e s c r ib e d  a b o v e ,  o p t ic  f ib e r s  c a r r y in g  th e  s p e c i f ic  

a m o u n t  o f  c a p a c i ty  a re  o n ly  a v a i la b le  in  m o d e r n  m a r k e ts ,  s o  s te p w is e  l i n k  c o s t  fu n c t io n  

m o s t  re f le c ts  th e  r e a l i ty .  H e n c e ,  w e  h a v e  d e s ig n e d  f o u r  l i n k  c o s t  s c e n a r io s  w h e r e  th e  

l in k  c o s t  fu n c t io n  is  s te p w is e  in  c a p a c i ty  d e s c r ib e d  in  F ig u r e  5 .2  a n d  T a b le  5 .2 . T h e  f o u r  

s te p w is e  l in k s  c o s t  fu n c t io n s  a re  b a s e d  o n  th e  S O N E T  n e tw o r k  s ig n a l  h ie r a r c h y ,  f o r  

e x a m p le ,  S T S -1  a n d  S T S -3 ,  a s  d e s c r ib e d  in  C h a p te r  2 .  W h e n  th e  c a p a c i ty  r e q u i r e d  is  

b ig g e r  th a n  th e  m a x im u m  c a p a c i ty  th a t  c a n  b e  c a r r ie d  b y  a  s in g le  l i n k  a v a i l a b le  in  th e
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m a r k e ts .  T o  s o lv e  th is  p r o b le m , s e v e r a l  o p t i c  f ib r e s  a r e  p l a c e d  in  p a r a l l e l .  I n  o u r  c a s e ,  

th e  m a x im u m  c a p a c i ty  i n  a  s in g le  o p t ic  f ib r e  is  S T S - 4 8 .  I n  th is  p r o je c t ,  w e  b i n d  s e v e r a l  

S T S -1 2 ,  S T T - 1 8 ,  S T S -2 4  a n d  S T S -4 8  o p t ic  f ib r e s  w i th  a  S T S -4 8  l in k  t o g e th e r  to  o b t a in  

m o r e  th a n  S T S -4 8  c a p a c i ty  s p a n  r e s p e c t iv e ly  a s  d e s c r ib e d  in  F ig u r e  5 .2  (a )  th r o u g h  (d )  

a n d  T a b le  5 .2 .

(a )  L i n k  C o s t  F u n c t i o n  1

(c )  L i n k  C o s t  F u n c t i o n  3
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(d )  L in k  C o s t  F u n c t i o n  4  

F ig u r e  5 .2  F o u r  L in k  C o s t  F u n c t io n  S c e n a r io s

C o st F u n c tio n  1 C o s t F u n c tio n  2 C o s t F u n c tio n  3 C o s t F u n c tio n 4

C a p ac ity

(S T S -N )

C o s t C a pa city

(S T S -N )

C o s t C a p a c ity

(S T S -N )

C o s t C ap a c ity

(S T S -N )

C o s t

1 1 1 1 1 1 1 1

3 2 3 2 3 2 3 2

9 8 9 8 9 8 9 8

12 11 12 11 12 11 1 2 11

18 16 18 1 6 18 16 18 16

3 6 3 0 3 6 3 0 3 6 3 0 3 6 3 0

4 8 3 9 4 8 3 9 4 8 3 9 4 8 3 9

6 0 5 0 6 6 5 5 8 4 7 5 9 6 7 8

7 2 61 8 4 8 5 1 2 0 1 0 5 1 4 4 1 1 7

8 4 6 9 1 0 2 101 1 5 6 1 3 5 1 9 2 1 5 9

9 6 7 8 1 2 0 1 1 7 1 9 2 1 6 5

1 0 8 8 9 1 3 8 1 3 3

1 2 0 1 0 0 1 5 6 1 4 9

1 32 111 1 7 4 1 6 5

1 4 4 1 2 2 1 9 2 181

1 5 6 1 3 3

1 6 8 1 4 4

1 8 0 1 5 5

1 9 2 1 6 6

T a b le  5 .2  F o u r  S c e n a r io s  o f  L i n k  C o s t  F u n c t io n

T h e  l in k  c o s t  f u n c t io n  1 in  F ig u r e  5 .2 (a )  h a s  t h e  s m a l le s t  c a p a c i ty  “j u m p ”  a m o n g  f o u r  

l i n k  c o s t  f u n c t io n  s c e n a r io s  w h e r e a s  th e  l i n k  c o s t  f u n c t io n  4  in  F ig u r e  5 .2 (d )  h a s  th e  

l a r g e s t  c a p a c i ty  “j u m p ” . I n  o th e r  w o r d s ,  th e  l in k  c o s t  f u n c t io n  1 i s  t h e  c lo s e s t  to  l in e a r  

c o m p a r e d  w i th  th e  o th e r s ,  so  th e  I P  b a s e d  S C P  a lg o r i th m  is  e x p e c te d  to  g e t  th e  c lo s e s t  

s o lu t io n  to  th e  o p t im a l  o n e  to  S C P  p r o b le m s  w h e n  th e  l i n k  c o s t  f u n c t io n  1 i s  e m p lo y e d .
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I n  s e c t io n  5 .4 .1 ,  w e  w i l l  c o n c lu d e  th e  p e r f o r m a n c e  o f  th r e e  S C P  a lg o r i th m s  w i th  f o u r  

l in k  c o s t  fu n c t io n s  s c e n a r io s .

5 .4  S p a r e  C a p a c ity  P la c e m e n t  T e s t  R e s u lts

I t  is  im p o r t a n t  to  b e  c le a r  o n  w h a t  w e  a re  lo o k in g  f o r  f r o m  o u r  r e s u l ts .  T h e  f o l lo w in g  

tw o  c r i te r ia  a re  c o n s id e r e d  m o s t  im p o r t a n t  i n  e v a lu a t in g  th e  S C P  a lg o r i th m s .

(i)  C o s t ;  o u r  o b je c t iv e  f u n c t io n  is  a  r e p r e s e n t a t io n  o f  m o n e t a r y  c o s t  a n d  th i s  m u s t  b e  

m in im iz e d .

( i i )  S p e e d ;  a s  c o m p u t a t io n  t im e  i s  l im i te d ,  th e  le n g th  o f  t im e  i s  v e r y  im p o r t a n t  f o r  th e  

a p p l ic a t io n  o f  th e  S C P  a lg o r i th m s  o v e r  la r g e - s c a le  n e tw o rk s .

I n  th e  f o l lo w in g  s e c t io n ,  th r e e  S C P  a lg o r i th m s  w i l l  b e  a p p l ie d  o v e r  te n  te s t  n e tw o rk s ,  

d e s c r ib e d  a b o v e ,  to  o b t a in  th e i r  e x e c u t io n  t im e  a n d  to ta l  c o s t  w h i le  th e  s u r v iv a b i l i t y  is  

s e t  to  100  % . T h e  e f f e c t  o f  d i f f e r e n t  l i n k  c o s t  fu n c t io n s  o n  th e  t o t a l  n e tw o r k  c o s t  f o r  

e a c h  S C P  a lg o r i th m  is  a ls o  in v e s t ig a te d .  T o  e n s u r e  th e  c o m p a r i s o n  is  v a l id ,  a l l  S C P  

a lg o r i th m s  a re  p e r f o r m e d  o n  th e  s a m e  m a c h in e ,  i.e .  a  c o m p u te r  w i th  P e n t i u m  p r o c e s s o r  

o p e r a t in g  1 8 0 M h z .

5 .4 .1  C o m p a r is o n  o f  t im e  c o m p le x it ie s  a m o n g  th re e  S C P  a lg o r ith m s

I n  th is  s e c t io n ,  w e  a r e  in te r e s te d  in  s e e in g  th e  p e r f o r m a n c e  o f  th r e e  S C P  a lg o r i th m s  in  

te r m s  o f  e x e c u t io n  t im e .  T a b le  5 .3  g iv e s  th e  r e s u l ts .  N o te  th a t  th e  s u m  o f  th e  n u m b e r s  o f  

n e tw o r k  n o d e s  a n d  s p a n s  r e p r e s e n ts  th e  s iz e  o f  th e  te s t  n e tw o rk s .

T e s t

N e tw o r k s

N e tw o r k  

S iz e  (N o d e s  

+  S p a n s )

E x e c u t io n  T im e  (s e c )

S C H  A lg o r i th m M a x - la t c h in g

A lg o r i th m

IP  b a s e d  S C P  a lg o r i th m

N e tw o r k  1 24 0 .2 5 0 .4 3 5 8

N e tw o r k  2 26 0 .2 0 .5 2 5 6 8 4

N e tw o r k  3 28 0 .2 0 .5 5 1 0 2 8

N e tw o r k  4 31 0 .2 0 .6 2 5 2 3 0 1

N e tw o r k  5 3 4 0 .2 0 .5 2 5 4 5 4 3

N e tw o r k  6 4 4 0 .2 5 0 .7 7 5 unco m p leted

N e tw o r k  7 64 0 .3 1 .3 2 5 unco m p leted

N e tw o r k  8 71 0 .2 2 .0 5 uncom pleted

N e tw o r k  9 128 0 .6 5 .7 2 5 unco m p leted

N e tw o r k  10 205 0 .8 7 .5 7 5 unco m p leted
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T a b le  5 .3  E x e c u t io n  t im e  o f  th r e e  S C P  a lg o r i th m s  o v e r  te n  te s t  n e tw o rk s  

O b s e r v a t io n s :

( i )  T h e  S C H  a lg o r i th m  is  b y  f a r  th e  f a s te s t  in  a l l  c a s e s ,  a n d  i ts  e x e c u t i o n  t im e  

in c r e a s e s  v e r y  s lo w ly  w h i le  th e  n e tw o r k  s iz e  in c r e a s e s .

( i i )  T h e  I P  b a s e d  S C P  a lg o r i th m  h a s  th e  lo n g e s t  e x e c u t io n  t im e  a m o n g  th e  th r e e  

S C P  a lg o r i th m s ,  a n d  th e  t im e  ta k e n  is  i n c r e a s in g  e x p o n e n t i a l ly  w h e n  th e  

n e tw o r k  s iz e  in c r e a s e s ,  e v e n  w o r s e ,  th e  a lg o r i th m  c a n  n o t  b e  c o m p le te d  w h e n  

th e  n e tw o r k  s iz e  is  o v e r  4 4 .

F ig u r e  5 .3  d is p la y s  a  c o m p a r i s o n  o f  th r e e  S C P  a lg o r i th m s  w i th  r e s p e c t  to  th e i r  

e x e c u t io n  t im e .  I n  F ig u r e  5 .3  ( a )  d is p la y s  a  c o m p a r i s o n  o f  h o w  m u c h  t im e  is  t a k e n  b y  

th e  S C P  a lg o r i th m  w i th  th o s e  b y  th e  IP  b a s e d  S C P  a lg o r i th m  a n d  th e  m a x - l a t c h in g  

a lg o r i th m  o v e r  te n  te s t  n e tw o rk s .  I n  F ig u r e  5 .3  (b ) ,  a  c o m p a r i s o n  o f  e x e c u t io n  t im e s  

t a k e n  b y  th e  S C H  a lg o r i th m  a n d  th e  m a x - la t c h in g  a lg o r i th m  is  g iv e n .

T h e  e x e c u t io n  t im e ,  t a k e n  b y  th e  IP  b a s e d  a lg o r i th m , is  th e  lo n g e s t  c o m p a r e d  w i th  th o s e  

t a k e n  b y  th e  m a x - la t c h in g  a lg o r i th m  a n d  th e  S C H  a lg o r i th m  d u e  to  i ts  h i g h e s t  t im e  

c o m p le x i ty .  T h e  t im e  c o m p le x i ty  o f  t h i s  a lg o r i th m  is  o f  t h e  o r d e r  O  ( 2 s*s*d -1 )  [8 ] , 

w h e r e  s * s * d ,  s a n d  d  a re  th e  n u m b e r  o f  th e  v a r ia b le s  in  th e  S C P  f o r m u la t io n ,  g iv e n  in  

F ig u r e  4 .2 ,  th e  n u m b e r  o f  s p a n s  a n d  th e  n e tw o r k  c o n n e c t iv i ty  r e s p e c t iv e ly ,  a n d  th e  

e x e c u t io n  t im e  ta k e n  b y  th e  IP  b a s e d  S C P  a lg o r i th m  in c r e a s e s  d r a m a t i c a l ly  w h e n  th e  

n e tw o r k  s iz e  in c r e a s e s .  S o  th e  I P  b a s e d  a lg o r i th m  is  n o t  s u i t a b le  to  d e a l  w i th  t h e  la r g e -  

s c a le  n e tw o r k ,  w h e r e a s  th e  S C H  a lg o r i th m  a n d  t h e  m a x - la tc h in g  a lg o r i th m  c a n  w o r k  

e f f e c t iv e ly  f o r  th is  c a s e .
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(a )  E x e c u t io n  T im e  o f  th r e e  S C P  a lg o r i th m s

(b )  E x e c u t io n  T im e  o f  S C H  A lg o r i th m  a n d  M a x - L a t c h in g  a lg o r i th m  

F ig u r e  5 .3  E x e c u t io n  T im e  o f  th r e e  S C P  A lg o r i th m s  o v e r  te n  T e s t  N e tw o rk s

5 .4 .2  P e r fo rm a n c e  o f  th re e  S C P  A lg o r ith m s  in te rm s  o f  to ta l N e tw o rk  

C o s t  S a v in g s

In  th is  s e c t io n ,  w e  w is h  to  e x a m in e  th e  p e r f o r m a n c e  o f  th r e e  S C P  a lg o r i th m s  in  te r m s  o f  

n e tw o rk  c o s t .  H e r e ,  w e  c o n s id e r  th e  r e s u l ts  f r o m  th e  S C H  a lg o r i th m  a s  th e  r e f e r e n c e ,  i ts  

r e la t iv e  n e tw o r k  c o s t  s a v in g s  ( p e r c e n ta g e )  w i th  th e  o th e r  tw o  S C P  a lg o r i th m s  c a n  b e  

d e r iv e d  f r o m  th e  f o l lo w in g  e q u a t io n .

N e tw o r k  c o s t  s a v in g s  =  ( ( C ip (o r C h ) - C r ) / C r ),

86



W h e r e  C r , C jp a n d  C /( r e p r e s e n t  th e  n e tw o r k  c o s ts  f r o m  th e  S C H  a lg o r i th m , th e  IP  

b a s e d  S C P  a lg o r i th m  a n d  th e  m a x - la t c h in g  a lg o r i th m  r e s p e c t iv e ly .

A s  m e n t io n e d  in  C h a p te r  4 ,  th e  I P  b a s e d  S C P  a lg o r i th m  a n d  th e  m a x - l a t c h in g  a lg o r i th m  

c a n  o n ly  w o r k  o n  th e  S C P  p r o b le m  w i th  th e  l in e a r  c o s t  fu n c t io n  s c e n a r io .  T o  m a k e  i t  

v a l id  c o m p a r in g  th e  n e tw o rk  c o s t  C  f r o m  th e  S C H  a lg o r i th m  w i th  th e  n e tw o r k  c o s ts ,  

i.e . C  a n d  C  h f r o m  th e  o th e r  tw o  S C P  a lg o r i th m s ,  th e  C . p a n d  C  h m u s t  b e  r e c a lc u la te d  

b a s e d  o n  th e  s te p w is e  l in k  c o s t  fu n c t io n  s c e n a r io .  T h e  f o l lo w in g  r e a s o n s  m a k e  th e  

r e c a lc u la t io n  r e a s o n a b le :

1 ) A ll  th r e e  S C P  a lg o r i th m s  a r e  a p p l ie d  to  d e te r m in e  th e  n u m b e r  o f  s p a r e  c a p a c i t y  a n d  

th e i r  l a y o u t  re q u i r e d  f o r  th e  s a m e  le v e l  o f  n e tw o rk  s u r v iv a b i l i ty ,  s a y , 1 0 0 %  n e tw o r k  

s u rv iv a b i l i ty .

2 )  T h e  r e s u l ts  f r o m  th e  IP  b a s e d  a lg o r i th m  a n d  th e  m a x - la t c h in g  a lg o r i th m  a re  

in d e p e n d e n t  f r o m  th e  l in e a r  c o s t  C  . p e r  s p a n  c h a n n e l ,  g iv e n  in  F ig u r e  4 .2  a n d  

s e c t io n  4 .4 .1 .

T a b le  5 .4  d is p la y s  th e  f o l lo w in g  re s u l ts :

1) C o s ts  f o r  1 0 0 %  n e tw o rk  s u r v iv a b i l i ty  f r o m  th e  th r e e  S C P  a lg o r i th m s  o v e r  te n  te s t  

n e tw o rk s .  T h e  c o s t  f o r  e a c h  S C P  a lg o r i th m  is  th e  a v e r a g e  c o s t  o v e r  f o u r  s te p w is e  

l i n k  c o s t  fu n c t i o n  s c e n a r io s .

2 )  T h e  r e la t iv e  c o s t  s a v in g  ( p e r c e n t a g e )  o f  th e  S C H  a lg o r i th m  c o m p a r e d  w i th  th o s e  o f  

th e  o th e r  tw o  S C P  a lg o r i th m s .

C o s t  fr om  

M y 

A lg o r i th m

C o s t  fr om  

m a x - la t c h in g  

A lg o r i th m

R e la t iv e  C o s t  

S a v in g s  

(p e r c e n ta g e )

( C „ ) - C , . ) / C r

C o s t  fr om  

IP  b a s ed  

a lg o r i th m

R e la t iv e  C o s t  

S a v in g s  

( p e r c e n ta g e )

( C l p - C r ) /C . r

N e tw o r k  1 60 93 5 5% 64 6 .7 %

N e tw o r k  2 65 131 1 0 2% 102 5 6 .9%

N e tw o r k  3 461 5 8 8 2 8% 4 4 7 -3 .0 3 %

N e tw o r k  4 4 2 7 63 5 4 8 .7 % 431 0 .9 4 %

N e tw o rk  5 5 9 9 7 0 7 18% 578 -3 .5 %

N e tw o r k  6 148 421 1 7 8 .4% N /A N /A

N e tw o r k  7 7 9 6 13 64 7 1 .4% N /A N /A

N e tw o r k  8 7 0 4 10 8 0 5 3 .5% N /A N /A

N e tw o r k  9 1180 2 2 2 4 1 0 0% N /A N /A

N e tw o r k  10 1675 3 1 0 0 8 5% N /A N /A

T a b le  5 .4  T h e  P e r f o r m a n c e  o f  th r e e  S C P  a lg o r i th m s  in  te r m s  o f  N e tw o r k  C o s t  S a v in g s
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O b s e r v a t io n :

(1 )  T h e  S C H  a lg o r i th m  is  th e  m o s t  e f f e c t iv e  a p p r o a c h  to  s o lv e  th e  S C P  p r o b le m s  in  

te r m s  o f  to ta l  n e tw o rk  c o s t ,  w h e r e  th e  l in k  c o s t  fu n c t i o n  is  s te p w is e  in  c a p a c i ty ,  in  

m o s t  c a s e s .  C o m p a r e d  w i th  th e  m a x - la t c h in g  a lg o r i th m , i ts  r e la t iv e  c o s t  s a v in g s  

r a n g e s  f r o m  1 8 %  to  1 7 8%  (8 0%  o n  a v e r a g e ) .  C o m p a r e d  w i th  th e  IP  b a s e d  S C P  

a lg o r i th m , i ts  r e la t iv e  c o s t  s a v in g s  o f  t h e  S C H  a lg o r i th m  r a n g e s  f r o m  - 3 . 5 %  to  

5 6 .9 %  (1 1 .6 %  o n  a v e r a g e ) .

(2 )  N o  r e s u l t s  f r o m  th e  IP  b a s e d  S C P  a lg o r i th m  a re  a v a i l a b le  w h e n  th e  s iz e  o f  t h e  t e s t  

n e tw o r k s  is  o v e r  4 4  d u e  to  t h e  h i g h  t im e  c o m p le x i ty  o f  th e  a lg o r i th m  (2 N -1 ) ,  w h e r e  

N  is  th e  n u m b e r  o f  th e  v a r ia b le s  o f  th e  f o r m u la t io n  g iv e n  in  F ig u r e  4 .2 .

F r o m  th e  a b o v e  r e s u l t s ,  w e  c o u ld  s e e  t h a t  th e  S C H  a lg o r i th m  p r o d u c e s  th e  b e s t  s o lu t io n  

in  m o s t  c a s e s ,  a s  w e  h a v e  e x p e c te d .  T h e  S C H  a lg o r i th m  is  a  lo c a l  s e a r c h  a lg o r i th m ,  a n d  

m a y b e  r e a c h  h e n c e  a  lo c a l  o p t im a l  r e s u l t ,  b u t  i t  is  d e s ig n e d  to  u t i l i z e  o f  t h e  s p a r e  

c h a n n e l s  r e s u l t in g  f r o m  th e  s te p  c o s t  f u n c t io n  w h ic h  th e  o th e r  tw o  S C P  a lg o r i th m s  d o  

n o t ,  w h ic h  c o v e r s  m o s t  o f  i t s  d is a d v a n ta g e ,  a  lo c a l  s e a r c h .  T h e r e f o r e ,  t h e  S C H  

a lg o r i th m ,  in  g e n e r a l ,  g e ts  th e  b e t t e r  s o lu t io n  th a n  th e  IP  b a s e d  S C P  a lg o r i th m , a  g lo b a l  

s e a r c h  a lg o r i th m . T h e  r e a s o n  w h y  th e  IP  a lg o r i th m  g e ts  t h e  b e t t e r  r e s u l t  t h a n  th e  S C H  

a lg o r i th m  in  s o m e  c a s e s  w i l l  b e  e x p la in e d  in  th e  f o l lo w in g  s e c t io n .

5 .4 .3  E f fe c t  o f  th e  S te p w is e  C o s t  F u n c tio n  S c e n a r io s  on  th e  N e tw o rk  

C o s t

I n  th i s  s e c t io n ,  w e  lo o k  a t  th e  e f f e c t  o f  t h e  d i f f e r e n t  s t e p w is e  c o s t  f u n c t io n  s c e n a r io s  o n  

th e  p e r f o r m a n c e  o f  th r e e  S C P  a lg o r i th m s  in  t e r m s  o f  th e  n e tw o r k  c o s t  a n d  s e e  h o w  

m u c h  b e n e f i t  th e  S C H  a lg o r i th m  c a n  o b ta in  f r o m  th e  f o u r  s t e p w is e  c o s t  f u n c t io n  

s c e n a r io s .  F ig u r e  5 .4  ( a )  t h r o u g h  ( j)  s h o w s  th e  n e tw o r k  c o s t s  f r o m  th r e e  S C P  a lg o r i th m s  

w i th  f o u r  s te p w is e  c o s t  f u n c t io n  s c e n a r io s  o v e r  te n  t e s t  n e tw o r k s .
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( d )  C o s t  f o r  N e tw o r k  4

(e )  C o s t  f o r  N e tw o r k  5
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( f )  C o s t  f o r  N e tw o r k  7
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(g )  C o s t  f o r  N e tw o r k  8

(h )  C o s t  f o r  N e tw o r k  9
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F ig u r e  5 .4  N e tw o r k  C o s t  w i th  F o u r  L i n k  C o s t  S c e n a r io s

I t  is  w o r th  n o t in g  th a t  th e  f o u r  s te p w is e  l i n k  c o s t  s c e n a r io s  is  s o r te d  in  th e  o r d e r  o f  

in c r e a s in g  in  te r m s  o f  c a p a c i ty  “ g a p ” , f o r  e x a m p le ,  th e  f u n c t i o n  1 h a s  S T S - 12  c a p a c i ty  

g a p  w h e r e a s  th e  f u n c t i o n  4  h a s  th e  S T S -4 8  c a p a c i ty .  H e n c e ,  th e  f u n c t io n  1 i s  th e  c lo s e s t  

t o  l in e a r  a m o n g  th e  o th e r  c o s t  fu n c t io n  s c e n a r io s .

O b se rv a tion :

( 1 )  T h e  S C H  a lg o r i th m  a lw a y s  o b ta in s  th e  m in im a l  n e tw o r k  c o s t  c o m p a r e d  w i th  th e  

o th e r  tw o  S C P  a lg o r i th m s  w h e n  th e  s te p w is e  c o s t  f u n c t i o n  3 a n d  4  a r e  a p p l ie d .

( 2 )  C o m p a r e d  w i th  th e  m a x - la t c h in g  a lg o r i th m , th e  S C H  a lg o r i th m  a lw a y s  o b t a in s  th e  

b e t te r  r e s u l ts  f o r  f o u r  s te p w is e  l in k  c o s t  fu n c t i o n  s c e n a r io s .

(3 )  C o m p a r e d  w i th  th e  IP  b a s e d  S C P  a lg o r i th m  th e  I P  b a s e d  S C P  a lg o r i th m  o b t a i n s  th e  

b e t te r  r e s u l ts  th a n  th e  S C H  a lg o r i th m  d o e s  in  th e  te s t  n e tw o r k  3 ,  4  a n d  5 w h e n  th e  

c o s t  fu n c t io n  1 a n d  2  a r e  a p p l ie d .  H o w e v e r ,  th e  c o s t  s a v in g s  ( p e r c e n t a g e )  o f  th e  

S C H  a lg o r i th m  o v e r  th e  I P  b a s e d  S C P  a lg o r i th m  f o r  a l l  c a s e s  s t i l l  r e a c h  1 1 .6 %  o n  

a v e r a g e  g iv e n  in  s e c t io n  5 .4 .2 .

( 4 )  W i th  th e  c a p a c i ty  “ g a p ”  b ig g e r  th e  r e s u l t  f r o m  th e  S C H  a lg o r i th m  b e c o m e  b e t te r  

r e la t iv e ly  c o m p a r e d  w i th  th o s e  f r o m  th e  o th e r  tw o  S C P  a lg o r i th m s ,  i n  o th e r  w o r d s ,  

th e  S C H  a lg o r i th m  c a n  g e t  m o s t  f r o m  th e  s te p w is e  l i n k  c o s t  fu n c t io n  s c e n a r io s .

F r o m  th e  r e s u l ts ,  w e  s e e  th e  S C H  a lg o r i th m  g e t  th e  m o s t  b e n e f i t ,  a s  w e  h a v e  e x p e c te d ,  

w h i le  th e  c a p a c i ty  “ g a p ”  o f  th e  s te p w is e  l i n k  c o s t  fu n c t io n  in c r e a s e s  f r o m  th e  f u n c t i o n  1



to  th e  f u n c t io n  4 . A s  a  w h o le ,  th e  S C H  a lg o r i th m  o b t a in s  th e  b e t te r  r e s u l t s  th a n  th a t  

f r o m  th e  I P  b a s e d  S C P  a lg o r i th m  d o e s  b e c a u s e  th e  S C H  a lg o r i th m  is  d e s ig n e d  to  u t i l i z e  

s p a r e  c h a n n e ls  o n  e a c h  n e tw o rk  s p a n  r e s u l t in g  f r o m  th e  s te p w is e  l i n k  c o s t  fu n c t io n ,  

w h ic h  th e  I P  b a s e d  S C P  a lg o r i th m  is  n o t .  H o w e v e r ,  th e  d i s a d v a n t a g e  o f  th e  S C H  

a lg o r i th m  is  th a t  i t  i s  a  lo c a l  o p t im a l  ( s e a r c h )  a lg o r i th m  w h e r e a s  th e  IP  b a s e d  S C P  

a lg o r i th m  is  a  g lo b a l  o n e ,  a s  a  r e s u l t ,  th e  r e s u l ts  f r o m  th e  I P  b a s e d  S C P  a lg o r i th m  a re  

b e t te r  th a n  th o s e  a r e  f r o m  th e  S C H  a lg o r i th m  in  s o m e  c a s e s .  W h e n  th e  s te p w is e  l in k  

c o s t  fu n c t io n  i s  c lo s e  to  l in e a r ,  th e  s p a r e  c h a n n e ls  o f  n e tw o r k  s p a n s  r e s u l t i n g  f r o m  i t  g e t  

l i t t le ,  so  th e  S C H  a lg o r i th m  lo s e s  i ts  a d v a n ta g e  o f  u s in g  th e  s p a r e  c h a n n e l s  s o  t h a t  th e  

r e s u l t s  f r o m  i t  b e c o m e  w o r s e  t h a n  th a t  f r o m  th e  IP  b a s e d  a lg o r i th m .
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C h a p te r  6  C o n c lu s io n

T h is  c h a p te r  is  c o n c e r n e d  w i th  s u m m a r iz in g  th e  o b s e r v a t io n s  th a t  a r i s e  f r o m  th i s  

r e s e a r c h  w o rk .  F i r s t l y ,  s e c t io n  6 .1  is  c o n c e r n e d  w i th  a  d i s c u s s io n  o f  e x p e r im e n t a l  

re s u l ts .  S e c t io n  6 .2  d is c u s e s  p o s s ib le  d i r e c t io n s  f o r  a p p l ic a t io n s  a n d  f u r th e r  r e s e a r c h .  

F in a l ly ,  s e c t io n  6 .3  s u m s  u p  th e  p r in c ip a l  c o n c lu s io n .

6.1  O v e r a ll  D is c u s s io n  o f  R e s u lts

I n  C h a p te r  3 , f o u r  F e a s ib l e  P a th  A lg o r i th m s  (F P A s )  a lg o r i th m s  h a v e  b e e n  i l lu s t r a te d ,  

i.e . th e  F o r d - F u lk e r s o n ’s a lg o r i th m , th e  d i s jo in t  K S P  a lg o r i th m , th e  n o n - d i s jo in t  K S P  

a lg o r i th m  a n d  th e  M a t r ix  M a x im u m  F lo w  ( M M F )  a lg o r i th m . T h e  F o r d - F u lk e r s o n ’s 

a lg o r i th m  is  th e  b e s t  in  te r m s  o f  to ta l  fe a s ib le  p a th s ,  h o w e v e r ,  i ts  m a jo r  d i s a d v a n t a g e  is  

th a t  i t  c a n  n o t  c o n t r o l  th e  h o p s  o f  th e  f e a s ib le  p a th s .  A s  to  th e  n o n - d i s jo in t  K S P  

a lg o r i th m , i t  c a n  f in d  u p  to  9 8%  o f  th e  f e a s ib le  p a th s  th a t  th e  F o r d - F u l k e r s o n ’s 

a lg o r i th m  d o e s ,  a n d  e a s i ly  c o n t r o l  th e  le n g th  o f  th e  f e a s ib le  p a th s ,  s o  th e  K S P  a lg o r i th m  

is  a  g o o d  a l te r n a t iv e  to  th e  F o r d - F u lk e r s o n ’s a lg o r i th m  in  m a n y  c a s e s .  T h e  M M F  

a lg o r i th m  is  a  n e w ly  p r o p o s e d  F P A s .  I t  h a s  th e  f o l lo w in g  a d v a n ta g e :  1) O b t a in  th e  s a m e  

a m o u n t  o f  th e  f e a s ib le  p a th s  a s  th e  F o r d - F u lk e r s o n ’s a lg o r i th m  d o e s  w h e n  h o p - l im i t  o f  

fe a s ib le  p a th s  is  l a r g e  e n o u g h .  2 )  B e  o f  c o n t r o l  o f  h o p - l im i ts  a s  th e  K S P  a lg o r i th m  is , 

a n d  m o r e o v e r  i t  is  b e l i e v e d  to  ta k e  le s s  e x e c u t io n  t im e  th a n  th e  F o r d - F u lk e r s o n ’s 

a lg o r i th m  d o e s  in  a  v e c t o r - e q u ip p e d  c o m p u te r  a s  d i s c u s s e d  in  C h a p te r  3 .

R e s to r a b i l i t y  te c h n iq u e s  a n d  s u r v iv a b i l i ty  te c h n iq u e s  h a v e  d i f f e r e n t  r e q u i r e m e n t  f o r  th e  

F P A s ,  i.e . r e s to r a b i l i ty  te c h n iq u e s  a re  m o r e  s e n s i t iv e  to  i ts  e x e c u t io n  t im e  to  m e e t  th e  

n e e d  o f  r e a l  t im e  s e r v ic e s  w h e r e a s  s u r v iv a b i l i ty  te c h n iq u e s  is  m o r e  s e n s i t iv e  to  n e tw o r k  

d e s ig n  c o s t  a t  d e s ig n  t im e .

T w o  t y p e s  o f  th e  K S P  a lg o r i th m s  h a v e  b e e n  im p le m e n te d  to  f in d  f e a s ib le  p a th s  in  th is  

p ro je c t :  th e  d i s jo in t  K S P  a lg o r i th m  a n d  th e  n o n - d is jo in t  K S P  a lg o r i th m . T h e  d i s jo in t  

K S P  a lg o r i th m  is  f a s te r  th a n  th e  n o n - d is jo in t  K S P  a lg o r i th m , b u t ,  f i n d  th e  le s s  a c c o u n t  

o f  fe a s ib le  p a th s ,  s o  th e  d is jo in t  K S P  a lg o r i th m  is  a  b e t te r  o p t io n  f o r  r e s to r a b i l i ty  

te c h n iq u e  th a n  th e  n o n - d is jo in t  K S P  a lg o r i th m , b u t  th e  n o n - d i s jo in t  K S P  a lg o r i th m  is  

m o r e  s u i ta b le  f o r  s u r v iv a b i l i ty  te c h n iq u e s  th a n  i ts  c o u n te r p a r t .

O u r  p r im a r y  c o n c e r n s  in  e v a lu a t in g  th e  th r e e  S C P  a lg o r i th m s  a re  n e tw o r k  c o s t  a n d  

e x e c u t io n  t im e .  I n  C h a p te r  4 ,  th r e e  S p a re  C a p a c i ty  P la c e m e n t  ( S C P )  a lg o r i th m s  h a v e



b e e n  in t r o d u c e d ,  i.e . th e  IP  b a s e d  S C P  a lg o r i th m , th e  m a x - la t c h in g  a lg o r i th m  a n d  th e  

S C H  a lg o r i th m .

T h e  b e s t  s o lu t io n  in  te r m s  o f  e x e c u t io n  t im e  is  c o n s i s te n t ly  th e  S C H  a lg o r i th m . T h e  

e x e c u t io n  t im e  o f  th e  IP  b a s e d  S C P  a lg o r i th m  is  l o n g e s t  a m o n g  th e  th r e e  S C P  

a lg o r i th m s  a n d  in c r e a s e s  d r a m a t ic a l ly  w h e n  th e  s iz e  o f  n e tw o r k s  in c r e a s e s  d u e  t o  its  

h ig h e r  t im e  c o m p le x i ty  0 ( 2 s*s*d), w h e r e  s a n d  d  a re  th e  n u m b e r  o f  n e tw o r k  s p a n s  a n d  

c o n n e c t iv i ty ,  s o  th e  IP  b a s e d  S C P  a lg o r i th m  is  n o t  s u i ta b le  to  d e s ig n  l a r g e - s c a le  

s u r v iv a b le  n e tw o r k s .  T h e  m a x - la tc h in g  a lg o r i th m  a n d  th e  S C H  a lg o r i th m  a re  th e  lo c a l  

s e a r c h  a lg o r i th m s ,  th e r e f o r e ,  th e y  h a v e  m u c h  le s s  t im e  c o m p le x i ty  t h a n  t h e  I P  b a s e d  

S C P  a lg o r i th m . B o th  th e  S C H  a lg o r i th m  a n d  m a x - la tc h in g  a lg o r i th m  c a n  b e  a p p l i e d  to  

la r g e - s c a le  n e tw o r k s ,  f o r  e x a m p le ,  t r a n s p o r t  n e tw o r k s .

O u r  s e c o n d  e v a lu a t io n  c r i t e r i a  is  n e tw o r k  c o s t .  H e r e ,  th e  S C H  a lg o r i th m  o b ta in s  th e  b e s t  

r e s u l t s  i n  m o s t  c a s e s .  C o m p a r e d  w i th  th e  m a x - la tc h in g  a lg o r i th m ,  th e  r e s u l t s  f r o m  th e  

S C H  a lg o r i th m  is  a lw a y s  b e t te r ,  a s  w e  h a v e  e x p e c te d .  I n  p r in c ip le ,  T h e  S C H  a lg o r i th m  

s h o u ld  a lw a y s  h a v e  o b ta in e d  th e  b e t t e r  r e s u l t s  t h a n  th e  I P  b a s e d  S C P  a lg o r i th m  d o e s  

b e c a u s e  th e  S C H  a lg o r i th m  c a n  ta k e  u s e  o f  t h e  s p a r e  c h a n n e ls  r e s u l t in g  f r o m  th e  

s te p w is e  l in k  c o s t  f u n c t io n ,  w h ic h  th e  I P  b a s e d  S C P  a lg o r i th m  c a n  n o t .  H o w e v e r ,  t h e  IP  

b a s e d  a lg o r i th m  is  a  g lo b a l  s e a r c h  a lg o r i th m  w h e r e a s  t h e  S C H  a lg o r i th m  is  a  lo c a l  

s e a r c h  a lg o r i th m ;  i f  t h e  s te p w is e  c o s t  f u n c t io n  is  c lo s e  to  l in e a r  ( e .g . t h e  s te p w is e  l in k  

c o s t  f u n c t io n  1 in  F ig u r e  5 .2 )  th e  IP  b a s e d  S C P  a lg o r i th m  m a y  g e t  a  b e t t e r  s o lu t io n  th a n  

th e  S C H  a lg o r i th m  d o e s .  W h e n  th e  s te p w is e  l i n k  c o s t  f u n c t io n  is  c lo s e  to  l in e a r ,  th e  

s p a r e  c h a n n e ls  r e s u l t in g  f r o m  i t  g e t  l i t t l e ,  s o  th e  S C H  a lg o r i th m  w i l l  lo s e  i ts  a d v a n ta g e  

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

b a s e d  a lg o r i th m . I n  th i s  p r o je c t ,  n o  e x a c t  l in e a r  c o s t  f u n c t io n  w a s  c h o s e n  b e c a u s e  it 

d o e s  n o t  e x is t .

I n  s u m m a ry ,  th e  S C H  a lg o r i th m  is  th e  b e s t  c h o ic e  to  d e s ig n  th e  s u r v iv a b le  n e tw o r k ,  

e s p e c ia l ly ,  l a r g e - s c a le  t r a n s p o r t  n e tw o r k  d u e  to  i ts  e x c e l le n t  p e r f o r m a n c e  in  t e r m s  o f  

e x e c u t io n  t im e  a n d  n e tw o r k  c o s t .  T h e  I P  b a s e d  S C P  a lg o r i th m  is  a  b e t t e r  c h o ic e  f o r  th e  

s m a l l - s c a le  n e tw o r k  d e s ig n  in  c a s e  th e  s te p w is e  l in k  c o s t  f u n c t io n  is  c lo s e  to  l in e a r .  W e  

d o  n o t  r e c o m m e n d  u s e  o f  th e  m a x - la tc h in g  a lg o r i th m  in  s u r v iv a b le  n e tw o r k  d e s ig n  d u e  

to  i ts  b a d  p e r f o r m a n c e  in  n e tw o r k  c o s t .
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6 .2  A p p l ic a t io n  a n d  F u r th e r  W o r k

I n  th is  s e c t io n ,  w e  d is c u s s  a p p l ic a t io n s  a r i s in g  f r o m  th is  p r o je c t  a n d  p o te n t i a l  f o r  f u r th e r  

d e v e lo p m e n t .

6 .2 .1  A p p lic a t io n  to  S u rv iv a b le  N e tw o rk  D e s ig n

T h e  S C H  a lg o r i th m  is  d e s ig n e d  to  s o lv e  S p a re  C a p a c i ty  P la c e m e n t  ( S C P )  p r o b le m s  in  

m e s h - ty p e  s u r v iv a b le  n e tw o rk s  in  c a s e  s te p w is e  l i n k  c o s t  fu n c t io n s  a r e  a p p l ie d .  T h e  

S C H  a lg o r i th m  c a n  q u ic k ly  d e te r m in e  th e  n e tw o rk s  th a t  h a v e  a  c a p a b i l i t y  to  p r e v e n t  

th e m  f r o m  a  s in g le  s p a n  f a i lu r e ,  s o  i t  c a n  b e  a p p l ie d  f o r  l a r g e - s c a l e  n e tw o r k s ,  e .g . 

t r a n s p o r t  n e tw o rk s .

6 .2 .2  U s e r  In te r fa c e  D e v e lo p m e n t

I t  is  g e n e r a l ly  u s e f u l  in  c o m p u te r - a id e s  d e s ig n  t o  h a v e  s o m e  u s e r  in te r a c t i o n  w i th  th e  

d e s ig n  p r o c e s s  a s , f o r  m a n y  p r o b le m s ,  h u m a n s  h a v e  a  s u p e r io r  a b i l i ty  to  v i s u a l i z e  w h a t  

a  g o o d  s o lu t io n  s h o u ld  lo o k  l ik e .

6 .2 .3  F u r th e r  R e f in e m e n t o f  th e  S C H  A lg o r ith m

I n  th is  p r o je c t ,  w e  im p le m e n te d  th e  S C H  a lg o r i th m  f o r  s p a n  r e s t o r a t i o n  a n d  a  s in g le  

s p a n  f a i lu r e ,  w e  c a n  a ls o  r e f in e  th e  S C H  a lg o r i th m  to  w o r k  f o r  r e s t o r a t i o n  p a th  a n d  

o th e r  n e tw o r k  f a i lu r e  i.e . m u l t ip l e  s p a n  f a i lu r e  a n d  n o d e  f a i lu r e .  I n  a d d i t io n ,  w e  c a n  

d e v e lo p  a  d y n a m ic  s c h e m e  ( i.e . r e s to r a b i l i ty  te c h n iq u e )  c o r r e s p o n d i n g  to  th e  S C H  

a lg o r i th m  to  d e a l  w i th  th e  u n e x p e c te d  n e tw o r k  f a i lu r e  o r  t r a f f i c  g r o w th .  F u r th e r m o r e ,  

w e  c a n  a p p ly  th e  S C H  a lg o r i th m  in  th e  V P  le v e l  o f  A T M  n e tw o r k s  w i th  s o m e  

m o d i f ic a t io n s  a s  in  [4 0 ].

W e  c o u ld  s a y  th a t  th is  p r o je c t  is  s u c c e s s f u l  b y  lo o k in g  a t  th e  r e s u l t  a n a ly s is ,  s in c e  th e  

S C H  a lg o r i th m  is  th e  f a s te s t  a m o n g  th e  o th e r  tw o  S C P  a lg o r i th m s ,  a n d  o b t a i n  th e  b e s t  

re s u l t  i n  te r m s  o f  n e tw o r k  c o s t  in  m o s t  c a s e s .
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A p p e n d ix  A  T e s t  N e tw o r k s  fo r  th e  F e a s ib le  P a th  A lg o r ith m

I n  th is  s e c t io n ,  f iv e  te s t  n e tw o rk s  u s e d  in  c h a p te r  3 a n d  c h a p te r  4  a r e  d e p ic te d  b e lo w .

I n  th e s e  d ia g r a m s ,  e a c h  l in e  r e p r e s e n ts  a  n e tw o r k  l in k ,  a n d  th e  tw o  n u m b e r s  n e x t  to  e a c h  

l in k  r e p r e s e n ts  th a t  l i n k  c a p a c i ty  a n d  th e  le n g th  o f  th e  s p a n ;  th e  l e n g th  o f  th e  s p a n  i s  i n  

b r a c k e ts .  N o te  th a t  th e  le n g th  o f  n e tw o r k  l in k s  is  g iv e n  b y  o u r  m e a s u r e m e n t  i n  th e s e  

d ia g r a m s .
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