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ABSTRACT - 

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

the c h o i c e  o f  t i m i n g  and  equipment t y p e s  t o  b e  used t o  

u n d e r t a k e  t h e  m o d e r n i z a t i o n  of t h e  ne twork ,  T h e r e  are many 

o p t i o n s :  1 , R e t a i n  n e t w o r k  i n  its e x i s t i n g  a n a l o g  state,  

2 ~ 1 n t r o d u c e  d i g i t a l  e q u i p m e n t  i n  t h e  Switching C e n t e r ,  

3 ,Enbance  a n a l o g  l i n e s  w i t h  some k i n d  o f  modern e q u i p m e n t ,  

4. R e p l a c e  p r e s e n t  a e t v o r k  with an a d v a e c e d  d i g i t a l  n e t w o r k ,  

5,  c o m b i n a t i o n s  of the above,  

I n  t h i s  p r o j e c t  an a g g r e g a t e  mode l  of a  m o d e r n i z a t i o n  

p r o c e s s  is p r e s e n t e d ,  The e c o n o m i c  e v a l u a t o r  o s e d  i n  this 

c o s t  a n a l y s i s  is t h e  Net present V a l u e  (NPV) of c a s h  f l o w s  

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

imposed on t h e  m o d e r n i z e d  lines e a c h  y e a r -  F i n a l l y  a l i n e a r  

program is u s e d  t o  s o l v e  f o r  t h e  optimal e v o l u t i o n  s t r a t e g y  

b a s e d  on  some n u m e r i c a l  v a l u e s  of  t h e  i n p u t  p a r a m e t e r s ,  

T h e  m o t i v a t i o n  f o r  d e v e l o p i n g  t h i s  model a r o s e  f rom t h e  

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

I IUire-CenterM of a l o c a l  t e l e p h o n e  n e t w o r k  t o  a n  

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

p o l i c y  s u b j e c t  t o  a c a p i t a l  b u d g e t  c o n s t r a i n t ,  
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1 I B T B O D U C T I O N  

In t h i s  p a p e r ,  e v o l u t i o n  p o l i c i e s  f o r  a 

t e l e c o m m u n i c a t i o n s  n e t w o r k  m o d e r n i z a t i o n  problem are  

p r e s e n t e d -  The mode l  a n a l y z e d  p r o v i d e s  t h e  c o s t  c r i t e r i o n  

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

of t h e  f o l l o w i n g  o r  some c o m b i n a t i o n s  of them.. 

a, B e t a i n  n e t w o r k  i n  i ts  e x i s t i n g  a n a l o g  state,  

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

c- Enhance  a n a l o g  l i n e s  w i t h  some k i a d  of modern 

equ ipment ,  

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

ne twork.  

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

keep t h e  n e t w o r k  mode l  i n  a s i m p l e  a n d  u n d e r s t a n d a b l e  form, 

From t h e  s t a n d  p o i n t  o f  costs, two types o f  s w i t c h e s  are 

c o n s i d e r e d ;  t h e  a n a l o g  s p a c e  s w i t c h  a n d  t h e  d i g i t a l  time 

s w i t c h ,  S e v e r a l  t y p e s  of i n t e r f a c e s  h a v e  been  assumed i n  

t h i s  network model, d e p e n d i n g  upon t h e  n e t w o r k  s t a t e ,  

T h e r e  are t h r e e  s e r v i c e  c a t e g o r i e s ,  First t h e  

c o n v e n t i o n a l  t e l e p h o n e  ser Vices i n  a n  a n a l o g  e n v i r o n m e n t  

w i t h  a  p o s s i b l e  d i g i t a l  s w i t c h  i n  t h e  cent ra l  o f f i c e ,  Second  

t h e  e n h a n c e d  services, r e f e r r e d  t o  a l s o  as nar row band 



s e r v i c e s  + POTS which  r e p r e s e n t s  a step b e y o n d  c o n v e n t i o n a l  

t e l e p h o n y ,  c a r r y i n g  v o i c e  a n d  d a t a  s i g n a l s -  T h i r d ,  the m o s t  

a d v a n c e d  s e r v i c e s  a re  t h e  r e p l a c e d  o r  w i d e  b a n d  + POTS 

s e r v i c e s ,  offering t e l e p h o n e  s e r v i c e s  a s  well a s  h i g h  s p e e d  

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

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

t h e  aetwork, T h e  s y s t e m  may i n c l u d e  t e l e p h o n e  sets, l o w  

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

Prom t h e  e c o n o m i c  a n a l y s i s  p r e s e n t e d  next, i t  w i l l  be  

shomn t h a t  t h e  e v a l u a t o r  u s e d ,  t h e  B e t  P r e s e n t  V a l u e  (NPV) 

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

a p p r o a c h  t o  t h e  p r o b l e m  seems to be d i f f i c u l t -  

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

by u s i n g  a c o m p u t e r  t o  s o l v e  for  t h e  opt imum p o l i c y  

c o r r e s p o n d i n g  t o  a g i v e n  set of p a r a m e t e r s ,  The results are 

i n p u t  d e p e n d e n t  b u t  a l l  d a t a  sets u s e d  i n d i c a t e  t h a t  pure 

m o d e r n i z a t i o n  p o l i c i e s  are p r e f e r a b l e ,  This is a n u m e r i c a l  

r e s u l t  a n d  n o t  a r i g o r o u s  p r o o f ,  To g e n e r a l i z e  t h i s  

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

q u e s t i o n  f o r  f u r t h e r  i n v e s t i g a t i o n .  P u r e  p o l i c y  is t h e  

policy which  is time i n v a r i a n t ,  T h i s  is a g l o b a l  opt imum i n  

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

c o n s t r a i n t s  are i m p o s e d  on t h e  n e t w o r k  e v o l u t i o n  t h e  o p t i m a l  

c o n s t r a i n e d  s o l u t i o n  is selected, A summary of t h e s e  r e s u l t s  

is  g i v e n  i n  s e c t i o n  5, 



SECTION 2. HODEL DESCBI PTION, ------ 

A N  A G G R E G A T E  ECOAIOFIIC tlODEL FOB 

INTEGRATED HIRE-CEHTEB R O D E B N I Z A T I O N .  

An economic  model w i l l  be d e r i v e d  f o r  t h e  e v o l u t i o n  of a 

t e l e c o m m u n i c a t i o n s  network where  t h e  u n i v e r s e  o f  S u b s c r i b e r  

l i n e s  is d i v i d e d  i n t o  f i v e  d i s t i n c t  c a t e g o r i e s  t o  b e  

d e s c r i b e d  below. 

Three t y p e s  of seryices are o f f e r e d  wi th  t h e s e  lines, 

1, POTS, T h i s  is t h e  P l a i n  O r d i n a r y  t e l e p h o n e  s e r v i c e s ,  

2,  Narrow Band Data  + POTS s e r v i c e s  o r  enhanced  s e r v i c e s ,  

3, Vide  Band Da ta  + POTS s e r v i c e s  o r  r e p l a c e d  s e r v i c e s ,  

To t a c k l e  t h i s  i n t e g r a t e d  Wire C e n t e r  problem a n d  keep  it 

a t  an  a c c e p t a b l e  l e v e l  of c o m p l e x i t y ,  some a s s u m p t i o n s  a n d  

s i m p l i f i c a t i o n s  h a v e  been made, 

Two g e n e r i c  t y p e s  of l o c a l  s w i t c h e s  a r e  c o n s i d e r e d ;  

namely, analog and d i g i t a l  ( f i g  - 1 ) -  T h i s  is a n  i d e a l i z a t i o n  

i n  t h a t  t h e r e  a r e  v a r i o u s  types o f  a n a l o g  and d i g i t a l  

s w i t c h e s .  However, i t  is assumed t h a t  t h e  s e l e c t i o n  of 

s w i t c h  t y p e s  has been  o p t i m i z e d  w i t h i n  each  c l a s s -  A l s o  no 

d i s t i n c t i o n  i s  made between l i n e s  s e r v e d  by a  d i g i t a l  l i n e  

c o n c e n t r a t o r  -and  hhose  s e r v e d  d i r e c t l y  f r o m  t h e  d i g i t a l  

s w i t c h .  Again i t  i s  assumed t h a t  t h e s e  c h o i c e s  have  been 

o p t i m i z e d  and the c o s t  f i g u r e s  u s e d  reflect t h i s  o p t i m a l  

c h o i c e -  
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P i g  - 1  The five sta tes  of network e v o l u t i o n -  



The  a b o v e  s i m p l i f i c a t i o n  has been  made t o  i n v e s t i g a t e  

some g l o b a l  e f f e c t s  o f  t h e  s ta te  d y n a m i c s ,  which i n c l u d e  t h e  

e f fec t  of i n t e g r a t e d  i n t r o d u c t i o n  o f  l o o p  s e r v i c e s  a n d  

switch f a c i l i t i e s  by Wire C e n t e r  on netraork e c o n o m i c s ,  An 

a c c u r a t e  model  t a k i n g  i n t o  a c c o u n t  a more d e t a i l e d  s w i t c h  

and l o o p  c h a r a c t e r i z a t i o n  would  n e c e s s i t a t e  t h e  i n c l u s i o n  o f  

s p a t i a l  a s  u e l l  a s  m u l t i l o c a t i o n  a s p e c t s .  

A d d i t i o n a l  e q u i p m e n t  mus t  b e  i n s t a l l e d  a t  the t e r m i n a l  

a n d  t h e  s w i t c h  e n d s  t o  p r o v i d e  t h e  e n h a n c e d  o r  t h e  Wide Band 

s e r v i c e s ,  A new l o o p  is a l s o  r e q u i r e d  t o  p r o v i d e  t h e  Wide 

Band s e r v i c e s .  ( i  e t h e  e x i s t i n g  l o o p  must b e  r e p l a c e d  by 

f i b e r  or  c o a x ) .  

A s  i n d i c a t e d  a b o v e  POTS a n d  n a r r o w  band* POTS s e r v i c e s  

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

s w i t c h ,  The revenues a s s o c i a t e d  v i t h  t h i s  s e r v i c e  c a t e g o r y  

w i l l  b e  t h e  same i n  e a c h  case, However t h e  c o s t s  w i l l  

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

same i n  e a c h  case. 

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

t h e  v i d e  band s e r v i c e s .  T h i s  n o d e l  is i n i t i a t e d  a t  a 300 

p e r  c e n t  Analog POTS, b u t  it is p o s s i b l e  w i t h  m i n o r  c h a n g e s  

t o  i n i t i a t e  t h e  n e t w o r k  i n  some o t h e r  s t a t e ,  

An o v e r l a y  o p t i o n  a n a l y s i s  c a n  b e  b a s e d  on  t h i s  mode l  

a s s u m i n g  t h a t  t h e r e  is no c o u p l i n g  among l i n e s  i n  the two 

p a r t i t i o n s ,  No l o s s  of g e n e r a l i t y  r e s u l t s  f r o m  s u c h  a n  

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

s u b p o p u l a t i o n s  namely: 



1, I n i t i a l  l i n e s  whose number r e m a i n s  c o n s t a n t  t h r o u g h o u t  

s t u d y  h o r i z o n ;  a n d  they a r e  e v o l v e d  i n  t h i s  s t u d y  p e r i o d ,  

2, Growth l i n e s  which i n c r e a s e  l i n e a r l y  w i t h  time, 

A f ree end p o i n t  d y n a m i c s ,  d i s c r e t e  time f o r m u l a t i o n  o f  

the p o l i c y  o p t i m i z a t i o n  p r o b l e m  b a s e d  on the c a s h  flows pe r  

y e a r  is c o n s i d e r e d .  F o r  t h i s  s t u d y  a f i n i t e  time h o r i z o n  is 

s e l e c t e d ,  and it is g e n e r a l l y  t a k e n  t o  be s u f f i c i e n t l y  l o n g  

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

S t a r t - u p  c o s t s  f o r  t h e  s w i t c h  are n o t  explicitly a d d e d  b u t  

a re  i n c l u d e d  a s  a componen t  of t h e  c a p i t a l  cos t  per l i n e  f o r  

s u i t c h i n g ,  

The e x p e n d i t n r e s  o n  capital i n  a g i v e n  year are 

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

s p e c i f i e d  a s  a n  i n e g u a l i  ty. 

C o u p l i n q  among s u b ~ o ~ u l a t i o n s  

I f  t h e  u n i v e r s e  o f  l i n e s  is s u b d i v i d e d  i n t o  1, E x i s t i n g  

l i n e s  s e r v e d  by a n a l o g  s w i t c h e s  p r o v i d i n g  POTS s e r v i c e s  a n d  

2-  Growth  l i n e s ,  some e r r o r  can r e s u l t  i f  t h e  p o p u l a t i o n s  

a r e  c o n s i d e r e d  i n d e p e n d e n t l y  due t o  t h e  ommision of c e r t a i n  

c o u p l i n g s ,  

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

t a k e s  p l a c e  v i a  t h e  s t a r t - u p  charges a a d  p o s s i b l e  s e r v i c e  

c o v e r a g e  c o n s t r a i n t s ,  T h e  l a t te r  c o u p l i n g  map. r e q u i r e  

e q u i v a l e n t  s e r v i c e  o f f e r i n g s  for  a11 l i n e s  ( b o t h  e x i s t i n g  



a n d  g r o w t h )  i n  t h e  g i v e n  wire c e n t e r ,  

C o u p l i n g  among s u b p o p u l a t i o n s  can a l s o  a r i s e  i f  e q u i p m e n t  

r e u s e  is p e r m i t t e d .  For e x a a p l e  i f  e x i s t i n g  a n a l o g  POTS 

l i n e s  are replaced by wide b a n d  d i g i t a l  l i n e s ,  p o r t i o n s  of 

t h e  a n a l o g  POTS l i n e s  s u c h  as t e r m i n a l  e q u i p m e n t  m i g h t  h a v e  

soine s a l v a g e  v a l u e ,  as  t h e y  can b e  r e u s e d  elsewhere i n  t h e  

n e t w o r k  for a n a l o g  POTS, 

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

a r ea l i s t i c  mode l  taking i n t o  a c c o u n t  t h e  a b o v e  modes of 

c o u p l i n g  w i l l  be comylex,  An u p p e r  bound on the n e t w o r k  N e t  

P r e s e n t  Va lue  c a n  be o b t a i n e d  b y  o p t i m i z i n g  each s u b u n i v e r s e  

i n d e p e n d e n t l y -  L o n e r  b o u n d s  c a n  b e  o b t a i n e d  b y  applying the 

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

c o n s i d e r e d  i n  i s o l a t i o n  t o  t h e  whole p o p u l a t i o n -  



2-2  DEFINITIONS AND NOTATIONS 

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

o n e  c a l l  set  up, A l i n e  i s  p a r t i t i o n e d  i n t o  1 , S u b s c r i b e r s  

t e r m i n a l ,  2 , O u t s i d e  p l a n t  l o o p ,  a n d  3 , C o r r e s p o n d i n g  

s w i t c h i n g  e q u i p m e n t  a t  t h e  C e n t r a l  O f f  ice, 

The l i n e  e v o l u t i o n  is d e f i n e d  as  the series  of p o s s i b l e  

t r a n s i t i o n s  a l i n e  u n d e r g o e s  f r o m  i ts  i n i t i a l  P o t s  Analog 

state, t h r o u g h  P o t s  d i g i t a l ,  Enhanced  Ana log ,  Enhanced 

D i g i t a l ,  t o  r e a c h  f i n a l l y  t h e  R e p l a c e d  D i g i t a l  s ta te ,  g i v e n  

t h a t  e v e r y t h i n g  o c c u r e d  w i t h i n  t h e  study h o r i z o n ,  

However, t h e r e  a r e  cases w h e r e  t h e  o p t i n u m  s o l u t i o n  is 

o b t a i n e d  by leaving t h e  l i n e s  i n  t h e i r  o r i g i n a l  analog s t a t e  

v i t h o u t  any  m o d e r n i z a t i o n .  I n  o t h e r  words  t h e r e  h a s  n o t  

b e e n  imposed  t h e  c o n s t r a i n t  t h a t  a l l  l i n e s  h a v e  t o  r e a c h  t h e  

f i a a l  s t a t e  by t h e  e n d  o f  s t u d y  p e r i o d -  T h i s  is r e f e r r e d  t o  

as  a free end  p o i n t  problem. T h e s e  t y p e s  of lines d o  n o t  

q u i t e  f o l l o l s  t h e  p r e v i o u s l y  d e f i n e d  l i n e  e v o l u t i o n ,  Even 

t h o u g h  these l i n e s  are assumed t o  r e a c h  the f i n a l  s t a t e  one 
year a f t e r  t h e  s t u d y  p e r i o d ,  s p e c i f i c a l l y  at y e a r  h, T h i s  

k i n d  of e v o l u t i o n  is c a l l e d  l i n e  S e m i - e v o l u t i o n ,  T h e r e f o r e  

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

b u t  is e v o l v e d  t o  ED i n  the next y e a r  and it is no l o n g e r  

free e n d  p o i n t ,  

Some i m p o r t a n t  p a r a m e t e r s  used  i n  t h i s  a n a l y s i s  are 



d e f i n e d  n e x t ,  

End of s t u d y  p e r i o d ,  

Study y e a r s  s t a r t i n g  time 0 

Discrete discount r a t e  I*) 

=1+i f u n c t i o n  of d i s c o u n t  rate 

= I - *  ( I )  f u n c t i o n  of u 

D i g i t i z a t i o n  time 

Enhancement  time 

Peplacement time 

Are t h e  line e v o l u t i o n  v a r i a b l e s  

Number of lines e n h a n c e d  a t  t ime e 

d i g i t a z e d  a t  time d 

r e p l a c e d  a t  time r 

Are c a l l e d  also renewal v a r i a b l e s  

C a p i t a l  f o r  year k a l l o c a t e d  b y  t h e  firm 

t o  network m o d e r n i z a t i o n  

* when a u n i f o r m  ra te  of i n f l a t i o n  i s  c o n s i d e r e d  with an 

e x p o n e n t i a l  g r o w t h  rate j, an e q u i v a l e n t  d i s c o u n t  r a te  i' 

c a n  b e  u s e d  w h e r e  

P o t s  Analog s t a t e  

P o t s  d i g i t a l  s t a t e  



Enhanced  Analog s t a t e  

Enhanced  D i g i t a l  s t a te  

R e p l a c e d  D i g i t a l  s t a t e  

Due t o  the vast number of p a r a m e t e r s  employed ,  a  

n o t a t i o n a l  c o n v e n t i o n  is used t o  r e p r e s e n t  the p a r a m e t e r s  

r e q u i r e d ,  To o b t a i n  t h e s e  p a r a m e t e r s ,  p r e f i x e s  can be  

attached t o  above "state  namesN t o  i n d i c a t e  c o s t s  

E I n d i c a t e s  m a r g i n a l  ( p e r  l i n e  p e r  year) 

E x p e n s e  c o s t  of some line type, 

Indicates m a r g i n a l  (per l i n e )  

C a p i t a l  c o s t  o f  some t y p e ,  

I n d i c a t e s  m a r g i n a l  (per  l i n e )  

- S a l v a g e  c o s t  of some t y p e -  

I n d i c a t e s  n a r g i n a l  ( p e r  l i n e  p e r  y e a r )  

R e v e n u e s  c o s t  o f  some t y p e ,  

L i n e  ~ a r t i t i o n i n g  ---- ------ 

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

i n  each s t a t e ,  s u f f i x e s - h a v e  t o  b e  a t t a c h e d  t o  p r e v i o u s l y  

d e f i n e d  ustate namesn t o  specify t h e  p o r t i o n  of t h e  l i n e  fo r  

which the given c o s t  is i n t e n t e d .  



Specifies t h e  -Terminal portion of line 

S p e c i f i e s  t h e  -Loop portion of line 

S p e c i f i e s  t h e  - s w i t c h  portion of l i n e  

As an example EPD-T represents the Expense costs for a 

POTS D i g i t a l  Terminal, or CED is the  total c a p i t a l  f o r  an 

Enhanced digital Terminal + L o o p  + S w i t c h ,  



2.3 NETWORK STATE TRANSITIONS,  

According t o  t h e  a s s u n p t i o n s  made there are  f i v e  p o s s i b l e  

states, n a m e l y  PA, PD, E B ,  ED, ED. 

The number of feasible state t r a n s i t i o n s  are 9 a s  is 

d e p i c t e d  i n  t h e  F i g  - 2  

F i g  - 2  Network s t a t e  t r a n s i t i o n s ,  

The  kind of e q u i p ~ e n t  introduced i n  t h e  network d e p e n d s  

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

of a l l  possible t r a n s i t i o n s  is summarized i n  P i g  * 1. T y p i c a l  

e v o l u t i o n  policies i n c l u d e  more t h a n  o n e  s tate  t r a n s i t i o n s  

a s  is shown n e x t ,  



a, PA-PD 

B e p l a c e  t h e  l oca l  : a r i a log  switch b y  a  d i g i t a l  switch- A 

remote c o n c e n t r a t o r  may be i n c l u d e d  t o  r e l i e v e  f e e d e r  

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

p l a n t .  S a l v a g e  a n a l o g  suitch, 

b- PA-EA 

Place i n t e r f a c e s  a t  t h e  terminal a n d  t h e  C e n t r a l  O f f  ice. 

L i n e  conditioning may also be n e c e s s a r y ,  

c, PA-->ED 

P l a c e  a d i g i t a l  s u i t c h  i n  the l o c a l  o f f  ice, P l a c e  a new 

terminal o r  e l e c t r o n i c s  on t h e  o l d  o n e  t o  i n t e r f a c e  with the 

d i g i t a l  s u i t c h ,  S a l v a g e  t h e  a n a l o g  suitch- The i n t r o d u c e d  

e lec t ron ics  may differ i n  c o s t  with o n e s  in PA-->EA 

t r a n s i t i o n  above, 

d -  PA-->%I) 

Replace a n a l o g  suitch, terminal, a n d  l o o p ,  by new 

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

e, PD-->BD 

P l a c e  n e u  terminal a n d  f ibe r  loop ,  

S a l v a g e  t e r m i n a l  and a n d  switch e l e c t r o n i c s ,  no s a v i n g s  

from l o o p  



P l a c e  electronics a t  t h e  t e r m i n a l  and a t  t h e  switch 

a s s o c i a t e d  nith t h e  Narrow Band s e r v i c e s ,  

g -  ED-->BD 

S a l v a g e  t e r m i n a l ,  loop, and e l e c t r o n i c s ,  P l a c e  n e u  

t e r m i n a l ,  f i b r e  l o o p ,  and s w i t c h i n g  equipment  for  Hide  Band 

s e r v i c e s .  

h. EA-->ED 

S a l v a g e  a n a l o g  s w i t c h ,  and a n a l o g  e l e c t r o n i c s ,  Place neu 

s w i t c h ,  and d i g i t a l  Narrow Band e l e c t r o n i c s  

it EA-->RD 

Sa lvage  t e r m i n a l ,  analog Harrow Band e l e c t r o n i c s ,  P l a c e  

new t e r m i n a l ,  f i b r e  l o o p ,  and d i g i t a l  s w i t c h ,  and C e n t r a l  

Office equipment for Wide band s e r v i c e s -  - 



2- 4 COSSTRBINTS FOB LINE E V O L U T I O N  V A R I A B L E S  

The l i n e  e v o l u t i o n  o r  s t r a t e g i c  v a r i a b l e s  e,  d ,  r o b e y  

some c o n s t r a i n t s  c o n c e r n i n g  t h e i r  time o r d e r i n g ,  All 

v a r i a b l e s  a r e  t a k e n  t o  be non  n e g a t i v e  i n t e g e r s  which a r e  

r e s t r a i n e d  n o t  t o  e x c e e d  t h e  v a l u e  of s t u d y  p e r i o d  h-1 plus 

1 i,e, h  t o  c o m p r i s e  a l l  p o s s i b l e  t r a n s i t i o n s ,  

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

e v o l a t i o n ,  T h e r e f  ore t h e  r e p l a c e m e n t  time must come n o t  

p r i o r  t o  e i t h e r  e o r  d- I n  t h i s  model the POTS a n d  Enhanced 

s e r v i c e  c a t e g o r i e s  c a n  b e  supported by an analog o r  d i g i t a l  

switch,  T h i s  leaves u n c o n s t r a i n e d  t h e  time o r d e r i n g  of 

d i g i t  i z a t i o n  a n d  enhancement ,  T h e  i n e q u a l i t i e s  i n d i c a t e d  

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

T h e  d ,  e time o r d e r i n g  s p e c i f i e s  two d i s t i n c t  classes of 

n e t w o r k  e v o l u t i o n  c o n s i d e r e d  he re .  If e occurs p r i o r  t o  d 

t h e  f o l l o w i n g  physical e v e n t s  o c c u r :  

A t  e time 

PA->EA 

P l a c e  analog e l e c t r o n i c s  a t  t h e  t e r m i n a l  a n d  t h e  C e n t r a l  

Off ice wi th  possible l i n e  c o n d i t i o n i n g .  

A t  d  time 



EA-->ED 

S a l v a g e  a n a l o g  switch and a n a l o g  e l e c t r o n i c s ,  P l a c e  

digital switch and d i g i t a l  electromics. 

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

even t s  occur. 

A t  d time 

PA-->PD 

S a l v a g e  a n a l o g  switch, P l a c e  d i g i t a l  s w i t c h -  

f o r  e time 

PD-->ED 

P l a c e  digital e l e c t r o n i c s  

Accord ing  t o  above n o t a t i o n  for t h e  l i n e  e v o l u t i o n  

variables, ue can i d e n t i f y  t h e  e v o l u t i o n  p a t h s  w i t h  t h e  

fo l lominy  c o n d i t i o n s  on the variables. 



Patterns o f  line e v o l u t i o n  ---- -- -- 

1, blhen the  e n h a n c e m e n t  time e, o c c u r s  b e f o r e  the  

d i g i t i z a t i o n  time, d the ne twork ,  i s  s a i d  to f o l l o u  t h e  

palas 8,  corresponding  t o  a s e q u e n c e  of  states 

8A-->EA-->ED-->ED 

or 

Fig  - 3  L ine  errolutioo a s  P a t t e r n  A,  

2 -  When d i g i t i z a t i o a  time d, o c c u r s  b e f o r e  t h e  

e n h a n c e m e n t  time e ,  t h e  network e v o l u t i o n  p o l i c y  belongs to 

a c l a s s  w h i c h  is distinct from A- This neu way is referred 

to as ~a_tf.= and corresponds  t o  a s e q u e n c e  of s t a t e s  a s  

PA-->PD-->ED-->BD 



P i g  -4 Line e v o l u t i o n  a s  p a t t e r n  B, 

B m a t h e m a t i c a l  way t o  d i f f e r  t h e s e  two p a t t e r n s  i n  t h e  

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

and t h e n  GP (d-e)>O i m p l i e s  t h a t  pattern A i s  c o n s i d e r e d  

b u t  if GP fe-a) >O that is t o  Bean pattern 3 is under uay. 

Another  use df this f u n c t i o n  is t o  relax i n e q u a l i t i e s .  A s  an 

example assume a v a r i a b l e  t a k e s  v a l u e  x when r<h and is zero 

o t h e r w i s e ,  T h i s  i s  e q u i v a l e n t  t o  the  v a r i a b l e  equal 

x*GP (h- r) - 

Two u s e £  u l  p a r a m e t e r s  are d e f i n e d  now. 

The minimum value of e,d 

a=min (e,d) 

The maximum v a l u e  of e , d  

l=max ( e , d )  



Using these parameters t h e  line e v o l u t i o n  is depicted i n  

Fig -5 

--> ED-->BD 

9 

F i g  - 5  L i n e  e v o l u t i o n  

Accordingly, a l l  strategies can be  expressed  i n  terms of 

the three tine variables e, d, r,  Also the cost function 

can be e x p r e s s e d .  for a strategy, by NPV/L (d , e , r )  see 

section 4, 



23CTQ&3 L . I N E S  EACH STATE, 

3.1 L I N E S  IN EACH E V O L U T I O N  STATE, 

The c h a r a c t e x i s t i c s  o f  t h e  n e t w o r k  i n  this s t a t e  a t e  

a n a l o g  switching and t r a n s m i s s i o n  o f  messages- Voice 

c h a n n e l s  d o n i n a t e  h e r e ,  The terminal is the t e l e p h o n e  s e t  

f o r  speech  coramunica t ion ,  S i g n a l s  g o i n g  through t h e  l o o p  t o  

C e n t r a l  Office a re  a n a l o g ;  a n d  f e e d e r ,  d i s t r i b u t i o n  c a b l e s  

are common c o p p e r  cables, The C e n t r a l  Office s w i t c h e s  a r e  o f  

a n a l o g  t y p e  m o s t l y  m e c h a n i c a l ,  I n  t h i s  analysis all a n a l o g  

s w i t c h e s  are o f  t h e  saae type a s  f a r  a s  c o s t s  are concerned ,  

T h e  number o f  PA (k) l i n e s ,  a t  y e a r  k, i s  computed by 

summing up  a l l  l i n e s  d i g i t i z e d ,  e n h a n c e d ,  o r  replaced i n  t h e  

f o l l o w i n g  y e a r s  np t o  y e a r  h-1, The uppe r  limit o f  

s u m m a t i o n s  a r e  extended t o  h t o  i n c l u d e  lines which 

p a r t i a l l y  or h a v e  n e v e r  b e e n  modernized,  ,That means they d i d  

n o t  c h a n g e  s tate  n n t i l  the end of study p e r i o d ,  This k i n d  

o f  e v o l u t i o n  was d e f i n e d  a s  line s e m i - e v o l u t i o n .  



P i t h  k=O, l  ,,,,h-1 

POTS D i g i t & &  l i n e s  (PQ) --- 

A s  a  first s t e p ,  d i g i t a l  p r o c e s s i n g  i s  introduced i n  t h e  

Central Office, D i g i t a l  S w i t c h ,  a l s o  c a l l e d  time s w i t c h ,  

r e p l a c e s  t h e  conventio~al a n a l o g  s w i t c h -  

The l o o p  r e t a i n s  its a n a l o g  s t a t u s ,  so a d a p t e r s  a r e  

n e c e s s a r y  ko c o n n e c t  o u t s i d e  n e t u o r k  t o  C - 0 -  T h e r e f o r e  a 

p e r i p h e r a l  i n t e r f a c e  is used  f o r  a n a l o g  t o  d i g i t a l  

c o n v e r s i o n  a n d  s i g n a l l i n g  

I n  t h i s  s t a t e  t h e  numbes of new POTS D i g i t a l  l i n e s  

i n t r o d u c e d  a t  a y e a r  k some time i n s i d e  the s t u d y  p e r i o d  are 

t h e  l i n e s  d i g i t i z e d  t h i s  p e a r  and  enhanced  o r  r e p l a c e d  l a t e r  

till year h-1, Again uppe r  l i m i t  is h t o  i n c l u d e  p o s s i b l e  

semi-ev olved l i n e s ,  

So t h e  new i n t r o d u c e d  l i n e s  a re  

b lew-PD (k) = ?&Ue,br~ 

With k=O, l,,,,h-1 



The t o t a l  number of POTS D i g i t a l  l i n e s  f o r  y e a r  k must  

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

y e t  r e p l a c e d  or e n h a n c e d  

Enhanced Analoq l i n e s  @A,) -  , -- 

A s t e p  beyond c o n v e n t i o n a l  s e r v i c e s  was n a d e  r e c e n t l y ,  by  

e n h a n c i n g  t h e  p o t e n t i a l i t y  o f  the l o o p  t o  meet the new 

demand, o f f e r i n g  Narrow Band s e r v i c e s  a n d ,  o f  c o u r s e ,  

t e l e p h o n y .  

E l e c t r o n i c  l o o p  t e c h n i q u e s  h a v e  b e e n  i n t r o d u c e d ,  The 

e f f i c i e n c y  is also improved,  I n  t h i s  stage t h e  n e t w o r k  

p e r m i t s  v o i c e  a n d  d a t a  t r a n s m i s s i o n ,  p r o v i d e d  the r e q u i r e d  

i n t e r f a c e s  are i n t r o d u c e d *  

F o r  t h i s  model,  t h e  new i n t r o d u c e d  l i n e s  a t  y e a r  k are 

o b t a i n e d  by summing up l i n e s  e n h a n c e d  y e a r  k  a n d  d i g i t i z e d  

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

s e m i - e v o l v e d  l i n e s ,  So  

h h  

New-Ed. (h) = 7 P (k,d, r) 
p s d  d r k t l  



T o t a l  n u s b e r  of enhanced  a n a l o g  o v e r  y e a r  k, m u s t  i n c l u d e  

l i n e s  e n h a n c e d  up t o  y e a r  k and e v o l v e d  f u r t h e r  a t  ter y e a r  k 

Enhanced mital lines (ED) 

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

d i g i t a l  network f r o m  e n d  t o  end,  

I n  t h i s  s t a g e  t h e  number  of new ED l i n e s  f o r  y e a r  k i s  

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

sometime i n  f u t u r e .  S u m u a t i o n s  g o  u p  t o  y e a r  k t o  include 

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

S o  a l l  ED lines o v e r  y e a r  k m u s t  i n c l u d e  a l l  l i n e s  



enhanced  b e f o r e  year  k but n o t  y e t  t r a n s f o r m e d  t o  a n o t h e r  

s t a t e -  

Bep laced  D i q i t a l  l i n e s  [BE) - 

T h i s  is t h e  l a s t  step o f  t h e  ne twork  e v o l u t i o n .  A 1 1  o r  a 

l a r g e  number o f  e l e a e a t s  composing the netuork are r e p l a c e d  

by new sys tems ,  T h i s  system p r o v i d e s  message t e l e p h o n e  

s e r v i c e s ,  b u s i n e s s  s e r v i c e s  a a d  new wide band s e r v i c e s  

a c c o r d i n g  t o  demand- N e t w o r k  is  b a s e d  on advanced  

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

f l e x i b i l i t y , -  S o p h i s t i c a t e d  t e r m i n a l s  may be c o n n e c t e d  

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

For this stage t h e  new i n t r o d u c e d  BD l i n e s  a t  year k a r e  

c o m p r i s e d  of l i n e s  enhanced o r  d i g i t i z e d  some y e a r  p r i o r  to 

k 

S o  the g r o s s  number of BD o v e r  year k s h o u d  i n c l u d e  t h e  



lines replaced over all prev ious  years p r i o r  to k. 



3 - 2  LINES IN EACH SERVICE CATESOBY 

S e r v i c e s  c a n  b e  i d e n t i f i e d  i n  a number OF d i f f e r e n t  ways, 

F o r  t h e  model  c o n s i d e r e d  h e r e ,  s e r v i c e  is d e f i n e d  i n  terms 

02 the n a t u r e  o f  t h e  s i g n a l  b e i n g  transmitted, a n d  the t y p e  

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

h e r e  is t h e  POTS, e n h a n c e d  and r e p l a c e d  s e r v i c e s -  

POTS s e r v i c e s  ---- --- 

POTS o r  voice s e r v i c e  is the well known t e l e p h o n e  system 

with s p e e c h  and v e r y  low speed d a t a  capabilities- It may 

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

reairec t i o n ,  call back,  priority c a l l i n g ,  c o n f  e r a n c e  

c a l l i n g ,  c o l 5 e c t  c a l l i n g  etc, 

F o r  t h e  model d e s c r i b e d  here t h e  number of l i n e s  i n  this 

c a t e g o r y  a t  year  k a r e  g i v e n  by: 

P (k) =PA (k) +PD (k) 

where  k=0,1,2,.,,h-1 



Enhanced s e r v i c e s ,  ------- ---- 

The  e n h a n c e d  a l s o  c a l l e d  n a r r o w  band + POTS s e r v i c e s  

o f f e r  v o i c e ,  d a t a ,  v o i c e / d a t a  s e r v i c e s ,  T h e  d a t a  s e r v i c e s  

may be  s u b d i v i d e d  i n t o  low s p e e d  a n d  h i g h  s p e e d  d a t a ,  

Some of  the d a t a  s e r v i c e s  are 

Data. T h e  f i rst  g r o u p  is the low s p e e d  d a t a  s e r v i c e s  

((9-6 Kbps) a n d  i n c l u d e  i n q u i r y  r e s p o n s e ,  d a t a  e n t r y /  

c o l l e c t i o n ,  a d m i n i s t r a t i v e  message ,  c o m p u t e r  a s s i s t a n t  

i n s t r a c t i o n ,  

The  s e c o n d  g r o u p  i-e- h i g h  s p e e d  d a t a  services (>9,6 

Kbps) and i n c l u d e  Remote  b a t c h  d i s t r i b u t e d  c o m p u t i n g ,  

E l e c t r o n i c s  document  t r a n s m i s s i o n ,  G r a p h i c s ,  Computer  

i n t e r f a c e ,  

Voice/Data. T h e s e  s e r v i c e s  i n c l u d e  t h e  a l t e r n a t e  o r  

s i m u l t a n e o u s  u s e  o f  v o i c e  and d a t a  communica ti ons ,  Some 

s e r v i c e s  a r e  Real time s e l e c t i v e  c a l l  a c c e p t a n c e ,  Hone 

b a n k i n g ,  Remote m e t e r i n g  a n d  c o n t r o l ,  Home i n f o r m a t i o n ,  

V i d e o  s h o p  a t  hone, A d u l t  e d u c a t i o n ,  

F o r  t h e  model  a ssumed  h e r e  t h e  number o f  Enhanced l i n e s  

a t  year k a r e ' g i v e n  by  

E Ik) =EA (k) +ED [k) 



E (k) = t 

Beylaced or wideband services are primarily video services 

s u c h  a s  v i d e o  phone, CATV, s v i t c h e d  video, and Video data 

services such  a s  network w a r e h o u s i n g -  Mibeband services 

i n c l u d e  narrowband services- 

The number of r e p l a c e d  lines a t  year k is g i v e n  by: 

Phere k=0,1,2... h-1 



The p u r p o s e  of this study is t o  d e t e r m i n e  t h e  incremental 

effect of a p r o p o s e d  p r o j e c t  on t h e  cash f l o w s  of t h e  firm, 

These cash flows are  t h e n  mapped i n t o  a s c a l a r  q u a n t i t y  

r e f e r r e d  t o  a s  a n  Economic  e v a l u a t o r -  The method e m p l o y e d  

h e r e  is t h e  cash f low m e t h o d  and t h e  c o n s i d e r e d  e v a l u a t o r  is 

t h e  Net P f e s e n t  V a l u e  (NPV), 

Cash f l o w s  a s s o c i a t e d  w i t h  the project are t h e  bas ic  

e l e m e n t s  of t h i s  a n a l y s i s .  

1, Capital cos t s  

2, Expense costs 

3- Bevenues 

4, S a l v a g e  

O t h e r  f l o w s  of f u n d s  a s s o c i a t e d  w i t h  t h e  project s u c h  a s  

Income  Tax, cost of Removal i n d i r e c t l y  a p p e a r  i n  the  s t u d y -  

Also t h e  D i g i t a l  s w i t c h  s t a r t - u p  c o s t s  a re  c o n s o l i d a t e d  with 

the c a p i t a l  costs, This a p p r o x i m a t i o n  is necessary to  k e e p  

t h e  mode l  s i m p l e  v i t h o u t  a c t u a l l y  affecting the v a l i d i t y  o f  

r e s u l t s .  



4-1 CAPITAL COSTS 

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

demand and t h e r e f o r e  no new c o n n e c t i o n s -  A c c o r d i n g  t o  t h i s  

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

of study p e r i o d  t h a t  may u n d e r g o  m o d e r n i z a t i o n -  T h u s  c a p i t a l  

costs  f o r  this e x i s t i n g  a n a l o g  e q u i p m e n t  a re  z e r o  

T h i s  is a p o s s i b l e  n e t w o r k  s ta te ,  I n  t h e  a n a l o g  e n v i r o n m e n t  

a d i g i t a l  switch is i n t r o d u c e d  r e p l a c i n g  t h e  a n a l o g  o n e ,  

L i n e  c o n d i t i e n i n g  may a l s o  b e  r e q u i r e d  t o  meet t r a n s m i s s i o n  

o b j e c t i v e s .  

Then p r e s e n t  w o r t h  o f  c a p i t a l  c o s t s  are  

T h e  d i g i t i z a t i o n  time d i s  s t r i c t l y  less t h a n  e t o  

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

Then p r e v i o u s  e q u a t i o n  c a n  be  p u t  i n  t h e  form 



Capital c o s t  fsr g n h a n c e d  g n a l o q  l i n e s  @A_) 

Trora the Pots a n a l o g  s t a t e  i n s t e a d  o f  g o i n g  t o  PD a n  

i m m e d i a t e  s e r v i c e  e n h a n c e m e n t  may b e  a t t r a c t i v e ,  T h e  Narrow 

Band new services are  a c c o m p l i s h e d  b y  i n c o r p o r a t i n g  

i n t e r e f a c e s  n e a x  t h e  terminals a n d  C e n t r a l  O f f  ices, 

So p r e s e n t  C a p i t a l  c o s t s  a r e  g i v e n  by  

T h i s  s ta te  is i n c l u d e d  when p a t t e r n  A is  under  nap, So 

t h e  a b o v e  form is r e w r i t t e n  a s  

I n  t h i s  s t e p  of t h e  e v o l u t i o n  an i n t e r f a c e  f o r  t e r m i n a l  

and C e n t r a l  Office s w i t c h  is required, t o  make t h e  network 

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

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

st a t e ,  

P r e s e n t  cap i ta l  costs f o r  t h i s  s t a t e  a r e .  

(CED-T+CED-L*CED-S) *Y** (-1) O<e, d t r l h  

T h i s  c a n  b e  p a t  i n  t h e  form 



w i t h  l=max[e ,d)  is u s e d  b e c a u s e  t r a n s i t i o n  t o w a r d s  ED 

o c c u r s  after e n h a n c e m e n t  a n d  d i g i t i z a t i o n .  

~ l s o  GF f u n c t i o n  a p p e a r s  t o  a s s u r e  t h a t  the t r a n s i t i o n  

w i l l  i n c l u d e  the ED state, o t h e r v i s e  t h e s e  c o s t s  m u s t  be  

z e r o ,  We a l s o  e x p e c t  zero c o s t s  i f  t h i s  t r a n s i t i o n  o c c u r s  

o u t s i d e  t h e  s t u d y  p e r i o d  time, 

C a p i t a l  costs ;for r e p l a c e d  a i a i t a l  l i n e s  0) 
7 

Tovards this f i n a l  s t a t e  a new t e r m i n a l ,  a Wide Band l o o p  

a n d  new a d v a n c e d  i n t e r f a c e s  i n  digital m a c h i n e  a t  C e n t r a l  

Office are i n t r o d u c e d ,  

Then t h e  p r e s e n t  n o r t h  o f  c a p i t a l  e x p e n s e s  are 

- 
ICED-T+CRD-L+CRD-S) *v** {-r) Old,  e(r <h 

T h i s  can be  p u t  a s  

(CBD-T+CRD-LtCBD-S) *u** (-r) *GP (h-r)  0  l e ,  d s r l h  

It is  a l s o  assumed  h e r e  t h a t  t h e  s t a r t - u p  c o s t s  a r e  n o t  a 

s e p a r a t e  c a p i t a l  i n v e s t a e n t  

F u n c t i o n  GF is t h e r e  t o  e x c l u d e  the c a p i t a l  c o s t  f o r  case 

of t h i s  s e r v i c e  to come i n t o  o p e r a t i o n  a f t e r  t h e  s t u d y  

p e r i o d  time [ S e m i - e v o l u t i o n  case). 

Then g r o s s  c a p i t a l  e x p e n d i t u r e s  f o r  a n  e v o l v i n g  line over 



t h e  study p e r i o d  is e x p r e s s e d  as 

-d -e 

CAPITBL=CPD*u GP [e-d)  +CEA*ra GP i d - e )  + 

-1 -r 

CED*w GP (1-1) +CBD*w GF (h-r) 



4-2 REVENUES 

T o  c o n t i n u e  o p e r a t i n g  t h e  firm mus t  o b t a i n  c e r t a i n  

r e v e n u e s  to  c o v e r  c o s t s  a n d  r e t a i n  an  o b j e c t i v e  

p r o f i t a b i l i t y  l e v e l ,  T h e  r e v e n u e s  d e p e n d  o n l y  upon t h e  

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

T h i s  d e p e n d a n c e  o n  t h e  s e r v i c e  c a t e g o r y  r e s u l t s  to: 

Revenues  PA = R e v e n u e s  PD = RP 

B e v e n u e s  EB = R e v e n u e s  ED = RE 

B e v e n u e s  RD = = RD 

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

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

no r e v e n u e s  f o r  y e a r  h, S o  t h e  semi e v o l v e d  l i n e s  d o  n o t  

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

h. 

An e c o n o m i c  a n a l y s i s  is p r e s e n t e d  next, b a s e d  on t h e  

p r e s e n t  w o r t h  of c u m u l a t e d  r e v e n u e s  t h r o u g h o u t  t h e  study 

p e r i o d ,  

B e v e n u e s  from POTS s e r v i c e s  ---- --- --- --- 

The p r e s e n t  w o r t h  o f  r e v e n u e s  p e r  l i n e  o b k a i n e d  f rom POTS 

s e r v i c e s  a r e  g i v e n  by 



t h i s  yields to 

Ole, d l r c h  

£ is d e f i n e d  i n  paragraph 2 - 2  

Revenues  from Enfia.nced serv ices  ---- -- ---- 

During the enhanced period of a l i n e  t h e  p r e s e n t  worth of 

r e v e n u e s  are: 

k=e 

t h i s  can b e  p u t  i n  t h e  form 

I s h o u l d  eaention h e r e  t h a t  if the r e p l a c e m e n t  occurs t h e  

same y e a r  w i t h  t h e  enhancement t h e r e  a r e  n o  revenues from 

t h e  e n h a n c e d  l i n e s ,  Also these r e v e n u e s  a r e  zero i f  t h e  



enhancement time is equa l  t o  h ( s e m i  evo lved  lines), 

Bevenues from r e g l a c e d  s e r v i c e s  

Revenues w i l l  a l s o  b e  o b t a i n e d  from t h e  videband s e r v i c e s  

and t h e i r  p r e s e n t  worth p e r  l i n e  is  

This is rewritten as 

I n  t h e  preceed ing  study i t  was a l w a y s  assumed that  t h e  

replacement  time c o m e s  n o t  p r i o r  t o  d i g i t i z a t i o n  or 

enhancement time. 

So the  t o t a l  p r e s e n t  wotth of revenue i n  f l o v s  is 

e x p r e s s e d  a s  

-e -r -h 

R E V E N U E S =  f* (BP+ (BE-RP) *I? + {BD-BE)  *V -BD*u ) 



I n  t h i s  section t h e  Net S a l v a g e  c a p i t a l  f r o m  removed 

e q u i p m e n t  is a n a l y s e d ,  Wet s a l v a g e  is d e f i n e d  the g r o s s  

s a l v a g e  less t h e  r e m o v a l  c o s t s ,  and  it is t r e a t e d  a s  a 

c a p i t a l  c a s h  i n f l o w .  Depending  upon t h e  network s t a t e  t h e  

s a l v a g e  from l o o p s  t e r m i n a l s ,  a n d  s n i t c h e s  is d i f f e r e n t ,  The 

s a v i n g  o b t a i n e d  f rom o n e  l i n e    hen i t  is removed is  computed  

below. T h i s  analysis is b a s e d  on the t h e o r y  p r e s e n t e d  i n  

s e c t i o n  2-3 Ne t v o r k  e v o l u t i o n  p o l i c i e s -  

A point u h i c h  must  be  s t r e s s e d ,  i s  t h a t  there is no  

s a l v a g e  b e n e f i t s  from s e m i - e v o l v e d  l i n e s  f som t h e i r  f i n a l  

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

time, 

1Pssunpt ions  v h i c h  w i l l  be made i n  t h i s  p a r a g r a p h  a re  

b a s e d  o n  p r e s e n t  s p e c u l a t i o n s  of f u t u r e  s y s t e m s ,  a n d  may n o t  

h o l d  for any g e n e r a l  case, So, if t h e  a s s u m p t i o n s  a r e  

changed  nerr s a l v a g e  dynamics may b e  n e c e s s a r y -  

Sa&a_s f r o m  t e r m i n a l  removals .  

T h e r e  a r e  c e r t a i n  components ,  u s u a l l y  i n t e r f a c e  

e l e c t r o n i c s ,  removed f rom t h e  t e r n i n a l  s e c t i o n  of a line 

every time t h e  l i n e  c h a n g e s  s t a t e  i n  its e v o l u t i o n ,  b u t  t h e  

s a l v a g e  b e n e f i t  from these componen t s  is assumed t o  be 



n e g l i g i b l e ,  

S i g n i f i c a n t .  s a v i n g s  from t e r m i n a l  r e m o v a l ,  are o b t a i n e d  

when t h e  t e r m i n a l s  are r e p l a c e d  w i th  new o n e s  at time r ,  t h e  

r e p l a c e m e n t  time, which is t h e  time when the netuork e n t e r s  

t h e  final state- 

A n a l y t i c a l l y  the p r e s e n t  worth o f  s a l v a g e  from e a c h  of 

PA, PD, El, ED terminal s t a t e s  is given belou,  The R D  

terminals is assumed tha-t they are n o t  s a l v a g e d ,  

For t e r m i n a l  PA i s  SPA,T*w**{-r) i f  OLd,es~<h 

o r  

SPA-T*w** X-r) GF (h- r) o l d ,  e l r  

For t e r m i n a l  EA i s  SEA-Tv** (-r) i f  O < e <  d<r< h 

or 

SEA-TM** (-r) GF (d-e)  GP [h-r) O s d , e l r  

Por termina1,PD is SPD-T*#**(-r) if O<d<eLr< h 

or 

SPD-T*w+* (-r) G f  (e-d)  G F  (h-r) O<d,e<r 

For t e r m i n a l  E D  is  SED-Tw** (-r) i f  Osd, e<r<h 

or 

SED-Tv** (-r) GF (r-1)  GF (h-r) O(d, e tr  

s a l v ~  from loop removal s .  



The loop i n  g e n e r a l  is n o t  a s a l v a g e d  a sse t  b e c a u s e  e v e n  

i f  some c o m p o n e n t s  have some v a l u e  the r e m o v a l  costs a re  

v e r y  h i g h  and  t h e r e f o r e  t h e  n e t  b e n e f i t  low. 

However, i t  is assumed h e r e  t h a t  some s a l v a g e  benefit may 

be o b t a i n e d  f r o m  t h e  ED loop ,  due  t o  new electronics  which 

it i n c l u d e s ,  vhen  i t  is removed a t  the r e p l a c e m e n t  time r, 

So the p r e s e n t  u o r t h  of this c a s h  i n f l o w  is 

S a l v a ~  from switch removals_, 

A p o t e n t i a l  c o n t r i b u t i o n  t o  the firm's income  i s  o b t a i n e d  

vhen an  analog switch is removed, Depending on t h e  n e t v o r k  

s t a t e  t h i s  s a l v a g e  d i f f e r s ,  F o r  the PA, EA s t a t e s  where the 

a n a l o g  s w i t c h  is removed is c o n s i d e r a b l y  h i g h  and  t h i s  

o c c u r s  a t  time d,  t h e  d i g i t i z a t i o n  t i n e ,  S o  t h e  present v o t h  

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

For  s w i t c h  PA is  SPA-Sw**(-d) i f  O ~ d , e ~ r ~ h  , dCh 

For s m i t c h  EA is SEA-SU** (-d) i f  O<e<d<r<h , d<h 



For the PD, ED states some salvage is obtained from t h e  

e l e c t r o n i c s  i n  t h e  central office a t  time r- The p r e s e n t  

v o r t h  i s  given from 

For e l e c t r o n i c s  PD is SPD-SV** i-r) i f  OSd<e<r<h 

For electronics ED is SED-Su**{-r) i f  O<d,e<r<h 

01 

SED-SU** (-1) GF (r-1) GF (h-r) 

S o  the t o t a l  n e t  sa lvage is given by 

S B L V A G E  = [SPA-T+SEA-TGF (d-e) + (SPD-T+SPD-S) GF (e-d) 4 

( S E D  - S+SED-L+SED-T) GF (r-1) ) G F  (h-r) w ** 4-11 + 

( (SPA-S+ SEA-SGB (d-e) ) GP (h-d) w** I-d) , 

Given O<e,dSr(,h - 
and l=max (e, d) 



4-4 EXPENSE C O S T S  

The e x p e n s e  cost f o r  a l i n e  i n  PA s t a t e  is t h e  cumulated  

sum of the e x p e n s e s  for terminal, loop, a n d  s w i k c h  

throughout  the l i f e  of the POTS analog network n o r m a l i z e d  t o  

t i m e  zero. So the present value is 

P h e r e  m is  t h e  time the network  moves o u t  of the PA state 

see F i g  -5 

Then t h i s  can b e  p u t  as 

Vhere  EPA-EPA-T+EPA-L+EPA-S 

And m=min de ,d) .  

E x p e n s e  c o s t s  _for IPJ) lines, 



T h e  e x p e n s e  co s t s  for POTS digital are i n c l u d e d  in i f  t h e  

line e v o l u t i o n  fo l lows  p a t t e r n  B and i t  is t o  a s s u r e  t h a t  

l i n e  r e a c h e s  t h i s  state, 

So t h e  present value of expense c o s t s  is 

Time m network enters  s t a t e  PD, 

! b e  1 d e p a r t s  from s t a t e  PD (Pig-  5 )  

Then 

With O(e , d s r l h  

And EPD=EPD-T+EPD-L+EPD-S 

E x B n S e  cos t s  fog @A) lines.. - -- --- 

The e x p e n s e  cos ts  for t h e  e n h a n c e d  a n a l o g  lines are 

i n c l u d e d  i f  t h e  line e v o l u t i o n  f o l l o u s  the p a t t e r n  A, More 

s p e c i f i c a l l y  t h e  e v o l u t i o n  p o l i c y  is assumed to be 

PA-->EA-->ED-->BD. Then t h e  present worth of t h e  expense 

cost outflows is 



T i m e  m netuork e n t e r s  s t a t e  EA 

T i m e  1 d e p a r t s  from state EA (Fig. 5) 

Then 

-m -1 

EEA . f .  GE (d-e) - w - EEA-f0GF(d-e)  - u  

The e x p e n s e  c o s t s  for enhanced  d i g i t a l  l i n e s  s tar t s  a t  

time l=max ( e , d ) ,  t h e  time the network is expanded  t o  i n c l u d e  

t h e  narrow band s e r v i c e s  u n t i l 1  t h e  time r when is r e p l a c e d ,  

So the  present value of e x p e n s e  costs is 

See fig - 5 .  Then the a b o v e  summation c a n  b e  p u t  a s  



-1 -r 

EED .f .GP (h-r) u - E E D . f . G P ( h - r )  . w  

With Ole, dsr(h 

And EED=EED-T+EED-L+EED-S 

Wense costs fgr Rg 

The expense c o s t s  for rep laced  digital lines starts a t  

time r, t h e  replacemnt time, and g o e s  up t o  t h e  year h-3 

w h i c h  is t h e  e n d  of study p e r i o d ,  

So t h e  p r e s e n t  value of expense costs  i s  

or t h i s  can b e  p u t  as 

-r -h 

EBI3.f. w - EBD .f .u 

With OLe,dlr<h 

And EBD-ERD-T+EBD-L+ EEiD-S 



So the to ta l  expense costs are g i v e n  by 

+ t-EPD*f 62 (e-d) -EEA*f Gf Id-e) +EBD*f) *u 

W i t h  f=l/[1-u** (-1) ) 

And O<e,dlr_(h 



T h e  cost function is t h e  N e t  Present Value per  Line 

NPV/L ( e ,d , r )  and i s  given by 

Where 

-d - e  

CAPITAL=CPD*w GP [e-d) +CEA*w GF id-e) + 

-1 -r 

CED*w GP IE-1)  +CBD*w GP (h-r) 

-e -r -h 

BEVEHUES= f* (BP+ (RE-BP) *W + (ED-BE) * W  -RD*u ) 

SALVAGE = (SPA-T+SEA-TGF (d -e )  * (SPD-T+ SPD-S) GF (e-d) + 

(SED-S+S ED-L+SED-T) GP Ir-1) ) GF (h-r) w ** (-1) + 

( ISPA-S+SEA-SGF (d-e)) GP Ih -d )  u** (-a) ,  

-m 

EXPENSES=EPA*f+ [-EPA*f +EPD*fGP l e d )  + E E A * ~  GP ( d - e )  ) *u 

-1 

+ (-EPD*f GP (e-d) -EEA*f  GP Id-e) +EED*F) *sf 



W i t h  Ote, d(r<h 

The Net present Value (NPV) i n d i c a t o r  is a g e n e r a l i z a t i o n  

of other i n d i c a t o r s ,  F o r  e x a m p l e  the Present Worth of Annual  

Costs (PWAC) c a n  b e  o b t a i n e d  by setting t h e  r e v e n u e  terms to  

zero ang taking the n e g a t i v e  of t h e  r e s u l t i n g  NPY, 

Also the IPC can b e  o b t a i n e d  a s  well as AC by a p p r o p r i a t e  

selection of the d i s c o u n t  factor, 



%mI_O_N -5  MATHEMATICAL ANALYSIS, 

5 - 1  GLOBAL COST PONCTION A N D  PHYSICAL CONSTBBIl4TS 

A g e n e r a l  e x p r e s s i o n  f o r  t h e  n e t  p r e s e n t  v a l u e  per l i n e  

f u n c t i o n  NPY/L (e,d,r) i n  terms o f  line e v o l u t i o n  v a r i a b l e s  

h a s  b e e n  d e r i v e d  i n  the p r e v i o u s  s e c t i o n -  A c c o r d i n g l y  t h e  

H P V  f o r  a l l  s u c h  l i n e s  w i t h  t h e  assumed  e v o l u t i o n  e , d , r  i s  

given by 

N (e, d , r )  *NPV/L ( e ,  d, r) 

where N (e, d , r )  i n d i c a t e s  number of l i n e s  i n  t h i s  s p e c i f i c  

e v o l u t i o n  

The  summat ion  o v e r  t h e  se t  of a l l  f e a s i b l e  s t r a t e g i e s  - 
yields t o  t h e  g l o b a l  NPV- S o  t h e  o p t i m a l  p o l i c y ,  is 

d e t e r m i n e d  by t h e  l i n e a r  s y s t e m  o f  e q u a t i o n s ,  among a l l  

f e a s i b l e  p o l i c i e s ,  which  g i v e s  the l a r g e s t  o b j e c t i v e  

f u n c t i o n ,  

Function t o  be maximized,  



h 

nax NPV = 5 ~ N ( e , d 8 c ) * N P V / L ( e , d . r )  

( e  d )  r=max fe,d) e = O  d=O 

S u b j e c t  t o  c o n s t r a i n t s ,  --- - - ---- 

I,  A s  was a n a l y z e d  i n  p a r a g r a p h  2-11 t h e  l i n e  e v o l u t i o n  

variables m u s t  obey t o  

Ole, dl r<.h  

2 -  For  every e , d , r  the a g g r e g a t e  s t r a t e g i c  v a r i a b l e s  

Nie ,d , r )  h a v e  t o  be non n e g a t i v e  i n t e g e r  numbers- 

3. C a p i t a l  b u d g e t  constraints are  imposed on t h e  neu 

i n t r o d a c e d  lines, i n  any s t a t e  t h r o u g h o u t  t h e  s t u d y  p e r i o d  

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

CPD*PJeu-PD ( k )  +CEA* New-EA ( k )  +CED*Nev-ED (k) +CBD*Nev-BD(k) ST (k) 

With k=0,1 ,2 ,0--h-1  

And New-PD (K),.etc.. a r e  d e f i n e d  i n  p a r a g r a p h  3-1  . 
T h e  c o e f f i c i e n t s  CPD, CEA, CED, CRD,  u s e d  i n  t h e  a b o v e  

e q u a t i o n  are a c t u a l l y  t h e  c a p i t a l  c o s t s  p e r  l i n e  n e c e s s a r y  

t o  cover t h e  e x p e n s e s  of i n s t a l l e m e n t  and p u t t i n g  every l i n e  



i n  s e r v i c e .  

An a n a l y t i c a l  e x p r e s s i o n  f o r  t h a t  is  a s  f o l l o w s  

N ( e , k , r )  + CEA tf N U 0 . r )  + 

With k=0,1,2-.,h- 1 

4, For e v e r y  y e a r  t h e  t o t a l  number of l i n e s  i n  e a c h  state 

c a t e g o r y ,  or e q u i v a l e n t l y  i n  e a c h  s e r v i c e  c a t e g o r y ,  must be  

e q u a l  to  t h e  initial number of l i n e s  SO. 

Therefore-summing up t h e  lines i n  e a c h  s e r v i c e  c a t e g o r y  

(paragraph 3.2) i t  y i e l d s  

P (k) +E (k) +I3 (k) =SO for OlkSh 

A n a l y t i c a l l y  t h i s  c o n s t r a i n t  is e x p r e s s e d  a s  



With k=0,1,2.,,h 

This is a t e d i o u s  e q u a t i o n  b u t  i t  can be s i m p l i f i e d  

c o n s i d e r a b l y .  T o  o b t a i n  this t u o  o b s e r v a t i o n s  are critical, 

F i r s t ,  any line c a n n o t  fol low s i m u l t a n e o u s 1  y t uo d i f f e r e n t  

e v o l u t i o n  p o l i c i e s ,  second, for every k a l l  p o s s i b l e  

p o l i c i e s  have t o  b e  summed up to g i v e  the total number of 

l i n e s ,  Then t h e  e q u a t i o n  is i n d e p e n d e n t  of k and is 

f o r m u l a t e d  a s  

For years 0,1,2,,,,h 



5 .2  HETHOD OF S O L U T I O N ,  

Except for some t r i v i a l  c a s e s ,  i t  i s  unlikely that an 

analytical s o l u t i o n  can be o b t a i n e d  from the problem d e r i v e d  

previously, S p e c i a l  cases o c c u r  when i t  is a s s u n e d  that sone 

a p r i o r y  information is a v a i l a b l e ,  T h i s  information could 

i n d i c a t e  that there is no enhancenent  s tage ,  e x p r e s s e d  a s  

e=r, or no d i g i t i z a t i o n  s t a g e ,  i f  d=r, F o r  t h e s e  cases a 

~ u c h  s i m p l e r  set of e q u a t i o n s  is o b t a i n e d ,  

As an example assume e=r ,  then t h e  formula g i v i n g  the n e t  

p r e s e n t  va lue  per l i n e  (NPV/L) is s i m p i f i e d  t o  

-d -1 

NPV/L (d ,r )  =a+ (b+GF (r-d) +c*GF (h-d) ) *sr + (d*GF (h-r) +e) *u 

Subject to -constra ints -  

1. 0 C,dsr l h  



Bhere k=0,1,2-..h. 

B s i m i l a r  e x p r e s s i o n  c a n  be.  d e r i v e d  f o r  d = r 3  

The above  r e s u l t s  i n d i c a t e  e v e n  f o r  t h i s  trivial c a s e s  a 

m a t h e m a t i c a l  a p p r o a c h  t o  t h e  p r o b l e m  is cumbersome, due t o  

t h e  d i c s o n t i n u o u s  f u n c t i o n  GF (.), 

For  a r b i t r a r y  time o r d e r i n g  of e a n d  d t h e  e g u a t i o n s  a r e  

d i f f i c u l t  t o  a n a l y s e  because of d i s c o n t i n u i t i e s  i n  t h e  

o b j e c t i v e  f u n c t i o n ,  An a t t r a c t i v e  a p p r o a c h  t o  t h e  s o l u t i o n  

o f  t h i s  p r o b l e m  is to  u s e  a p a r a m e t e r  o p t i m i z a t i o n  

t e c h n i q u e ,  Eloreover, since a l l  e , d , r  a re  c o n s t r a i n e d  t o  l i e  

on  a l i m i t e d  r a n g e ,  and hence the number o f  N[e ,d , r )  

variables is l i m i t e d ,  a d i r e c t  s e a r c h  m a x i m i z a t i o n  scheme is 

more s u i t a b l e  o f  t h i s  problem, 



5 - 3  N U H E S C A L  RESULTS- 

The n u m e r i c a l  s o l u t i o n  p r e s e n t e d  h e r e  is b a s e d  on L i n e a r  

Programming p r o c e d u r e s  of MPSX/370 (see Appendix 3) 

e u p l o y i n g  t h e  r e v i s e d  s i m p l e x  met hod w i t h  p r o d u c t  form o f  

t h e  i n v e r s e  a n d  w i t h  bounded v a r i a b l e s .  The s i n p l e x  method 

is b a s e d  upon t h e  f a c t  t h a t  i f  t h e r e  are m c a n s t r a i h t s  ( o r  

rows) i n  t h e  c o n s t r a i n t  m a t r i x  a n d  these a r e  l i n e a r l y  

i n d e p e n d e n t ,  t h e n  t h e r e  is a set of m c o l u m n s  ( v a r i a b l e s )  

srhich are a l s o  l i n e a r l y  i n d e p e n d e n t .  Hence, any r i g h t  hand 

s i d e  c a n  b e  expressed i n  terms of t h e s e  m c o l u m a s  [ c a l l e d  

b a s i s ) ,  The s i m p l e x  method u s e s  t h e s e  b a s i c  s o l u t i o n s ,  

s t e p p i n g  from one t o  a n o t h e r ,  until a s o l u t i o n  { c a l l e d  b a s i c  

f e a s i b l e  s o l u t i o n )  is o b t a i n e d  t h a t  meets a l l  o f  t h e  

c r i ter ia ,  i n c l u d i n g  t h e  r e q u i r e m e n t  t h a t  a l l  t h e  co lumn 

v a l u e s  be non n e g a t i v e ,  

After t h e  b a s i c  f e a s i b l e  s o l u t i o n  is f o u n d ,  t h e  s i m p l e x  

method s t e p s  along, e x a m i n i n g  a  series of b a s i c  f e a s i b l e  

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

t h e  v a l u e  o f  t h e  o b j e c t i v e  row b e  maximum a n d  t h i s  i s  an  

o p t i m a l  s o l u t i o n .  T h e r e  are cases w h e r e  a s o l u t i o n  d o e s  n o t  

e x i s t ,  t h e n  the p r o b l e m  is i n f e a s i b l e  o r  unbounded, 

A s i m p l e  i t e r a t i o n  c o n s i s t s  of  c h o o s i n g  a non b a s i c  

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

t h e  o b j e c t i v e  f u n c t i o n  w i t h  g r a d i e n t  t h e  " r e d u c e d  cost"  of 

t h e  v a r i a b l e ,  



R e s u l t s  --- 

In fig - 6  the hor izonta l  t r i a n g u l a r  plane s p e c i f i e s  the 

f e a s i b l e  domain of t h e  f u n c t i o n  NPVJL (e,d, r) according t o  

constraint O<e,d<r<h- - Computer results indicate t h a t  - - 
NPV/L [e,d, r )  is concave i n  a l l  t r i a n g u l a r  planes  and the 

first nise maxima i n c l u d e d  in table - 1  belong t o  the  upper 

most tr iangular  plane and t h e  p r o j e c t i o n  of  their l o c u s  is 

t h e  discrete p o i n t s  009,  219, 229,- ,  889 all of them located 

on the line segment s t a r t i n g  at t h e  vertex 009 and 

intersecting t h e  o p p o s i t e  s i d e ,  

Table - 1  P o l i c y  vs NPV- First n i n e  maxima 



P i g  - 6  F e a s i b l e  and opt imal  po l i c i e s ,  



F o r  t h e  se t  of i n p u t  ' p a r a m e t e r s  o f  Appendix 3 the l i n e a r  

p rogram shows t h a t  t h e  optimum e v o l u t i o n  policy is 

PA-->ED 

a n d  this is t h e  case f o r  any  non z e r o  budget p e r  yea r ,  The 

number of l i n e s  e v o f  ved t o w a r d s  ED e v e r y  y e a r  depends on t h e  

c a p i t a l  budget ,  I f ,  s a y ,  c a p i t a l  was i n f i n i t e  t h e n  the 

optimum m o d e r n i z a t i o s  p o l i c y  would b e  d=e=O, s=h o r  s i m p l y  

immed ia t e  t r a n s i t i o n  t o  ED s tate-  If b u d g e t  of t h e  f i rs t  

year was n o t  e n o u g h  t o  allow a l l  l i n e s  t o  r e a c h  ED s t a t e  

t h e n  t h e  b u d g e t  o f  t h e  n e x t  y e a r  would be a l l o c a t e d  f o r  

t h i s ,  a c c o r d i n g  t o  e v o l u t i o n  e=d=3, r=9 t h e  s econd  optimum 

c h o i c e  after e=d=O, r=9; and  so  on, These  o b s e r v a t i o n s  a r e  

b a s e d  on r e s u l t s  shown i n  t a b l e  -1 ,  where t h e  n i n e  first 

maxima of BIPV/L [e ,  d, x) a r e  i n c l u d e d ,  w i t h  t h e  c o r r e s p o n d i n g  

e v o l u t i o n -  

T a b l e  2 i n d i c a t e s  the number o f  e n h a n c e d  d i g i t a l  l i n e s  

ED(k) a s  a f u n c t i o n  of time a n d  the c a p i t a l  b u d g e t / y e a r  as a 

parameter f o r  the o p t i m a l  m o d e r i z a t i o n  p o l i c y -  



\ Budget i n  $/year 

Table , 2 Enhanced d i g i t a l  l i n e s  v s  

Budget c o n s t r a i n t ,  Optimal p o l i c y  



These results are o b t a i n e d  vith the input parameters 

defined i n  Appendix  2- The results c a n  be explained 

c o n s i d e r i n g  the fact t h a t  t h e  evolution p o l i c  y i s  PA-->ED 

and t h e  Capital costs per  year per line were assumed t o  $50, 

So , say, for year 0 ,  t h e  b u d g e t  is $100,000 t h e n  there are 

100,000/50= 2 , 0 0 0  enhanced d i g i t a l  i n t r o d u c e d  i n  e v e r y  year 

and t h i s  is u h a t  appears  on table by r u n n i n g  the program- 



P i g - 7  be low g i v e s  the  number of ED lines a s  a f u n c t i o n  of 

time w i t h  t h e  capital budgetfyear as the varying parameter, 

The total number of lines is assumed to be 50,000. 

years 1 

Fig - 7  Optimal state e v o l u t i o n  vs capital 

budget co.nstraiat, 



Lines i p  e a c h  s t a t e .  Optimum stratgqy, 

The Job s t e p - 4  (Appendix 3) program package  c a l c u l a t e s  

the  nuaber of l i n e s  i n  each s t a t e  for every year of the 

study p e r i o d  for t h e  optimnm stra tegyr.The results shown i n  

table 3 have been  o b t a i n e d  for c a p i t a l  budget per year e q u a l  

t o  $100,000, 

T a b l e  - 3  Lines in each state. O p t i m a l  p o l i c y -  



N P V  4 f u n c t i o n  of budqet  ger year, -- 

The NPV depends  on t h e  capital b u d g e t  allocated t o  new 

i n t r o d u c e d  lines and  tends to  increase a s  t h e  budget 

i n  creases- 

F i g  - 8  d e p i c t s  t h e  HPV as a f u n c t i o n  of C a p i t a l  budget 

per year. 

Pig - 8  PPY vs budget constraint,, 



T h e  NPV i n c r e a s e s  a s  t h e  budget i n c r e a s e s  but  for values 

of Budget  g r e a t e r  than $3,OOO,OOO t h e  NPV r e t a i n s  a maximum 

v a l u e  and t h e r e a f t e r  r e m a i n s  c o n s t a n t -  T h i s  is d u e  to  t h e  

f a c t  t h a t  t h e  budget is enough  t o  e n h a n c e  a l l  l i n e s  

s i m u l t a n e o u s l y  and t h e r e f o r e  NPV is  a t  its maximum value, 

and a further i n c r e a s e  of t h e  b u d g e t  i s  of no i n t e r e s t ,  ' 



An a g g r e g a t e  c o s t  model. for i n t e g r a t e d  W i r e c e n t e r  

m o d e r n i z a t i o n  h a s  b e e n  d e s c r i b e d ,  u b e r e  t h i s  c o s t  is the N e t  

P r e s e n t  Va lue  fE1PV) a n d  is a  f u n c t i o n  o f  t h e  time o f  

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

I n  t h i s  model  h a s  been assumed t h a t  t h e  s t u d y  p e r i o d  is 

d i s c r e t e  a n d  f i n i t e ;  no overlay o p t i o n ;  two kinds of d i g i t a l  

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

c o n s i d e r a b l e  i n p o r t a n c e -  

It has been  d e m o s t r a t e d  t h a t  t h e  o p t i m a l  s t r a t e g y  f o r  t h e  

n e t w o r k  e v o l u t i o n  s t r o n g l y  d e p e n d s  on t h e  v a l u e s  of the 

i n p u t  cost p a r a m e t e r s ,  b u t  t r i a l s  with d i f f e r e n t  d a t a  sets 

i n d i c a t e  t h a t  p u r e  m o d e r n i z a t i o n  p o l i c i e s  a r e  optimum nhen 

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

c o n s t r a i n t s  are i m p o s e d  o n  the l i n e s  i n t r o d u c e d  e v e r y  year 

the best s t r a t e g y  is t o  a l l o c a t e  a l l  t h i s  p e r  year c a p i t a l  

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

n e t w o r k  t o  r e a c h  t h e  s t a t e  d e t e r m i n e d  b y  t h e  pure p o l i c y -  

T h i s  model c o n s i d e r s  f i v e  p u r e  p o l i c i e s  d e p e n d i n g  on t h e  

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

a- PA->PA H e t v o r k  retains its a n a l o g  sta tus  till t h e  

e n d  of study p e r i o d -  

b, PA-->EA A 1 1  new i n t r o d u c e d  l i n e s  a r e  of e n h a n c e d  

a n a l o g  IEA) t y p e -  

c, PA-->PD Network r e m a i n s  a n a l o g  b u t  nou p a r t  o r  a l l  



of it, depend ing  o n  c a p i t a l  budget, o p e r a t e s  o n  d i g i t a l  

basis. 

d, PA-->ED P a r t  o r  a l l  ne twork ,  d e p e n d i n g  on  c a p i t a l  

b u d g e t ,  becomes e n h a n c e d  d i g i t a l ,  

e. PA-->ED P a r t  o r  a l l  n e t u o r k ,  d e p e n d i n g  on  c a p i t a l  

budge t ,  is r e f o r m e d  t o  a c c o m o d a t e  a d v a n c e d  s e r v i c e s  a n d  

t h e r e f o r e  tends t o  r e a c h  the r e p l a c e d  d i g i t a l  s ta te-  

Due t o  d i s c r e t e n e s s  o f  t h e  model a n d  t h e  d i s c o n t i n u i t i e s  

o f  the e v a l u a t o r  ( c o s t  f u n c t i o n )  t h e o r e t i c a l  a n a l y s i s  h a s  

not been  done- I n s t e a d ,  a  computer:  a i d e d  s o l u t i o n  h a s  been 

a c h i e v e d ,  emp loy ing  an  e x h a u s t i v e  s e a r c h  s c h e m e  t o  f i n d  t h e  

naximum v a l u e ,  T h e  p rob l em h a s  been  f o r m u l a t e d  i n  a map as 

t o  be p o s s i b l e  the u s e  of l i n e a r  programming t o  o b t a i n  t h e  

s o l u t i o n ,  T h i s  l i n e a r  p r o g r a m i n g  o p t i m i z a t i o n  p a c k a g e  is 

e a s i l y  a v a i l a b l e  as well a s  c o s t  e f f e c t i v e .  

~ e n e r a l i z a t i o n ,  It a p p e a r s  t h a t  while t h e  model h a s  

t e l e p h o n i c  o r i g i n s ,  it is a p p l i c a b l e  to a  b r o a d e r  c l a s s  o f  

u o d e r n i z a  t i o n  problems, F o r  example o t h e r  communica t ion  

n e t v o r k s  and  p e r h a ~ s  t r a n s p o r t a t i o n  n e t w o r k s  a s  well, 

a l t h o u g h  t h e  latter example  a p p e a r s  t o  b e  somewhat more 

q u e s t i o n a b l e ,  



P a r a m e t e r s  u s e d  i n  this L i n e a r  Programming F o r m u l a t i o n  

(LPP) d i f f e r  f r o m  t h o s e  i n  t h e  r e p o r t . .  The r e a s o n  i s  t h e  

u s e d  computer l a n g u a g e  FOBTRAM I V  GI does not a l l o w  a g r e a t  

d e a l  of flexibility m a n o e u v e r i n g  parameters- 

This a p p e n d i x  u i l l  h e l p  to e s t a b l i s h  a l i n k  between 

r e p o r t  p a r a m e t e r s  and p a r a m e t e r s  b a s i c a l l y  employed i n  the 

klAIFI psogram and f u n c t i o n  SNPY ( n e t  present value p e r  line) 

of t h e  J O B  STEP 2 -  

I f  some v a r i a b l e  is not i n c l u d e d  i n  t h e  list below that 

is t o  aean i t  r e t a i n s  its name o f  c o a r s e ,  a c h a a g e  

from Low Case t o  Upper  Case let ters)  

S t u d y  p e r i o d  

Local s t r a t e g i c  v a r i a b l e s  

II 18 ( a  

I t  I# 18 

F u n c t i o n  of e , d , r  

at II I: 

A g g r e g a t e  s t r a t e g i c  variable 

The. f u n c t i o n s  t h a t  c o m p u t e  Revenues ,  C a p i t a l  c o s t s ,  

E x p e n s e  costs,  a n d  S a l v a g e  appeared i n  t h e  program are 



repeated here t o  make easier t h e  parameter correspondance,  

f i r _  Revenues 

SJhere 

vx  I s )  =cosr 4 r o) * F = B P * P  

vx 41z)= (cosa ( 3 0 )  -COST 110) *f= [BE-BPI *P 

YX (13)= [COST (50) -COST (20) ) *P= IBB-BE) *P 

VX (34) =cos t [50 )  * f = B B * P  

For Capital costs 

CBCOST=VX (4) *GE(JE-JD) *u** [-JD) +VX ( 6 )  *Gf (JD-JE)  *u** ,I-JE) 

+ V X  10) *GF (JB-L) *u** [-L) +VX X 10) * GP ( H H - J  3) *U** i-JB) 

Where: 

VX (4) =COST ( 14) +COST ( 15) +COST 11 6) 

=CPD-T+CPD-L+CPD-S 



U s i n g  parameters i n t r o d u c e d  i n  program 'Expense costs*  

are r e w r i t t e n  a s  

Where: 

V X  ( l 5 ) = V X  ( 1 )  *F= [COST ( 3 )  +CDST 42)  +COST (3) ) *F 

= (EPA-T+EPA-L+ EPA-S) *P 

VX (17) = (VX 45) *F=COST (21) +COST (22) +COST (23) ) *P 

= (EPA-T+EPA-L+EPA-S) * P  



v x  ( 1  8) = V X { 7 )  *F= (COST (37) +COST (32) +COST (33) ) *F 

= ($ED-T+ EEDJ +EED-S) *P 

VX ( 19)  = V X  ( 9 )  *f = [COST [U I )  +COST (42) +COST (43) ) *P 

= (ERD-T+EBD-L+EBD-S) *F 

Sa lv  agg --- 

U s i n g  parameters introduced in the progra m formula t i o n  

*Salvage1 is rewritten as 

SALVAG= (COST (7) +COST (27) *GF' (JD-JE) +VX (20) *GF (J E-JD) + 

+VX (21)  *GP (JR-L) *GP (MH-L) *w** [ - J B )  + 

+COST[9)  +COST (29) *GF (JD-JE) *GF (EIH-JD) ) * i t * *  ( -JD)  

COST ( 7 )  =SPA-T 

COST (9) =SPA-S 

COST {2 9) =SEA-S 



APPENDIX 2 --- 
I n  this a p p e n d i x  are i n d i c a t e d  t h e  v a l u e s  o f  t h e  

p a r a m e t e r s  u s e d  t o  r u n  t h e  o p t i m i z a t i o n  p rogram i n  t h e  

c o m p u t e r ,  T h e  n u m e r i c a l  results s u m m a r i z e d  i n  p a r a g r a p h  5.3 

are b a s e d  on these v a l u e s  o f  t h e  p a r a n e t e r s ,  

S t u d y  p e r i o d  h-1 =8 

D i s c o u n t  ra te  i =O-150 

Number of lines p e r  p e a r  SO =50,000 

C a p i t a l  b u d g e t  available p e r  year a s s u m e d  t h e  s a m e  

t h r o u g h o u t  t h e  study p e r i o d  a n d  t a k e s  v a l u e s  $0 $7000 

810,000 fl0,OOO $100,000 $3000,000 $3,000,000 d e p e n d i n g  

on  t h e  case, The  cos t  p a r a m e t e r s  g i v e n  below i n d i c a t e  costs 

p e r  line per year,.  

PA cos t  p a r a a e t e r s ,  

EPA-S = 15.00 EPA-L = 

CPA-S = 0.00 CPA-L = 

SPA-S = 100.00 SPA-L = 

Revenues-PA= 50-0 0 

PD c o s t  p a r a m e t e r s ,  

EPD-S = 5.00 EPD-L = 

CPD-S = 250-00 CPD-L = 

SPD-S = 200.00 SPD-L = 

Revenues-PD=50- 00  

0-00 EPA-T = 0-00 

0-00 cpa-r= 0.00 

0 -  00 SPA-T = 0-00 



EA cost parameters, 

EEA-S = 15.00 EEA-L = 0 - 0 0  

CEA-S = 100.00 C E A - L =  0 . 0 0  

SEA-S = 7 5 - 0 0  SEA-L = 0.00 

Revenues-EB= 8 0 - 0 0  

ED cost parameters. 

EED-S = 5 - 0 0  EED-L= 0 - 0 0  

CED-S = 50-00 CED-L = 0 - 0 0  

SED-S = 3 5 - 0 0  SED-L= 0 - 0 0  

Revenues-ED= 80-00 

BD cost parameters, 

EBD-S= 5-00 EBD-L = 0 . 0 0  

CBD-S = 7 5 0 - 0 0  CRD-L = 0 - 0 0  

SBD-S = 0-00  SfD-L = 0.00 

Bevenues-BD= 120-00  



A P P E N D I X  3 ---- 

T h e  L i n e a r  Programming s o l u t i o n  t o  t h i s  p r o b l e m  is d o n e  

i n  f o u r  J o b  S t e p s -  

S t e p  1, Tuo d a t a  sets a r e  c r e a t e d  o n  a d i s c  o n e  t o  s t o r e  

t h e  i n p u t  d a t a  f o r  j o b  s t e p  3, a n d  t h e  o t h e r  t o  c o l l e c t  t h e  

o u t p u t  o f  job s t e p  3, {Computer  l a n g u a g e  is J o b  C o n t r o l  

L a n g u a g e  JCL)  

S t e p  2- I n  t h i s  s t e p  t h e  c o m p u t e r  r e a d s  the i n p u t  d a t a  

set  and  c a l c u l a t e s  the c o s t  function f o r  e v e r y  f e a s i b l e  

p o l i c y  and p u t s  the r e s u l t s  i n  a s p e c i a l  f o r m a t  r e a d a b l e  by 

the Job s t e p  3 c o m p i l e r .  (Computer  L a n g u a g e  is F o r t r a n  

IV, GI) 

A p p e n d i x  1 relates p a r a m e t e r s  u s e d  i n  t h e  r e p o r t  w i t h  

t h o s e  used i n  t h e  p r o g r a m  of  this s t e p ,  

S t e p  3. T h i s  c o n t r o l  program r e a d s  the d a t a  a n d  c o m p u t e s  

t h e  optimum s o l u t i o n  based on t h e  r e v i s e d  s i m p l e x  method 

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

(Computer  l a n g u a g e  f B d  B a t h e m a t i c a l  Programming S y s t e m  

Extended/370;  MPSX/37O) 

S t e p  4, T h e  o p t i m a l  s o l u t i o n  o b t a i n e d  i n  S t e p  3 is used 

t o  f i n d  t h e  number  o f  l i n e s  i n  e a c h  o f  PA, PD, El, ED, BD 

sates. 

The Pig -9 be low shows t h e  CPU, and  I /O+U/R a c c o u n t i n g  

n e c e s s a r y  f o r  e x e c u t i o n  of t h e  p r o g r a m  (2.3, U Job s t e p s )  as 



a f u n c t i o n  of the study period. The CPU c h a r g e s  are strongly 

dependent o n  t h e  number of i t e x a t i o n s  h a s  to be done for 

objective function t o  c o n v e r g e .  

F i g  - 9  Computational c o m p l e x i t y ,  
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