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(i)

SUMMARY

D uring  th e  p a s t  d ecad e ,  many te c h n iq u e s  f o r  co m p u te r -a id e d  c i r c u i t  

d e s ig n  have been  s u g g e s te d  and i n v e s t i g a t e d ,  b u t  none have been 

dev e lo p ed  t o  th e  s t a g e  where t h e  d e s ig n e r  i s  r e d u n d a n t .  The r e s e a r c h  

d e s c r ib e d  h e r e i n  co n ce rn s  t h e  a p p l i c a t i o n  o f  one te c h n iq u e ,  th e  method 

o f  c o e f f i c i e n t  m a tc h in g ,  t o  th e  s y n t h e s i s  o f  lumped, l i n e a r ,  p a s s iv e  , 

3 - t e r m in a l  ne tw orks  w i th  no m utual in d u c ta n c e s .  The a u th o r  dev e lo p ed  

a  program  w h ic h ,w i th  f u r t h e r  deve lopm ent,  c o u ld  p e r fo rm  th e  e n t i r e  

d e s ig n  p r o c e s s  w i th  no d e s ig n e r  i n t e r a c t i o n .  F u r t h e r ,  th e  a u th o r  con

s i d e r s  prob lem s where th e  c l a s s i c a l  s y n th e s i s  methods a r e  u n s u i t a b l e  ,  

e . g .  t h e  s y n t h e s i s  o f  n o n - s e r i e s - p a r a l l e l  ne tw orks  w i th  no s e r i e s -  

p a r a l l e l  e q u i v a l e n t .

The c o e f f i c i e n t  m a tch ing  p ro c e d u re  i s  b a sed  on s e l e c t i n g  a s t a r t i n g  

ne tw ork  which y i e l d s  t h e  c o r r e c t  p o ly n o m ia l  s t r u c t u r e  and a c h ie v in g  a 

s o l u t i o n  by component v a lu e  a d ju s tm e n t  and ne tw ork  e v o l u t i o n .  The c l o s e r  

th e  s t a r t i n g  ne tw ork  t o  a f e a s i b l e  to p o lo g y ,  t h e  more r a p i d  t h e  convergence  

to  a s o l u t i o n .  I t  i s  shown t h a t  t h e  s u i t a b i l i t y  o f  a  s t a r t i n g  ne tw ork  

can be a n a ly s e d  on th e  b a s i s  o f  th e  in fo rm a t io n  o b ta in e d  from th e  d i f f e r e n t  

b u t  e q u i v a l e n t  forms o f  th e  a d m it ta n c e  f u n c t i o n s .  The s i g n i f i c a n c e  o f  

common f a c t o r s  i s  d i s c u s s e d  and th e  i n f l u e n c e  o f  v a r io u s  ty p e s  o f  common 

f a c t o r s  on t h e  ne tw ork  r e a l i z a t i o n  i s  i n v e s t i g a t e d .

For c a se s  when th e  i n i t i a l  s t a r t i n g  ne tw ork  i s  rem ote  from any f e a s i b l e  

s o l u t i o n ,  s o p h i s t i c a t e d  te c h n iq u e s  a l lo w in g  s u b s t a n t i a l  t o p o l o g i c a l  m o d i f i 

c a t i o n  d u r in g  netw ork  e v o l u t io n  a r e  r e q u i r e d .  These te c h n iq u e s  were 

dev e lo p ed  by th e  a u th o r  on th e  b a s i s  o f  e lem ent and node a d d i t i o n  and 

e l i m i n a t i o n .

A F o r t r a n  IV program  has  been  dev e lo p ed  by th e  a u th o r  w e ld in g  t o g e t h e r  

a l l  t h e s e  a fo re m e n tio n e d  te c h n iq u e s  f o r  t o p o l o g i c a l  m o d i f i c a t i o n .  The



Cii)

program  makes l a r g e  t o p o l o g i c a l  m o d i f i c a t io n  a u t o m a t i c a l ly  d u r in g  th e  

d e s ig n  p r o c e s s .  The e f f e c t i v e n e s s  and e f f i c i e n c y  o f  th e s e  te c h n iq u e s  

and th e  program  a r e  i l l u s t r a t e d  by a v a r i e t y  o f  s y n th e s i s  exam ples .
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CHAPTER 1

INTRODUCTION

T echniques  f o r  th e  s y n t h e s i s  o f  e l e c t r i c a l  ne tw orks  can be s u b d iv id e d ,  

i n  g e n e r a l ,  i n t o  two c a t e g o r i e s ,  nam ely , i n t e r p o l a t i o n  te c h n iq u e s  and 

r e a l i z a t i o n  t e c h n iq u e s .  I n t e r p o l a t i o n  te c h n iq u e s  a r e  u sed  t o  f i n d  netw ork 

c h a r a c t e r i s t i c s  which can be r e a l i z e d  e x a c t l y ,  and which ap p ro x im a te  th e  

d e s i r e d  p e rfo rm ance  o f  t h e  r e q u i r e d  netw ork  s u f f i c i e n t l y  w e l l .  R e a l i z a t io n  

te c h n iq u e s  p ro d u ce  e x p l i c i t  ne tw orks  from th e  e x a c t l y  r e a l i z a b l e  c h a r a c t e r 

i s t i c s  o b ta in e d  by th e  i n t e r p o l a t i o n  t e c h n iq u e s .  The e l e c t r i c a l  netw orks  

c o n s id e re d  in  t h e  p r e s e n t  work a r e  lumped, l i n e a r ,  c o n s ta n t  p a r a m e te r ,  

p a s s i v e , 3 - t e r m i n a l  ne tw orks  h av in g  no m utual in d u c ta n c e .

B e fo re  t h e  adven t o f  th e  modern h ig h  speed  d i g i t a l  com pu te rs ,  r e a l i z a 

t i o n  te c h n iq u e s  f o r  t h e s e  ne tw orks  depended on what a r e  c a l l e d  ' c l a s s i c a l  

1 2  3te c h n iq u e s  '  '  ' .  These te c h n iq u e s  a r e  b ased  on a s e t  o f  n e c e s s a r y  and 

s u f f i c i e n t  c o n d i t i o n s ' " ^ .  A l l  such  te c h n iq u e s  r e l y  on ' s e r i e s - p a r a l l e l '  

d eco m p o s i t io n  o f  th e  g iven  f u n c t io n s  ( s e r i e s  d eco m p o s i t io n  o f  impedance 

f u n c t i o n s ,  p a r a l l e l  d e co m p o s i t io n  o f  a d m it ta n c e  f u n c t io n s )  to  s u c c e s s iv e l y  

s im p l i f y  them i n t o  two o r  more s im p le r  fo rm s. D ecom position  i s  c o n t in u e d  

u n t i l  t h e  s i m p l i f i e d  f u n c t io n s  a r e  r e c o g n iz e d  as impedances o r  a d m it ta n c e s  

o f  some r e a l i z a b l e  n e tw o rk s .  These s i m p l i f i e d  ne tw orks  a r e  th e n  

re a s se m b le d  to  c o n s t r u c t  t h e  r e q u i r e d  ne tw ork .
g

In 1968, F ialkow  showed t h a t  some f e a s i b l e  p e rfo rm ance  f u n c t i o n s  cannot 

have a s e r i e s - p a r a l l e l  r e a l i z a t i o n ,  which means t h a t  th e y  canno t be r e a l i z e d  

by em ploying th e  c l a s s i c a l  m ethods. In  a d d i t i o n ,  c l a s s i c a l  te c h n iq u e s  ta k e  

no accoun t o f  th e  c o n s t r a i n t s  on th e  range  o f  e lem en t v a l u e s ,  p r e s e n c e  o f  

p a r a s i t i c s ,  and s e n s i t i v i t y  o f  th e  netw ork  pe rfo rm ance  to  s l i g h t  p e r t u r b a 

t i o n s  in  some o f  t h e  e lem en t v a l u e s .  The a fo re m e n tio n e d  l i m i t a t i o n s  o f  th e  

c l a s s i c a l  te c h n iq u e s  show th e  need  o f  a new s y n th e s i s  te c h n iq u e  t o  overcome 

th e s e  l i m i t a t i o n s .



D uring th e  p a s t  decade ,  due to  th e  f a s t  developm ent o f  h ig h  speed

9-12d i g i t a l  com puters ,  new s y n th e s i s  te c h n iq u e s  have been  dev e lo p ed  

which a r e  knowii as  'C om puter-A ided E l e c t r i c a l  Network D e s ig n ' .  These 

t e c h n iq u e s ,  u s in g  com puters  and em ploying o p t i m iz a t io n  t e c h n iq u e s ,  aim 

to  m a n ip u la te  l a r g e  numbers o f  i n t e r a c t i n g  v a r i a b l e s  i n  an i t e r a t i v e  

f a s h io n  w i th  r e s p e c t  t o  th e  d e s ig n  o b j e c t i v e s ,  in d e p en d en t  o f  th e  netw ork 

c o n f i g u r a t i o n s .

There a r e  two main modes o f  o p e r a t io n  f o r  u s in g  a com puter ,  namely:

i )  The ' I n t e r a c t i v e '  o r  'O n - l i n e '  mode in  which th e  d e s ig n e r  

i s  a b l e  t o  i n t e r f e r e  d u r in g  run  t im e  in  o r d e r  to  t a k e  th e  

c r i t i c a l  d e c i s i o n s .

i i )  The 'A utom ated ' o r  'B a t c h ' mode where some 'a l g o r i t h m '  

endeavours  t o  r e p l a c e  ' i n s i g h t '  .

In  th e  l a t t e r  mode o f  o p e r a t i o n ,  a l l  d e c i s i o n s  a r e  made a u t o m a t i c a l l y  by

im plem en ting  i n  th e  program a l l  e x p e c te d  p o s s i b i l i t i e s .  P o t e n t i a l l y ,

b a tc h  mode w i l l  r e q u i r e  more co re  s to r a g e  th a n  th e  i n t e r a c t i v e  mode b u t

i t  i s  l e s s  h a z a rd o u s .  Batch mode i s  th e  mode o f  o p e r a t io n  which i s  used

in  ru n n in g  th e  program s used  in  t h i s  r e s e a r c h  o r ,  i n  o t h e r  w ords, au tom ated

d e s ig n  te c h n iq u e  has  been used  in  th e  p r e s e n t  work.

13In 1964, Calahan r e a l i z e d  th e  p o s s i b i l i t i e s  o f  u s in g  com puters  in  

f i l t e r  d e s ig n .  S ince  th e n ,  a v a r i e t y  o f  new id e a s  f o r  netw ork  s y n th e s i s  

u s in g  Computer-Aided Design te c h n iq u e s  have been developed^^  Many

o f  th e s e  te c h n iq u e s  a r e  in d e p e n d e n t  o f  th e  c l a s s i c a l  r e s t r a i n t s  o r  th e  ty p e s

o f  netw ork  which can be c o n s id e re d .  F u r t h e r ,  t h e s e  te c h n iq u e s  p ro v ed  to

12 13 14be f e a s i b l e  in  f i l t e r  d e s ig n  ' , d e s ig n  o f  d i s t r i b u t e d  ne tw orks  and

many o th e r  a p p l i c a t i o n s ^ ^  The demand f o r  s y n t h e s i s  o f  h ig h l y  complex

c i r c u i t s  ( e . g .  i n t e g r a t e d  c i r c u i t s )  le a d  to  f u r t h e r  p r a c t i c a l  d e s ig n

te c h n iq u e s  such  as schemes f o r  th e  c a l c u l a t i o n  o f  netw ork  s e n s i t i v i t i e s ,

f i r s t  p r e s e n te d  by H ach te f  and R ohrer^^ .



For th e  l a s t  seven  y e a r s  o r  s o ,  a group  o f  r e s e a r c h e r s  has  worked a t  

t h e  U n iv e r s i t y  o f  L e i c e s t e r  un d er  t h e  s u p e r v i s io n  o f  Dr. O .P.D . C u t t e r id g e

They have c o n s id e re d  a number o f  d i f f e r e n t  app roaches  to  Computer-Aided

21 22-24Network D esign , b o th  i n  i n t e r a c t i v e  mode , and in  b a tc h  mode

One o f  th e s e  a p p ro a c h e s ,  th e  ’C o e f f i c i e n t  M a tch in g ' te c h n iq u e  in  b a t c h

22-27mode has  been w id e ly  u sed  . In  th e  c o e f f i c i e n t  m a tch ing  te c h n iq u e ,

th e  r e q u i r e d  netw ork  pe rfo rm ance  i s  s p e c i f i e d  in  th e  form o f  a s e t  o f

p o ly n o m ia ls  i n  th e  complex f re q u e n c y  v a r i a b l e  p , w ith  r e a l  p o s i t i v e

13 14v a lu e d  c o e f f i c i e n t s .  T h is  te c h n iq u e  was f i r s t  s u g g e s te d  by C alahan  ' 

S t a r t i n g  from an a r b i t r a r y  i n i t i a l  ne tw ork  s t r u c t u r e  o f  th e  p r o p e r  con 

f i g u r a t i o n  and co m p lex ity  to  y i e l d  p o ly n o m ia ls  o f  th e  same o r d e r  as th e  

r e q u i r e d  ne tw ork ,  a com puter p rogram  em ploying o p t i m iz a t io n  te c h n iq u e  

c a l c u l a t e s  th e  c o r re s p o n d in g  po ly n o m ia l  c o e f f i c i e n t s  and fo rm u la te s  an 

e r r o r  f u n c t io n  which embodies th e  d e s ig n  c r i t e r i a .  T h is  e r r o r  f u n c t i o n  

m easures  th e  d i f f e r e n c e  betw een th e  p e rfo rm a n ce  r e q u i r e d  and t h a t  a c t u a l l y  

a c h ie v e d .  An o p t i m iz a t io n  a lg o r i th m  i s  u sed  u n t i l  e i t h e r  a com ple te  

m a tch ing  betw een th e  r e q u i r e d  and th e  c a l c u l a t e d  perfo rm ance  i s  o b t a in e d  

o r  u n t i l  some o t h e r  p r e - s p e c i f i e d  c r i t e r i a  a r e  s a t i s f i e d .  These c r i t e r i a  

g iv e  an i n d i c a t i o n  o f  n e c e s s a r y  m o d i f i c a t io n  to  be made to  th e  c u r r e n t  

netw ork  to p o lo g y .  A f t e r  th e  m o d i f i c a t io n  t a k e s  p l a c e ,  and in  some c a se s  

more th a n  one m o d i f i c a t i o n  may be n e c e s s a r y ,  o p t i m iz a t io n  i s  r e p e a t e d  

u n t i l  f i n a l l y  a ne tw ork  i s  o b ta in e d  which can r e a l i z e  th e  r e q u i r e d  p e r f o r 

mance. There a r e  no c o n s t r a i n t s  on th e  ty p e  o f  netw ork  c o n f i g u r a t i o n  to  

be r e a l i z e d  and any c o n s t r a i n t s  on th e  e lem en t v a lu e s  can be e a s i l y  

in c lu d e d ,  h en ce ,  t h e  Automated Network D esign te c h n iq u e  overcomes th e  w e ll  

known s e v e re  l i m i t a t i o n s  o f  t h e  c l a s s i c a l  m ethods.

F u r th e r  i n v e s t i g a t i o n  o f  t h i s  t e c h n iq u e  would be o f  c o n s id e r a b le  

i n t e r e s t  t o  d e s ig n  e n g in e e r s  and c i r c u i t  t h e o r i s t s .  F u r th e rm o re ,  from a 

t e c h n o lo g ic a l  v ie w p o in t ,  i t  i s  im p o r ta n t  t o  i n v e s t i g a t e  how f a r  th e  

s u b s t a n t i a l  power o f  modern com puters  can be  o f  u se  f o r  a id in g  o r  t e s t i n g



a d e s ig n ,  and how f a r  t h e  c u r r e n t  s t a g e  o f  program  developm ent i s  removed 

from a f u l l y  au tom ated  d e s ig n  f a c i l i t y .

The developm ent o f  a f u l l y  au tom ated  e l e c t r i c a l  netw ork  s y n t h e s i s  

program , i n  g e n e r a l ,  i s  a v e ry  d i f f i c u l t  and complex t a s k .  In  th e  lo n g

te rm , t h e  f i n a l  goa l o f  au tom ated  ne tw ork  d e s ig n  i s  t o  make i t  p o s s i b l e  

f o r  th e  u s e r  t o  in p u t  t h e  r e q u i r e d  ne tw ork  p e rfo rm a n ce ,  s p e c i f i e d  in  any 

form, d i r e c t l y  to  t h e  p rogram  and have a s  th e  o u tp u t  one d e s ig n ,  o r  more, 

which f u l f i l s  t h e  r e q u i re m e n ts  t o g e t h e r ,  p e rh a p s  w i th  th e  la y o u t  and 

i n t e g r a t e d  c i r c u i t  mask. These te c h n iq u e s  would be a p p l i c a b l e  f o r  any 

ty p e  o f  l i n e a r  ne tw o rk ,  a c t i v e  o r  p a s s iv e  and co u ld  in c lu d e  m utual 

in d u c ta n c e .  In  t h e  s h o r t  te rm , t h e  developm ent o f  an a u to m a t ic  program  

c ap a b le  o f  s y n t h e s i s i n g  RLC lumped l i n e a r  ne tw orks  h av in g  no m utual 

in d u c ta n c e ,  w i th  no r e s t r i c t i o n s  on th e  netw ork  c o n f i g u r a t i o n  and r e g a r d l e s s  

o f  th e  manner i n  which t h e  p e rfo rm a n ce  i s  s p e c i f i e d ,  i s  a f i r s t  s t e p p in g  

s to n e  tow ards  th e  ach ievem ent o f  t h i s  g o a l .

In  th e  d i r e c t i o n  o f  d e v e lo p in g  an au tom ated  netw ork  d e s ig n  program  to

s y n th e s iz e  3 - te r m in a l  lumped, l i n e a r  ne tw orks  w i th  no m utual in d u c ta n c e ,

work has  ta k e n  p la c e ^ ^ " ^ ^ ,  and s t i l l  c o n t in u in g ,  a t  t h e  U n iv e r s i t y  o f

L e i c e s t e r ,  u s in g  c o e f f i c i e n t  m a tch in g  te c h n iq u e s .  B efo re  th e  b e g in n in g

o f  th e  r e s e a r c h  d e s c r ib e d  in  t h i s  t h e s i s ,  an A lgol 60 program  had  been  

24
deve loped  w i th  t h e  f o l lo w in g  f e a t u r e s ;

( i )  An a lg o r i th m  c a p a b le  o f  c a l c u l a t i n g ,  r a p i d l y  and e f f i c i e n t l y ,

b o th  th e  c o e f f i c i e n t s  o f  th e  r e l e v a n t  ne tw ork  p o ly n o m ia ls  and

t h e i r  f i r s t  d e r i v a t i v e s  w ith  r e s p e c t  to  a l l  t h e  p o s s i b l e

28 29e lem en ts  in  th e  ne tw ork  '

( i i )  An o p t io n  f o r  s e l e c t i n g  a v a r i e t y  o f  methods o f  e r r o r  f u n c t i o n

* 24 ,30r e p r e s e n t a t i o n



31( i i i )  A m o d e ra te ly  s u c c e s s f u l  o p t i m iz a t io n  a lg o r i th m  u s in g  some o f  

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

( iv )  P r o v is io n  f o r  m od ify ing  th e  netw ork  to p o lo g y  by ad d in g  o r  

rem oving e lem en ts  w i th  t h e  c o n s t r a i n t  t h a t  t h e  o r d e r  o f  th e  

r e q u i r e d  s e t  o f  p o ly n o m ia ls  be unchanged d u r in g  th e  to p o l o g ic a l  

m o d i f i c a t i o n s .

(v) The f a c i l i t y  o f  v a ry in g  one common f a c t o r  a t  a t im e .

The program  was r e s t r i c t e d  to  3 - t e r m in a l  RC netw orks  w ith  a f i x e d  number 

o f  nodes .

The r e s e a r c h  d e s c r ib e d  in  t h i s  t h e s i s  i s  a d i r e c t  e x t e n s io n  to  th e  

a fo re m e n t io n e d  work. The d i s c u s s i o n  i n  th e  p r e s e n t  work i s  l i m i t e d  to  

3 - te rm in a l , lu m p e d ,  l i n e a r ,  p a s s iv e  ne tw orks  w i th  no m utual in d u c ta n c e .

The ne tw ork  may c o n s i s t  o f  t h e  com bina tion  o f  any two ty p e s  o f  e lem ent ( i . e  

RL, LC o r  RC) o r  a l l  t h e  t h r e e  ty p e s  o f  e lem ent (RLC). F u r th e r  th e  

p ro c e s s  o f  t o p o l o g i c a l  m o d i f i c a t io n  o f  th e  netw ork  has  been  e x te n d e d  to  

p e rm i t  t h e  a d d i t i o n  o r  rem oval o f  nodes as  w e ll  as  e lem en ts  and to  a l lo w  

f o r  a change in  t h e  o r d e r  o f  th e  r e q u i r e d  s e t  o f  p o ly n o m ia ls  to  o c c u r  

w h i l s t  so d o in g .  In  o th e r  w ords, most o f  th e  l i m i t a t i o n s  o f  th e  p re v io u s  

work have been  overcome in  r e s p e c t  o f  lumped, l i n e a r  netw ork  s y n t h e s i s .

I t  i s  a l s o  p o s s i b l e ,  a l th o u g h  i s  n o t  c o n s id e re d  in  t h i s  t h e s i s ,  t o  ex ten d  

t h i s  t e c h n iq u e  t o  s y n th e s i z e  n - p o r t  p rob lem s.

Some o f  th e  b a s i c  p r i n c i p l e s  which a r e  o f  c o n s id e r a b le  im p o r tan ce  

in  g a in in g  a  f u l l  u n d e r s ta n d in g  o f  th e  au tom ated  d e s ig n  te c h n iq u e  a r e  

d e s c r ib e d  in  C h ap te r  2. In  t h e  d e s ig n  te c h n iq u e  ad o p ted  in  t h e  p r e s e n t  

work, th e  ne tw ork  a n a l y s i s  i s  c a r r i e d  o u t  on th e  b a s i s  o f  noda l a n a l y s i s .  

C hap te r  2, t h e r e f o r e  d e s c r ib e s  th e  e v a l u a t i o n  o f  netw ork  p o ly n o m ia ls  u s in g  

th e  nodal a d m it ta n c e  m a t r ix .  F u r th e r ,  t h e  r e le v a n c e  o f  in f o r m a t io n  

which can be o b ta in e d  from th e  v a r io u s  e q u i v a le n t  forms o f  r e p r e s e n t a t i o n



o f  th e s e  a d m it ta n c e  f u n c t i o n s ,  which was n o t  known b e f o r e ,  i s  p o in t e d  o u t .

The s i g n i f i c a n c e  o f  t o p o l o g i c a l  a n a l y s i s  and any common f a c t o r s  t h a t  may 

be p r e s e n t  i s  a l s o  d i s c u s s e d .  Common f a c t o r s  p la y  an im p o r ta n t  r o l e  in  

th e  s y n t h e s i s  o f  e l e c t r i c a l  ne tw o rk .  A new co n ce p t o f  th e  'd e g r e e  o f  

c o n n e c t i v i t y '  h as  been  d ev e lo p ed  on th e  b a s i s  o f  th e  r e l a t i o n s h i p  betw een 

netw ork  p o ly n o m ia ls  and th e  ne tw ork  c o m p lex ity  by i n v e s t i g a t i n g  some 

s e r i e s - p a r a l l e l  ne tw orks  o n ly .

The c o e f f i c i e n t  m a tch ing  t e c h n iq u e  and th e  o p t i m iz a t io n  a lg o r i th m  

form th e  backbone o f  t h e  au tom ated  d e s ig n  te c h n iq u e  a d o p ted  in  t h e  p r e s e n t  

work. A rev ie w  o f  t h e s e  t e c h n iq u e s  and t h e i r  im p o r ta n t  a s p e c t s  a r e  

d e s c r ib e d  i n  C h ap te r  3. For any 3 - te r m in a l  lumped, l i n e a r  RLC n e tw o rk ,  

t h e  o p t i m iz a t io n  a lg o r i th m  used  i n  t h e  p r e s e n t  work would c o n s i s t e n t l y  

o b ta in  a f e a s i b l e  s e t  o f  ne tw ork  e lem en t v a lu e s  s a t i s f y i n g  th e  d e s i r e d  

p e rfo rm ance  from any a r b i t r a r y  s e t  o f  s t a r t i n g  v a lu e s  i f  t h e  c o r r e c t  to p o lo g y  

f o r  th e  ne tw ork  was s e l e c t e d  a t  th e  o u t s e t .  In t h i s  case  th e  s o l u t i o n  i s  

a c h ie v e d  r e a d i l y  w i th o u t  any d i f f i c u l t y  and th e  au tom ated  d e s ig n  o f  t h e  

netw ork  p r e s e n t s  no p rob lem . However, i t  i s  u n l i k e l y  t h a t  th e  d e s ig n e r  would 

choose th e  c o r r e c t  to p o lo g y  f o r  h i s  s t a r t i n g  ne tw ork ,  e s p e c i a l l y  i f  he  does 

n o t  know a s o l u t i o n  o r  i t  i s  n o t  p o s s i b l e  to  f i n d  one w ith  a l t e r n a t i v e  methods 

( e . g .  c l a s s i c a l  m e th o d s ) .  In  t h i s  case  some t o p o l o g i c a l  m o d i f i c a t io n s  may 

be n e c e s s a r y  and s h o u ld  be c a r r i e d  o u t  a u t o m a t i c a l ly .  Thus th e  au tom ated  

m o d i f i c a t io n s  o f  netw ork  to p o lo g y ,  sometimes c a l l e d  au tom ated  ne tw ork  

e v o l u t io n ,  a l s o  form an e s s e n t i a l  p a r t  o f  th e  au tom ated  ne tw ork  d e s ig n .

The co n ce p t o f  au tom ated  ne tw ork  e v o lu t io n  in  t h e  p r e s e n t  work has  

been d ev e lo p ed  on th e  b a s i s  o f  th e  a d d i t i o n  o r  removal o f  nodes as  w e l l  as  

e le m e n ts ,  and o t h e r  p o s s i b l e  v a r i a t i o n s  t o  th e  d e s ig n  p ro c e d u re ,  such  as 

common f a c t o r  v a r i a t i o n ,  to  i n c r e a s e  th e  p r o b a b i l i t y  o f  s a t i s f y i n g  th e  

p e rfo rm ance  r e q u i r e d .  The v a r i a t i o n  o f  common f a c t o r s  and a l t e r i n g  t h e  

o r d e r  o f  t h e  r e q u i r e d  s e t  o f  f u n c t i o n s  m ight o r  m ight n o t  accompany th e



a fo re m e n tio n e d  m o d i f i c a t io n s .  The p r i n c i p l e s  o f  au tom ated  ne tw ork  

e v o l u t io n  a r e  d e s c r ib e d  in  d e t a i l  i n  C hap te r  4.

The c r i t e r i a  f o r  ne tw ork  m o d i f i c a t io n  have been im plem ented in  a 

com puter program  w r i t t e n  and deve loped  by th e  a u th o r  in  FORTRAN IV.

V ar io u s  o t h e r  m o d i f i c a t io n s  have been  in c lu d e d  in  th e  F o r t r a n  program  

which were n o t  p r e s e n t  i n  th e  p r e v i o u s l y  deve loped  A lgo l 60 v e r s i o n ,  in  

o r d e r  to  i n c r e a s e  t h e  a c c u ra c y  and e f f i c i e n c y .  The F o r t r a n  program  and 

i t s  com parison  w ith  t h e  A lgo l v e r s io n  have been  d e s c r ib e d  in  d e t a i l  in  

C hap te r  5. The e f f i c i e n c y  and r e l i a b i l i t y  o f  th e  program  and th e  

f e a s i b i l i t y  o f  th e  c o e f f i c i e n t  m a tch ing  te c h n iq u e  in  l i n e a r  ne tw ork  

s y n th e s i s  have been  d em o n s tra te d  by some case  s t u d i e s  in  C h ap te rs  6 and 7.

C h ap te r  6 d e a l s  w i th  t h e  s y n t h e s i s  o f  some tw o-e lem en t k in d  3 - te rm in a l  

n e tw o rk s .  Some n o n - s e r i e s - p a r a l l e l  ne tw orks  canno t have a s e r i e s -
g

p a r a l l e l  e q u i v a l e n t  a s  F ialkow  p o in t e d  o u t .  However, f o r  such  a netw ork 

a v e ry  good ap p ro x im ate  s e r i e s - p a r a l l e l  r e a l i z a t i o n  may be a c h ie v e d  as  i s  

d e m o n s tra ted  by an example in  C h ap te r  6. A no ther example i s  p r e s e n te d  in  

t h a t  c h a p te r  which e s t a b l i s h e s  t h e  f e a s i b i l i t y  o f  th e  concep t o f  t h e  d eg ree  

o f  c o n n e c t i v i t y  (which was in t r o d u c e d  in  C h ap te r  2 ) .

In C hap te r  7, a c a se  s tu d y  o f  an RLC r e a l i z a t i o n  o f  a n o n - s e r i e s -

p a r a l l e l  ne tw ork  w i th  no s e r i e s - p a r a l l e l  e q u iv a le n t  i s  d e s c r ib e d .  T h is  

r e a l i z a t i o n  employed th e  a d d i t i o n  o f  an e x t r a  node, e lem en t a d d i t i o n ,  

e lem ent rem oval and t h e  v a r i a t i o n  o f  up to  t h r e e  common f a c t o r s  s im u l t a n 

e o u s ly .  The RLC r e a l i z a t i o n  o f  a n o n - s e r i e s - p a r a l l e l  netw ork  h a v in g  no 

s e r i e s - p a r a l l e l  e q u i v a l e n t ,  i n v o lv in g  th e  a d d i t i o n  o f  an e x t r a  node, 

employing au tom ated  ne tw ork  d e s ig n  has  n o t  been  p r e v io u s l y  a c h ie v e d .  The 

examples d e s c r ib e d  in  C h ap te rs  6 and 7 show th e  f u t u r e  p o t e n t i a l  o f  th e  

au tom ated  ne tw ork  d e s ig n  te c h n iq u e .

F i n a l l y ,  t h e  a u t h o r ' s  o v e r a l l  c o n c lu s io n s  w i th  r e s p e c t  t o  h i s  work, 

in c lu d in g  a d i s c u s s io n  o f  t h e  d i r e c t i o n s  and a r e a s  o f  p o s s i b l e  f u r t h e r

i n v e s t i g a t i o n s ,  a r e  p r e s e n te d  in  C h ap te r  8.



CHAPTER 2

SYNOPSIS OF SOME RELEVANT THEORY OF LUMPED LINEAR ELECTRICAL NETWORKS

2 ,1 .  I n t r o d u c t i o n .

I t  was p o in t e d  o u t  i n  C h ap te r  1 t h a t  c o e f f i c i e n t  m a tch ing  forms 

th e  b a s i s  o f  th e  au tom ated  netw ork  d e s ig n  te c h n iq u e  a d o p ted  in  t h e  

p r e s e n t  work. In t h i s  te c h n iq u e  th e  c o e f f i c i e n t s  o f  th e  netw ork  

a d m it ta n c e  f u n c t i o n s ,  e x p re s s e d  as  p o ly n o m ia ls  in  p , t h e  complex 

f r e q u e n c y ,a r e  m atched.

Automated d e s ig n  i s  o f t e n  dependen t on th e  s e l e c t i o n  o f  t h e  i n i t i a l  

s t a r t i n g  n e tw o rk .  Thus au tom ated  d e s ig n  i s  g r e a t l y  f a c i l i t a t e d  and 

s i m p l i f i e d  i f  t h e  s t a r t i n g  ne tw ork  i s  s e l e c t e d  such t h a t  i t  p r o v id e s  a 

r e s p o n s e  c l o s e  t o  t h a t  r e q u i r e d .  For a s u i t a b l e  s t a r t i n g  n e tw o rk ,  th e  

o p t i m iz a t io n  a lg o r i th m  w i l l  r e a d i l y  p ro v id e  th e  netw ork  e lem en t v a lu e s  

and p r o v id e  a s o l u t i o n .

T o p o lo g ic a l  a n a l y s i s  and th e  d i f f e r e n t  b u t  e q u i v a le n t  forms o f  

r e p r e s e n t a t i o n  f o r  th e  netw ork  a d m it ta n c e  f u n c t io n s  a r e  v e ry  h e l p f u l  in  

e s t i m a t i n g  a good s t a r t i n g  ne tw o rk .  These a r e  d e s c r ib e d  in  d e t a i l  in  

t h i s  c h a p te r .  The s i g n i f i c a n c e  o f  th e  e q u iv a le n t  forms o f  r e p r e s e n t a t i o n  

f o r  ne tw ork  a d m it ta n c e  f u n c t io n s  was n o t  known b e f o r e .

A s t a r t i n g  netw ork  e s t im a te d  o n ly  on th e  b a s i s  o f  th e  above two 

c o n s id e r a t io n s  can , som etim es, be m is le a d in g .  The r e a so n  f o r  t h i s  seems 

to  be due t o  t h e  l a r g e  d i f f e r e n c e  in  a d m it ta n c e  l e v e l  betw een in p u t  and 

o u tp u t  o f  some netw ork  p o ly n o m ia ls  ( i . e .  th e  r e l a t i v e  m agnitude o f  th e  

c o e f f i c i e n t s ) . However, t h e  c o n s t r a i n t s  imposed by th e  r e l a t i v e  

m agnitudes  o f  t h e  c o e f f i c i e n t s  o f  th e  netw ork  p o ly n o m ia ls  can be overcome 

by u s in g  common f a c t o r s .  T h e r e f o re ,  th e  s i g n i f i c a n c e  o f  common f a c t o r s  

in  th e  r e a l i z a t i o n  o f  s e r i e s - p a r a l l e l  and n o n - s e r i e s - p a r a l l e l  ne tw ork  i s  

d e s c r ib e d  in  t h i s  c h a p te r .  F u r t h e r ,  a new co n cep t o f  a 'd e g re e  o f



c o n n e c t i v i t y ’ has  been in t r o d u c e d  on th e  b a s i s  o f  th e  r e l a t i o n s h i p  betw een 

th e  common f a c t o r s  and th e  r e l a t i v e  m agn itudes  o f  th e  c o e f f i c i e n t s  o f  t h e  

netw ork  p o ly n o m ia ls .

2 .2 .  Nodal A n a ly s is  and th e  Network A dm ittance  F u n c t i o n s .

The a n a l y s i s  o f  ne tw orks  i n  th e  p r e s e n t  work i s  by means o f  th e  

c h a r a c t e r i s a t i o n  o f  th e  ne tw orks  by a noda l a d m it ta n c e  m a t r ix .  The 

netw ork  p e rfo rm ance  employed i s  t h e  t h r e e  s h o r t - c i r c u i t  a d m it ta n c e  

f u n c t io n s  o r  th e  fo u r  p r i n c i p a l  p o ly n o m ia ls  o f  th e  n e tw o rk .  To c a l c u l a t e  

th e s e  f u n c t i o n s ,  c o n s id e r  t h e  RLC t r a n s f o r m e r l e s s  3 - te r m in a l  ne tw ork  T 

shown in  F i g . [2 .1 ]  upon a n o d a l  b a s i s .

F ig u re  [2 .1 ]  A t h r e e - t e r m i n a l  netw ork

The ground t e r m in a l  i s  ta k e n  as  node 0 ( r e f e r e n c e  node] and in p u t  and 

o u tp u t  t e r m in a l s  a s  nodes 1 and 2 r e s p e c t i v e l y .  The re m a in in g  nodes 

a r e  i d e n t i f i e d  so t h a t  each b ra n c h  c o n s i s t s  o f  a t  most a  r e s i s t a n c e ,  

in d u c ta n c e  and a c a p a c i t a n c e  i n  p a r a l l e l .  Hence th e  b ran ch  a d m it ta n c e

between nodes i  and j , y^ j ( i ^ j ]  i s  o f  th e  form (ap + b + c / p ) , 

a ^ 0, b )  0 and c > 0, where

p i s  th e  complex f re q u e n c y  v a r i a b l e ,  

a i s  th e  v a lu e  o f  c a p a c i t a n c e  in  F a ra d s ,
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b i s  th e  v a lu e  o f  conduc tance  i n  Siem ens, 

and c i s  th e  v a lu e  o f  i n v e r s e  in d u c ta n c e  . in  Henrys - 1

For p a s s i v e ,  l i n e a r ,  lumped ne tw o rk s  y^^ ~ a d m it ta n c e

y . . i s  d e f in e d  as 11

nl
 ̂ “ y 1̂-1 C i “ l >2 , . . . , n l ) ,

j=o ]
(2 .1 )

where nl+1 i s  th e  t o t a l  number o f  nodes in c lu d in g  node 0 .

The n o d a l  a d m it ta n c e  m a t r ix  Y ( n lx n l )  , whose d ia g o n a l  e lem en ts  a r e  

y^^ and o f f - d i a g o n a l  e lem en ts  a r e  -y ^ j  , y i e l d s  th e  n o d a l  a d m it ta n c e  

d e te rm in a n t  A where

A = d e t  Y ( n lx n l )  . (2 . 2)

The b ran ch  a d m it ta n c e  y^ j , which i s  in  th e  form (jap + b + c /p )  , can be

1 2more c o n v e n ie n t ly  r e p r e s e n t e d  by — (ap + bp + c) . The common

m u l t i p l i e r  o f  a l l  e lem en ts  o f  a row (^) in  t h e  m a t r ix  Y may be ta k e n

o u t  and y^ j becomes a q u a d r a t i c  i n  p w ith  n o n -n e g a t iv e  c o e f f i c i e n t s .

W r i t in g  A^^ f o r  t h e  c o f a c t o r  o f  th e  &k’t h  e lem ent in  A , and

A^kpq th e  c o f a c t o r  o f  t h e  p q ' t h  e lem en t in  A^^ , th e n  th e  te rm in a l

1 2c u r r e n t s  1^ and a r e  r e l a t e d  ’ t o  t h e  te rm in a l  v o l t a g e s  and

E2 ( s e e  F i g . [2 .1 ] )  by

^1 ^ ^11^1 ^  ^12^2

I = Y E + Y E 
2 21 1 22  2

I (2 .3 )

where

22
11  =

1122 E =0
2

In p u t  a d m it ta n c e  when th e  o u tp u t  

t e r m in a l s  a r e  s h o r t - c i r c u i t e d .

^21 ^1

12 A1 1 2 2  E9
T r a n s f e r  a d m it ta n c e  when th e  in p u t  

t e r m in a l s  a r e  s h o r t - c i r c u i t e d .
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Y = - ^12 ^2
21 &1122

^ 2  ■ A
\ l  I 2

1122  2

E =0
2

E =0 
1

T r a n s f e r  a d m it ta n c e  when th e  o u tp u t  

t e r m in a l s  a r e  s h o r t - c i r c u i t e d .

O utpu t a d m it ta n c e  when th e  in p u t  

t e r m in a l s  a r e  s h o r t - c i r c u i t e d .

Because th e  netw ork  i s  composed o f  r e c i p r o c a l  e lem en ts  o n ly ,  y^^ = y^^ , 

Ai2 = A21  and Yj2 = •

The t h r e e  a d m it ta n c e  y -p a ra m e te r s  Y , Y and Y o r  t h e  fo u r
^  11  12  22

p r i n c i p a l  p o ly n o m ia ls  A n ,  A ^ »  ^ 2 2  and A1 1 2 2  a r e  f u n c t io n s  o f  p ,

t h e  complex f re q u e n c y ,  and t h e i r  c o e f f i c i e n t s  a r e  m u l t i - l i n e a r  f u n c t io n s

o f  th e  netw ork  e le m e n ts .  These f u n c t io n s  d e te rm in e  c o m p le te ly  th e

p erfo rm an ce  o f  t h e  ne tw ork  as f a r  a s  c u r r e n t  and v o l t a g e  a t  nodes  0 , 1

and 2 a r e  co n ce rn ed ,  i . e .  th e  e x t e r n a l  p e rfo rm a n c e .  Any two ne tw orks

t h a t  s a t i s f y  th e  same s e t  o f  pe rfo rm an ce  f u n c t io n s  a r e  s a i d  t o  be

e q u i v a l e n t .  The d e te rm in a n t  A and i t s  c o f a c to r s  A n ,  A ^  , ^ 2 2  and

1 2A1 1 2 2  s a t i s f y  J a c o b i ' s  theorem  * , namely

AA1122 = A i l &22 -  ^^12 (2 .4 )

When th e  te c h n iq u e  o f  c o e f f i c i e n t  m a tch ing  i s  d i s c u s s e d  i n  t h i s  t h e s i s ,  

th e  c o e f f i c i e n t s  r e f e r r e d  to  w i l l  be th e  c o e f f i c i e n t s  o f  th e  v a r io u s  

powers o f  p in  th e  fo u r  p r i n c i p a l  p o ly n o m ia ls .

The mesh impedance m a t r ix  can be u sed  as an a l t e r n a t i v e  t o  t h e  noda l 

a d m it ta n c e  m a t r ix .  The l a t t e r  was p r e f e r r e d  f o r  th e  fo l lo w in g  r e a s o n s :

1) The noda l method a u t o m a t i c a l l y  y i e l d s  th e  e x t e r n a l  e q u a t io n s

in  th e  form d e s i r e d  f o r  a 3 - te r m in a l  n e tw o rk .  The mesh method,: 

a s  s t r a i g h t f o r w a r d l y  a p p l i e d ,  y i e l d s  e x t e r n a l  e q u a t io n s  o f  a 

tw o - p a r t  and n o t  n e c e s s a r i l y  o f  a 3 - te r m in a l  ne tw ork .
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2) In  3 - t e r m in a l  n e tw o rk s ,  th e  number o f  meshes i s ,  i n  g e n e r a l ,
2

more th a n  th e  c o r re sp o n d in g  number o f  nodes f o r  any netw ork  , 

i . e .  u s in g  th e  noda l a d m it ta n c e  m a t r ix  r e p r e s e n t s  a ne tw ork  in  

a more compact form.

123) The noda l a d m it ta n c e  m a t r ix  i s  a s p a r s e  m a t r ix  , and u s in g  th e  

s p e c i a l  c h a r a c t e r i s t i c s  o f  s p a r s e  m a t r i c e s  w i l l  ta k e  l e s s  co re  

s t o r e ,  sp eed  up th e  c a l c u l a t i o n  and in c r e a s e  t h e  a c c u ra c y .

2 .3 .  T o p o lo g ic a l  A n a ly s is  o f  E l e c t r i c a l  N etw orks .

An a l t e r n a t i v e  method f o r  e v a l u a t i n g  th e  fo u r  p r i n c i p a l  p o ly n o m ia ls

A l l , Ai2 , A2 2  and A1 1 2 2  i s  t h e  t o p o l o g i c a l  a n a l y s i s  method. With t h i s

method, i t  i s  p a r t i c u l a r l y  e a s y  to  s e e  th e  r e l a t i o n s h i p  betw een  th e

netw ork  e lem en ts  and t h e  c o e f f i c i e n t s  o f  th e  netw ork  p o ly n o m ia ls  when th e

netw ork  c o n ta in s  a sm all  number o f  t h e  r e l e v a n t  2 - t r e e s  and 3 - t r e e s .

Thus i t  co u ld  h e lp  i n  s e l e c t i n g  a s u i t a b l e  s t a r t i n g  netw ork  and in

d e v e lo p in g  s u c c e s s f u l  c r i t e r i a  f o r  netw ork  e v o l u t io n .  In t h i s  s e c t i o n

some b a s i c  d e f i n i t i o n s  and theorem s f o r  graph  th e o ry  a r e  in t r o d u c e d  ( f o r

32more d e t a i l s  s ee  Shu-Park  Chan ) .

Let T be a t h r e e - e le m e n t  k in d  3 - te rm in a l  netw ork  w ith  N nodes 

p lu s  t h e  r e f e r e n c e  node 0 . The in p u t  and o u tp u t  t e r m in a l s  a r e  nodes 

1 and 2 r e s p e c t i v e l y .  Suppose T i s  composed o f  n e le m e n ts .

Each e lem en t i s  co n n ec ted  betw een two o f  th e  N+1 n o d es .  Each node , 

w i th  th e  p o s s i b l e  e x c e p t io n  o f  t h e  t h r e e  e x t e r n a l  n o d es ,  i s  th e  i n t e r 

s e c t i o n  o f  a t  l e a s t  two d i f f e r e n t  ty p e s  o f  e le m e n t .  Nodes 0 , 1 and 2 

may be co n n ec ted  t o  one e lem ent o n ly .  The fo l lo w in g  theorem s and 

d e f i n i t i o n s  may be c o n s id e r e d .

D e f i n i t i o n  1 : A t r e e  o f  th e  ne tw ork  T i s  a co n n ec ted  subnetw ork  t h a t

c o n ta in s  a l l  t h e  nodes b u t  does n o t  c o n ta in  any lo o p s .
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Theorem 1 : Every t r e e  c o n ta in s  e x a c t l y  N e le m e n ts .

D e f i n i t i o n  2 : A 2 - t r e e  o f  a t r e e  i s  a s u b s e t  o f  N-1 e lem en ts  o f  t h a t

t r e e .

D e f i n i t i o n  3 : A 3 - t r e e  o f  a  t r e e  i s  a s u b s e t  o f  N-2 e lem en ts  o f  t h a t

t r e e .

D e f i n i t i o n  4 : A t r e e  a d m it ta n c e  p r o d u c t  T^(y) i s  t h e  p r o d u c t  o f  th e

a d m it ta n c e s  o f  t h e  N e lem en ts  o f  t h a t  t r e e .

D e f i n i t i o n  5 : A 2 - t r e e  a d m it ta n c e  p r o d u c t  T^Cx) i s  th e  p r o d u c t  o f  th e

a d m it ta n c e s  o f  th e  N-1 e lem en ts  o f  t h a t  2 - t r e e .

D e f i n i t i o n  6 : A 3 - t r e e  a d m it ta n c e  p ro d u c t  T^(y) i s  th e  p r o d u c t  o f  th e

a d m it ta n c e s  o f  th e  N-2 e lem en ts  o f  t h a t  3 - t r e e .

Theorem 2 : The d e te rm in a n t  o f  th e  a d m it ta n c e  m a t r ix  A i s  eq u a l  to

th e  sum o f  t h e  t r e e  a d m it ta n c e  p ro d u c ts  o f  a l l  t h e  t r e e s  

o f  t h e  n e tw o rk .

6 = I  T^(y)
a l l  i (2 .5 )

Theorem 3 : The c o f a c t o r  A^^ o f  A i s  eq u a l  to  th e  sum o f  th e  2 - t r e e

a d m it ta n c e  p r o d u c ts  o f  a l l  t h e  2 - t r e e s  which s a t i s f y  th e  

f o l lo w in g  c o n d i t io n s

a) There  i s  a d i r e c t  p a th  between nodes 1 and 2.

b) There  i s  no d i r e c t  p a th  between nodes 0 and 1 .

c) There i s  no d i r e c t  p a th  betw een nodes 0 and 2 .

(2 . 6)



14

Theorem 4 ; The c o f a c t o r  o f  A i s  equa l  to  th e  sum o f  th e

2 - t r e e  a d m it ta n c e  p r o d u c t s  o f  a l l  th e  2 - t r e e s  which 

s a t i s f y  t h e  f o l lo w in g  c o n d i t i o n s :

a) There i s  a d i r e c t  p a th  betw een nodes 1 and  2 o r ,  

t h e r e  i s  a  d i r e c t  p a th  betw een nodes 0 and 2 , b u t  

n o t  b o th .

o r  b) There i s  no d i r e c t  p a th  betw een nodes 0 and 1.

Theorem 5 :

Theorem 6:

Ai i  = Ai 2 + ^
a l l  i

(2 .7 )

The c o f a c t o r  A22  o f  A i s  eq u a l  to  th e  sum o f  th e  2 - t r e e  

a d m it ta n c e  p ro d u c ts  o f  a l l  th e  2 - t r e e s  which s a t i s f y  th e  

fo l lo w in g  c o n d i t i o n s :

a) There i s  a  d i r e c t  p a th  betw een nodes 1 and 2 o r ,  

t h e r e  i s  a  d i r e c t  p a th  betw een nodes 0 and 1 , b u t  

n o t  b o th .

o r  b) There i s  no d i r e c t  p a th  betw een nodes 0 and 2 .

A22  = Ai2 + I  (y ,^22"^12^
a l l  i

( 2 . 8)

The c o f a c t o r  A n 22  i s  equa l  to  th e  sum o f  a l l  t h e  3 - t r e e  

a d m it ta n c e  p r o d u c ts  o f  a l l  th e  3 - t r e e s  which s a t i s f y  th e  

fo l lo w in g  c o n d i t i o n s :

a) There i s  no d i r e c t  p a th  between nodes 1 and 2 .

b) There i s  no d i r e c t  p a th  betw een nodes 0 and 1 .

c) There i s  no d i r e c t  p a th  betw een nodes 0 and 2 .

The n o t a t i o n  u sed  f o r  th e  2 - t r e e  and 3 - t r e e  a d m it ta n c e  p ro d u c ts  f i r s t

24
a p p ea red  in  K rzeczkowski . A lthough  t h i s  n o t a t i o n  i s  n o t  s t a n d a r d ,  i t  

i s  s t r a i g h t  fo rw ard .  The s u b s c r i p t  i n d i c a t e s  a t r e e ,  2 - t r e e  o r  3 - t r e e
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r e s p e c t i v e l y .  The y i n  th e  b r a c k e t s  i n d i c a t e s  t h a t  T i s  a f u n c t io n

o f  th e  a d m it ta n c e  o f  t h e  netw ork  e l e m e n t s .

From th e  a fo re m e n tio n e d  theorem s and d e f i n i t i o n s  we can draw th e  

fo l lo w in g  c o n c lu s io n s ;

1) For sym m etr ica l ne tw orks  (hence = A2 2 ) and th e

in p u t  and o u tp u t  t e r m in a l s  must be  connec ted  to  s i m i l a r  e le m e n ts .  

F u r th e r ,  i n p u t  and o u tp u t  t e r m in a l s  must be s u b j e c t e d  to  a 

sy m m etr ica l t o p o l o g i c a l  m o d i f i c a t io n ,  i f  any t a k e s  p l a c e .

2) From theorem s 3 ,4  and 5 above, t h e  2 - t r e e s  o f  Aj2 a r e  in c lu d e d  

in  t h e  2 - t r e e s  o f  A ^  and A2 2 . Any c o e f f i c i e n t  i n  th e  

c o f a c to r s  A ji , A^2 and A22  i s  equa l  to  th e  sum o f  th e  2 - t r e e  

a d m it ta n c e  p ro d u c ts  o f  a l l  th e  r e l e v a n t  2 - t r e e s  composed o f  th e  

e le m e n ts  which can y i e l d  th e  c o r re s p o n d in g  power o f  p . Thus 

i f  t h e  c o e f f i c i e n t s  o f  any power o f  p in  A ^  , A^2 and A22

a r e  e q u a l ,  th e y  sh o u ld  c o r re s p o n d  to  i d e n t i c a l  2 - t r e e s .

2 . 4 .  E q u iv a le n t  Forms o f  th e  A dm ittance  F u n c t i o n s .

In  th e  p r e s e n t  work th e  perfo rm an ce  o f  th e  netw ork  i s  s p e c i f i e d  by 

th e  t h r e e  s h o r t - c i r c u i t  a d m it ta n c e  p a ra m e te r s  ( Y u ,  Yj2 and Y2 2 ) w r i t t e n  

a s  a r a t i o  o f  two p o ly n o m ia ls  o r  th e  fo u r  p r i n c i p a l  p o ly n o m ia ls  o f  th e  

netw ork  c o n s id e re d  in  S e c t io n  2 . 2 .  However t h e r e  i s  some r e l e v a n t  

in fo rm a t io n  which can be o b ta in e d  from th e  o t h e r  e q u i v a l e n t  forms o f  

r e p r e s e n t a t i o n  o f  t h e s e  a d m it ta n c e  f u n c t i o n s .  T h is  in f o r m a t io n  may h e lp  

in  s e l e c t i n g  a more s u i t a b l e  s t a r t i n g  ne tw ork  and in  p ro v id in g  a b e t t e r  

u n d e r s ta n d in g  o f  th e  au tom ated  ne tw ork  d e s ig n  t e c h n iq u e .

For RC 3 - t e r m in a l  ne tw o rk ,  th e  t h r e e  s h o r t - c i r c u i t  a d m it ta n c e  fu n c t io n s  

Y i i ,  Y^2 a.nd Y^^ may be fo rm u la te d  as  a s e t  o f  p o l e s ,  z e ro s  and m u l t i 

p l i c a t i v e  c o n s t a n t s .  In t h i s  c a s e ,  th e  ze ro s  o f  th e  p o ly n o m ia ls  A ^  ,

Aj2 and A2 2  become th e  ze ro s  o f  t h e i r  r e s p e c t i v e  ne tw ork  a d m i t t a n c e s .
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The z e ro s  o f  t h e  p o lynom ia l A1 1 2 2  become th e  p o le s  o f  th e  s h o r t - c i r c u i t

a d m it ta n c e  f u n c t i o n s .  For example Y u  can be w r i t t e n  as

A n n-1

“  A1 1 2 2  b p %  ............  +bm m-i 0

( p - k j )  C p-k^)..............(p-k^)

C p-& l)(p -& 2)...............................................................(2-9)

where

a ^ , i = 0 , l , . . . , n  a r e  n o n -n e g a t iv e  c o e f f i c i e n t s  o f  A22

b . , j = 0 , l , . . . ,m a r e  n o n -n e g a t iv e  c o e f f i c i e n t s  o f  A1 1 2 2
3

m < n

k _ , i = l , 2 , . . . , n  a r e  t h e  ze ro s  o f  Y^^

& j , j = l , 2 , . . . , m  a r e  t h e  p o le s  o f  Y^^

K i s  t h e  p o s i t i v e  v a lu e d  m u l t i p l i c a t i v e  c o n s t a n t .

An a l t e r n a t i v e  form o f  w r i t i n g  th e  a d m it ta n c e  f u n c t io n s  is. th e

p a r t i a l - f r a c t i o n  e x p a n s io n ,  where

A22  m q .p
Y

11 " Ai i 22~ (p-&i)

A i2 m c^p

^12 A1 1 2 2  (p-&i)

A ji m d .p
^22 = Â H I r  djp + d ,  + (2 .10)

where

( i = l , . . . , m )  a r e  th e  f i n i t e  p o le s  o f  Y i i , - Y i 2  ^22 r e s p e c t i v e l y  

q ^ ,c ^  and d^ a r e  t h e  r e s id u e s  a t  t h e  p o le  a t  ze ro  o f  Y^^/p,  -Y^2 /P  

and Y2 2 / p  r e s p e c t i v e l y .

q ^ ,c ^  and d^ a r e  t h e  r e s id u e s  a t  t h e  p o le  a t  i n f i n i t y  o f  Y^^,  -Y%2 

and Y22  r e s p e c t i v e l y .

q^ , c ^  and d^ a r e  th e  r e s id u e s  a t  t h e  f i n i t e  p o le s  o f  Y^^/p,  

and Y2 2 /P  r e s p e c t i v e l y  (q^ ^ 0 ,  d^ ^ 0  and c^ may be n e g a t i v e ) .
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F or RC ne tw orks  th e  r e s id u e s  q^ , d^ and a r e  r e a l .  For RLC

n e tw o rk s  t h e  r e s i d u e s  a r e  r e a l  i f  th e  p o le s  a r e  r e a l  and complex

33c o n ju g a te  f o r  co m p lex -co n ju g a te  p o le s  . For RC netw orks  i n  g e n e r a l  i f

q , c  and d a r e  th e  r e s id u e s  o f  th e  p o le s  i n  -Y^2 ^ 2 2  r e s p e c t i v e l y ,

1 2th e n  t h e  r e s id u e s  q , c  and d s a t i s f y  t h e  r e s id u e  c o n d i t io n  * , namely

q d % c^ . (2 .1 1 )

A s p e c i a l  c a se  o f  e q u a t io n  (2 .1 1 )  i s  th e  compact r e s id u e  c o n d i t i o n  where

q d = c^ , c ^ 0 . (2 .1 2 )

F u r th e r ,  i f

q = d = Ic |  , (2 .1 3 )

th e n  t h e  r e s i d u e s  a r e  compact and e q u a l .

From th e  t o p o l o g i c a l  a n a l y s i s  (S e c t io n  2 .3 )  and e q u a t io n s  (2 .1 2 )  and 

(2 .1 3 )  we can conc lude  t h e  fo l lo w in g :

1) I f  th e  r e s id u e s  a t  t h e  p o le  a t  ze ro  a r e  n o n -z e ro ,  compact and

e q u a l ,  th e n  th e  c o e f f i c i e n t s  o f  p° i n  A n  , A^2 and A2 2  must

be e q u a l .

2) I f  t h e  r e s id u e s  a t  th e  p o le  a t  i n f i n i t y  a r e  n o n -z e ro ,  compact 

and e q u a l ,  th e  p o ly n o m ia ls  A m  ^ 1 2  and A22  must be o f  t h e

same o r d e r  and th e  c o e f f i c i e n t s  o f  t h e i r  h i g h e s t  power must be

e q u a l .

In  any a d m it ta n c e  f u n c t io n  ( i . e .  RLC and tw o-e lem en t k in d  n e tw o rk s ) ,  

i f  t h e r e  i s  a f a c t o r  i n  common betw een th e  nu m era to r  and th e  d en o m in a to r ,

th e n  th e  r e s id u e  a t  th e  f i n i t e  p o le  c o r re s p o n d in g  to  t h i s  common f a c t o r  i s

z e ro .  F u r th e r ,  i f  t h e  f o u r  p r i n c i p a l  p o ly n o m ia ls  A n ,  A ^  * ^ 2 2  and.

A1 1 2 2  have a common f a c t o r ,  th e n  th e  r e s id u e  a t  t h e  f i n i t e  p o le  c o r r e s 

ponding  to  t h i s  common f a c t o r  i s  ze ro  in  each  o f  th e  t h r e e  a d m it ta n c e

f u n c t i o n s .  Of c o u r s e ,  s t r i c t l y  s p e a k in g ,  such a d m it ta n c e  f u n c t i o n s  do n o t

p o s s e s s  p o le s  a t  t h e s e  p o i n t s .
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The r o l e  p la y e d  by common f a c t o r s  i n  netw ork  s y n t h e s i s  i s  d i s c u s s e d  

in  t h e  n e x t  s e c t i o n .

To sum m arize, t h e  e q u i v a l e n t  forms o f  r e p r e s e n t a t i o n  o f  th e  netw ork  

a d m it ta n c e  f u n c t io n s  can be h e l p f u l  i n  e s t i m a t i n g  a good s t a r t i n g  

n e tw o rk ,  i f  t h e  s t a r t i n g  ne tw ork  i s  s e l e c t e d  such  t h a t :

1) I t  y i e l d s  t h e  same s p re a d  o f  powers a s  t h e  r e q u i r e d  s e t  o f  

p o ly n o m ia l s .

2) I t  y i e l d s  t h e  same number o f  p o l e s  and z e ro s .

3) I t  y i e l d s  t h e  same number o f  r e s i d u e s .  The r e l e v a n t  r e s id u e s  

in  t h e  c a l c u l a t e d  and r e q u i r e d  s e t  o f  f u n c t i o n s  s h o u ld  have th e  

same s ig n .

Example 1

Suppose t h a t  t h e  ne tw ork  shown in  F i g . [2 .2 ]  i s  s e l e c t e d  to  

s y n th e s i z e  th e  a d m it ta n c e  f u n c t i o n s  o f  e q u a t i o n s (2 .14 )  ( o r i g i n a l l y  g iven  

by Lucal^^)

^22 Gp +343p3+1092p2+773p+6
11 1122 6(p3+6p2+llp+6)

- Y
^12 p4+p3+2p2+p+l

12 1122 (p3+6p2+llp+6)

= P
+ 1  _ + 15p/2 _ 35p/3

p+1 p+2 P+3

All 36p4+533p3+1572pZ+1183p+36

22 Ai i 22 36(p3+6p2+llp+6)

p + 1  + _E_ + 15p/4 + 35p/9
^ 6 p+1 p+2 p+3 (2 .14 )



19

F ig u re  [2 .2 ]  S t a r t i n g  ne tw ork  to  s y n th e s i z e  e q u a t io n  (2 .1 4 )

A lthough  th e  ne tw ork  shown in  F ig .  [2 .2 ]  y i e l d s  t h e  r e q u i r e d  sp re a d  

o f  pow ers, i t  canno t y i e l d  r e s id u e s  o f  t h e  same s ig n  as  th o s e  in  -Y1 2 , 

f o r  any ran g e  o f  p o s i t i v e  e lem en t v a lu e s  (see  S e c t io n  6 . 5 ) .  F u r th e r ,  f o r  

s t a r t i n g  e lem en t v a lu e s  a l l  equa l  to  u n i t y ,  t h e r e  i s  a common f a c t o r  (p+1) 

i n  A l l ,  &12 , A2 2  and A1 1 2 2  • T h is  in fo rm a t io n  c an n o t be o b ta in e d  by 

c o n s id e r in g  th e  fo u r  p r i n c i p a l  p o ly n o m ia ls  in  th e  r a t i o n a l  f u n c t io n  form 

o n ly .

The e q u i v a l e n t  forms r e p r e s e n t i n g  th e  s h o r t - c i r c u i t  a d m it ta n c e  

f u n c t io n s  can be o f  a g r e a t  h e lp  in  d e v e lo p in g  th e  s y n t h e s i s  t e c h n iq u e .

In  c a se  th e  te c h n iq u e  a d o p ted  f o r  ne tw ork  s y n th e s i s  f a i l s  to  a c h ie v e  a 

r e a l i z a t i o n ,  th e  e q u i v a l e n t  forms may h e lp  in  i n v e s t i g a t i n g  th e  cause  o f  

f a i l u r e  ( s e e  S e c t io n  6 . 5 ) .  M oreover, t h e  e q u i v a le n t  forms m ight g iv e  a 

b e t t e r  id e a  o f  how f a r  th e  c u r r e n t  r e a l i z a t i o n  i s  removed from a  f i n a l  

s o l u t i o n .

2 .5 .  Common F a c t o r s .

In C h ap te r  1 i t  was p o in t e d  o u t  t h a t  th e  aim o f  t h e  c o e f f i c i e n t  

m atch ing  te c h n iq u e  i s  th e  developm ent o f  a  netw ork  and f in d i n g  s u i t a b l e  

e lem en t v a lu e s  which r e a l i z e  t h e  r e q u i r e d  s e t  o f  ne tw ork  p o ly n o m ia ls  

e x a c t l y  to  w i th i n  a m u l t i p l i c a t i v e  c o n s t a n t .  In  S e c t io n  2 .2 ,  i t  was 

p o in t e d  o u t  t h a t  th e  netw ork  p e rfo rm an ce  employed in  t h e  p r e s e n t  work i s
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th e  s h o r t - c i r c u i t  a d m it ta n c e  f u n c t io n s  -Y%2 and Y2 2  where

^22 ^12 ^11 
"  -  , -Y,o = 7 - 4 -  and Y , ,  = —  (2 .1 5 )11 A1 1 2 2  '  A1 1 2 2  22 A1 1 2 2

A more g e n e ra l  form to  w r i t e  e q u a t io n  (2 .1 5 )  i s

KA2 2

^11 °  KAii22 ’ "^12 °  KA1 1 2 2  ^22 = KA1 1 2 2  C2.16)

where K i s  a m u l t i p l i c a t i v e  f a c t o r .  I f  K i s  n o n -z e ro ,  p o s i t i v e  

and f i n i t e ,  i t  w i l l  n o t  a f f e c t  th e  p r o p e r t i e s  o f  th e  a d m it ta n c e  f u n c t i o n s  

i n  any way. S i m i l a r l y ,  th e  i n t r o d u c t i o n  o f  common f a c t o r s  i n  th e

n u m e ra to r  and denom ina to r  o f  th e  a d m it ta n c e  f u n c t i o n s ,  w i l l  n o t  a f f e c t  th e  

e x t e r n a l  c h a r a c t e r i s t i c s .  For exam ple, i f  common f a c t o r s  o f  t h e  form 

(p+ a i)  ( p + a z ) . . . .  (p+ot^) a r e  in t r o d u c e d  in  e q u a t io n  (2 .16 )  th e n ,

^ 2 2  KA,? (P+Gl) (P + «2)  Cp+a.)
--------------------------------------- S _ ,  e t c .  (2 .1 7 )

1122 K A ii2 2 (p + a i) (p + 0 2 ) ........... (p+0%)

E q u a t io n s  ( 2 .1 5 ) ,  (2 .16 )  and (2 .1 7 )  a r e  c o m p le te ly  e q u i v a l e n t .  However 

an RC netw ork  y i e l d i n g  th e  f u n c t i o n s  o f  e q u a t io n  (2 .1 7 )  would have k more 

nodes th a n  a ne tw ork  y i e l d i n g  e q u a t io n  (2 .1 5 )  o r  ( 2 .1 6 ) .  C l a s s i c a l  

methods o f  ne tw ork  s y n t h e s i s  o f t e n  g e n e ra te  many e x c e ss  common f a c t o r s  

b e f o r e  th e  r e q u i r e d  fu n c t io n s  a r e  r e a l i z e d .

E lem en tary  netw ork  th e o ry  r e q u i r e s  t h a t  a t  l e a s t  one common f a c t o r  be 

p r e s e n te d  in  o r d e r  to  s y n th e s i z e  th e  s h o r t - c i r c u i t  a d m it ta n c e  f u n c t i o n s
g

( o r i g i n a l l y  g iv en  by F ialkow  )

(p+1)(1197p3+56613.14p2+28368.584p+191.184)
Y = Y = ----------------------------------------------------------------------------  1

(p+l)(800000p2+408000p+3840)
»

(p+1)(3p3-1 .14p2+197 .176p+77 .616)
-Y12 -  ------------- (2 .1 8 )

(p+1)(800000p^+408000p+3840)

The r e a s o n  f o r  t h i s  i s  th e  p r e s e n c e  o f  th e  n e g a t iv e  c o e f f i c i e n t  i n  th e

n u m era to r  o f  th e  t r a n s f e r  f u n c t i o n .  In  t h i s  case  common f a c t o r s  p la y

j  • • _ 1 8 ,35a d e c i s i v e  r o l e
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For some exam ples ,  such as  th e  s e t  o f  a d m it ta n c e  f u n c t i o n s  g iv e n  by

e q u a t i o n s ( 2 .1 4 ) ,  t h e o ry  g iv e s  no obv ious  r e a s o n  o r  gu ide  to  th e  number,

i f  any , o f  e x c e ss  f a c t o r s  r e q u i r e d .  The b e s t  r e a l i z a t i o n  f o r  t h i s  s e t  o f

f u n c t io n s  p u b l i s h e d  by C u t t e r id g e ^ ^  had  f o u r te e n  e lem en ts  and  two common

37f a c t o r s .  L a t e r ,  Hansen and Wanet p r e s e n te d  an LC r e a l i z a t i o n  whose 

RC e q u i v a l e n t  has  two l i n e a r  common f a c t o r s ,  and u sed  one l e s s  netw ork  

e lem en t th a n  d id  C u t t e r i d g e ’s r e a l i z a t i o n .  The r e a s o n  t h a t  t h i s  s e t  o f  

f u n c t io n s  r e q u i r e d  common f a c t o r s  seems to  be due to  th e  l a r g e  d i f f e r e n c e  

in  th e  a d m it ta n c e  l e v e l  betw een th e  i n p u t  and o u tp u t .  The r e l a t i o n s h i p  

betw een th e  c o e f f i c i e n t  o f  th e  ne tw ork  p o ly n o m ia ls  and th e  r e q u i r e d  

number o f  ex c e ss  f a c t o r s  i s  e s t a b l i s h e d  by th e  a u th o r  and t h e  co n cep t o f  a 

’d eg ree  o f  c o n n e c t i v i t y ’ i s  in t r o d u c e d  l a t e r  on in  t h i s  s e c t i o n .  Thus 

common f a c t o r s  p la y  an im p o r ta n t  r o l e  in  th e  s y n t h e s i s  o f  e l e c t r i c a l  

ne tw orks  in  g e n e r a l I n  o r d e r  to  u n d e r s ta n d  t h i s  r o l e ,  l e t  us  c o n s id e r  

th e  e f f e c t  o f  in t r o d u c in g  a  common f a c t o r  in  a s e t  o f  f o u r  p r i n c i p a l  p o ly 

n o m ia ls  A ll , Ai2 , A2 2  and A n 2 2  and t h e i r  c o r re sp o n d in g  ne tw ork  T .

All = a^+aip+azp + +a^p (a^>0 , i = l , . . . ,n) )
2 n

Ai 2 ” bg+bip+b2P +  +b^p (b^ may be nega t ive ,  i - l , . . . , n )

A2 2  = Cq+c^p+C2P^+ + c ^ p * ( C i > 0 , i = l , . . . , n )  I ( 2 . 1 9 )

A1122 = dg+dip+d2p^+  +d^p"^(d^>0 , i = l , . . .  ,m,im$n) J  

I f  a common f a c to r  o f  the form (p+a), a > 0  i s  introduced in equations ( 2 . 1 9 )  

then,
n + 1

A l l  = ( p + a ) A i i  = a ^ a + ( a ^ + a a i ) p + ..............+ (a ^_^+aa^ )p

Ai 2 = (p+a)Ai2 = b ^ a+ (b^ + ab^ )p+ .............+ (b^_^+ab^)p ’̂ '^^

n+1
A22 = (p+a)A2 2  = c ^ a + ( c ^ + a c i ) p + ..............+ Cc^_i+ac^)p

A1122 = (p+a)Aii22= d ^ a + ( d ^ + a d i ) p + ..............+ ( . d ^ _ ^ + d j p ^ ‘̂ ^  J  ( 2 . 20)

The in t roduc t ion  o f  a common f ac to r  has the following e f f e c t s :
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A] A n a l y t i c a l  E f f e c t s

i )  A change i n  th e  v a lu e  o f  each  c o e f f i c i e n t .  Thus i n  th e  case

o f  n e g a t iv e  c o e f f i c i e n t  ( e q u a t i o n s ( 2 .1 8 ) )  a common f a c t o r  o f  a

27 ,35  ,1 .1 4  191.17&\ . . .  ,p r o p e r  v a lu e  (—^— < a < — —J w i l l  mask th e  p re se n c e

o f  th e  n e g a t iv e  c o e f f i c i e n t .

i i )  A change in  t h e  r a t i o  betw een th e  r e l e v a n t  c o e f f i c i e n t s  in  th e

d i f f e r e n t  c o f a c t o r s ,  e . g .  c o n s id e r  th e  r e l e v a n t  c o e f f i c i e n t  in

A n  and Aj2 i n  e q u a t io n s  (2 .1 9 )  and ( 2 .2 0 ) ,  th e n

a aa  ao ^  o _ o
b ab bo o o

a i

b i  b j

F u r t h e r ,  th e  r a t i o  betw een th e  c o e f f i c i e n t s  o f  th e  same c o f a c to r

i s  a l s o  changed e . g .  f o r  A n  and A n

a aa  o . o
a j  a^ + aa ;

i i i )  The number o f  th e  n o n -z e ro  c o e f f i c i e n t s  has  i n c r e a s e d  by fo u r  

(one in  each c o f a c t o r ) .

iv )  No change in  th e  e x t e r n a l  c h a r a c t e r i s t i c s .

B] T o p o lo g ic a l  E f f e c t s .

To m u l t i p l y  th e  f o u r  p r i n c i p a l  p o ly n o m ia ls  by th e  same common f a c t o r  

n e c e s s i t a t e s  th e  a d d i t i o n  o f  an e x t r a  node ,  th u s  i n c r e a s i n g  th e  number o f  

p o s s i b l e  ne tw ork  e le m e n ts .  T h is  in  t u r n  w i l l  r e s u l t  i n  an i n c r e a s e  in  

th e  number o f  a l t e r n a t i v e  t o p o l o g ie s  to  choose from. F u r th e r  i t  w i l l  

r e s u l t  in  an i n c r e a s e  in  th e  number o f  t r e e s ,  2 - t r e e s  and 3 - t r e e s  in



23

g e n e r a l .  Thus, th e  p o s s i b i l i t y  o f  s h a r in g  few er e lem en ts  betw een th e  

v a r io u s  2 - t r e e s  and 3 - t r e e s  i s  i n c r e a s e d .

To summarize, th e  i n t r o d u c t i o n  o f  a common f a c t o r  p ro d u ces  th e  

fo l lo w in g :

1) Changes in  th e  v a lu e s  and th e  number o f  th e  n o n -z e ro  c o e f f i c i e n t s

2) Changes i n  th e  r a t i o  betw een th e  r e l e v a n t  c o e f f i c i e n t s  i n  th e

d i f f e r e n t  c o f a c to r s  a s  w e l l  a s  th e  r a t i o  betw een th e  

c o e f f i c i e n t s  o f  th e  same c o f a c t o r .

3) An i n c r e a s e  i n  t h e  number o f  n o d es ,  th u s  an i n c r e a s e  in  th e  

number o f  p o s s i b l e  a l t e r n a t i v e  t o p o l o g ie s  ( i . e .  p o s s i b l e  netw ork  

e l e m e n t s ) .

4) As a  r e s u l t  o f  3) , th e  number o f  p o s s i b l e  2 - t r e e s  and 3 - t r e e s

i s  i n c r e a s e d .

5) S in ce  th e  c o e f f i c i e n t s  a r e  th e  a d m it ta n c e  p ro d u c ts  o f  th e  

r e l e v a n t  2 - t r e e s  and 3 - t r e e s ,  th u s  th e  p o s s i b l e  d i f f e r e n c e  in  

th e  r e l a t i v e  m agnitude  o f  th e  c o e f f i c i e n t s  can be i n c r e a s e d .

6) As a r e s u l t  o f  4) and 5) netw ork  p o ly n o m ia ls  w i th  l a r g e

d i f f e r e n c e  in  th e  a d m it ta n c e  l e v e l  betw een th e  in p u t  and  o u tp u t  

w i l l  p ro b a b ly  n o t  be  r e a l i z a b l e  w ith  a minimum number o f  nodes .  

However, a r e a l i z a t i o n  may e x i s t  i f  one o r  more common f a c t o r s  

(hence nodes) a r e  in t r o d u c e d .

The co n cep t o f  th e  'd e g re e  o f  c o n n e c t i v i t y '  was deve loped  b ased  upon 

th e  above i t e m s .  In  o r d e r  to  d e f in e  th e  d eg ree  o f  c o n n e c t i v i t y  c o n s id e r  

th e  fo l lo w in g  exam ple.
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Example 2

Suppose t h a t  e q u a t i o n s (2 .1 9 )  i s  to  be r e a l i z e d  by an RC ne tw o rk .

In  o r d e r  t o  g e n e r a te  ne tw ork  p o ly n o m ia ls  o f  th e  same deg ree  a s  th e  

r e q u i r e d  p o ly n o m ia ls ,  t h e  n e c e s s a r y  minimum number o f  n o d es ,  i n  a d d i t i o n  

to  t h e  r e f e r e n c e  node, i s  equa l  t o  (m+2) , where m i s  t h e  maximum 

o r d e r  o f  p i n  A n 2 2  •

For a  ne tw ork  w i th  a minimum number o f  n o d es ,  th e  number o f  a l t e r n a t i v e  

to p o l o g ie s  which can y i e l d  t h e  r e q u i r e d  s p re a d  o f  powers i s  f i n i t e .  Thus, 

th e  number o f  2 - t r e e s  and 3 - t r e e s  i s  f i n i t e .  The s e t  o f  r e q u i r e d  network 

p o ly n o m ia ls  o f t e n  imposes some c o n s t r a i n t s  on t h e  r e q u i r e d  to p o lo g y  Ce*g* 

symmetry, com pac tness ,  e t c . . . ) .  Hence a netw ork  w ith  a minimum number o f  

nodes  may n e v e r  y i e l d  t h e  r e q u i r e d  to p o lo g y .  However, t h e s e  c o n s t r a i n t s  

may be overcome i f  th e  number o f  nodes i s  i n c r e a s e d ,  a s  th e  number o f  

p o s s i b l e  to p o l o g ie s  w i l l  i n c r e a s e .

Let us c o n s id e r  t h a t  th e  d e g re e  o f  c o n n e c t i v i t y  i s  some m easure  o f  th e

number o f  d i f f e r e n t  t o p o l o g ie s  which a r e  p o s s i b l e  f o r  a ne tw ork  w i th  a

g iv e n  number o f  nodes .  Then a ne tw ork  composed o f  th e  minimum number o f  

nodes has  a low deg ree  o f  c o n n e c t i v i t y .  A netw ork  which i s  composed o f  

more th a n  th e  minimum number o f  nodes r e q u i r e d  i s  a netw ork  w i th  a h ig h e r  

d e g re e  o f  c o n n e c t i v i t y .  The d e g re e  o f  c o n n e c t i v i t y  i s  to  be in c r e a s e d

( in c r e a s e  t h e  number o f  e x t r a  nodes)  u n t i l  t h e  c o n s t r a i n t s  imposed by th e

r e q u i r e d  s e t  o f  netw ork  p o ly n o m ia ls  a r e  s a t i s f i e d .

More d i s c u s s i o n  i s  g iv e n  in  Appendix A and an example i s  g iv e n  in  

S e c t io n  6 . 5  to  e s t a b l i s h  th e  e x i s t e n c e  o f  th e  d eg ree  o f  c o n n e c t i v i t y .

2 .7 .  Summary.

In t h e  i n t r o d u c t i o n  o f  t h i s  c h a p t e r ,  t h e  main aim was e x p la in e d  as 

f o l lo w s .  To u se  au tom ated  ne tw ork  d e s ig n  te c h n iq u e s  e f f i c i e n t l y ,  a l l  th e  

p o s s i b l e  in fo rm a t io n  from th e  g iv en  s e t  o f  netw ork  p o ly n o m ia ls  sh o u ld  be 

c o n s id e re d .  The i n v e s t i g a t i o n  was v a lu a b le  as  th e  fo l lo w in g  new
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c o n t r i b u t i o n s  were a c h ie v e d .

1) The s i g n i f i c a n c e  o f  c o n s id e r in g  th e  v a r io u s  d i f f e r e n t  b u t  

e q u i v a l e n t  forms o f  a d m it ta n c e  f u n c t io n s  was p o in t e d  o u t .  T h is  

i s  v e ry  h e l p f u l  i n  e s t i m a t in g  a good s t a r t i n g  n e tw o rk .  F u r t h e r  

i t  m igh t h e lp  i n  e x p l a in in g  th e  odd b e h a v io u r  o f  t h e  o p t i m i z a t i o n  

a lg o r i th m .

2) The r o l e  p la y e d  by th e  common f a c t o r s  in  t h e  netw ork  s y n t h e s i s  

was e s t a b l i s h e d  on th e  b a s i s  o f  th e  r e l a t i o n s h i p  betw een th e  

c o e f f i c i e n t s  o f  t h e  ne tw ork  p o ly n o m ia ls  and th e  r e q u i r e d  d e g re e  

o f  t h e  netw ork  c o m p lex i ty .  F u r th e r  a new co n ce p t o f  th e  d e g re e  

o f  c o n n e c t i v i t y  was in t r o d u c e d  to  j u s t i f y  t h e  e x i s t e n c e  o f  such  

a  r e l a t i o n .

To summarize th e  main r e s u l t s  o f  t h i s  c h a p t e r ,  some o f  which a r e  

o r i g i n a l ,  we can say  th e  f o l lo w in g .

The maximum s p re a d  o f  powers o f  p , t h e  complex f r e q u e n c y ,  w i t h i n  

th e  s e t  o f  f o u r  p r i n c i p a l  p o ly n o m ia ls  w i l l  d e c id e  th e  minimum number o f  

nodes  o f  t h e  r e q u i r e d  n e tw o rk .  The c o n f ig u r a t io n  o f  a s u i t a b l e  s t a r t i n g  

ne tw ork  i s  e s t im a te d  on th e  b a s i s  o f  t h e  in fo rm a t io n  o b ta in e d  from th e  

v a r io u s  e q u i v a l e n t  forms o f  th e  a d m it ta n c e  f u n c t io n s  and th e  t o p o l o g i c a l  

a n a l y s i s  o f  a v a r i e t y  o f  t r i a l  ne tw orks  i n t u i t i v e l y  co n ce iv ed  as  p o s s i b l y  

y i e l d i n g  ne tw ork  p o ly n o m ia ls  o f  th e  c o r r e c t  o r d e r .  Any d i f f i c u l t i e s  may 

h o p e f u l ly  be overcome by u s in g  common f a c t o r s .  Common f a c t o r s  p l a y  a 

d e c i s i v e  r o l e  i n  th e  s y n t h e s i s  o f  n o n - s e r i e s - p a r a l l e l  ne tw orks  p o s s e s s in g  

no s e r i e s - p a r a l l e l  e q u i v a l e n t .
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CHAPTER 3

REVIEW OF THE COEFFICIENT MATCHING TECHNIQUE 

AND THE OPTIMIZATION ALGORITHM USED

3 .1 .  I n t r o d u c t i o n .

In  o r d e r  to  i n t r o d u c e  a ne tw ork  d e s ig n  p rob lem  to  th e  com puter,

t o  s o lv e  i t  a u t o m a t i c a l l y ,  i . e .  w i th o u t  human i n t e r v e n t i o n ,  i t  i s

n e c e s s a r y  t h a t  th e  d e s i r e d  ne tw ork  s p e c i f i c a t i o n s  sh o u ld  be e x p re s s e d

in  a n a l y t i c a l  form. A s im p le  a n a l y t i c a l  form i s  alw ays p r e f e r a b l e

to  a  c o m p lic a te d  form as  th e  co m p lex ity  o f  th e  a lg o r i th m  to  s o lv e  th e

netw ork  s y n t h e s i s  p rob lem  i s  o f t e n  in  d i r e c t  p r o p o r t i o n  t o  th e  method o f

s p e c i f y i n g  t h e  r e q u i r e d  r e s p o n s e .  One o f  th e  methods f o r  s p e c i f y i n g  th e

r e q u i r e d  re s p o n s e  a c c u r a t e l y ,  and f a i r l y  s im p le  to  program , i s  th e

r a t i o n a l  f u n c t i o n  form in  p .

In some s y n th e s i s  p ro b lem s ,  t h e  s p e c i f i c a t i o n  may n o t  be g iv e n

a n a l y t i c a l l y  as  a r a t i o n a l  f u n c t i o n  b u t  may be p r e s e n te d  in  t h e  form o f  a

cu rve  o r  a t a b l e  e t c .  In  t h i s  c a s e ,  i t  i s  co n v en ien t  to  t r a n s f o r m  th e

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

t h e  l a t t e r  i s  s im p le r  t o  h a n d le .  I t  was d e m o n s tra ted  t h a t  a s y n t h e s i s

p rob lem  s p e c i f i e d  in  th e  t im e  domain may be  t ra n s fo rm e d  to  t h e  f re q u e n c y

38domain w i th o u t  a  lo s s  o f  g e n e r a l i t y  . F u r th e rm o re ,  ne tw ork  s p e c i f i c a t i o n  

g iv e n  in  th e  form o f  f re q u e n c y  r e s p o n s e  may be a p p ro x im a te d ,  to  a  r e a s o n a b le  

d eg ree  o f  a c c u ra c y ,  by a r a t i o n a l  f u n c t i o n  in  p , th e  complex f req u en cy ^ ^ .  

A lthough  such t r a n s f o r m a t io n s  may n o t  alw ays be p o s s i b l e ,  o r  e a s y ,  th e y  a re  

v e ry  im p o r ta n t  in  o r d e r  to  employ com puters  a u t o m a t i c a l ly .

To s o lv e  a s y n th e s i s  p rob lem  s t a r t i n g  from th e  r a t i o n a l  f u n c t i o n  form,

e . g .  th e  s h o r t - c i r c u i t  a d m it ta n c e  f u n c t i o n s ,  t h e r e  a r e  two m e th o d s :-
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1) By comparing t h e  zeros o f  th e  p o ly n o m ia ls  o f  th e  d e s i r e d  and 

c a l c u l a t e d  p e rfo rm an ce  f u n c t i o n s  (p o le - z e r o  m a tc h in g ) .

2) By com paring th e  c o e f f i c i e n t s  o f  th e  p o ly n o m ia ls  o f  t h e  d e s i r e d  

and c a l c u l a t e d  p e rfo rm an ce  f u n c t i o n s  ( c o e f f i c i e n t  m a tc h in g ) .

A lthough  p o l e - z e r o  m a tch ing  and c o e f f i c i e n t  m atch ing  te c h n iq u e s  a r e  v e ry

s i m i l a r  ( i n s t e a d  o f  m a tch ing  th e  r o o t s  o f  t h e  p o ly n o m ia ls ,  we m atch t h e i r

c o e f f i c i e n t s ) ,  th e  p o l e - z e r o  m a tch in g  te c h n iq u e  would s u f f e r  from

21in v o lv in g  a d d i t i o n a l  co m p u ta tio n  . The c o e f f i c i e n t  m a tch ing  te c h n iq u e  

i s  t h e  te c h n iq u e  ad o p ted  in  t h e  r e s e a r c h  d e s c r ib e d  in  t h i s  t h e s i s  and i s  

c o n s id e re d  in  some d e t a i l  in  t h i s  c h a p t e r .

The c o e f f i c i e n t  m a tch ing  te c h n iq u e  was f i r s t  i n t r o d u c e d  by C a la h a n ^ ^ '^ ^  

who acknowedged t h a t  i t s  g e n e ra l  f e a t u r e s  were s u g g e s te d  to  him by O rchard . 

T h is  t e c h n iq u e  assumes t h a t  th e  d e s i r e d  ne tw ork  pe rfo rm ance  f u n c t i o n s  a r e  

g iv e n  in  t h e  form o f  p o ly n o m ia ls  i n  p , whose c o e f f i c i e n t s  a r e  t o  be 

m atched e x a c t l y  by some ne tw ork  f u n c t i o n  to  be d e s ig n e d .  While n o t  a l l  th e  

pe rfo rm an ce  f u n c t i o n s  o f  th e  s y n t h e s i s  problem s a r e  g iv en  in  r a t i o n a l  

f u n c t io n  form , th e y  can o f t e n  be t r a n s f e r r e d  to  t h a t  form w i th in  a r e a s o n a b le  

d eg ree  o f  a c c u ra c y .  Calahan^^*^^ and Temes^*^^ have s t a t e d  t h a t ,  u s in g  

c o e f f i c i e n t  m a tch ing  te c h n iq u e s  in  e l e c t r i c a l  netw ork  s y n th e s i s  i s  n o t  o n ly  

c o n v e n ie n t  and e f f i c i e n t  b u t  a l s o  " v e r s a t i l e "  and has  " e x t r a o r d i n a r y  

convergence  p r o p e r t i e s " .  The power o f  t h e  t e c h n iq u e ,  which i s  s u f f i c i e n t l y  

d em o n s tra te d  f u r t h e r  on in  t h i s  t h e s i s ,  i s  a f u r t h e r  j u s t i f i c a t i o n  f o r  

f o rm u la t in g  th e  s y n t h e s i s  prob lem  in  such a form.

In th e  c o e f f i c i e n t  m a tch ing  te c h n iq u e ,  a r e l i a b l e  o p t i m iz a t io n  

a lg o r i th m  i s  to  be employed in  o r d e r  to  match th e  r e q u i r e d  and c a l c u l a t e d  

netw ork  p e rfo rm a n ces  i t e r a t i v e l y .  The c u r r e n t  s t a t e  o f  t h e  a r t  i n  o p t im i 

z a t i o n  te c h n iq u e s  i s  such t h a t  i t  i s  n o t  always p o s s i b l e  to  s o lv e  a l l  th e  

co m p lic a te d  and h ig h l y  s p e c i a l i z e d  prob lem s t h a t  can o c c u r  in  ne tw ork  

s y n t h e s i s .  P r a c t i c a l l y  a l l  c u r r e n t l y  a v a i l a b l e  o p t i m iz a t io n  te c h n iq u e s  

o n ly  g u a ra n te e  t h e  convergence to  a ' l o c a l  minimum' n o t  n e c e s s a r i l y  to  a
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' g l o b a l  minimum' (e x a c t  s o l u t i o n ) .

A d e s ig n e r  p la n n in g  to  employ o p t i m iz a t io n  te c h n iq u e s  i n  ne tw ork  

s y n t h e s i s  i s  f a c e d  w ith  two a l t e r n a t i v e s :

1) To a d a p t  th e  c u r r e n t l y  a v a i l a b l e  o p t i m iz a t io n  a l g o r i t h m s ,  

making maximum u se  o f  t h e  s p e c i a l  c h a r a c t e r i s t i c s  o f  t h e  

p rob lem  u n d e r  c o n s i d e r a t i o n ,  to  g r e a t l y  improve th e  e x i s t i n g  

t e c h n i q u e s '^  ( e . g .  g r a d i e n t  d e s c e n t ,  quas i-N ew ton , e t c . ) .

2) To d ev e lo p  a new o p t i m iz a t io n  te c h n iq u e  to  s o lv e  th e  p rob lem .

Some o f  th e s e  te c h n iq u e s  which a r e  y e t  in  th e  d e v e lo p in g

s t a g e s  a r e  a d a p t iv e  random t e c h n i q u e s '^  h e u r i s t i c  methods^^

1 , 48-51a n a l y t i c  ap p ro ac h es  ., e t c ............

S ince  th e  developm ent o f  a new o p t i m iz a t io n  te c h n iq u e  i s  a com ple te

r e s e a r c h  p r o j e c t  by i t s e l f  and i s  n o t  th e  theme o f  t h i s  r e s e a r c h ,  th e

a l t e r n a t i v e  employed i s  t h a t  which i s  f i r s t  d i s c u s s e d .

In  C a la h a n 's  o r i g i n a l  fo rm u la t io n  o f  c o e f f i c i e n t  m a tch in g ,  th e

c o e f f i c i e n t s  o f  th e  d e s i r e d  and c a l c u l a t e d  p o ly n o m ia ls  were m atched by

c o n s t r u c t i n g  a s im p le  l i n e a r  e r r o r  f u n c t i o n  to  embody th e  d e s ig n  c r i t e r i a .

L a te r  on , a  more s a t i s f a c t o r y  method f o r  e r r o r  r e p r e s e n t a t i o n  was 

24 27deve loped  ' . F u r t h e r ,  a v a r i a t i o n  was in t r o d u c e d  f o r  a d j u s t i n g  th e

v a lu e  o f  " n o rm a l i s in g  v a r i a b l e " ,  which in c r e a s e d  th e  ran g e  and th e  

r e l i a b i l i t y  o f  th e  method. These methods a r e  summarized and d i s c u s s e d  

in  t h i s  c h a p te r .

For a r e a l i z a t i o n  o f  a l i n e a r  p a s s iv e  e l e c t r i c a l  netw ork  to  be 

f e a s i b l e ,  i t  i s  n e c e s s a r y  t h a t  a l l  th e  e lem en t v a lu e s  o b ta in e d  be non

n e g a t iv e .  Methods o f  c o n s t r a i n i n g  th e  ne tw ork  e lem en t v a lu e s  t o  th e  

p o s i t i v e  domain a r e  d e s c r ib e d  and one such  te c h n iq u e ,  th e  use  o f  l o g a r i t h 

mic t r a n s f o r m a t i o n ,  which i s  employed in  t h i s  r e s e a r c h ,  i s  compared w ith  

o th e r  r e l e v a n t  m ethods.
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3 .2 .  The C o e f f i c i e n t  M atching  T ec h n iq u e .

3 . 2 . 1 .  I n t r o d u c t i o n .

The c o e f f i c i e n t  m a tch ing  te c h n iq u e  i s  th e  te c h n iq u e  employed in  t h i s  

r e s e a r c h  which was f i r s t  d e s c r ib e d  by C alahan^^*^^ . His main s u p p o s i t io n  

was t h a t  th e  r e q u i r e d  ne tw ork  p e rfo rm ance  g iv en  in  th e  form o f  a po lynom ia l 

T(p) s a y ,  i n  p th e  complex f re q u e n c y .  In S e c t io n  2 .2 ,  th e  a n a l y s i s  o f  

th e  ne tw ork  by means o f  t h e  c h a r a c t e r i s a t i o n  o f  th e  netw ork  i n  nodal 

a d m it ta n c e  m a t r ix  form to  y i e l d  th e  ne tw ork  perfo rm ance  in  th e  form o f  

p o ly n o m ia ls  in  p was g iv e n .  In  t h i s  s e c t i o n  th e  c o e f f i c i e n t  m atch ing  

te c h n iq u e  u sed  i s  d i s c u s s e d .

For any tw o -e lem en t k in d  ne tw ork  w ith  n l  n o d es ,  p lu s  th e  r e f e r e n c e  

node , node 0 , w h ile  t h e r e  a r e  n l ( n l + l )  maximum p o s s i b l e  e le m e n ts ,  th e  

t h r e e  y - p a r a m e te r s ,  i f  r e g a rd e d  as  r a t i o n a l  f u n c t i o n s  o f  th e  netw ork  p o ly 

n o m ia ls ,  w i l l  o n ly  p ro v id e  t h e  d e s ig n e r  w i th  up to  (4 n l -2 )  in d ep en d en t

21p ie c e s  o f  in f o r m a t io n  ( 3 ( n l - l )  z e ro s ,  ( n l - 2 )  p o le s  and 3 n o rm a l iz in g  

f a c t o r s ) .  In  g e n e r a l ,  we w i l l  have more e lem en ts  ( v a r i a b l e s )  th a n  in d e p e n 

d en t  c o e f f i c i e n t s  ( e q u a t i o n s ) ; in  o t h e r  words an u n d e rd e f in e d  system , a 

c a s e  where i t  i s  n o t  e a s y  t o  p r e d i c t  how an o p t i m iz a t io n  a lg o r i th m  w i l l  

r e a c t .  The s i t u a t i o n  becomes more d i f f i c u l t  a s  n l  , th e  number o f  nodes ,  

i n c r e a s e s  o r  th r e e - e le m e n t  k in d  ne tw orks  a r e  c o n s id e r e d  (number o f  p o s s i b l e  

e lem en ts  i s  3 n l ( n l + l ) / 2 ) .

In C a la h a n ’s o r i g i n a l  fo rm u la t io n  o f  c o e f f i c i e n t  m a tch in g ,  o n ly  th e  

c o e f f i c i e n t s  o f  a s i n g l e  s p e c i f i e d  r a t i o n a l  f u n c t io n  were c o n s id e re d .

He c ircu m v en ted  t h e  c o n s t r a i n t  o f  t h e  u n d e rd e f in e d  p rob lem  by f i x i n g  th e  

v a lu e s  o f  s u f f i c i e n t  number o f  e lem en ts  t o  e n su re  a f i n i t e  number o f  

s o l u t i o n s .  L a t e r ,  a more g e n e ra l  app roach  was s u g g e s te d  by C u t t e r i d g e ^ '^ \  

He p o in t e d  o u t  t h a t  s im u l ta n e o u s  m atch ing  o f  th e  c o e f f i c i e n t s  o f  th e  t h r e e  

s h o r t - c i r c u i t  a d m it ta n c e  f u n c t io n s  co u ld  be a t t e m p te d .  F u r th e rm o re ,  by 

f i x i n g  th e  v a lu e s  o f  some o f  t h e  maximum p o s s i b l e  number o f  e lem en ts  a t  

zero  and v a ry in g  th e  r e s t  o f  t h e  e le m e n ts ,  n e lem en ts  s ay ,  such  t h a t
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n m where m i s  th e  number o f  in d e p en d en t  c o e f f i c i e n t s ,  t h e  u n d e r - 

d e f in e d  p rob lem  t r a n s f e r r e d  t o  an o v e r d e f in e d  (n < m) o r  d e f in e d  

prob lem  (n = m) . The s e l e c t i o n  o f  such  a s e t  o f  n e lem en ts  and

th e  a l t e r a t i o n  o f  t h e  e lem en ts  o f  t h i s  s u b s e t  a r e  t o  be d i s c u s s e d  in

C h ap te r  4 .

The g e n e ra l  f e a t u r e s  o f  t h e  c o e f f i c i e n t  m atch ing  te c h n iq u e  can be 

w r i t t e n  a s  fo l lo w s :

Let X j ( j = l , 2 , . . . , n )  be th e  c u r r e n t  v a lu e s  o f  th e  netw ork  e le m e n ts .

Let a ^ ( i = l , 2 , . . . ,m) be  t h e  g iv e n  v a lu e s  o f  t h e  c o e f f i c i e n t s  o f  th e  

p o ly n o m ia ls  t o  be m atched .

Let c ^ ( i = l , 2 , . . . ,m) be th e  c o r re s p o n d in g  v a lu e s  o f  th e  c o e f f i c i e n t s

a^ a c t u a l l y  a c h ie v e d  f o r  g iv en  e lem en t v a lu e s  X j .

9 12Let t h e  d e s i r e d  f u n c t i o n  be g iv e n  by *

m
I  a  p i - * - '

T . (P )  =   . (3 .1 )
^ f  i - 11 a .  p

i= l

In  S e c t io n  2 .2  i t  was shown t h a t  th e  c o e f f i c i e n t s  o f  th e  netw ork  

p o ly n o m ia ls  a r e  m u l t i l i n e a r  f u n c t i o n s  o f  th e  netw ork  e le m e n ts ,  hence  f o r  

a s t a r t i n g  ne tw ork  o f  th e  p r o p e r  c o n f i g u r a t i o n  and co m p lex i ty ,  t h e

j-&-1

c a l c u l a t e d  ne tw ork  f u n c t i o n  has  th e  same form
m
Î  c W p '

Tc(p) =  :-------- • (3 .2 )
V ,  ̂ i - 1  I  c ^ M p

i= l

In  g e n e r a l ,  t h e  c o e f f i c i e n t s  c^ (x )  w i l l  n o t  be equa l  to  a^ . Hence 

m e r r o r  f u n c t io n s  can be c o n s t r u c t e d  by m a tch ing  th e  r e q u i r e d  c o e f f i c i e n t s  

a^ to  w i th in  a c o n s ta n t  m u l t i p l i e r  w i th  th o s e  o b ta in e d  by c a l c u l a t i n g  c^ 

f o r  th e  c u r r e n t  e lem en t v a lu e s  x^ . These m e r r o r  f u n c t io n s  w i l l  be 

zero  v a lu e d  when an e x a c t  m a tch ing  i s  a c h ie v e d  i . e .
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when

Ci = K&i (3 .3 )

where K i s  th e  c o n s ta n t  m u l t i p l i e r  needed  s i n c e ,  i n  g e n e r a l ,  o n ly  

p r o p o r t i o n a l i t y  ( r a t h e r  th a n  e q u a l i t y )  can be a c h ie v e d  betw een th e  

a i  and Ci . The p rob lem  has  now been  t r a n s fo rm e d  to  s o lv in g  m

s im u l ta n e o u s  e q u a t io n s  i n  n unknowns, and can be s o lv e d  as  an 

o p t i m iz a t io n  p rob lem .

3 . 2 . 2 .  C a l c u l a t i o n  o f  C o e f f i c i e n t s  and t h e i r  F i r s t  D e r i v a t i v e s .

In  o r d e r  t o  a c h ie v e  a s o l u t i o n  by m a tch ing  th e  v a lu e s  o f  t h e  g iv en  

and c a l c u l a t e d  s e t  o f  c o e f f i c i e n t s ,  th e  v a lu e s  o f  th e  c a l c u l a t e d  

c o e f f i c i e n t s  a r e  to  be c a l c u l a t e d  a f t e r  each  i t e r a t i v e  a l t e r a t i o n  in  th e  

e lem en t v a l u e s .  Hence, t h e  e f f i c i e n c y  o f  th e  c o e f f i c i e n t  m a tch ing  

te c h n iq u e  depends on th e  speed  o f  e v a l u a t i o n  o f  th e  c o e f f i c i e n t  v a lu e s  and 

a l s o ,  i f  r e q u i r e d ,  t h e i r  f i r s t  d e r i v a t i v e s  w ith  r e s p e c t  to  th e  e lem en t 

v a l u e s .

From th e  s e v e r a l  com puter a lg o r i th m s  deve loped  d u r in g  th e  l a s t  few

2 2 ,2 3 ,2 8 ,2 9 ,5 2 ,6 4  .  . , ^y e a r s  f o r  c a l c u l a t i n g  c o e f f i c i e n t  v a l u e s ,  th e

te c h n iq u e  u sed  in  t h i s  r e s e a r c h  was t h a t  deve loped  by C u t t e r id g e  and
22 23 28 29

Di Mambro * * * . I t  i s  r a p i d  and e f f i c i e n t .  Because t h i s

22 23te c h n iq u e  has  a l r e a d y  been  w e ll  documented * , o n ly  th e  s p e c i a l  f e a t u r e s

o f  t h a t  te c h n iq u e  a r e  c o n s id e re d  in  t h i s  s e c t i o n .  The main theme i s

to  e v a l u a te  th e  c o e f f i c i e n t s  o f  th e  fo u r  p r i n c i p a l  p o ly n o m ia ls  Aji, A j2 ,

A2 2  and A}122, which a r e  c o f a c to r s  o f  th e  d e te rm in a n t  A o f  th e  no d a l  

a d m it ta n c e  m a t r ix  (se e  S e c t io n  2 . 2 ) ,  and a l s o ,  when r e q u i r e d ,  t h e i r  f i r s t  

d e r i v a t i v e s  w ith  r e s p e c t  to  t h e  ne tw ork  e lem en t v a l u e s .

As a f i r s t  s t e p ,  th e  a d m it ta n c e  d e te rm in a n t  A f o r  th e  s p e c i f i e d  

netw ork  to p o lo g y  i s  c r e a t e d  w i th  th e  c u r r e n t  e lem en t v a l u e s .  The 

e lem en ts  o f  A w i l l  be q u a d r a t i c s  in  p d iv id e d  by p f o r  RLC n e tw o rk s .
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Suppose th e  c o e f f i c i e n t s  o f  one o f  th e  p r i n c i p a l  netw ork  p o ly n o m ia ls ,

A ji s a y ,  a r e  to  be c a l c u l a t e d .  I f  A n ( p )  o f  o r d e r  r  , i s  e v a lu a te d  

a t  r+1 v a lu e s  o f  p(l>=p^,P2 > • • • r e s p e c t i v e l y  th e n

r1 •••  • • •  ••• Ai i ( p^)

1 Pz , p I s Aj i Cpp

: : : |

1
1
1
1

=

(
\
1
1

i i i  ;
 ̂ r  
 ̂ Pr+l  .................................  Pr+1

1
1
1

cr

1
1
1

A l l (P r+ l )

(3 .4 )

where A n ( p )  = c^p° + c^p^ + -----  +c^p^.

S in ce  P i ,P 2 , • • • ,Pp^.j a r e  known, th e  v a lu e s  o f  c ^ ,c ^  ,C2 » . • -c^  can be

o b ta in e d  by m u l t i p l y in g  b o th  s id e s  o f  e q u a t io n  ( 3 .4 )  by th e  i n v e r s e  o f

th e  Vandermonde m a t r ix ,  namely th e  s q u a re  m a t r ix  o f  o r d e r  ( ( r+ 1 )  x ( r+ 1 ) )

on th e  l e f t  hand s id e  o f  e q u a t io n  ( 3 .4 ) .

Because th e  d e r i v a t i v e  o f  a d e te rm in a n t  w i th  r e s p e c t  to  one o f  i t s

e lem en ts  i s  eq u a l  t o  th e  c o r re s p o n d in g  c o f a c t o r  a n d , th e  e lem en ts  o f

a r e  f u n c t i o n s  o f  th e  netw ork  e lem en t v a l u e s ,  th e n  i f  e lem en t x .  i s
3

co n n ec ted  betw een nodes q and ze ro  th e n

= AiiqqQPi) (3 -5 )

and i f  e lem en t Xj i s  c o n n ec ted  betw een nodes q and t  , th e n  

3 ( A „ ( p p ) / 8 x  = A j iq q (P i )  + -  2A^^ Cp^) (3 .6 )

Hence, from e q u a t io n s  (3 .5 )  and (3 .6 )  and ( 3 . 4 ) ,  i f  th e  v a lu e s  o f  

8 (A ii  (p ^ ) ) /8 X j a r e  known, where 3 (A^^ (p^) )/8x^. i s  th e  d e r i v a t i v e  o f  

A ll w ith  r e s p e c t  t o  e lem ent Xj e v a lu a te d  a t  p=p^ , th e n

9c 9c.

9Xj * 9x

3c 

' 8x
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3c.
can be o b ta in e d  by r e p l a c i n g  c^ by and A u ( p ^ )  by

3 (A i1 ( p ^ ) ) / 9 x j  r e s p e c t i v e l y  i n  e q u a t io n  (3 .4 )  and e v a l u a t i n g  as  f o r

Cq ,C i , . . . , c^ .

The e v a l u a t i o n  o f  t h e  c o e f f i c i e n t s  and t h e i r  d e r i v a t i v e s  can be

p erfo rm e d  more r a p i d l y  i f  th e  s p e c i a l  p r o p e r t i e s  o f  th e  p r i n c i p a l

p o ly n o m ia ls  a r e  c o n s id e r e d .  A j j ,  A1 2 , ^22  A1 1 2 2  be e v a lu a te d

s im u l ta n e o u s ly  as  th e y  o n ly  d i f f e r  by a row and a column, th e  r e s t  o f

t h e i r  e lem en ts  b e in g  i d e n t i c a l .  The method was dev e lo p ed  by C u t t e r id g e  

28 29and Di Mambro ' and  u sed  G au ss ian  e l i m i n a t i o n .

I f  A i i (p ^ )  i s  t h e  d e te rm in a n t  o f  th e  m a t r ix  M^^(p=p^), th e n  th e  

i n v e r s e  o f  M ^ ,  M^} e q u a ls  th e  a d j o i n t  m a t r ix  o f  M^^ d iv id e d  by A n ( p ^ ) ,  

and Adj(M ^^(p=p^)) i s  t h e  t r a n s p o s e  o f  th e  m a t r ix  o f  c o f a c to r s  o f  M^^(p^) .  

Hence, by e v a l u a t i n g  c ^ , C i , . . . , c ^  and t h e i r  f i r s t  d e r i v a t i v e s  

9c 9c. 9c
T—  , T—  , ............  , T—̂  a l l  t h e  r e q u i r e d  in fo rm a t io n  can be o b ta in e d .9x. 9x. 9x. ^

3 3 J 22 23
For more d e t a i l s  see  Di Mambro *

3 .3 .  E r r o r  F u n c t i o n s .

Once th e  c u r r e n t  c o e f f i c i e n t s  a r e  e v a lu a te d ,  as  d i s c u s s e d  in  th e  

p r e v io u s  s e c t i o n ,  th e  fo rm u la t io n  o f  an e r r o r  f u n c t io n  which embodies th e  

d e s ig n  c r i t e r i a  must be c o n s id e r e d .  T h is  f u n c t i o n  w i l l  be a m easure o f  

th e  e r r o r  betw een a c t u a l  and d e s i r e d  netw ork  r e s p o n s e ,  com paring th e  

c o r re sp o n d in g  c o e f f i c i e n t s ,  one by one . The optimum netw ork  (a  s o l u t i o n )  

i s  th e  one f o r  which th e  e r r o r  f u n c t i o n  i s  m in im ized  to  ze ro  v a l u e .

When u s in g  c o e f f i c i e n t  m a tch ing  t e c h n iq u e ,  g iv e n  th e  f o u r  p r i n c i p a l  

p o ly n o m ia ls  A ^  , A1 2 , ^22  ^nd A1 1 2 2  , i t  i s  n e c e s s a r y  to  f i n d  a  netw ork  

which y i e l d s  a  s e t  o f  p o ly n o m ia ls  such  t h a t  th e  c o e f f i c i e n t s  o f  t h e s e  

p o ly n o m ia ls  e x a c t l y  match th e  c o r re s p o n d in g  c o e f f i c i e n t s  o f  th e  g iven  

netw ork  p o ly n o m ia ls .
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Let m be th e  t o t a l  number o f  c o e f f i c i e n t s  in  th e  ne tw ork  p o ly 

no m ia ls  t o  be m atched .

Let n be th e  number o f  e lem en ts  needed  to  c o n s t r u c t  a s t a r t i n g

netw ork  o f  p ro p e r  c o n f ig u r a t i o n  and c o m p lex i ty .  The e lem en t v a lu e s  o f  

t h i s  ne tw ork  a r e  t o  be a d j u s t e d  i t e r a t i v e l y  u n t i l  t h e  s p e c i f i e d  netw ork 

p o ly n o m ia ls  a r e  e x a c t l y  m atched .

Let a _ ( 1 =1 , 2 , . . . ,m) be th e  g iv e n  v a lu e s  o f  th e  c o e f f i c i e n t s  o f  th e  

p o ly n o m ia ls  to  be m atched .

Let c^ ( i = l , 2 , . . . ,m) be th e  c o r re sp o n d in g  v a lu e s  o f  th e  c o e f f i c i e n t s  

a^ a c t u a l l y  a c h ie v e d  f o r  g iv e n  e lem en t v a lu e s ,  .

Let K be th e  m u l t i p l i c a t i v e  c o n s ta n t .

I f  f ^ ( i = l , 2 , __ ,m) i s  an i n d i v i d u a l  e r r o r  f u n c t i o n  m easu ring  th e

d i f f e r e n c e  betw een th e  c u r r e n t  v a lu e  o f  th e  c o e f f i c i e n t  Cĵ  and th e  

c o r re s p o n d in g  v a lu e  o f  th e  c o e f f i c i e n t  a^ th e n ,  a t  a  s o l u t i o n ,

f^  =0 i f  c ^ = K a ^ ( i = l , 2 , . . . , m ) .  (3 .7 )

I t  i s  c l e a r  t h a t  c^ and f^  a r e  f u n c t io n s  o f  th e  e lem en t v a lu e s  x ^ ,

c .  — ^ ( x , , x « , • • • JX )
y  ( i = l , 2 , . . . , m )  (3 .8 )

f^  — i|) (K, a^ ,̂ X , X2 , . . . . ,  x^)

From th e  above , g iv en  th e  r e q u i r e d  ne tw ork  p o ly n o m ia ls  c o e f f i c i e n t s  (a^) 

and th e  c o e f f i c i e n t s  g e n e ra te d  by th e  s u g g e s te d  netw ork  ( c \ )  , a s e t  o f  

s im u l ta n e o u s  e q u a t io n s  ( f^ )  can be o b ta in e d  by com parison  be tw een  th e  

c o r re s p o n d in g  c o e f f i c i e n t s .  T h is  prob lem  has a s o l u t i o n  i f  a s e t  o f

n o n -n e g a t iv e  e lem en t v a lu e s  x  i s  re a c h e d  such t h a t  th e  e r r o r  f u n c t io n

v e c t o r  ^  •

The sequence  o f  v a lu e s  o f  a g iv e n  f ^ ( i = l , . . . ,m) o b ta in e d  d u r in g  

th e  i t e r a t i v e  p ro c e s s  u sed  to  s o lv e  £  = £  , need n o t  n e c e s s a r i l y  be

m o n o to n ic a l ly  d e c r e a s in g .  However a s i n g l e  o v e r a l l  o b j e c t i v e  fu n c t io n

I . e .
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F can be c o n s t r u c t e d  such t h a t  th e  v a lu e  F w i l l  d e c re a s e  m o n o to n ic a l ly  

and t h i s  f u n c t i o n  can be u sed  to  m o n i to r  th e  g e n e ra l  p ro g r e s s  tow ards  

a s o l u t i o n .

Throughout th e  work d e s c r ib e d  in  t h i s  t h e s i s ,  m in im iz a t io n  o f  a

l e a s t - s q u a r e s  ty p e  o f  o v e ra l l  e r r o r  f u n c t i o n  i s  u sed  as  i t  i s  p a r t i c u l a r l y

19w e l l  s u i t e d  t o  netw ork  o p t i m iz a t io n  . The l e a s t - s q u a r e s  o v e r a l l  

f u n c t i o n  can be w r i t t e n  as

m 2
F = I  f .  (3. 9)

i = l  ^

which i s  a  s p e c i a l  c a se  o f  th e  more g e n e r a l  l e a s t  p ’t h  p e rfo rm ance  

f u n c t io n ^

F =  I  I f . W j P  (3 .10)
a l l  i  ^

where W i s  a w e ig h t in g  f u n c t io n  and | | r e p r e s e n t s  t h e  a b s o lu t e

9 53v a l u e .  Temes and Zai * c la im  t h a t  v a lu e s  o f  p from 4 to  10 cause  

e q u a t io n  (3 .1 0 )  to  be an i n c r e a s i n g l y  good e n g in e e r in g  a p p ro x im a tio n  to  a 

minimax c r i t e r i o n ,  which i s  th e  l i m i t i n g  case  o f  e q u a t io n  (3 .1 0 )  when 

p -> oo . Minimax a p p ro x im a tio n s  were n o t  c o n s id e re d  in  t h i s  work b eca u se :

1) A s o l u t i o n  w i l l  be a c h ie v e d  by s o lv in g  f o r  £  = £ ,  i . e .

th e  n o t io n  o f  n o n - l i n e a r  e q u a t io n  s o lv in g  i s  u sed  r a t h e r  th a n  

t h a t  o f  f u n c t io n  m in im iz a t io n .

2) D e r iv a t iv e  in fo rm a t io n  when u s in g  minimax e r r o r s  i s  d i s c o n t in u o u s ,  

h e n c e ,  t h e  use  o f  g r a d i e n t  o p t i m iz a t io n  methods would n o t  be 

p o s s i b l e .

The im p o rtan ce  o f  t h i s  a l t e r n a t i v e  i s  n o t  c o n s id e re d  in  t h i s  r e s e a r c h .
m 2

I f  f . f  = y f .  and , a t  a s o l u t i o n  f  = 0 , th e n  F = 0.
  i - 1   ̂ — —

There  a re  s e v e r a l  ways^^*^^ in  which th e  in d i v id u a l  e r r o r  f u n c t i o n  f^

can be fo rm u la te d .
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1) A b so lu te  e r r o r  f u n c t io n :

f .  = c. -  Ka. (3 .11)1 1 1

I t  i s  u n a c c e p ta b le  f o r  c^ ,  K o r  a^ >> 0 and i t  has  th e  

t r i v i a l  s o l u t i o n  f^  = 0 i f  c^ = 0 and K = 0.

2) R e l a t i v e  e r r o r  f u n c t i o n :

f i  = - 1  (3 .12 )

I t  i s  u n a c c e p ta b le  f o r  K o r  a^ ^  0 and i t  i s  i n s e n s i t i v e  

t o  l a r g e  changes i n  c^ when ĉ  ̂ < Ka^ (se e  Krzeczkowski^'^.

3) Double s id e d  r e l a t i v e  e r r o r :

c. Ka.

(3-13)1 1

I t  i s  a form which was s u g g e s te d  by C u t t e r id g e ^ ^ '^ ^  and which 

p ro v ed  to  be v e ry  s u i t a b l e  f o r  c o e f f i c i e n t  m a tch ing  te c h n iq u e  

when c^ i s  a  n o n -n e g a t iv e  m u l t i - l i n e a r  f u n c t io n  o f  t h e  non

n e g a t iv e  e lem en ts  o f  t h e  ne tw ork  as  - « ^  f \  < + * f o r  

0 < Cĵ  < + « . f^  w i l l  v a n i s h  i f ,  and o n ly  i f ,  c^ = Ka^.

There  i s  no p o s s i b i l i t y  o f  any t r i v i a l  s o l u t i o n  b eca u se  ^  *

when c^ o r  K ->■ 0 .

The fo rm ula  o f  e q u a t io n  (3 .1 3 )  was t h a t  chosen f o r  t h i s  r e s e a r c h ,  on th e  

b a s i s  o f  compromise. A lthough  i t  i n c r e a s e s  th e  d eg ree  o f  n o n - l i n e a r i t y  

o f  any space  and co u ld  in t r o d u c e  a g r e a t e r  number o f  l o c a l  minima, i t  

r e p r e s e n t s  th e  e r r o r  f u n c t io n  more e f f i c i e n t l y  and w i l l  be l e s s  a f f e c t e d  

by ex trem e v a lu e s  o f  x^ (which w i l l  a f f e c t  th e  v a lu e s  o f  c^ ) .

A s tu d y  o f  th e  most e f f i c i e n t  way to  implement t h e  m u l t i p l i c a t i v e  

c o n s ta n t  K in  th e  e r r o r  fo rm u la ,  when u s in g  c o e f f i c i e n t  m atch ing  te c h n iq u e ,  

was c a r r i e d  o u t  a t  L e i c e s t e r ^ ^ '^ ^ .  S in ce  th e  f i n a l  v a lu e  o f  K a t  a
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s o l u t i o n  can n o t be p re d e te rm in e d ,  t h e  p rob lem  i s  to  choose th e  v a lu e  o f  K 

so t h a t  i t  can speed  up th e  r a t e  o f  convergence  and to  i n c r e a s e  th e  ran g e

Three  d i f f e r e n t  fo rm u la t io n s  o f  K 

have been  c o n s id e re d :

in  which x. can be c o n s id e r e d .  :

1) K i s  v a r i e d  in  t h e  same manner as  t h e  netw ork  e lem en t v a lu e s  x .

In  t h i s  c a se  t h e r e  a r e  (n+1) v a r i a b l e s .

2) K i s  r e p r e s e n t e d  a s  a m u l t i - l i n e a r  f u n c t i o n  o f  t h e  ne tw ork

e lem en t v a lu e s  x , i . e .  c o n s id e r e d  as  an e x t r a  c o e f f i c i e n t  c— m+i

3) K i s  r e p l a c e d  by one o f  t h e  c o e f f i c i e n t s  o f  th e  g iv e n  s e t  o f

p o ly n o m ia ls ,  a* s a y ,  and th e  r e s t  o f  th e  c o e f f i c i e n t s

n o rm a l iz e d  w ith  r e s p e c t  to  i t .  

( 3 .1 1 ) ,  (3 .1 2 )  and (3 .1 3 )  a r e

c. a .

Ci a

In  t h i s  l a t t e r  c ase  e q u a t io n s

(3 .1 4 )

f .  =
1

c _ / c

U i/a i* )
-  1

c . / c * ' a . / a * '

l a . / a * J , c . / c * J

(3 .1 5 )

(3 .1 6 )

In  case  3 above ( e q u a t io n  ( 3 . 1 6 ) ) ,  a l th o u g h  th e  number o f  v a r i a b l e s  has

been  red u ce d  by one , th e  co m p le x i ty  o f  t h e  f u n c t io n s  has  been  in c r e a s e d

from a s e t  o f  m u l t i - l i n e a r  f u n c t i o n s  c^ , t o  a s e t  o f  r a t i o s  o f  m u l t i -
*

l i n e a r  f u n c t io n s  c ^ /c  , i n  th e  ne tw ork  e lem en t v a lu e s  Xj . For c a s e s

241 and 2 above , i t  has  been i l l u s t r a t e d  t h a t  th e  r a t e  o f  convergence  

o f  th e  o p t i m iz a t io n  a lg o r i th m  w i l l  improve i f  K i s  c a l c u l a t e d  in  an 

a n a l y t i c a l  m anner.

W rit in g
m « m
I  f i  = I

i = l  i = l

Ka J  1
Ka^ ^ i
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th e n

3F
3K

m 3 f .
I f i -
= 1

m f .
I

1
Ki= l

m
I

1
K

i= l

m
I

1
K

i= l

m
= 2 I

i= l

c. Ka. 
^ + - A

Ka. c.
1 1

c. Ka. 1 1 ' "=1 K*i'

- c.1 fKa.l1
Ka. c.

I i J _

(3 .1 7 )

For an e l e c t r i c a l  netw ork  w ith  p a s s iv e  e le m e n ts ,  th e  v a lu e  o f  K must be 

p o s i t i v e  and r e a l .  Whence th e  o n ly  f e a s i b l e  v a lu e  f o r  K to  r e a l i z e  

e q u a t io n  (3 .1 7 )  i s

K =
m f c .  

1
I

i= l

.2 I
a .1

=1
(3 .1 8 )

S u b s t i t u t i n g  th e  v a lu e  o f  K o b ta in e d  from e q u a t io n  (3 .1 8 )  i n t o  F , 

th en

m c. / f a . l
F . = 2  min. Ï

_i=l

1 - 2m . (3 .1 9 )

The s t r a t e g y  f o r  u s in g  t h e  in f o r m a t io n  abou t K so o b ta in e d ,  which p ro v ed  

24v e ry  s u c c e s s f u l  , i s  t o  u se  t h e  f  omul a f o r  K whenever ^  o r  F(x^,K) 

a r e  e v a l u a t e d ,  u p d a t in g  K to  th e  new optimum v a lu e .

3 . 4 .  The O p t im iz a t io n  A lg o r ith m  used  in  th e  C o e f f i c i e n t  M atching T echnique  

3 . 4 . 1 .  I n t r o d u c t i o n .

In  th e  p r e v io u s  s e c t i o n  i t  was shown how th e  s y n th e s i s  p rob lem  o f  

f in d in g  th e  ne tw ork  e lem en t v a lu e s  to  r e a l i z e  a g iven  s e t  o f  p r i n c i p a l  

netw ork  p o ly n o m ia ls  was t r a n s fo rm e d  to  t h e  e q u i v a le n t  a n a l y t i c a l  p rob lem  

o f  f i n d i n g  th e  v a lu e s  o f  2l(Xj > 0) which s o lv e  th e  e y ^ a t io n  ^  = 0. and
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m 2
hence  m in im ize  t h e  o v e r a l l  e r r o r  f u n c t i o n  F where F = 7 £. .

i= l  ^
Numerous c o n s t r a i n e d  and u n c o n s t r a in e d  o p t i m iz a t io n  te c h n iq u e s  have been 

d ev e lo p ed  and compared t o  f i n d  an a lg o r i th m  which i s  most e f f i c i e n t  ( e . g .  

se e  r e f e r e n c e s  ^0 , 4T, 4 1 ) .  U n f o r tu n a te ly ,  th e  c u r r e n t  s t a t e  o f  th e  a r t  

i n  o p t i m i z a t i o n  te c h n iq u e s  i s  s t i l l  n o t  cap a b le  o f  d e a l in g  w i th  c o m p lic a te d  

and h ig h l y  s p e c i a l i s e d  p rob lem s such  as  th e  s o l u t i o n  o f  a m u l t i -m o d a l ,  

m u l t i - d im e n s io n  o v e r a l l  e r r o r  f u n c t io n  F r e p r e s e n t i n g  th e  p e rfo rm ance  o f  

an RLC n e tw o rk .  F u r th e r ,  t h e s e  te c h n iq u e s  can o n ly  g u a ra n te e  to  f i n d  a

l o c a l  minimum,not n e c e s s a r i l y  a g lo b a l  minimum, i f  one e x i s t s .

24In  t h e  m eantim e, i t  was shown t h a t  any a lg o r i th m  used  i n  c o e f f i c i e n t  

m a tch ing  i s  p rob lem  dependen t and th e  form o f  th e  i n d i v i d u a l  e r r o r  f u n c t io n  

and th e  o v e r a l l  e r r o r  f u n c t i o n  to  be u sed  i s  v e ry  im p o r ta n t .  T h is  f a c t  

was p roved  to  be v a l i d  w i th in  th e  e x p e r ie n c e  g a in ed  by th e  a u th o r  w ith  

s e v e r a l  w e l l  known o p t i m iz a t io n  a lg o r i th m s .  Hence, i n  th e  r e s t  o f  t h i s  

s e c t i o n ,  t h e  main f e a t u r e s  o f  a tw o -p a r t  C on juga te  G ra d ie n t  and Gauss 

Newton a lg o r i th m  s u g g e s te d  by C u t t e r id g e ^ ^ ,  which i s  employed in  th e  p r e s e n t  

work, i s  in t r o d u c e d .  A f u r t h e r  j u s t i f i c a t i o n  f o r  em ploying t h i s  a lg o r i th m  

i s  g iv e n  i n  C h ap te r  6 i n  t h e  form o f  a c a se  s tu d y  comparing th e  r e s u l t s  

o b ta in e d  w i th  th o s e  o b ta in e d  by o t h e r  a lg o r i th m s .

The main s t r a t e g y  in  t h e  tw o - p a r t  a lg o r i th m  i s  as  fo l lo w s .  The Gauss 

Newton method p ro d u ces  r a p i d  convergence  tow ards a s o l u t i o n  o f  a s e t  o f  

n o n - l i n e a r  s im u l ta n e o u s  e q u a t io n s  p ro v id e d  a s u f f i c i e n t l y  n e a r  s t a r t i n g  

p o i n t  i s  a v a i l a b l e .  F u r th e r ,  a l i n e a r  s e a rc h  i s  c o n s t r u c t e d  a lo n g  th e  

v e c t o r  o f  c o r r e c t i o n s  to  o b ta in  a minimum v a lu e  o f  th e  o v e r a l l  e r r o r  f u n c t io n  

F . In g e n e r a l ,  t h e  s t a r t i n g  netw ork  e lem ent v a lu e s  a r e  n o t  n e a r  to  th e  

s o l u t i o n  v a lu e s  r e q u i r e d .  To overcome t h i s  d i f f i c u l t y , t h e  Gauss Newton 

a lg o r i th m  i s  p re c e d e d  by a p r e l i m i n a r y  s e c t i o n  in  which a s i n g l e  f u n c t i o n ,  

t h e  o v e r a l l  e r r o r  f u n c t i o n  F , i s  m inim ized  by t h e  C on juga te  G ra d ie n ts  

method. F a r  from a s o l u t i o n ,  t h e  C on juga te  G ra d ie n ts  method i s  b a s i c a l l y  

r e l a t i v e l y  s t a b l e  i n  c o n t r a s t  t o  t h e  Gauss Newton a lg o r i th m .
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R e s ta t in g  th e  n o t a t i o n  u sed :

3c i s  t h e  v e c t o r  o f  c u r r e n t  e lem en t v a lu e s  , j = l  , 2 , . . .  , n .

f  i s  th e  v e c t o r  o f  i n d i v i d u a l  e r r o r  f u n c t io n s  f . , i = l , 2 , . . . ,m. f . = 0  i f  c . =Ka. .  — _ 1 1 1 1
?  2F i s  t h e  o v e r a l l  e r r o r  f u n c t i o n  F = I  f .  , F=0 a t  a s o l u t i o n  ( f . = 0 ) .

i = l   ̂ ^

Let J(mxn) be th e  J a c o b ia n ,  t h e  m a t r ix  o f  th e  f i r s t  d e r i v a t i v e s  o f  t h e

f u n c t io n  f . w i th  r e s p e c t  t o  t h e  netw ork  e lem en t v a lu e s  x . such  t h a t  th e
th   ̂2 Y

ij e lem en t i s  J . . = r —  . J  and J  a r e  t h e  in v e r s e  and th e  t r a n s p o s eIJ  oXj

o f  th e  m a t r ix  J  r e s p e c t i v e l y .

J  9F(X)
Let ^  = 2 J  . ^  = ---------  , j = l , 2 ; . . . , n  be t h e  G ra d ie n t  v e c t o r .

9x.
3

3 . 4 . 2 .  The C on juga te  G ra d ie n ts  A lg o r i th m .

The C on juga te  G ra d ie n ts  a lg o r i th m  used  in  t h i s  r e s e a r c h  i s  a F o r t r a n  IV

55t r a n s l a t i o n  o f  th e  A lgol v e r s io n  p u b l i s h e d  by F l e t c h e r  and Reeves 

Let Xg be a g iv e n  s t a r t i n g  p o i n t  in  t h e  space  v a r i a b l e s .

Let t  d en o te  t h e  number o f  t h e  c u r r e n t  i t e r a t i o n  s t a r t i n g  w ith  t = l  .

The i t e r a t i o n  r e q u i r e s  th e  g r a d i e n t

th e  s e a rc h  d i r e c t i o n  ^  i s  d e f in e d  by

■ (3 .20 )

^  = - g^ , t = l , n + l , 2 n + l , . . .  (3 .21 )

^  - gj. + B+d t = 2 , 3 , . . . , n ; n + 2 , n + 3 , . . . , 2 n  (3 .22)—t  —1 L—L- 1

where 3^ i s  a  s c a l a r  q u a n t i t y

(3 .23 )
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The v a lu e  o f  i s  o b t a in e d  by s e a r c h i n g  f o r  th e  l e a s t  va lue  o f  F ( îO

from a long  th e  d i r e c t i o n  .

Thus

(3 .24)

where i s  th e  v a lu e  o f  a o b t a in e d  by per forming  a l i n e a r  s e a r c h  f o r

th e  va lu e  t h a t  minimizes t h e  f u n c t i o n  o f  one v a r i a b l e  c})(a) where

= F(x^ + ad^) (3 .25 )

The Conjuga te G rad ien t  a l g o r i t h m  gu a ra n t e e s  convergence to  a s o l u t i o n  

(F=0) in  n i t e r a t i o n s  i f  F i s  a q u a d r a t i c  (convex) f u n c t i o n .  This  i s  

no t  th e  case  in  c o e f f i c i e n t  matching te c h n iq u e  as F i s ,  in  g e n e r a l ,  a 

mul t i -modal  f u n c t i o n  ( i . e .  p o s s e s s i n g  more th an  one minimum) as shown in  

F i g . [ 3 .1 ] .  This  f i g u r e  r e p r e s e n t s  th e  shape o f  an o v e r a l l  e r r o r  f u n c t i o n  

F as  a f u n c t i o n  o f  one element va lue  ( i . e .  in  one dimension) .

F igu re  [3 .1 ]  A p l o t  o f  t h e  o v e r a l l  e r r o r  f u n c t i o n  v a lu e  F a g a i n s t

th e  v a lu e  o f  one element x

The r e s u l t  o f  t h e  Conjugate G rad ien t  a l g o r i t h m  depends c r i t i c a l l y  on 

th e  f i r s t  s e a r c h  d i r e c t i o n  be ing  th e  s t e e p e s t  descen t  d i r e c t i o n .  T h e r e f o r e ,  

when a p p l i e d  t o  gene ra l  f u n c t i o n s ,  i t  i s  u sua l  to  r e s e t  the  se a rc h  d i r e c t i o n  

t o  t h e  s t e e p e s t  de scen t  d i r e c t i o n  every  n i t e r a t i o n s .  In g e n e r a l ,  i f  

jc i s  any a r b i t r a r i l y  chosen v e c t o r ,  t h e  i n i t i a l  r a t e  o f  convergence  o f  F 

i s  r a p i d ,  b u t  a f t e r  a c e r t a i n  number o f  i t e r a t i o n s  a p l a t e a u  i s  r eac h ed .
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The r a t e  o f  r e d u c t io n  in  t h e  v a lu e  o f  F becomes n e g l i g i b l e .  In  t h i s  c a s e ,  

th e  g r a d i e n t  v e c t o r  ^  i s  z e ro  o r  v e ry  n e a r  t o  z e ro .

Then e i t h e r ,

1) gj=Q. and F=0 i . e .  a s o l u t i o n  i s  r e a c h e d  o r  ,

2) ^ 2  3.nd F?̂ 0 i . e .  a l o c a l  minimum i s  r e a c h e d .

Thus, t h e  C on juga te  G ra d ie n ts  a lg o r i th m  i s  u s e f u l  to  move from a p o o r  i n i t i a l

guess a s  i t  r e d u c e s  t h e  v a lu e  o f  F r a p i d l y .  However, i t  sh o u ld  th e n  be

r e p la c e d  by a n o th e r  a lg o r i th m  when th e  r a t e  o f  d e c re a s e  s to p s  o r  becomes

v e ry  s m a l l .  Such an a lg o r i th m  i s  t h e  Gauss Newton a lg o r i th m .

3 . 4 . 3 .  The Gauss Newton A lg o r i th m .

The Gauss Newton a lg o r i th m  f o r  s o lv in g  an o v e rd e f in e d  s e t  o f  e q u a t io n s

12i s  b a sed  on a T a y lo r  s e r i e s  ex p an s io n  . The c o n d i t io n  f o r  a minimum f o r  

a fu n c t io n  f  o f  a s i n g l e  v a r i a b l e  Xj i s

2
= 0 and 1 - 4  > 0 (3 .2 6 )3x. 3x.2

3 3

C o n s id e r  th e  case  o f  f  when i t  i s  a f u n c t i o n  o f  two v a r i a b l e s ,  x^ and x^ 

say .  I f  n e a r  a  minimum, f  i s  expanded in  a T a y lo r  s e r i e s  a b o u t t h e  minimum 

30=2 , th e n  th e  f i r s t  few te rm s a r e

3 £ ( «  3f(X) , 2 3 ^ f(x )
H M x ) = f ( «  + (Xj -Xj )  + Cx^-X^) + 2

+ 2(x2-% 2)(X i-% i) + (X2 -X2 ) -  ] . (3 .2 7 )

I f  = [ ( X j - x p C x ^ - x ^ ) ] ,  th e n

f(x+6.x) = f (x )  + [ | |  H  ] 6x + l ^ x ’’’

where 6x and 6 f  a r e  << 1 .

3 ^ f  3 ^ f
3x 3Xj 3x2

3 ^ f  32f
L3Xj 3X2 ^  J

6£ (3 .2 8 )
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In  a more g e n e ra l  way, i f  f  i s  a f u n c t i o n  o f  n v a r i a b l e  x th e n .

f (x+ 6x) = f ( x )  + ( Vf ( x ) ) ^ 6x  + J l^x (3 .29 )

where V f(]() i s  th e  g r a d i e n t  o f  f ( ^ )  and  i s  a column v e c t o r .  S in ce  21

i s  a minimum o f  f(3Ĉ ) , th e n  any sm a l l  change ^x  away from 21 must

i n c r e a s e  f ( x )  . As f(20  and ^ f  < «  1 th e n ,

-£ (x )  = (V£(x))'^'^x . (3 .30 )

I f  f̂  i s  a v e c t o r  o f  n  f u n c t i o n s ,  and each  i s  a f u n c t io n  o f  n v a r i a b l e s  

2Ç , th e n

J (n x n )  . ^ x (n x l )  = - £ ( n x l )  • (3 .3 1 )

The Newton Raphson a lg o r i th m  i s

%t+I = (3 -3 2 )

where t  d e n o te s  th e  number o f  th e  c u r r e n t  i t e r a t i o n  s t a r t i n g  w i th  t = l  .

i s  th e  v a lu e  o f  X o b ta in e d  by p e r fo rm in g  a l i n e a r  s e a r c h  f o r  th e

v a lu e  t h a t  m in im izes  th e  f u n c t i o n  o f  one v a r i a b l e  #(X) where

({»̂ (X) = f(x^+X6x^) (3 .3 3 )

»

On th e  ( t+ 1) t h  i t e r a t i o n  we have

. (3 .34 )

J  \  t h e  i n v e r s e  o f  J  w i l l  o n ly  e x i s t  when J  i s  a n o n - s in g u la r  sq u a re  

m a tr ix .

I f  t h e  system  o f  e q u a t io n s  i s  o v e r d e f in e d ,  so t h a t  t h e r e  a r e  m 

e q u a t io n s  in  n unknowns ( m> n) , th e  T a y lo r  s e r i e s  expans ion  g iv e s

J(mxn) . ôx(nxl') = - f ( mx l ) .  (3 .35 )



44

The l e a s t - s q u a r e s  s o l u t i o n  o f  t h e s e  e q u a t io n s  can be w r i t t e n  e x p l i c i t l y  

as

T h is  i s  t h e  w ell-know n Gauss Newton method.

I t  i s  bad  p r a c t i c e  t o  d e te rm in e  th e  s o l u t i o n  o f  e q u a t io n  (3 .36 )  by fo rm ing  

Tth e  m a t r ix  (J  . J )  s i n c e  t h i s  i n c r e a s e s  any i l l - c o n d i t i o n i n g  o f  th e

p rob lem . I n s t e a d , t h e  e q u a t io n s  (3 .3 5 )  a r e  b e s t  s o lv e d  u s in g  H o u s e h o ld e r 's

56 57t r a n s f o r m a t io n s  . An a p p r o p r i a t e  r o u t i n e  from th e  NAG l i b r a r y  was u sed

f o r  t h i s  p u rp o s e .

The Gauss Newton a lg o r i th m  u s u a l l y  g iv e s  r a p i d  convergence  to  a 

s o l u t i o n  F=0 ( e q u i v a l e n t l y  ^=0) i f  a good e s t i m a t e  o f  th e  s o l u t i o n  v a lu e s  

a r e  a v a i l a b l e .  However when u s in g  c o e f f i c i e n t  m atch ing  te c h n iq u e  t h i s  i s  

n o t  th e  c a se  i n  g e n e r a l ,  and t h e  i n i t i a l  e s t i m a t e  f o r  th e  e lem en t v e c t o r  ^  

i s  f a r  removed from th e  d e s ig n  g o a l .  P o t e n t i a l l y ,  e q u a t io n  (3 .2 9 )  i s  no 

lo n g e r  an a c c e p ta b l e  a p p ro x im a tio n  f o r  t h e  T a y lo r  e x p an s io n .  Under t h e s e  

c o n d i t i o n s ,  ^x  cou ld  be v e ry  l a r g e ,  which cou ld  s t e e r  ^  t o  a r e g io n

where J  i s  s i n g u l a r .  From e q u a t io n  ( 3 .3 4 ) ,  i f  ̂ x=0, th e n  e i t h e r

( i )  £= £  i . e .  a s o l u t i o n ,  o r  ,

T( i i )  J  .^=0 and f^O^ i . e .  a l o c a l  minimum.

The chances  o f  th e  Gauss Newton a lg o r i th m  r e a c h in g  a s o l u t i o n  w i l l  

i n c r e a s e  i f  i t  i s  p re c e d e d  by a p r e l i m i n a r y  s e c t i o n  to  move from a p o o r  

i n i t i a l  guess  t o  v a lu e s  o f  v a r i a b l e s  t h a t  a r e  s u f f i c i e n t l y  n e a r  t o  th o s e  

r e q u i r e d  by th e  Gauss Newton a lg o r i th m .

3 . 4 . 4 .  The J o i n t  C on juga te  G ra d ie n ts /G a u ss  Newton A lgo ri thm

As shown in  S e c t io n  3 . 4 . 3 . ,  t h e  Gauss Newton a lg o r i th m  p ro d u ces  r a p i d  

convergence  to w ard s  a s o l u t i o n  o f  a s e t  o f  n o n - l i n e a r  s im u l ta n e o u s  

e q u a t io n s  p ro v id e d  a s u f f i c i e n t l y  n e a r  s t a r t i n g  p o in t  i s  a v a i l a b l e  so t h a t
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t h e  a p p ro x im a t io n  o f  t h e  T a y lo r  s e r i e s  e x p an s io n  o f  e q u a t io n  (3 .2 9 )  w i l l

be v a l i d .  S i m i l a r l y ,  i n  S e c t io n  3 .4 .2  i t  was shown t h a t  th e  C on juga te

G ra d ie n ts  a lg o r i th m  g iv e s  i n i t i a l l y  r a p i d  convergence  from a r b i t r a r y

s t a r i n g  v a l u e s ,  b u t  w i l l  e v e n t u a l l y  re a c h  a  p l a t e a u  from which convergence

31to  a s o l u t i o n  i s  u n l i k e l y .  C u t t e r id g e  s u g g e s te d  t h a t  a j o i n t - a l g o r i t h m ,  

u s in g  C on ju g a te  G r a d ie n t s ,  rem ote  from a s o l u t i o n  and s w i tc h in g  to  Gauss 

Newton n e a r  to  a  s o l u t i o n  would combine t h e  b e t t e r  f e a t u r e s  o f  each  

a lg o r i th m  and g iv e  convergence  to  a s o l u t i o n  from s t a r t i n g  v a lu e s  from 

which e i t h e r  a lg o r i th m  u sed  e x c l u s i v e l y  would f a i l .

I t  was found , by s o lv in g  many d i f f e r e n t  exam ples ,  t h a t  t o  p r e - d e te r m in e  

an e m p i r ic a l  o r  s e m i - e m p i r i c a l  c r i t e r i o n  f o r  th e  o p t im a l  p o i n t  a t  which to  

s w itc h  from one a lg o r i th m  to  t h e  o t h e r  was im p o s s ib le .  The r e a s o n  f o r  t h i s  

i s  t h a t  t h e  p e rfo rm an ce  o f  b o th  t h e  two a lg o r i th m s  depends on th e  form o f

th e  e r r o r  f u n c t i o n  and t h e  p rob lem  to  be s o lv e d  Csee S e c t io n  3 .2  and
. 24 31K rzeczkow ski ) .  The method which was su g g e s te d  by C u t t e r id g e  p roved  to

be v e ry  s u c c e s s f u l .  B r i e f l y ,  t h i s  method i s  t o  t r y  f o r  convergence  in  th e

Gauss Newton s e c t i o n  i n i t i a l l y  and a f t e r  e v e ry  C on juga te  G ra d ie n ts  i t e r a t i o n ,

r e t u r n i n g  to  t h e  l a t t e r  a lg o r i th m  f o r  one i t e r a t i o n  i f  t h e  Gauss Newton

a lg o r i th m  f a i l s  t o  re a c h  a  s o l u t i o n .  T h is  p ro c e s s  i s  r e p e a te d  u n t i l

convergence  i n  Gauss Newton i s  f i n a l l y  o b ta in e d .  F ig u re  [3 .3 ]  g iv e s  a

g e n e ra l  f low  d iagram  o f  t h i s  s t r a t e g y .
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C onjuga te  G ra d ie n ts

Gauss Newton

yes
£(x) = 0 ? s o l u t i o n  ? s to p

no

no

yes

^ s t a r t i n g  
v a lu e s  o f  
v a r i a b l e s  Xp

g ( x ) ,d ( x )  and 

new X .  S to r e  them.

C a lc u la t e

C a lc u la t e

t+1 , and

F ig u re  [5 .5 ]  A flow  d iagram  r e p r e s e n t a t i o n  o f  th e  tw o - p a r t  s t r a t e g y

The c r i t e r i a  f o r  adjudging when to  abandon th e  Gauss Newton a lg o r i th m  

and t o  r e t u r n  to  t h e  C on juga te  G ra d ie n ts  a lg o r i th m  i s  d i s c u s s e d  i n  th e  

n e x t  c h a p te r .

23S ubsequen t t o  t h e  a lg o r i th m  d e s c r ib e d  above , Di Mambro , u s in g  th e  

c o e f f i c i e n t  m a tch ing  te c h n iq u e ,  dev e lo p ed  an o p t i m iz a t io n  a lg o r i th m  b ased  

on L ev en b erg ’s a lg o r i th m .  For a ne tw ork  w i th  n l  n o d es ,  th e

a lg o r i th m  d e v e lo p ed  by Di Mambro needs  a p p ro x im a te ly  5nl^  o p e r a t i o n s  p e r  

i t e r a t i o n .  Using th e  tw o - p a r t  a lg o r i th m  to  o b t a in  s i m i l a r  r e s u l t s  (see  

C hap te r  6) o n ly  nl^m^ o p e r a t io n s  p e r  i t e r a t i o n  a r e  needed  ( a p p ro x im a te ly ) ,  

where m . i s  th e  number o f  c o e f f i c i e n t s  to  be m atched . The r e a s o n  f o r

t h a t  i s  th e  tw o - p a r t  a lg o r i th m  does n o t  r e q u i r e  t h e  same amount o f  l i n e a r

.2 3s e a r c h
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3 .5 .  T ra n s fo rm a t io n  o f  V a r i a b l e s .

Most o p t i m iz a t io n  a l g o r i th m s ,  i n c lu d in g  th o s e  u sed  in  t h e  p r e s e n t  work, 

converge  b e s t  i f  th e  e r r o r  f u n c t i o n  s u r f a c e  c o n to u rs  a r e  c i r c u l a r  o r  

n e a r l y  so ^ ^ .  This  o c c u rs  when a l l  v a r i a b l e s  in c re m en ts  6Xj have 

ro u g h ly  t h e  same e f f e c t  i n  r e d u c in g  th e  e r r o r  f u n c t i o n  f^  , i . e .

9 f .  9 f .

31 32

M oreover, t h e  n e g a t iv e  g r a d i e n t  p o i n t s  a lm o s t  d i r e c t l y  tow ards  t h e

minimum^^. Because t h i s  i s  n o t  t h e  g e n e ra l  c a s e  in  th e  s y n t h e s i s  o f

l i n e a r ,  p a s s i v e  e l e c t r i c a l  n e tw o rk s ,  a u s e f u l  te c h n iq u e  i s  to  work w ith

r e l a t i v e  r a t h e r  th a n  a b s o lu t e  in c re m e n ts  o f  t h e  v a r i a b l e  x^ . F u r th e r ,

i n  ne tw ork  s y n t h e s i s ,  o n ly  r e a l  n o n - n e g a t iv e  e lem en ts  a r e  to  be  c o n s id e re d

in  o r d e r  t o  a c h ie v e  a f e a s i b l e  r e a l i z a t i o n .

The u s e  o f  l o g a r i th m ic  v a r i a b l e s  ( th e  b ase  o f  t h e  lo g a r i th m  i s
21i r r e l e v a n t  s in c e  i t  m ere ly  in t r o d u c e s  a m u l t i p l i c a t i v e  c o n s ta n t  ) ,  which 

was f i r s t  s u g g e s te d  by Temes and C a lahan^^ , seems to  be a v e ry  c o n v e n ie n t  

t r a n s f o r m a t i o n .  The r e a s o n  f o r  t h a t  i s  i t  f u l f i l l s  th e  a fo re m e n tio n e d  

two r e q u i r e m e n t s .  I f  t h e  o p t i m iz a t io n  i s  c a r r i e d  o u t  in  te rm s  o f  th e  

lo g a r i t h m ic  v a r i a b l e ,  i . e . ,

Zj = lo g  Xj (3.38%

th e n

1) The g r a d i e n t  v e c t o r  £  and th e  m a t r ix  o f  t h e  f i r s t  d e r i v a t i v e s ,

J  , becomes

9f.  9 f .  9x. 9 f .
= â i r  ■ 3 1 ^  = 33T (3 .3 9 )

3 3 ^ 3 3

i . e .  i t  p ro v id e s  th e  s c a l i n g  f a c t o r  which im proves t h e  convergence  

c h a r a c t e r i s t i c s ^ ^ .
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2) For 0 < Xj < 1 , - 00 < lo g  Xj < 0 and 1 < Xj < + oo ^

0 < lo g  Xj < + 00 .

The e q u a t io n  (3 .3 2 )  in  th e  Gauss Newton a lg o r i th m  becomes

-  X
2 t+ i  = Z t  - exp ) . (3 .40 )

Thus, th e  ra n g e  o f  lo g  Xj f o r  0 < Xj < 1 has  been  made eq u a l  t o  t h e

ra n g e  o f  lo g  Xj when 1 < Xj ^  + «> .

Because t h e  s t a r t i n g  e lem en t v a lu e s  Xj ^ 0, t h e r e  i s  no p o s s i b i l i t y

t h a t  t h e  e lem en t v a lu e s  become n e g a t iv e  a s  when Xj 0 , lo g  X j ^ ^  - “  .

F u r t h e r ,  an i n i t i a l  e lem en t v a lu e  o f  Xj = 1 seems a d eq u a te  as  i t  i s

e q u i d i s t a n t  from ± «> . Thus t h e r e  i s  no p e r t u r b a t i o n  i n  f a v o u r  o f  any

p a r t i c u l a r  ex trem e ( i . e .  ± oo] . E l e c t r i c a l l y ,  when w orking  w ith

v a r i a b l e s  t h a t  a r e  d im e n s io n a l ly  a d m i t t a n c e s ,  lo g  Xj - oo c o r re sp o n d s  to

an open c i r c u i t  and lo g  X j ^ ^  + “  c o r re s p o n d s  to  a s h o r t - c i r c u i t .  In  th e

f i r s t  c ase  t h e  e lem en t v a lu e  w i l l  be z e ro .  In th e  second  c a s e ,  th e

e lem en t w i l l  be s h o r t e d ,  i . e .  t h e  two nodes  connec ted  to  t h i s  e lem en t w i l l

be co n n ec ted  t o g e t h e r .

23I t  was s u g g e s te d  t h a t  n u m e ric a l  d i f f i c u l t i e s  might r e s u l t  as  Xj 

te n d s  to  ze ro  and lo g  Xj t e n d s  to  minus i n f i n i t y .  In  p r a c t i c e ,  th e s e  

a p p a re n t  d i f f i c u l t i e s  were made u se  o f  by c o n s id e r in g  them as an i n d i c a t i o n  

t h a t  t h e  e le m e n t ,  which shows t h i s  te n d e n c y ,  be o p e n - c i r c u i t e d  [o r  

c o n v e r s e ly  s h o r t - c i r c u i t e d ) . As th e  e lem en t w i l l  s t i l l  have a  f i n i t e  v a lu e  

when i t  i s  removed, a d i s c o n t i n u i t y  in  t h e  v a lu e  o f  th e  o v e r a l l  e r r o r  

f u n c t io n  F w i l l  fo l lo w .  T h is  i s  t o  be d i s c u s s e d  in  more d e t a i l  i n  th e  

n e x t  two c h a p t e r s .

An a l t e r n a t i v e  method f o r  v a r i a b l e  t r a n s f o r m a t i o n ,  u s in g  sq u a re d

15 ,21 ,

23 58v a r i a b l e s ,  has  a l s o  been t r i e d  and w ith  some s u c c e s s  * . Because th e

lo g a r i th m ic  t r a n s f o r m a t i o n ,  t h e  method chosen  by th e  a u th o r  and o th e r s  

22 24’ , has  p ro v ed  to  be p e r f e c t l y  s a t i s f a c t o r y ,  no d e t a i l e d  i n v e s t i g a t i o n

was made o f  p o s s i b l e  a l t e r n a t i v e s .



49

In  g e n e r a l ,  c o n s t r a i n e d  o p t i m iz a t io n  sh o u ld  be a v o id ed  i f

15 21u n c o n s t r a in e d  methods a r e  made p o s s i b l e  by a s im p le  t r a n s f o r m a t io n  ’ , 

a l th o u g h  w orking w ith  n a t u r a l  v a r i a b l e s  i s  t h e  b e s t  a s  t h i s  p r e s e r v e s  th e  

m u l t i l i n e a r  a s p e c t s  o f  th e  ne tw ork  c o e f f i c i e n t s .  The o n ly  d is a d v a n ta g e  

o f  t h e  l a t t e r  te c h n iq u e  i s  th e  p o s s i b l e  a r r i v a l  a t  a n e g a t i v e ,  u n r e a l i z a b l e  

s o l u t i o n ,  which m ere ly  w a s te s  t im e .

3 . 6 .  Summary

In t h i s  c h a p te r  t h e  a u th o r  rev iew ed  t h e  c o e f f i c i e n t  m a tch ing  te c h n iq u e  

and th e  o p t i m iz a t io n  a lg o r i th m  u se d ,  which form th e  backbone o f  th e  

au tom ated  d e s ig n  te c h n iq u e  a d o p te d .

Because o f  t h e  d i f f i c u l t y  and co m p lex ity  o f  th e  netw ork  s y n t h e s i s  

p rob lem , a compromise betw een p ra g m a t ic  and t h e o r e t i c a l  r e s e a r c h  a t t i t u d e s  

i s  n e c e s s a r y  f o r  d e a l in g  w ith  t h e  i s s u e s  o f  s e l e c t i n g  d i f f e r e n t  te c h n iq u e s  

and a l g o r i t h m s .  No p a r t i c u l a r  method o r  te c h n iq u e  can as  y e t  be 

recommended as  th e  o p t im a l  method f o r  a l l  p o s s i b l e  p ro b lem s . The a u t h o r ' s  

a t t i t u d e  was in f lu e n c e d  by th e  s i m p l i c i t y  o f  th e  methods d e s c r ib e d  in  

t h i s  c h a p te r  and by p r a c t i c a l  e v id en ce  t h a t  th e  methods were r a p i d ,  r e l i a b l e  

and e f f i c i e n t  in  l i n e a r  ne tw ork  s y n t h e s i s  u s in g  com puters a u t o m a t i c a l l y .

The o p t i m iz a t io n  a lg o r i th m  was ad o p ted  from th o s e  c u r r e n t l y  a v a i l a b l e ,  

making u se  o f  t h e  s p e c i a l  c h a r a c t e r i s t i c s  o f  th e  l i n e a r  n e tw o rk s .  The 

te c h n iq u e  u sed  i s  s u c c e s s f u l  i n  f in d i n g  a s o l u t i o n ,  i f  one e x i s t s ,  f o r  any 

i n i t i a l  s t a r t i n g  v a l u e s .

The v a r io u s  s e c t i o n s  in  t h i s  c h a p te r  can be summarised as  f o l lo w s :

1) The form o f  th e  e r r o r  f u n c t io n  r e p r e s e n t a t i o n  p la y s  a d e c i s i v e  

r o l e  i n  th e  r a t e  o f  convergence  t o  a s o l u t i o n  o f  th e  o p t i m iz a t io n  a lg o r i th m .  

The b e s t  method f o r  th e  e r r o r  f u n c t io n  r e p r e s e n t a t i o n  i s

c. Ka.
f .  =1 Ka. c .

1 1
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2) The r a t e  and th e  ra n g e  o f  convergence  i s  improved to  a g r e a t

e x t e n t  i f  th e  v a lu e  o f  K , t h e  m u l t i p l i c a t i v e  c o n s ta n t ,  i s  e v a lu a te d

9 Fa n a l y t i c a l l y .  T h is  v a lu e  i s  u p d a ted  such t h a t  th e  e q u a t io n  —  = 0  i s

always s a t i s f i e d ,  u s in g

r  m c. 2 m a .  2
K =

3) The lo g a r i t h m ic  t r a n s f o r m a t io n  o f  v a r i a b l e s  i s  u sed  to  c o n s t r a i n  

th e  v a lu e s  o f  th e  netw ork  e lem en ts  to  t h e  p o s i t i v e  domain. F u r th e r ,

a l o g a r i th m ic  t r a n s f o r m a t io n  s c a l e s  t h e  c o r r e c t i o n s  which im proves th e  

p e rfo rm an ce  o f  t h e  o p t i m iz a t io n  a lg o r i th m .

4) The c o e f f i c i e n t  m a tch ing  te c h n iq u e  em ploying th e  C on juga te  

G ra d ie n ts /G a u ss  Newton o p t i m iz a t io n  a lg o r i th m  i s  e f f i c i e n t ,  r a p i d  and 

r e l i a b l e  i n  f in d i n g  th e  s o l u t i o n  f o r  a ne tw ork  s y n t h e s i s  p rob lem . The 

im p le m e n ta t io n  o f  th e  a fo re m e n tio n e d  recom m endations i n c r e a s e  t h e  

e f f i c i e n c y  o f  t h e  te c h n iq u e  f u r t h e r .
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CHAPTER 4

THE CONCEPT OF AUTOMATED NETWORK DESIGN

4 .1  I n t r o d u c t  ion

As a r e s u l t  o f  numerous t e s t  ru n s  c a r r i e d  o u t  by th e  a u th o r  w i th  

tw o-e lem en t k in d  and th r e e - e l e m e n t  k in d  ne tw orks  c o n ta in in g  up to  t e n  

nodes and w ith  up t o  t h r e e  v a r i a b l e  common f a c t o r s ,  i t  was found t h a t  th e  

o p t i m iz a t io n  a lg o r i th m  d e s c r ib e d  in  th e  p r e v io u s  c h a p te r  would 

c o n s i s t e n t l y  o b t a i n  a f e a s i b l e  s e t  o f  ne tw ork  e lem en t v a lu e s  s a t i s f y i n g  

th e  d e s i r e d  p e r fo rm a n ce ,  from any a r b i t r a r y  s e t  o f  s t a r t i n g  v a l u e s ,  i f  

t h e  c o r r e c t  i n i t i a l  to p o lo g y  f o r  t h e  ne tw ork  was s e l e c t e d .  In  t h i s  c a se  

t h e  s o l u t i o n  i s  a c h ie v e d  r e a d i l y  w i th o u t  any d i f f i c u l t y  and th e  au tom ated  

d e s ig n  o f  th e  netw ork  p r e s e n t s  no p rob lem . However, i t  i s  u n l i k e l y  t h a t  

th e  d e s ig n e r  w i l l  choose t h e  c o r r e c t  to p o lo g y  f o r  h i s  s t a r t i n g  n e tw ork ;  

e s p e c i a l l y  i f  he does n o t  know a s o l u t i o n  o r  i t  i s  n o t  p o s s i b l e  t o  f i n d  

one by u s in g  a l t e r n a t i v e  methods ( e .g .  c l a s s i c a l  m ethods) .

I f  a s u i t a b l e  s o l u t i o n  to p o lo g y  i s  n o t  known to  t h e  d e s ig n e r ,  t h e r e  

a r e  two a l t e r n a t i v e s  s h o u ld  t h e  a lg o r i th m  f a i l  t o  f i n d  a s o l u t i o n  w i th  an 

a r b i t r a r y  to p o lo g y :

1) To r e p e a t e d l y  s e l e c t  a new to p o lo g y  u n t i l  one y i e l d s  a s o l u t i o n ,  

which i s  c l e a r l y  i n e f f i c i e n t ,  o r  ,

2) To deve lop  a t e c h n iq u e  to  m odify  th e  s t a r t i n g  ne tw ork .

T h is  te c h n iq u e  would make u se  o f  t h e  in f o r m a t io n  o b ta in e d  by th e  d e s ig n e r  

from th e  method o f  f a i l u r e  o f  th e  o p t i m iz a t io n  a lg o r i th m .  T h is  in fo rm a 

t i o n  cou ld  be employed t o  deve lop  th e  c r i t e r i a  f o r  m od ify ing  th e  s e l e c t e d  

ne tw ork  in  an e v o l u t io n a r y  m anner. Hence, in  c a se  t h e  i n i t i a l l y  

s e l e c t e d  ne tw ork  to p o lo g y  p ro v e s  u n s a t i s f a c t o r y  and can n e v e r  y i e l d  a 

f e a s i b l e  s o l u t i o n ,  t h i s  c h a p te r  in t r o d u c e s  id e a s  f o r  chang ing  t h e  to p o lo g y .
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These id e a s  a r e  b ased  on th e  in fo rm a t io n  o b ta in e d  d u r in g  th e  f a i l u r e  in  

t h e  o p t i m iz a t io n  a lg o r i th m .  P o t e n t i a l l y ,  t h i s  w i l l  l e a d  to  a s u i t a b l e  

ne tw ork  (b o th  to p o lo g y  and e lem en t v a lu e s )  which r e a l i z e s  th e  r e q u i r e d  

s e t  o f  f u n c t i o n s  e x a c t l y .  Thus an e f f i c i e n t  o p t i m iz a t io n  a lg o r i th m  i s  

o n ly  th e  f i r s t  b u i l d i n g  b lo c k  in  d e v e lo p in g  a more g e n e ra l  and complex 

au tom ated  s y n t h e s i s  te c h n iq u e .

The concep t o f  t o p o l o g i c a l  a l t e r a t i o n  was f i r s t  i n t r o d u c e d  by 

R ohrer^^  in  1967. L a t e r ,  D i r e c t o r  and Rohrer^® i n d i c a t e d  t h a t  v i r t u a l  

e lem en t s e n s i t i v i t i e s  o f  l e a s t  s q u a re s  p e rfo rm ance  f u n c t i o n s  would be 

u s e f u l  a s  a c r i t e r i o n  f o r  e lem en t a d d i t i o n  to  a ne tw ork  when n e c e s s a r y .

U sing th e  c o e f f i c i e n t  m a tch ing  te c h n iq u e  f o r  3 - te r m in a l  RC netw ork

s y n t h e s i s ,  c r i t e r i a  f o r  rem oving o r  add in g  e le m e n ts ,  w i th  th e  c o n s t r a i n t

t h a t  th e  o r d e r  o f  th e  r e q u i r e d  p o ly n o m ia ls  i s  unchanged d u r in g  th e  

t o p o l o g i c a l  m o d i f i c a t io n ,  were developed^^  a t  t h e  U n iv e r s i t y  o f  L e i c e s t e r ,  

The p r e s e n t  work i s  a d i r e c t  e x te n s io n  to  t h e  l a t t e r .

In  t h i s  t h e s i s  o n ly  3 - te r m in a l  lumped, l i n e a r ,  p a s s iv e  n e tw o rk s ,  w i th

no m utual in d u c ta n c e ,  a r e  c o n s id e r e d .  These ne tw orks  may c o n s i s t  o f

th e  co m b in a tio n  o f  any two ty p e s  o f  e lem en ts  ( e .g .  RL, LC, RC) o r  a l l  th e

t h r e e  ty p e s  o f  e lem en ts  (RLC). More s o p h i s t i c a t e d  te c h n iq u e s  f o r

t o p o l o g i c a l  m o d i f i c a t i o n  a r e  c o n s id e r e d  in  t h i s  c h a p te r  which overcome th e

23 24l i m i t a t i o n s  o f  t h e  p r e v io u s  work '

U sing th e  c o e f f i c i e n t  m a tch ing  te c h n iq u e  d e s c r ib e d  in  t h e  p r e v io u s

c h a p t e r ,  t h e  fo l lo w in g  were a c h ie v e d :

1) New c r i t e r i a  f o r  removing o r  add ing  e le m e n ts .

2) C r i t e r i a  f o r  add ing  o r  removing nodes w i th  th e  p o s s i b i l i t y  

t h a t  t h e  o r d e r  o f  th e  r e q u i r e d  netw ork  p o ly n o m ia ls  may change 

d u r in g  th e  t o p o l o g i c a l  m o d i f i c a t io n .
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3) A method f o r  m o d ify in g  t h e  v a lu e s  o f  up to  t h r e e  common f a c t o r s  

a t  t h e  same t im e .

Sometimes, i n  RLC n e tw o rk s ,  e lem ent a d d i t i o n  o r  e lem en t rem oval may 

change t h e  o r d e r  o f  th e  c a l c u l a t e d  p o ly n o m ia ls .  F u r th e r ,  node a d d i t i o n  

o r  node rem oval alw ays c o r re sp o n d s  to  a change i n  t h e  o r d e r  o f  t h e  r e q u i r e d  

p o ly n o m ia ls .  In  g e n e r a l ,  m od ify ing  t h e  common f a c t o r s  h e l p s ,  i n  

o b t a in in g  s o l u t i o n s  as  shown in  S e c t io n  2 .5 .

B efo re  d e s c r ib i n g  t h e  d e t a i l s  o f  t h e  c r i t e r i a  d eve loped  f o r  ne tw ork  

m o d i f i c a t i o n s ,  i t  i s  c o n v e n ie n t  to  in t r o d u c e  some te rm s ,  i n  t h e  f o l lo w in g  

t h r e e  s e c t i o n s ,  which a r e  u sed  v e ry  f r e q u e n t l y .

4 .2 .  V i r t u a l  E lem ents

In  S e c t io n  3 .2  i t  was shown t h a t  t h e  ne tw ork  s y n th e s i s  p rob lem  i s ,  i n  

g e n e r a l ,  an u n d e rd e f in e d  prob lem  and t h a t  t h e r e  a r e  more p o s s i b l e  e lem en ts  

t h a t  m ight be c o n s id e r e d  th a n  th e  number o f  th e  in d ep en d en t c o e f f i c i e n t s  to  

be m atched .

In  p r a c t i c e ,  t o  c o n s id e r  a l l  t h e  p o s s i b l e  e lem en ts  in  o r d e r  t o  a c h ie v e  

a s o l u t i o n  u s in g  an o p t i m iz a t io n  te c h n iq u e  i s  v e ry  s low , i f  a t  a l l  p o s s i b l e ,  

F u r th e rm o re ,  t h e  Gauss Newton a lg o r i th m  d e s c r ib e d  in  S e c t io n  3 .4  would 

b reak  down a s  t h e  J a c o b ia n  i s  s i n g u l a r  f o r  an u n d e rd e f in e d  p rob lem . For 

th e s e  r e a s o n s ,  o n ly  a s u b s e t  o f  t h e  t o t a l  s e t  o f  v a r i a b l e s  can be 

c o n s id e re d  a t  a t im e  in  o r d e r  to  speed  up t h e  r a t e  o f  convergence  and to  

avoid i l l - c o n d i t i o n i n g .  T h is  s u b s e t  o f  v a r i a b l e s  c o r re sp o n d s  t o  th o s e  

netw ork e lem en ts  which were u sed  t o  c o n s t r u c t  th e  s t a r t i n g  n e tw o rk .  These 

e lem en ts  a r e  i n i t i a l l y  n o n -z e ro .  The r e s t  o f  th e  p o s s i b l e  e le m e n ts  a r e  

t o  be " f r o z e n "  a t  ze ro  v a lu e s  and a r e  known as t h e  v i r t u a l  e le m e n ts .

F u r th e r ,  any e lem en t o r  e lem en ts  from th e  n o n -z e ro  s u b s e t  w hich  have  been  

d r iv e n  c lo s e  t o  z e ro  ( o p e n - c i r c u i t e d )  o r  i n f i n i t y  ( s h o r t - c i r c u i t e d )  by th e  

o p t i m iz a t io n  a lg o r i th m  w i l l  be added to  t h e  v i r t u a l  e le m e n ts .
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S i m i l a r l y ,  th o s e  v i r t u a l  e lem en ts  which have th e  g r e a t e s t  te n d en cy  

to  go p o s i t i v e  o r  which cause  t h e  l a r g e s t  r e d u c t io n  i n  t h e  o v e r a l l  e r r o r  

f u n c t i o n  may be added to  t h e  n o n -z e ro  s u b s e t .

4 . 3 .  S t a r t i n g  Networks

The s u b s e t  o f  ne tw ork  e lem en ts  s e l e c t e d  as  n o n -z e ro  v a lu e d  e lem en ts  

from th e  t o t a l  p o s s i b l e  s e t  o f  e lem en ts  c o n s t r u c t  t h e  s t a r t i n g  ne tw ork .

The s e l e c t i o n  o f  t h e  s t a r t i n g  ne tw ork  i s  c o n f in e d  by th e  s t r u c t u r e  o f  th e  

r e q u i r e d  ne tw ork  p o ly n o m ia ls .  The s p r e a d  o f  powers o f  p , t h e  complex 

f re q u e n c y ,  i s  h e l p f u l  i n  d e c id in g  th e  minimum number o f  nodes f o r  th e  

s t a r t i n g  n e tw o rk .  The ne tw ork  c o n f i g u r a t i o n  may th e n  be e s t im a te d  on 

th e  b a s i s  o f  a t o p o l o g i c a l  a n a l y s i s  (S e c t io n  2 .3 )  and th e  in fo rm a t io n  

o b ta in e d  from t h e  v a r io u s  e q u i v a le n t  forms o f  t h e  a d m it ta n c e  f u n c t io n s  

(S e c t io n  2 . 4 ) .  P re v io u s  d e s ig n  e x p e r ie n c e  i s  a l s o  o f  g r e a t  h e lp  in  

s e l e c t i n g  a s t a r t i n g  ne tw ork .

The s t a r t i n g  ne tw ork  sh o u ld  be  o f  t h e  p ro p e r  c o n f ig u r a t i o n  and 

c o m p le x i ty  i n  o r d e r  t o  y i e l d  th e  r e q u i r e d  d eg ree  o f  p o ly n o m ia ls .  Any 

network r e a l i z i n g  a g iv e n  s e t  o f  a d m it ta n c e  f u n c t io n s  must have a minimum 

number, n l  s a y ,  o f  n o d es .  A r e a l i z a t i o n  w ith  n l+ r  nodes w i l l ,  in  

g e n e r a l ,  i n t r o d u c e  r  common f a c t o r s  o f  unknown v a lu e  (see  S e c t io n  2 . 5 ) .  

Thus even s t a r t i n g  from a f e a s i b l e  to p o lo g y ,  t h e  o p t i m iz a t io n  a lg o r i th m  

must o b t a in  s o l u t i o n  v a lu e s  f o r  th e  ne tw ork  e lem en t and th e  common f a c t o r s . 

In  t h e  a u t h o r ' s  e x p e r i e n c e ,  t h e  i n t r o d u c t i o n  o f  even one common f a c t o r  o f  

unknown v a lu e  d eg rad es  t h e  pe rfo rm an ce  o f  t h e  o p t i m iz a t io n  a lg o r i th m  more 

th a n  th e  i n t r o d u c t i o n  o f  s e v e r a l  new e le m e n ts .  Thus in  t h e  p r e s e n t  work, 

an optimum d e s ig n  i s  c o n s id e re d  to  be t h e  one w ith  a minimum number o f  

nodes r a t h e r  th a n  a minimum number o f  e le m e n ts .

For a s t a r t i n g  netw ork  composed o f  t h e  minimum number o f  nodes  

r e q u i r e d ,  i f  th e  s e l e c t e d  netw ork  f a i l s  t o  a c h ie v e  a s o l u t i o n ,  more e lem en ts  

may be added by i n c r e a s i n g  t h e  v a lu e  o f  some v i r t u a l  e lem en ts  from z e ro .
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An a l t e r n a t i v e  method f o r  s e l e c t i n g  t h e  s t a r t i n g  ne tw ork  i s  t o  s e l e c t  a 

netw ork  w i th  more e le m e n ts ,  and p e rh a p s  more n o d es ,  th a n  th o s e  r e q u i r e d .

In  t h i s  c a se  a  s o l u t i o n  may be a c h ie v e d  by removing any e lem en ts  which 

te n d  to  be open c i r c u i t e d  o r  s h o r t  c i r c u i t e d .  The l a t t e r  i s  l e s s  

e f f i c i e n t  b eca u se  o f  th e  r e a s o n s  m entioned  above. M oreover, i n  g e n e r a l ,  

t h e  o p t i m iz a t io n  a lg o r i th m  i s  l e s s  e f f i c i e n t  as  th e  number o f  e lem en ts  

u n d e r  c o n s i d e r a t i o n  i s  i n c r e a s e d .

The minimum number o f  nodes can be d e f in e d  as f o l lo w s :

1) For RC o r  RL ne tw orks  t h e  minimum number o f  n o d es ,  n l  ,

i s  equa l  t o  t h e  o r d e r  o f  th e  denom ina to r  p o lynom ia l i n  t h e  s h o r t - c i r c u i t

a d m i t ta n c e  f u n c t i o n  p lu s  t h r e e .  Thus i f  t h e  o r d e r  o f  t h e  denom ina to r  

p o lynom ia l in  th e  s h o r t - c i r c u i t  a d m it ta n c e  f u n c t i o n  i s  m ll22 s a y ,  th e n

n l  = m ll22  + 3 .

2) U sing t h e  same n o t a t i o n  o f  1 ) ,  th e n  th e  minimum t o t a l  number

o f  nodes f o r  an RLC o r  LC netw ork  i s

n l  = 3 + , i f  m ll22  i s  EVEN ,

o r  n l  = 3 + , i f  m ll22 i s  ODD .

The minimum number f o r  each  ty p e  o f  e lem ent in  a 2 -e lem en t k in d  

ne tw ork  i s  g iv e n  by th e  minimum number o f  nodes minus two. Each node must 

be co n n ec ted  t o  a t  l e a s t  one o f  each  ty p e  o f  e lem ent i f  t h e s e  e lem en ts  a r e  

t o  be e f f e c t i v e  i n  g e n e r a t in g  th e  r e q u i r e d  s e t  o f  netw ork  p o ly n o m ia ls .  

F u r th e rm o re ,  t h e  netw ork  e lem en ts  o f  a p a r t i c u l a r  ty p e  sh o u ld  n o t  form any 

loops  f o r  t h e  same r e a s o n .  For RLC netw orks  s i m i l a r  c o n d i t i o n s  a r e  

a p p l i e d .

In  S e c t io n  3 .5  i t  was shown t h a t  an i n i t i a l  e lem en t v a lu e  o f  Xj = 1 

seems a p p r o p r i a t e  when u s in g  t h e  lo g a r i t h m ic  t r a n s f o r m a t io n .  For
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0 < Xj < 1 , - < lo g  Xj ^  0 and f o r  1 < Xj < + , 1 < lo g  Xj < + ®

whence Xj = 1 g iv e s  an i n i t i a l  s t a r t i n g  v a lu e  whose t r a n s fo rm e d  v a lu e  

i s  e q u i d i s t a n t  from ± » . Thus, t h e r e  i s  no b i a s  on Xj i n  fa v o u r  o f  

th e  s h o r t - c i r c u i t  c o n d i t io n  ( lo g  Xj = + ® ) o r  th e  o p e n - c i r c u i t  

c o n d i t io n  ( lo g  Xj = - » ) .

4 .4 .  The S t r a t e g y  o f  Automated Network Design

In C h a p te r  3 i t  was shown t h a t  t h e  p rob lem  o f  f in d i n g  t h e  netw ork

which can y i e l d  a p a r t i c u l a r  s e t  o f  a d m it ta n c e  f u n c t io n s  co u ld  be

t r a n s fo rm e d  to  an e q u i v a le n t  o p t i m iz a t io n  p rob lem  ’F ind  th e  v a lu e s  o f

th e  v e c t o r  > o) which m in im izes  t h e  o v e r a l l  e r r o r  f u n c t i o n  F ,
m  ̂ 2

where F = Y f .  ’ . F u r th e r  in  S e c t io n  3 .2  i t  was shown t h a t  t h i s
i= l  ^

prob lem  i s  an u n d e rd e f in e d  p rob lem  s i n c e ,  i n  g e n e r a l ,  t h e r e  a r e  more

v a r i a b l e s  (e le m en ts )  th a n  in d e p en d en t e q u a t io n s  ( c o e f f i c i e n t s ) .  To

overcome t h i s  d i f f i c u l t y  th e  problem  i s  t r a n s fo rm e d  to  an o v e rd e f in e d  o r

e x a c t l y  d e f in e d  p rob lem . T h is  can be a c h ie v e d  by c o n s id e r in g ,  a t  any

one t im e ,  a s u b s e t  o f  th e  s e t  o f  a l l  p o s s i b l e  v a r i a b l e s .

Let n be th e  t o t a l  number o f  p o s s i b l e  v a r i a b l e s  ( e le m e n ts ) .

Let X be t h e  v e c t o r  o f  e lem en t v a lu e s  (Xj ^  0 , j = l , 2 , . . . , n ) .

Let m be  th e  number o f  in d e p en d en t  e q u a t io n s  ( c o e f f i c i e n t s ) .

Let n be  th e  number o f  v a r i a b l e s  to  be  c o n s id e r e d  a t  a t im ee

(n^ ^  m,n^ < n ) .

Let x^ be  th e  v e c t o r  o f  th e  c o r re s p o n d in g  e lem ent v a l u e s .

The s u b s e t  o f  e lem en ts  ^  co rre sp o n d s  to  th o s e  ne tw ork  e lem en ts  which 

c o n s t r u c t  t h e  s t a r t i n g  ne tw o rk ,  i . e .  t h e  s u b s e t  o f  n o n -z e ro  v a lu e d  

e le m e n ts .  The r e s t  o f  t h e  e lem en ts  n^ (n^= n-n^) a r e  th e  v i r t u a l  

e lem en ts  which a r e  f ro z e n  w i th  zero  v a lu e s  ( s e e  S e c t io n  4 . 2 )  i . e .  th e  

c o r re s p o n d in g  v e c t o r  25̂  " 2  '



57

In  t h i s  c o n te x t ,  i t  i s  b e t t e r  t o  c o n s id e r  t h e  s y n t h e s i s  prob lem  as th e

problem  o f  m in im iz ing  a s i n g l e  f u n c t io n  ( th e  o v e r a l l  e r r o r  f u n c t i o n  F ) w ith

r e s p e c t  to  a  number o f  d e g re e s  o f  freedom  ( e . g .  number o f  n o d es ,  number o f

e le m e n ts ,  ty p e  o f  e le m e n ts ,  . . . ) .  From t h e  g e o m e tr ic a l  v ie w p o in t ,  t h i s

f u n c t io n  can be r e p r e s e n t e d  by a s p ace  S o f  n d im ensions  c o n ta in in g  an

unknown number o f  minima. The s e l e c t i o n  o f  any s u b s e t  o f  n^ e lem en ts

w ith  s t a r t i n g  e lem en t v a lu e s  x^ c o r re sp o n d s  to  a s t a r t i n g  p o i n t  p °  on

a su b sp ace  s ^ ,  o f  S , where t h e  s e a r c h  f o r  a g lo b a l  minimum w i l l  be

c o n f in e d .  A f t e r  t  i t e r a t i o n s ,  x° w i l l  be  a d j u s t e d  to  x^ and p°
—e  —e  ^ e

t o  p^ w i th i n  th e  same subspace  s ^ .  I f  a t  p^ a g lo b a l  minimum i s  

re a c h e d ,  i . e .  t h e  o v e r a l l  e r r o r  f u n c t io n  F=0 , th e n  a  s o l u t i o n  i s  a c h ie v e d  

where n^ r e p r e s e n t s  t h e  s o l u t i o n  to p o lo g y  and x^ r e p r e s e n t s  th e  v e c t o r  

o f  t h e  s o l u t i o n  e lem en t v a l u e s .  T h is  c o n d i t io n  may be a c h ie v e d  i f  th e  

i n i t i a l l y  s e l e c t e d  to p o lo g y  i s  a s o l u t i o n  to p o lo g y .  However, i f  th e  

s e a rc h  in  t h e  subspace  s^ l e d  o n ly  t o  a l o c a l  minimum, i . e .  th e  o p t im iz a 

t i o n  a lg o r i th m  f a i l s  t o  a c h ie v e  a s o l u t i o n ;  t h e  r e s u l t  o b ta in e d  i s  u s e f u l  

in :

1) S t r o n g ly  s u g g e s t in g  t h a t  th e  s u b s e t  n^ does n o t  have a s o l u t i o n .

2) P ro v id in g  ne tw ork  e lem en t v a lu e s  which g iv e  a much low er 

m agnitude  f o r  th e  o v e r a l l  e r r o r  f u n c t i o n  th a n  th e  stacking v a l u e s .

In  o r d e r  to  e x p lo re  th e  p o s s i b i l i t y  o f  a s o l u t i o n  in  th e  r e s t  -o f  S , 

t h e  s e a r c h  i s  to  be c o n t in u e d  in  a n o th e r  subspace  s^ s a y ,  which co r re sp o n d s  

to  a m o d if ie d  s u b s e t  o f  e lem en ts  n^ . In  o t h e r  words th e  i n i t i a l l y  

s t a r t i n g  ne tw ork  may be m o d if ie d  as  follows*.

1) By removing one o r  more e le m e n ts .  These e lem en ts  a r e  to  be

added t o  t h e  v i r t u a l  e lem en ts  ( s e e  S e c t io n  4 . 5 ) .

2) By ad d in g  one o r  more e le m e n ts .  These e lem en ts  a r e  t o  be

s e l e c t e d  from th e  v i r t u a l  e lem en ts  ( s e e  S e c t io n  4 . 6 ) .
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The p r o c e s s  o f  chang ing  from one subspace  t o  a n o th e r  w i th in  S i s  t o  be 

r e p e a te d  u n t i l  a  g lo b a l  minimum i s  found. However, in  some c a s e s ,  a l l

th e  su b sp a ces  o f  S may be  examined and no s o l u t i o n  be found. Then th e  

s e a r c h  h as  to  be c o n t in u e d  in  a  new space  S . The t r a n s f o r m a t io n  o f  

th e  s e a r c h  from one s p ace  S to  a n o th e r  sp ace  may be a c h ie v e d  by:

1) Removing one node o r  more from th e  c u r r e n t  s e t  o f  nodes 

( s e e  S e c t io n  4 . 5 ) .

2) Adding one node o r  more t o  th e  c u r r e n t  s e t  o f  nodes (see  

S e c t io n  4 . 6 ) .

P o t e n t i a l l y ,  any change in  t h e  number o f  nodes w i l l  a l t e r  t h e  o r d e r  o f  

th e  r e q u i r e d  s e t  o f  p o ly n o m ia ls .  In  g e n e r a l ,  a f t e r  any t o p o l o g i c a l

m o d i f i c a t io n ,  a check  s h o u ld  be made to  e n s u re  t h a t  th e  i n i t i a l  re q u ire m e n ts  

a r e  s t i l l  f u l f i l l e d .

To sum m arize, th e  s e l e c t i o n  o f  a s u i t a b l e  s t a r t i n g  netw ork  which 

p ro v id e s  a r e s p o n s e  c lo s e  t o  t h a t  r e q u i r e d  i s  o f  a g r e a t  a d v a n ta g e .  Such 

a netw ork  would n eed  a minimum amount o f  t o p o l o g i c a l  a l t e r a t i o n ,  i f  any, 

to  a c h ie v e  a  s o l u t i o n .  Hence any in f o r m a t io n  which can be u sed  in  

s e l e c t i n g  such  a ne tw ork  i s  o f  a g r e a t  h e l p .  The a u th o r  su cceeded  in  

o b ta in in g  th e  r e q u i r e d  in fo rm a t io n  by making use  o f  th e  v a r io u s  e q u iv a le n t  

forms o f  t h e  a d m it ta n c e  f u n c t i o n s ,  t h e  t o p o l o g i c a l  a n a l y s i s  and th e  concep t 

o f  th e  d eg ree  o f  c o n n e c t i v i t y  d i s c u s s e d  i n  C h ap te r  2. The b lo c k

diagram  in  F i g . [4 .1 ]  shows th e  main f e a t u r e s  o f  t h e  e v o l u t io n a r y  app roach  

in  au tom ated  d e s ig n  u s in g  th e  c o e f f i c i e n t  m atch ing  te c h n iq u e .

I t  sh o u ld  be  n o te d  t h a t  t h e  in fo rm a t io n  o b ta in e d  by th e  d e s ig n e r  from 

th e  f a i l u r e  in  t h e  s e a r c h  in  one subspace  i s  v e ry  u s e f u l  and r e l e v a n t  when 

co n d u c t in g  a n o th e r  s e a r c h  in  a n o th e r  subspace^  w i th in  th e  frame o f  th e  same 

space  ( i . e .  e lem en t a d d i t i o n  and e lem ent re m o v a l) .  However, i t  i s  v e ry  

d i f f i c u l t  t o  say  th e  same t h i n g  when r e l a t i n g  th e  in fo rm a t io n  o b ta in e d  in  

one space  to  a n o th e r  space  (node a d d i t i o n  o r  node r e m o v a l ) .
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The s t r u c t u r e  o f  th e  d e s ig n  p ro c e d u re  shown in  F i g . [4 .1 ]  may be 

summarized a s  fo l lo w s :

1) S e l e c t  a  s t a r t i n g  netw ork  u s in g  th e  c r i t e r i a  d e s c r ib e d  in  

S e c t io n  4 .3 .

2) Check t h a t  t h i s  ne tw ork  f u l f i l s  th e  re q u ire m e n t  d i s c u s s e d  in  

S e c t io n  4 .3 .

3) Use th e  o p t i m iz a t io n  a lg o r i th m  to  a l t e r  th e  e lem en t v a lu e s  

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

I f  th e  v a lu e  o f  th e  o v e r a l l  e r r o r  f u n c t io n  F i s  re a c h e d  below a  c e r t a i n  

minimum v a lu e  e , depending  on th e  a c c u ra c y  o f  th e  com puter u sed  

(g < 10  ̂  ̂ say )  , an a c c u r a t e  s o l u t i o n  has  been re a c h e d .  I f  th e  v a lu e  

o f  F i s  re a c h e d  below a c e r t a i n  minimum v a lu e  z '  s ay  < 10 ) and

no f u r t h e r  improvement co u ld  be a c h ie v e d  t h e n ,  in  t h i s  c a s e ,  an e n g in e e r in g  

s o l u t i o n  h a s  b een  r e a c h e d .

4) I f  F > e th e n  th e  p o s s i b i l i t y  o f  making a minor t o p o l o g i c a l

a l t e r a t i o n  s h o u ld  f i r s t  be c o n s id e r e d ,  i . e .  add ing  o r  removing

e le m e n ts ,  o r  b o th ,  depend ing  on th e  c r i t e r i a  a v a i l a b l e  a t  th e  

t im e .

5) Modify th e  to p o lo g y  a c c o r d in g ly  and r e p e a t  s t e p s  2 ) ,  3) and

maybe 4) , i f  n e c e s s a r y .

6) I f  a l l  th e  minor a l t e r a t i o n s  a r e  e x h a u s te d  and no e x a c t  s o l u t i o n

has  been  r e a c h e d  th e n ,  i f  F ^ g '  t h e  c u r r e n t  s o l u t i o n  ac h ie v e d  

c o u ld  be a c c e p te d  as  an e n g in e e r in g  s o l u t i o n  o r ,  add o r  remove

a node a c c o rd in g  t o  t h e  c r i t e r i a  a v a i l a b l e  a t  th e  t im e .
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7) Modify th e  to p o lo g y  and th e  o r d e r  o f  th e  g iven  s e t  o f  p o ly n o m ia ls

a c c o r d in g ly  and r e p e a t  s t e p s  2) to  5) .

8) I f  an e x a c t  s o l u t i o n  has  n o t  y e t  been  a c h ie v e d ,  r e p e a t  s t e p s

6) and 7) th e n  r e t u r n  to  2) u n t i l  t h e  minimum v a lu e  o f  F

i s  o b ta in e d .

4 . 5 .  Network E v o lu t io n  by R e d u c t io n .

I f  a s t a r t i n g  ne tw ork  i s  s e l e c t e d  such  t h a t :

a) i t  y i e l d s  p o ly n o m ia ls  o f  t h e  c o r r e c t  o r d e r ,

b) t h e r e  a r e  e q u a l  numbers o f  ne tw ork  e lem en ts  and in d e p en d en t  

c o e f f i c i e n t s ,

c) and i t  has  t h e  c o r r e c t  c o n f i g u r a t i o n  and co m p lex i ty ,

th e n  th e  o p t i m iz a t io n  a lg o r i th m  i s  c e r t a i n  to  converge to  a f e a s i b l e  s o l u 

t i o n  from any s e t  o f  i n i t i a l  e lem en t v a l u e s .  However, i f  t h e  s t a r t i n g  

ne tw ork  c o n ta in s  more e le m e n ts ,  and p e rh a p s  nodes th a n  r e q u i r e d ,  some o f  

t h e  ex ce ss  e le m e n ts ,  and maybe n o d es ,  must be removed in  o r d e r  to  a c h ie v e  

a s o l u t i o n .

4 . 5 . 1 .  E lem ent Removal.

I f  th e  lo g a r i t h m ic  t r a n s f o r m a t io n  i s  u sed  to  c o n s t r a i n  th e  e lem en t 

v a lu e s  t o  th e  p o s i t i v e  domain (see  S e c t io n  3 . 5 ) ,  i t  i s  t h e o r e t i c a l l y  

im p o s s ib le  f o r  any e lem en t v a lu e  to  become i d e n t i c a l l y  eq u a l  to  z e ro .  

However, i n  p r a c t i c e ,  t h e  e f f e c t  o f  an e lem en t on th e  c o e f f i c i e n t s  w i l l  be 

z e ro  when i t s  v a lu e  w ith  r e s p e c t  to  th e  o t h e r  e lem en ts  in  th e  ne tw ork  i s  

l e s s  th a n  th e  com puter a c c u ra c y .  Thus an e lem en t w i th  such  a low v a lu e  

can be removed from th e  ne tw o rk .  To r e a c h  such a low v a lu e  f o r  an 

e lem en t when u s in g  th e  tw o - p a r t  o p t i m iz a t io n  a lg o r i th m  d e s c r ib e d  in  S e c t io n
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3 .4  and  em ploying th e  lo g a r i t h m ic  t r a n s f o r m a t i o n ,  a l a r g e  number o f

i t e r a t i o n s  a r e  u s u a l l y  r e q u i r e d .  D uring t h i s  p e r io d ,  th e  v a lu e  o f  t h a t

e lem en t w i l l  d e c r e a s e  m o n o to n ic a l ly .  Hence t h i s  co u ld  be c o n s id e r e d  as

59a n o th e r  c r i t e r i o n  f o r  e lem en t rem ova l.  On t h i s  b a s i s ,  C u t t e r id g e

24
s u g g e s te d  a c r i t e r i o n  f o r  e lem en t removal which th e  a u th o r  and o t h e r s  

i n v e s t i g a t e d  and found to  be  v e ry  s u c c e s s f u l .  I f  t h e  e lem en t v a lu e  i s  

d e c r e a s in g  in  t h e  Gauss Newton a lg o r i th m ,  i t  must be a s s o c i a t e d  w i th  a 

n e g a t iv e  Gauss Newton c o r r e c t i o n .

Hence

Xj = X j " \ .  expC XôXj

i f  Xj < Xj"^ , th e n  expCXôXj"^) < 1 .

i . e .  gC^GXj  ̂ < 1 hence 6Xj < 0 .

C u t t e r i d g e ' s  c r i t e r i o n  f o r  e lem en t rem oval was as  fo l lo w s*
’ I f  th e  c o r r e c t i o n  a s s o c i a t e d  w ith  a p a r t i c u l a r  e lem en t i s  n e g a t iv e  o v e r  a

c e r t a i n  number o f  i t e r a t i o n s ,  and i f  t h e  a b s o lu t e  v a lu e  o f  t h a t  c o r r e c t i o n

i s  i n c r e a s i n g  m o n o to n ic a l ly ,  th e n  th e  e lem en t sh o u ld  be re m o v e d .’

i . e .  I f  - 6 x V ‘̂ > -  ô x V ^ > -  6x! ‘ ^ > - >.6x! > 0
3 3 3 3 3

th e n  th e  Xj^^ ne tw ork  e lem en t s h o u ld  be  removed.

In  p r a c t i c e ,  when t h i s  c r i t e r i o n  was t r i e d  w i th  s e v e r a l  d i f f e r e n t  

exam ples ,  i t  was found t h a t ,  o c c a s i o n a l l y ,  i t  would i n d i c a t e  t h e  rem oval 

o f  an e lem en t u n n e c e s s a r i l y .  Hence, w h i l s t  u s in g  t h i s  c r i t e r i o n ,  th e  

a u th o r  found t h a t  i f  i t s  rem oval i s  i n d i c a t e d  a f t e r  t h r e e  t r i a l s  i n  Gauss 

Newton s e c t i o n  (n o t  n e c e s s a r i l y  i n  s u c c e s s io n ) ,  from d i f f e r e n t  s t a r t i n g  

v a lu e s  f o r  t h e  netw ork  e le m e n ts ,  i t  would le a d  to  a b e t t e r  c r i t e r i o n  f o r  

e lem en t rem o v a l.  The d i f f e r e n t  s t a r t i n g  v a lu e s  f o r  th e  ne tw ork  e le m e n ts  

can be  o b ta in e d  by p e r fo rm in g  one i t e r a t i o n  in  th e  C on juga te  G ra d ie n t  

s e c t i o n  each  t im e ,  s t a r t i n g  from th e  v a lu e s  o b ta in e d  from th e  p r e v io u s  

C on juga te  G ra d ie n t  i t e r a t i o n .



62

As a  r e s u l t  o f  em ploying t h i s  c r i t e r i o n  f o r  e lem en t rem o v a l,  an 

e lem en t may be removed w h i le  i t s  v a lu e  i s  s t i l l  o f  com parable  m agnitude

w ith  t h e  o th e r  e lem en t v a lu e s  in  th e  n e tw o rk ,  and th u s  w h ile  i t  i s  s t i l l

c o n t r i b u t i n g  s i g n i f i c a n t l y  to  t h e  c u r r e n t  v a lu e  o f  th e  o v e r a l l  e r r o r  

f u n c t i o n  F . Hence, th e  c u r r e n t  v a lu e  o f  F i s  b a d ly  p e r tu r b e d .  

G e n e r a l ly ,  th e  v a lu e  o f  th e  e r r o r  f u n c t io n  F w i l l  r i s e  a f t e r  th e  

rem oval o f  an e lem en t when u s in g  th e  above c r i t e r i o n .  However, i f  i t s  

rem oval was s t r a t e g i c a l l y  n e c e s s a r y ,  th e n  t h e  v a lu e  o f  F w i l l  f a l l  

r a p i d l y  a f t e r  a few Gauss Newton i t e r a t i o n s  to  below th e  v a lu e  o f  F 

im m ed ia te ly  b e f o r e  removal i . e .  i t s  rem oval was j u s t i f i e d .  On th e  

o t h e r  hand ,  i f  t h e  e lem en t v a lu e  i s  i n c r e a s i n g  in  th e  Gauss Newton 

a l g o r i t h m ,  i t  must be a s s o c i a t e d  w ith  a p o s i t i v e  Gauss Newton c o r r e c t i o n .  

Hence

t  t  — 1 , _ _ t  — 1 ^
X .  = X .  .exp(X 6x. )

3 3 ^  3

i f  x î  > x^  ̂ , th e  exp(X6x^ ^) > 1
3 3 ^  3

i . e .  e^^^*j  ̂ > 1 , hence  ôx^ > 0 .

I f  th e  c o r r e c t i o n  a s s o c i a t e d  w i th  a  p a r t i c u l a r  e lem en t i s  i n c r e a s i n g  and 

th e  o r d e r  o f  m agnitude o f  t h i s  c o r r e c t i o n  i s  r e l a t i v e l y  h ig h ,  th e n  

e q u a t io n  (3.2%) i s  no lo n g e r  an a c c e p ta b l e  a p p ro x im a tio n  to  th e  T a y lo r  

ex p an s io n  f o r  t h i s  e lem en t and th e  e lem en t sh o u ld  be s h o r t - c i r c u i t e d .

I f  t h i s  i n d i c a t i o n  r e o c c u r s  in  th e  Gauss Newton a lg o r i th m  s e c t i o n  a f t e r

t h r e e  t r i a l s  from d i f f e r e n t  s t a r t i n g  v a lu e s  f o r  th e  netw ork  e le m e n ts ,  t h i s  

e lem en t i s  s h o r t - c i r c u i t e d .  F u r th e r ,  i t  was found t h a t ,  e s p e c i a l l y  

w i th  s o p h i s t i c a t e d  n e tw o rk s ,  th e  c o r r e c t i o n  a s s o c i a t e d  w ith  a p a r t i c u l a r  

e lem en t may o s c i l l a t e  betw een v e ry  h ig h  p o s i t i v e  and v e ry  h ig h  n e g a t iv e  

v a lu e s  on e v e ry  s u c c e s s iv e  p a s s a g e s  th ro u g h  th e  Gauss Newton s e c t i o n .

The o p t i m i z a t i o n  a lg o r i th m  has  become u n s t a b l e .  Hence an e lem en t 

a s s o c i a t e d  w ith  such c o r r e c t i o n  v a lu e s  i s  a l s o  to  be removed. The l a s t
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two c r i t e r i a  f o r  e lem en t rem oval was dev e lo p ed  by th e  a u th o r .

The methods o f  e lem en t rem oval d e s c r ib e d  h e re  may remove more th a n  one 

e lem en t s im u l ta n e o u s ly  i f  each  o f  t h e s e  e lem en ts  f u l f i l l s  th e  c r i t e r i a  

f o r  e lem en t rem oval.

4 . 5 . 2 .  Node Removal

Some s t a r t i n g  n e tw o rk s ,  a l th o u g h  th e y  g e n e r a te  th e  r e q u i r e d  s e t  o f  

netw ork  p o ly n o m ia ls ,  may c o n ta in  nodes  in  ex c e ss  o f  th e  minimum number 

r e q u i r e d .  In  S e c t io n  2 .5  i t  was shown t h a t  e x c e ss  nodes can g e n e r a te  

common f a c t o r s  i n  th e  ne tw ork  a d m it ta n c e  f u n c t i o n s ,  some o f  which may be 

re d u n d a n t .  These re d u n d a n t  common f a c t o r s  c o r re sp o n d  to  th e  nodes which 

can be removed w i th o u t  p r e v e n t in g  th e  ne tw ork  from g e n e r a t in g  t h e  r e q u i r e d  

s e t  o f  ne tw ork  p o ly n o m ia ls .  F u r th e r ,  e x c e s s  nodes b e a r  t h e  p e n a l t y  o f  

c o r re s p o n d in g  e x c e ss  e le m e n ts .

W right^^ and Spence^^, w orking  in  th e  f re q u e n c y  domain, deve loped

23d i f f e r e n t  methods f o r  node rem ova l.  Di Mambro , em ploying th e  

c o e f f i c i e n t  m a tch ing  te c h n iq u e  deve loped  a  f u r t h e r  method f o r  node rem oval. 

T h is  method was a p p l i e d  to  2 - t e r m in a l  RLC ne tw orks  where th e  r e a l i z a t i o n  

h as  been  g e n e ra te d  by th e  B o t t  D u ff in  s y n t h e s i s  t e c h n iq u e .

The a u th o r  has  dev e lo p ed  h i s  own te c h n iq u e s  f o r  node rem ova l.  These 

te c h n iq u e s  a r e  a p p l i c a b l e  to  3 - te r m in a l  ne tw orks  composed o f  any two ty p e s  

o f  e lem en ts  ( e . g .  RC, LC, RL) o r  a l l  t h r e e  ty p e s  o f  e lem en ts  (RLC) .

They p roved  to  be  s im p le  and e f f i c i e n t  ( s e e  S e c t io n  6 . 3 ) .  These te c h n iq u e s  

a r e  a p p l i e d  u n d e r  th e  f o l lo w in g  c i rc u m s ta n c e s ,  see  F i g . [4 .2 ]  :

1) The method o f  e lem en t removal deve loped  by th e  a u th o r  (S e c t io n  

4 .5 .1 )  may remove more th a n  one e lem en t s im u l ta n e o u s ly .  As a r e s u l t  o f  

s u c c e s s iv e  e lem en t rem oval,  one o f  th e  fo l lo w in g  two c a se s  w i l l  o c c u r :

( i )  A node m ight be l e f t  u n co n n ec ted  to  any e lem en t ,  i . e .  an 

i s o l a t e d  node. F i g . [ 4 . 2 a ] .
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( i i )  One o f  th e  i n t e r n a l  nodes may be co n n ec ted  to  one o t h e r  node 

o n ly  by one e lem en t o r  more i n  p a r a l l e l .  F i g . [ 4 . 2 b ] .

In  b o th  c a s e s ,  such a node i s  n o t  e f f e c t i v e  in  g e n e r a t in g  th e  r e q u i r e d  

s e t  o f  ne tw ork  p o ly n o m ia ls  and i t  can be removed.

2) I f  th e  o p t i m iz a t io n  i n d i c a t e s  t h a t  two n o d es ,  i  and j s a y ,  

s h o u ld  be  s h o r t - c i r c u i t e d  ( th e  b ra n c h  a d m it ta n c e  becomes v e ry  l a r g e )  

th e n  a l l  e lem en ts  co n n ec ted  betw een  th e s e  two nodes a r e  removed and th e  

two nodes r e p l a c e d  by one node ,  F i g [ 4 . 2 c ] .

3) I f  a node I  i s  c o n n ec ted  to  t h r e e  o t h e r  nodes by t h r e e  e lem en ts  

o f  th e  same ty p e  form ing a ’S t a r '  c o n n e c t io n ,  t h i s  node may be removed by

a s im p le  'S t a r - D e l t a  t r a n s f o r m a t i o n ' .  F i g . [ 4 .2 d ] .

>j ' .  j \  /  1  \

(a) (b) (c)
(d)

F ig u re  [4 .2 ]  Node Removal

The p ro c e d u re  dev e lo p ed  em ploying th e  a fo re m e n tio n e d  te c h n iq u e s  f o r  

node removal c o n s i s t s  o f  th e  fo l lo w in g  s t e p s ,  see  F i g . [ 4 .3 ] .

1) S t a r t i n g  from an i n i t i a l  ne tw ork  which y i e l d s  th e  r e q u i r e d  

s p re a d  o f  powers and w i th  e lem en t v a lu e s  a l l  u n i t y ,  a p p ly  o p t i m iz a t io n  to  

t h i s  netw ork em ploying t h e  tw o - p a r t  o p t i m iz a t io n  a lg o r i th m  d e s c r ib e d  in  

S e c t io n  3 .4 .

- 2 1
2) I f  a s o l u t i o n  i s  a c h ie v e d  (F * 10 ) t e rm in a t e  t h e  program .

3) Check i f  th e  c r i t e r i a  f o r  e lem en t removal a r e  f u l f i l l e d .  I f
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yes, th e n  one o r  more e lem en ts  a r e  d r iv e n  t o  n e a r l y  zero  [open c i r c u i t )  and /  

o r  to  a  v e ry  l a r g e  v a lu e  ( s h o r t  c i r c u i t ) .

4) I f  n o t ,  th e n  check f o r  o t h e r  c r i t e r i a  [e lem en t a d d i t i o n ) .

5) B efore  removing any e le m e n t ,  check  i f  any c o n d i t io n  f o r  node 

removal w i l l  be f u l f i l l e d  i f  e lem en ts  a r e  removed.

6) I f  th e  e lem en t o r  e lem en ts  rem oval w i l l  n o t  l e a d  to  node rem ova l,  

th e n  remove th e  a p p r o p r i a t e  e le m e n ts .  R e tu rn  to  s t e p  2) .

7) I f  th e  e lem en t o r  e lem en ts  rem oval w i l l  l e a d  to  node rem ova l,  

th e n  ( i )  r e s e t  th e  v a lu e s  o f  a l l  th e  c u r r e n t  e le m e n ts ,  in c lu d in g  th o s e

to  be removed, to  t h e i r  v a lu e s  i n  th e  l a s t  C on juga te  G ra d ie n t  

i t e r a t i o n .

( i i )  C a lc u la t e  th e  ap p ro x im ate  v a lu e  o f  t h e  red u n d an t  common f a c t o r ,  

which c o r re sp o n d s  to  th e  node t o  be removed as  fo l lo w s :

L et C be th e  v a lu e  o f  a l l  th e  c u r r e n t  c a p a c i t o r s  connec ted

to  th e  node to  be  removed.

Let G be th e  v a lu e  o f  a l l  th e  c u r r e n t  conduc tances  co n n ec ted

to  t h e  node to  be removed.

Let r  be th e  v a lu e  o f  a l l  t h e  c u r r e n t  i n v e r s e  in d u c ta n c e s

co n n ec ted  t o  t h e  node to  be removed.

Then, th e  ap p ro x im a te  v a lu e  o f  t h e  red u n d an t  common f a c t o r  i s

equa l to

(p^ + P + f ) • C 4 . l l

I f  t h e r e  a r e  no c a p a c i t o r s  co n n ec ted  to  t h e  node t o  be removed, th e n  th e  

app rox im ate  v a lu e  o f  th e  re d u n d a n t  common f a c t o r  i s  e q u a l  to

(p + t )  . C4.21
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8) The ap p rox im ate  v a lu e  o f  th e  red u n d a n t  common f a c t o r  i s  to  be 

compared w i th  a l l  th e  v a lu e s  o f  th e  c u r r e n t  ex ce ss  common f a c t o r s  which 

a r e  o f  th e  same o r d e r .  The ex c e ss  common f a c t o r  which i s  th e  n e a r e s t  

to  t h a t  c a l c u l a t e d  i s  to  be removed.

9) Remove th e  e le m e n t ,  node and common f a c t o r .  A l t e r  th e  r e q u i r e d  

s e t  o f  p o ly n o m ia ls  a c c o r d in g ly .

10) R e tu rn  to  s t e p  2) .

This  p ro c e s s  i s  to  be r e p e a t e d  u n t i l  a s o l u t i o n  i s  a c h ie v e d .

4 . 5 . 3 .  Comparison w i th  o t h e r  methods o f  Node Removal

Working i n  th e  f re q u e n c y  domain V i l l a l a z  and Spence^^ d e s c r ib e d  a

v e ry  e f f e c t i v e  method f o r  r e d u c in g  c o m p lic a te d  e q u i v a le n t  c i r c u i t s .

This method, a l th o u g h  somewhat c ru d e ,  i s  s im p le  and works w e l l .  Also

21in  th e  f re q u e n c y  domain, W right d ev e lo p ed  a n o th e r  method f o r  node 

rem oval.  T h is  method m a in ly  r e l i e s  on th e  e x p e r ie n c e  o f  t h e  d e s ig n e r  

when w orking in  an i n t e r a c t i v e  mode.

Using th e  c o e f f i c i e n t  m a tch ing  te c h n iq u e ,  th e  method d e v e lo p ed  by

23th e  a u th o r  has  th e  f o l lo w in g  a d v an tag es  o v e r  t h a t  dev e lo p ed  by Di Mambro

1) I t  i s  a p p l i c a b l e  t o  3 - te r m in a l  ne tw orks  composed o f  any two

ty p e s  o f  e lem en ts  o r  a l l  t h r e e  ty p e s  o f  e le m e n ts .

2) I t  does n o t  need  h ig h  a c c u ra c y  o r  s p e c i a l  s o p h i s t i c a t e d

a l g o r i t h m s .

3) In  g e n e r a l ,  th e  r o o t s  o f  a po lynom ia l a r e  v e ry  s e n s i t i v e  to

th e  v a lu e s  o f  i t s  c o e f f i c i e n t s .  Hence, u n le s s  th e  e x a c t  v a lu e  

o f  th e  red u n d a n t  common f a c t o r  i s  removed, th e  s o l u t i o n  

a c h ie v e d  may n o t  be  an e x a c t  one.
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4 . 6 .  Network E v o lu t io n  by Growth

To a l t e r  th e  to p o lo g y  o f  a s t a r t i n g  ne tw ork  by removing e lem en ts  and 

p o s s i b l y  nodes i s  o n ly  e f f e c t i v e  i f  th e  s t a r t i n g  netw ork  c o n ta in s  a r o o t  

netw ork  c a p a b le  o f  y i e l d i n g  a s o l u t i o n .  U n f o r tu n a te ly ,  t h i s  i s  n o t  

alw ays th e  c a s e .  Hence f o r  a more g e n e ra l  d e s ig n  p rogram , t h e r e  must 

e x i s t  th e  c a p a b i l i t y  o f  ad d in g  e lem en ts  as  w e l l  as  n o d es .  These 

m o d i f i c a t io n s  a r e  to  be made, p r e f e r a b l y  on th e  b a s i s  o f  th e  p r o p e r t i e s  

o f  t h e  netw ork  un d er  c o n s i d e r a t i o n .  A program  cap a b le  o f  e lem en t and 

node a d d i t i o n ,  t o g e t h e r  w i th  th e  removal o f  red u n d a n t  e lem en ts  and nodes 

when n e c e s s a r y ,  would c l e a r l y  g iv e  scope f o r  m a jo r  m o d i f i c a t io n s  to  th e  

to p o lo g y ,  though in  r a t h e r  a p iecem ea l f a s h io n .

4 . 6 . 1 .  E lem ent A d d i t io n

While th e  c r i t e r i a  f o r  e lem en t and node removal were r e l a t i v e l y  

s im p le  to  d e v i s e ,  th e  prob lem s in v o lv e d  w ith  e lem en t and node a d d i t i o n  

a r e  g r e a t e r .  For e lem en t a d d i t i o n  th e  fo l lo w in g  must be c o n s id e re d :

( i )  To ad judge  t h a t  t h e  netw ork  c u r r e n t l y  b e in g  o p t im iz e d  w i l l  

n o t  y i e l d  a s o l u t i o n  and t h a t  e lem en t a d d i t i o n  i s  n e c e s s a r y .

( i i )  To d e te rm in e  t h e  ty p e ,  p o s i t i o n  and v a lu e  o f  e le m e n t .

This  i s  a v e ry  d i f f i c u l t  t a s k  even f o r  a s im p le  RC netw ork  as t h e r e  a re  

many p o s s i b i l i t i e s  t o  be c o n s id e r e d .  For th e  a d d i t i o n  o f  a r e s i s t o r  

to  ann l node ne tw o rk ,  t h e r e  a r e  n l ( n l - l ) / 2  p o s s i b l e  p o s i t i o n s ,  l e s s  th e  

number o f  r e s i s t o r s  a l r e a d y  p r e s e n t .

The id e a  o f  add ing  e le m e n ts  t o  a netw ork  was f i r s t  in t r o d u c e d  by 

R ohrer^^ .  L a t e r ,  work o f  D i r e c t o r  and R ohrer^^  i n d i c a t e d  t h a t  v i r t u a l

e lem en t s e n s i t i v i t i e s  o f  l e a s t  s q u a re s  p e rfo rm a n ce  f u n c t io n s  would be 

u s e f u l  in  e lem en t a d d i t i o n .
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Using th e  c o e f f i c i e n t  m a tch ing  te c h n iq u e  and em ploying th e  j o i n t  

C onjuga te  G ra d ie n ts /G a u ss  Newton o p t i m iz a t io n  a lg o r i th m  (s e e  C h ap te r  3 ) ,  

th e  o p t i m iz a t io n  a lg o r i th m  w i l l  f a i l  t o  make any f u r t h e r  r e d u c t io n  in  th e  

v a lu e  o f  t h e  o v e r a l l  e r r o r  f u n c t io n  F when a l o c a l  minimum has  been 

re a c h e d .

i . e .  = 0 and ^  ^ ^  . (4 .3 )

From e x p e r i e n c e  o b ta in e d  w i th  th e  a lg o r i th m ,  i t  i s  u n l i k e l y  to  converge

to  a l o c a l  minimum when a t r u e  s o l u t i o n  e x i s t s .  Thus t h i s  i s  a s u i t a b l e

24c r i t e r i o n  f o r  e lem en t a d d i t i o n  which was f i r s t  in t ro d u c e d  by Krzeczkowski

24F u r th e r ,  i t  was found t h a t ,  w i th  some t e s t  p rob lem s th e  r a t e  o f  c o n v e r 

gence o f  th e  e r r o r  fu n c t io n  F i s  v e ry  slow  and i t  co u ld  be im proved by

24
e lem en t a d d i t i o n .  Krzeczkowski in t r o d u c e d  th e  fo l lo w in g

c r i t e r i o n :

’ I f  more th a n  f i f t y  c o n s e c u t iv e  Gauss Newton i t e r a t i o n s  a r e  

p e rfo rm e d  w i th o u t  e lem en t removal b e in g  i n d i c a t e d  and , i f  

th e  v a lu e  o f  F i s  s t i l l  g r e a t e r  th a n  10 th e n  a new 

e lem en t i s  to  be added .  '

These two c r i t e r i a  have a l s o  been  employed by th e  a u th o r  and found to  be

s u c c e s s f u l .

For some t e s t  p rob lem s th e  v a lu e  o f  th e  e r r o r  f u n c t io n  F i n  th e

Gauss Newton a lg o r i th m  w i l l  o s c i l l a t e  betw een  two p o i n t s  o f  eq u a l  v a lu e s .

I f  t h i s  c r i t e r i o n  i s  to  be  r e p e a t e d  a f t e r  commencing from t h r e e  d i f f e r e n t  

C onjuga te  G ra d ie n t  i t e r a t i o n s ,  th e n  a new e lem en t i s  to  be added . F u r th e r ,  

i f  t h e  j o i n t  C onjuga te  G ra d ie n t /G a u s s  Newton a lg o r i th m  becomes u n s t a b l e  

because  o f  s u c c e s s iv e  f a i l u r e  in  th e  l i n e a r  s e a r c h  in  th e  Gauss Newton 

s e c t i o n  a f t e r  commencing from t h r e e  d i f f e r e n t  C on juga te  G ra d ie n t  i t e r a 

t i o n s ,  a new e lem en t i s  t o  be added .

The l a s t  two c r i t e r i a  were dev e lo p ed  by th e  a u th o r .
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IVhen th e  c r i t e r i a  f o r  e lem en t a d d i t i o n  a r e  s a t i s f i e d ,  t h e r e  i s  s t i l l

th e  p rob lem  o f  th e  number, t y p e ,  p o s i t i o n  and v a lu e  o f  th e  e lem en t to  be

added. The e f f i c i e n c y  o f  th e  e lem en t a d d i t i o n  te c h n iq u e  i s  v e ry

d ependen t on th e  o p t im a l  c h o ic e  b e in g  made c o n s i s t e n t l y  and r a p i d l y .

18D i r e c t o r  and R ohrer  p u b l i s h e d  a te c h n iq u e  f o r  e lem en t a d d i t i o n  in  s p e c i f i c

p la c e s  b a s e d  upon th e  s t e e p e s t  d e s c e n t  a l g o r i th m .  At th e  p o i n t  o f  a d d i t i o n ,

th e  d e s ig n e r  s e l e c t s  th e  e lem en t t o  add from th e  v i r t u a l  e lem en ts  w ith  th e

23 58most n e g a t iv e  g r a d i e n t s .  Di Mambro * d eve loped  an a l t e r n a t i v e

a lg o r i th m  which was s u c c e s s f u l .  Both methods r e q u i r e  th e  d e r i v a t i v e s

o f  t h e  netw ork  c o e f f i c i e n t s  w i th  r e s p e c t  t o  t h e  v i r t u a l  e lem en ts  a t  th e  p o in t

o f  a d d i t i o n .  C u t te r id g e ^ ^  has  s u g g e s te d  a te c h n iq u e  f o r  e lem en t

a d d i t i o n  b ased  upon th e  c a l c u l a t i o n  o f  th e  optimum v a lu e s  o f  v i r t u a l  e lem en ts

T h is  t e c h n iq u e  i s  s im p le  and a l lo w s  f o r  q u a n t i t a t i v e  com parison  o f  th e

v a r io u s  p o s s i b i l i t i e s .  T h is  te c h n iq u e  was deve loped  and employed by th e  

24
a u th o r  and o th e r s

In  C h ap te r  3 i t  was p o in t e d  o u t  t h a t  th e  fo rm u la t io n  o f  t h e  i n d i v id u a l  

e r r o r  f u n c t i o n s ,  f^  , and th e  o v e r a l l  e r r o r  f u n c t i o n  F employed in  th e  

p r e s e n t  work i s

c .  Ka. m

f  f i  ' (4 -4)
1 1 1=1

3PF u r th e r  i t  was shown t h a t  K s h o u ld  be chosen  such t h a t  = 0 .

Then
m c. 2 m a.

[
m c. ^ m a.. ^

and
2 1

F = 2
r m c. m a .

I  ( ^ )  / 1 (^ 1
Li=i i= i  J

- 2m . (4 .5 )

Suppose a v i r t u a l  e lem en t ,  v a lu e  y , i s  in t r o d u c e d  in  th e  ne tw ork .  As 

th e  p o lynom ia l c o e f f i c i e n t s  a r e  m u l t i l i n e a r  f u n c t io n s  o f  th e  netw ork

e lem en t v a lu e s ,  th e n
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Ci = Ci + ycT , [4,61

where c. i s  th e  v a lu e  o f  c. when y = G and cT i s  th e  v a lu e  o f
^ ^ ^

when y = 0 .

*

Now, r e p l a c i n g  c^ by c^ in  e q u a t io n  [4 .5 )  w i l l  c l e a r l y  a l t e r  th e  v a lu e

o f  F . I f  c^ and c^ a r e  k e p t  c o n s t a n t ,  an optimum v a lu e  o f  y

3Fcan be found  by s o lv in g  F^^^ = - ^  = 0 . U n f o r tu n a te ly  i t  i s  n o t  

p o s s i b l e  to  f i n d  a c lo s e d  form e x p r e s s io n  f o r  an optimum v a lu e  o f  y in

t h i s  c a s e .  However, a n u m e ric a l  l i n e a r  s e a r c h  p ro c e d u re  can be

conducted  o v e r  p o s i t i v e  v a lu e s  o f  y on th e  f u n c t i o n  0 [y )  where

$[y) [
m c. + yc . ^ m a .  -  -i

C u t te r id g e ^ ^  s u g g e s te d  t h a t  when a n a ly s in g  and c a l c u l a t i n g  y and

F . f o r  a l l  p o s s i b l e  v i r t u a l  e le m e n ts ,  th e  e lem en t which g iv e s  th e  b e s t  min °

r e d u c t io n  in  th e  v a lu e  o f  F i s  th e  e lem en t to  be added . L a t e r

24Krzeczkowski , u s in g  th e  same te c h n iq u e ,  s u g g e s te d  t h a t  th e  o p t im a l  

e lem en t to  add i s  th e  e lem en t whose v a lu e  y i s  th e  g r e a t e s t .  In  b o th  

c a s e s ,  an e lem en t whose v a lu e  was n e g a t iv e  s h o u ld  be  d i s r e g a r d e d .

In p r a c t i c e ,  by s o lv in g  many d i f f e r e n t  exam ples th e  a u th o r  found th e  

fo l lo w in g :

1) I f  th e  s t a r t i n g  to p o lo g y  i s  v e ry  c l o s e  to  t h a t  known to  have a 

s o l u t i o n  ( i . e .  w i th  o n ly  one e lem en t m i s s in g ) ,  th e n  th e  e lem en t to  add i s  

t h a t  which b o th  re d u c e s  F th e  most and whose v a lu e  y i s  th e  g r e a t e s t .

2) I f  th e  s t a r t i n g  to p o lo g y  needs  th e  a d d i t i o n  o f  more th a n  one 

e lem en t in  o r d e r  to  a c h ie v e  a s o l u t i o n ,  th e n  th e  o p t im a l  e lem en t to  add i s  

e i t h e r  th e  e lem en t which r e d u c e s  F th e  most o r  e l s e  th e  e lem en t whose 

v a lu e  y i s  t h e  g r e a t e s t .  However, in  g e n e r a l ,  t h i s  e lem en t y^ say ,  

has  th e  second  l a r g e s t  r a t i o  o f  (y^/F^) (where y^ i s  th e  e lem en t v a lu e  

and F^ i s  th e  c o r re s p o n d in g  v a lu e  o f  th e  o v e r a l l  e r r o r  f u n c t i o n  F ) .
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3) U s u a l ly ,  th e  optimum v a lu e  o f  t h e  new e lem en t o b ta in e d  from 

a n a l y s i s  i s  r e l a t i v e l y  low (s e e  T ab les  (1) and ( 2 ) ) .  The main r e a s o n  

f o r  t h i s  i s  t h a t  th e  c u r r e n t  e lem en ts  a l r e a d y  e x i s t i n g  in  th e  netw ork  

p a r t l y  com pensate f o r  i t s  a b se n c e .  I f  t h e  v a lu e  o f  th e  new e lem en t i s  

t a k e n  eq u a l  to  i t s  optimum v a lu e  o b ta in e d  from th e  a n a l y s i s ,  c o n s id e r a b le  

number o f  i t e r a t i o n s  would be  w as ted  to  i n c r e a s e  i t s  v a lu e  i n  o r d e r  t o  be 

e f f e c t i v e  in  t h e  c a l c u l a t i o n .  On th e  o t h e r  hand , i f  t h e  new e lem en t 

v a lu e  i s  b o o s te d  to  a l a r g e r  v a lu e  (10 to  100 t im es  th e  optimum v a lu e  s a y ) ,  

t h i s  m ight cause  d i f f i c u l t y  in  t h e  o p t i m iz a t io n  a lg o r i th m  as i t  has  to  

com pensate f o r  th e  i n t r o d u c t i o n  o f  a new e lem en t w i th  l a r g e  v a lu e .

F u r th e r ,  i f  th e  newly added e lem en t  i s  to  be removed l a t e r ,  t h i s  means 

t h a t  th e  o p t i m iz a t io n  a lg o r i th m  would ta k e  a l a r g e r  number o f  i t e r a t i o n s  

t o  re d u c e  i t s  v a lu e .  Hence, a s  a compromise, th e  a u th o r  found o u t  t h a t  

i n s t e a d  o f  i n s e r t i n g  th e  new e lem en t w i th  th e  optimum v a lu e  o b ta in e d  by 

a n a l y s i s ,  i t  was i n s e r t e d  w i th  a  v a lu e  e q u a l  to  th e  g e o m e tr ic a l  mean o f  

th e  e lem en t v a lu e s  e x i s t i n g  in  th e  n e tw o rk ,  th e  r a t e  o f  convergence  o f  th e  

o v e r a l l  e r r o r  f u n c t io n  F co u ld  be g r e a t l y  im proved.

A c c o rd in g ly ,  th e  te c h n iq u e  dev e lo p ed  and a d o p ted  by th e  a u th o r  f o r  

e lem en t a d d i t i o n  i s  as  f o l lo w s :

1) A nalyse  and c a l c u l a t e  y , F^^^ and (y /F^^^) f o r  a l l  p o s s i b l e  

v i r t u a l  e le m e n ts .

2) I f  t h e  v i r t u a l  e lem en t which h a s  th e  l a r g e s t  r a t i o  (y /F ^^^) 

re d u c e s  F th e  m ost,  th e n  add t h i s  e le m e n t .

3) I f  n o t ,  th e n  add th e  v i r t u a l  e lem en t which has  th e  second  

l a r g e s t  r a t i o  (y /F ^^^) .

4) I n s t e a d  o f  i n s e r t i n g  th e  new e lem en t w ith  th e  optimum v a lu e  

o b ta in e d  by a n a l y s i s ,  i n s e r t  i t  w ith  a v a lu e  eq u a l  to  th e  

g e o m e tr ic a l  mean o f  th e  e lem en t v a lu e s  a l r e a d y  e x i s t i n g  in  

th e  ne tw ork .
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4 . 6 . 2 .  Node A d d i t io n

The d i f f e r e n t  t e c h n iq u e  f o r  t o p o l o g i c a l  m o d i f i c a t io n  d e s c r ib e d  so 

f a r  may converge to  a l o c a l  minimum w ith  a  v a lu e  o f  F i n  th e  range  

10 to  10 (s e e  C h ap te r  7 ) ,  and  th e n  no f u r t h e r  r e d u c t io n  in  F i s  

p o s s i b l e .  There i s  no way o f  b r e a k in g  o u t  from such r e g io n s  o f  

d i f f i c u l t y  w i th o u t  add in g  a  new node .  In  o t h e r  w ords, i f  th e  s t a r t i n g

netw ork  does n o t  p ro v id e  th e  d eg ree  o f  c o n n e c t i v i t y  r e q u i r e d  to  overcome 

th e  c o n s t r a i n t s  imposed by th e  r e q u i r e d  s e t  o f  p o ly n o m ia ls ,  th e n  an e x t r a  

node (o r  more) must be added  (s e e  S e c t io n s  2 .5  and 6 . 5 ) .  Adding o r  

rem oving nodes n e c e s s i t a t e s  th e  a d d i t i o n  o r  removal o f  common f a c t o r s .

In  th e  c a se  t h a t  th e  a d d i t i o n  o f  a  new node i s  n e c e s s a r y ,  th e  problem  

i s  much more d i f f i c u l t  when u s in g  th e  com puter d e s ig n  program . The main 

d i f f i c u l t i e s  a s s o c i a t e d  w i th  node a d d i t i o n  a r e  caused  by th e  number o f  

e x t r a  v a r i a b l e s  which a r e  in t r o d u c e d .  For node a d d i t i o n  th e  fo l lo w in g  

must be c o n s id e re d :

1) To ad ju d g e  t h a t  th e  netw ork  c u r r e n t l y  b e in g  o p t im iz e d  w i l l  n o t  

y i e l d  a  s o l u t i o n  even w i th  e lem en t a d d i t i o n .

2) To d e te rm in e  th e  p o s i t i o n  o f  th e  new node and th e  number, ty p e  

and v a lu e s  o f  th e  e lem en ts  a s s o c i a t e d  w ith  i t .  A new node must 

be th e  i n t e r s e c t i o n  o f  a t  l e a s t  two ne tw ork  e lem en ts  o f  

d i f f e r e n t  ty p e s ,  each co n n ec ted  to  o t h e r  n o d es ,  i f  t h i s  node i s  

to  be e l e c t r i c a l l y  m e a n in g fu l .

3) To d e te rm in e  t h e  v a lu e  o f  th e  c o r re s p o n d in g  common f a c t o r  to  be 

in t r o d u c e d .

23
Di Mambro has d e s c r ib e d  s e v e r a l  s t r a t e g i e s  f o r  node a d d i t i o n  b ased

24upon th e  s p l i t t i n g  o f  some o f  t h e  netw ork  e le m e n ts .  L a te r  Krzeczkowski

su g g e s te d  a n o th e r  two s t r a t e g i e s ,  node a d d i t i o n  by D e l t a - S t a r  t r a n s f o r m a t io n

23 24and node a d d i t i o n  by d u p l i c a t i o n .  The a fo re m e n tio n e d  s t r a t e g i e s  '
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were b a s e d  on th e  p o s s i b i l i t y  o f  f o rm u la t in g  a c lo s e d  form e x p r e s s io n  to  

c a l c u l a t e  t h e  optimum v a lu e  o f  t h e  new common f a c t o r .  T h is  form 

depends on t h e  ty p e  o f  th e  i n d i v id u a l  e r r o r  f u n c t io n  employed. Each 

method o f  fo rm u la t in g  th e  i n d i v i d u a l  e r r o r  f u n c t io n  w i l l  g iv e  a un ique  

e x p r e s s io n ,  i f  one e x i s t s ,  f o r  t h e  optimum v a lu e  o f  th e  new common f a c t o r .  

The d i f f i c u l t y  o c c u rs  when t h e  o p t i m iz a t io n  a lg o r i th m  u s e s  a ty p e  o f  e r r o r  

f u n c t io n  which has  no c lo s e d  form e x p r e s s io n  f o r  th e  optimum v a lu e  o f  th e  

common f a c t o r ,  which was t h e  c a se  in  t h e  a fo re m e n t io n e d  w orks. However, 

th e y  assumed t h e  f e a s i b i l i t y  o f  u s in g  an a l t e r n a t i v e  form o f  th e  

i n d i v i d u a l  e r r o r  f u n c t i o n s ,  which does y i e l d  a c lo s e d  form e x p r e s s io n ,  

p u r e ly  a t  th e  node a d d i t i o n  s t a g e .  Thus one e r r o r  f u n c t io n  was u sed  to

embody th e  d e s ig n  c r i t e r i a  namely

c. Ka.

1 1

and a n o th e r  e r r o r  f u n c t io n  t o  c a l c u l a t e  th e  optimum v a lu e  o f  th e  common 

f a c t o r  namely

f .  = Kc. - a .  . (4 .9 )
1 1 1

The a u th o r  found t h a t ,  i n  p r a c t i c e ,  t h i s  a ssum ption  o f  u s in g  an 

a l t e r n a t i v e  form o f  t h e  i n d i v i d u a l  e r r o r  f u n c t i o n ,  which does y i e l d  a c lo s e d  

form e x p r e s s io n ,  p u r e ly  a t  t o p o l o g i c a l  a l t e r a t i o n ,  i s  n o t  f e a s i b l e  even 

f o r  e lem en t a d d i t i o n .

Example

The ne tw ork  shown i n  F i g . [4 .4 ]  was s e l e c t e d  to  s y n th e s iz e  

e q u a t i o n s (4 .1 0 )  .

Y - Y  -  Cp+20)Cp+1.65)(1197p^+56613.14p^+28368.584p+191.184)
11 22 (p+20)(p+ 1 .65 )(800000p  +408000p+3840)

Y = (P + 2 0 )(p + 1 .6 5 )(3 p ^ - l .1 4 p ^ + 1 9 7 .1 7 6 p + 7 7 .6 1 6 )  I .
“ 12 (p+20)(p+ 1 .65) (800000p +408000p+3840) ^  I ' ^
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^1 " 
Gi = 

Go =

1 , = 8 . 8

6 .4 ,  G  ̂ = 13.82

3. 5x10 , G(^=Gg= 0.0014

G = 1 2 .1 3 ,? !  = 5 .6 6 ,

r_ = = 0 .0 7 ,  = 0 .1 0 5

F ig u re  [4 .4 ]  I n i t i a l  Network to  R e a l iz e  E q u a tio n  (4 .10 )

For th e  e lem en t v a lu e s  shown in  F i g . [ 4 .4 ] ,  th e  o p t i m iz a t io n  a lg o r i th m

re a c h e d  a l o c a l  minimum ( J . ^ =  0 , ^ 0) . At t h i s  p o i n t ,  th e

optimum v a lu e s  o f  a l l  p o s s i b l e  v i r t u a l  e lem en ts  and th e  c o r re s p o n d in g

v a lu e s  o f  F were c a l c u l a t e d .  T ab le  (1] shows th e  r e s u l t s  o b ta in e d  min

f o r  i n d i v id u a l  e r r o r  f u n c t i o n s  g iven  in  e q u a t io n  ( 4 .8 ) .  T ab le  (2) shows 

th e  r e s u l t s  o b ta in e d  when e q u a t io n  (4 .9 )  was employed to  c a l c u l a t e  th e

v a lu e  o f  v i r t u a l  e lem en ts  in  a program  u s in g  e q u a t io n  ( 4 .8 ) .

By com paring T ab les  (1) and (2) we can n o t i c e  t h e  fo l lo w in g :

1) The two d i f f e r e n t  e r r o r  f u n c t i o n s  g iv e  a d i f f e r e n c e  o f  

a p p ro x im a te ly  t h i r t y  f o l d  in  t h e  v a lu e  o f  t h e  o v e r a l l  e r r o r  f u n c t i o n  F

( p r i n t e d  as  FSSQ in  T ab le s  (1) and ( 2 ) ) .

2) For s e v e r a l  e lem en ts  ( e . g .  in d u c ta n c e  between nodes 0 and 4 ) ,  

w h ile  one e r r o r  f u n c t io n  g iv e s  a n e g a t iv e  v a lu e ,  th e  o t h e r  e r r o r  f u n c t io n  

g iv e s  a p o s i t i v e  v a lu e .  S in ce  th e  s t r a t e g y  f o r  e lem en t a d d i t i o n  

ig n o re s  n e g a t iv e  v a lu e d  v i r t u a l  e le m e n ts ,  th u s  t h e  two r e s u l t s  o b ta in e d

i n  T ab les  (1) and (2) a r e  i n c o n s i s t e n t .

I f  th e  te c h n iq u e  d ev e lo p ed  f o r  e lem en t rem ova l,  node rem oval and
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x x x x x x x x x x x x x x x x x x CO(/) 00 cr 00 00 ooOO0̂ 00 00 tr. co OOco0000 oo
lu Lu lu X Lu LU Lu u. Lu Lu Lu LU Lu LU Lu Lu Lu LU X Ix. II. X X X ü X U. X X X X X X X X X

lU
X
LU_J
LU

=)
(/3
CO>-
c
z:
<

■TT^ rv ic in iD VO »c o  o  TT OH o  -.o o  
s 3 s s s - a s s i 3 3 ' a s ' 3 ' s s > 3 ' s s  t r i r t i r i i f f i i t i t t r
A i.U -U  vJJ-ULü a i  JL tvxJuJ-U uJ-U  a i  j J L ü . j J a J  
o(\if^cvo)^s^\.
If)"̂  V 3"OfOCO s  ’SX>0»'̂ fN.CM
W:SO^^(\IOH^GH s  SCVivCmaOrncO 
ox> 30 o ̂ -o OH o  CMX-004 o  »  5> OH 

vo lO .o ro rv rs. OH vo s  s  "O o>-c to o  
rvi rv " O - o  C\J OJ ;0  vD O O ^  rx 
WCMOvrOrOLOiOrOrOf'̂ 'smO.OOvLOOH -OiTO-O 3S3f\»OJ’s.'N.iOr>r)rN.X5'̂ r>HT
lOtn vc cv HT TT s  sm"0 'or>*.*0 'o CONOCO 

«O» CO 3  ■a CMCM'O *0 rv rs. ««s. HT r>-acO —• 
•■<• »»OP̂  rOPO 30 00 oo ■ « » < »
cvicvrococvcNj■ r o » î »
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e lem en t a d d i t i o n  f a i l  to  make any f u r t h e r  improvement in  th e  to p o lo g y  

under  c o n s id e r a t io n ,  a new node may be added  i f  anyone o f  th e  fo l lo w in g  

c o n d i t io n s  i s  f u l f i l l e d :

1) The program  removes an e lem en t which has j u s t  been added in

th e  p re v io u s  s ta g e  o f  t o p o l o g i c a l  m o d i f i c a t io n  and i t  i s  r e p e a te d  f o r  a l l

v i r t u a l  e lem en ts  w ith  p o s i t i v e  optimum v a l u e s .

2) A l l  th e  p o s s i b l e  v i r t u a l  e lem en ts  have a n e g a t iv e  optimum v a lu e .

3) The a d d i t i o n  o f  a l l  th e  p o s s i b l e  v i r t u a l  e le m e n ts ,  one a t  a

t im e ,  w i l l  f a i l  t o  make any f u r t h e r  r e d u c t io n  in  th e  v a lu e  o f  t h e  e r r o r  

f u n c t io n  F .

4) The a d d i t i o n  o f  a new e lem en t w i l l  c o n tra v en e  th e  c o n s t r a i n t s  

imposed by th e  r e q u i r e d  netw ork  p o ly n o m ia ls  on th e  r e q u i r e d  netw ork  ( e .g .  

com pactness ,  symmetry, e t c . ) .

24
The s t r a t e g y  su g g e s te d  by Krzeczkowski f o r  node a d d i t i o n  by d e l t a -  

s t a r  t r a n s f o r m a t io n  was d eve loped  and employed by th e  a u th o r .  In  case  

any o f  th e  a fo rem en tio n ed  c o n d i t io n s  i s  f u l f i l l e d ,  a new node i s  added 

as  fo l lo w s ,  see  F i g . [ 4 .5 ] .

1) Check i f  any o f  th e  c o n d i t io n s  f o r  node a d d i t i o n  i s  f u l f i l l e d .

2) In t h e  network u nder  c o n s i d e r a t i o n ,  s e a rc h  f o r  a l l  th e  t h r e e  

e lem en ts  o f  th e  same ty p e  in  th e  ne tw ork ,  connec ted  in  th e  form o f  a 

d e l t a  as  shown in  F i g . [ 4 . 6 a ] .

3) I f  t h e r e  a r e  more th a n  one group o f  t h r e e  e lem en ts  con n ec ted  in  th e  

form o f  d e l t a ,  s e l e c t  th e  d e l t a  c o n n e c t io n  whose nodes a r e  connec ted  to

more e lem en ts  w i th  o th e r  nodes .

4) Using a s ta n d a rd  t r a n s f o r m a t io n ^ ,  th e  e lem en ts  o f  th e  d e l t a  

netw ork can be  r e p la c e d  by th e  s t a r  netw ork o f  F i g . [ 4 . 6 b ] .  The



S o lu t io n

no

^ o n d i t i (^  
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a d d i t i o n

no O ther  c r i t e r i a
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S t a r t i n g
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O p t im iz a t io n

S earch  f o r  
D e lta  

c o n n e c t io n

D e l t a - S t a r  t r a n s f n .  and 

add a new elem ent

A l t e r  th e  o r d e r  o f  th e  

r e q u i r e d  p o ly n s .

F ig u re  [4 .5 ]  Block diagram  f o r  Node A d d it io n



(a)

S .0
S ta r
( h )

X = X^Xz+X^Xg+X^Xi

x /x

x /x

x/x,

I

F ig u re  [4 .6 ]  The D e l ta -S ta r  T ra n s fo rm a tio n
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e q u i v a le n t  v a lu e s  a r e  f u n c t io n s  o f  th e  o ld  v a lu e s  as  shown.

5) Add a new e lem ent o f  a ty p e  d i f f e r e n t  from t h a t  o f  th e  d e l t a  

netw ork to  th e  new node; th e  v a lu e  o f  th e  new elem ent i s  s e t  eq u a l  to  

((x^+X|^+x^)/3) (s e e  F ig .  [ 4 . 6 ] ) .

Thus, by th e  d e l t a - s t a r  t r a n s f o r m a t io n  and th e  a d d i t i o n  o f  a new 

e lem en t ,  a new common f a c t o r  o f  th e  form (p+1 ) (o r  (p^+p)) i s  added 

to  a l l  f o u r  p r i n c i p a l  p o ly n o m ia ls .

6 ) Modify th e  o r d e r  o f  t h e  r e q u i r e d  s e t  o f  po lynom ia ls  a c c o r d in g ly .  

R e tu rn  to  s t e p  2) .

7) Vary th e  v a lu e s  o f  th e  common f a c t o r  and th e  netw ork  e le m e n ts ,  

a l t e r  th e  to p o lo g y  i f  n e c e s s a r y ,  u n t i l  a s o l u t i o n  i s  f i n a l l y  a c h ie v e d .

An example f o r  th e  s y n th e s i s  o f  RLC netw ork  em ploying node a d d i t i o n  

i s  g iven  in  C hap te r  7.

4 .7 .  Common F a c to r  A djustm ent

4 . 7 . 1 .  I n t r o d u c t io n

In S e c t io n  2 .5  th e  s i g n i f i c a n c e  o f  common f a c t o r s  in  th e  s y n th e s i s  

o f  e l e c t r i c a l  netw ork u s in g  th e  c o e f f i c i e n t  m atching  te c h n iq u e  was 

p o in t e d  o u t .  In  S e c t io n  4 .5  i t  was shown t h a t  th e  removal o f  an e x t r a  

node n e c e s s i t a t e s  th e  removal o f  a re d u n d a n t  common f a c t o r .  In  S e c t io n  

4 .6  i t  was s t a t e d  t h a t  th e  a d d i t i o n  o f  an e x t r a  node n e c e s s i t a t e s  th e  

i n t r o d u c t i o n  o f  an e x t r a  common f a c t o r .  F u r th e r ,  i n  some examples o f  

RLC ne tw orks ,  th e  a d d i t i o n  o f  an e lem en t may r e q u i r e  th e  i n t r o d u c t i o n  o f  

a new common f a c t o r .  In  g e n e r a l ,  i f  a s o l u t i o n  i s  n o t  known f o r  a g iven  

s e t  o f  s h o r t - c i r c u i t  a d m it ta n c e  f u n c t io n s  th e n ,  n e i t h e r  th e o ry  n o r  p re v io u s  

e x p e r ie n c e  w i l l  h e lp  th e  d e s ig n e r  in  d e te rm in in g  b e fo re h a n d  th e  number o f  

common f a c t o r s  and th e  a s s o c i a t e d  number o f  e x t r a  nodes , n e c e s s a r y  to
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a c h ie v e  a r e a l i z a t i o n .  F u r th e r ,  t h e r e  i s  no way o f  p r e d i c t i n g  th e

f i n a l  v a lu e s  to  be ta k e n  by th e  common f a c t o r s  when a s o l u t i o n  i s  a c h ie v e d .

Thus in  a g e n e ra l  netw ork d e s ig n  program  cap a b le  o f  a l t e r i n g  th e  number

o f  nodes o f  a g iven  ne tw ork ,  such as  th e  program employed in  t h e  p r e s e n t

work, f a c i l i t i e s  must e x i s t  f o r  rem oving, add ing  and changing  th e  v a lu e s

o f  common f a c t o r s .  In  S e c t io n  4 .5  th e  a u th o r  d e s c r ib e d  th e  s t r a t e g y  adop ted

to  e v a lu a te  and remove a common f a c t o r  when removing an ex cess  node. In

S e c t io n  4 .6  th e  s t r a t e g y  ad o p ted  to  in t r o d u c e  an e x t r a  common f a c t o r  and i t s

s t a r t i n g  v a lu e  when add ing  an e x t r a  node was d e s c r ib e d .  In t h i s  S e c t io n ,

t h e  a u th o r  d e s c r ib e s  th e  s t r a t e g i e s  deve loped  f o r  m odify ing  th e  v a lu e s  o f  
common f a c t o r s .  ^4

Krzeczkowski in t ro d u c e d  s e v e r a l  s t r a t e g i e s  f o r  a d j u s t i n g  th e  v a lu e

o f  one common f a c t o r .  These s t r a t e g i e s  were deve loped  f o r  3 - te rm in a l  

RC netw orks  w i th  a f ix e d  number o f  n o d es .  The s t r a t e g i e s  deve loped  by 

th e  a u th o r  a r e  f o r  3 - t e rm in a l  tw o-e lem en t k in d  and th r e e - e le m e n t  k in d  

n e tw o rk s .  Hence th e  a d ju s tm e n t  o f  up to  t h r e e  common f a c t o r s  i s

c o n s id e re d .  F u r th e r ,  th e  common f a c t o r  c o n s id e re d  in  r e f e r e n c e  24 was

o f  th e  form (p+a) . In  th e  p r e s e n t  work t h r e e  d i f f e r e n t  forms o f  common 

f a c t o r s  a re  c o n s id e re d .

4 . 7 . 2 .  Common F a c to r  A djus tm en t u s in g  th e  O p t im iz a t io n  A lgorithm

As shown in  S e c t io n  2 .5 ,  th e  i n t r o d u c t i o n  o f  a common f a c t o r  o f  th e  

form (p+a) to  th e  s e t  o f  fo u r  p r i n c i p a l  po ly n o m ia ls  o f  th e  form g iven  in  

e q u a t io n  (2 .19 ) w i l l  p roduce  th e  fo l lo w in g :

1) An in c r e a s e  in  th e  number o f  th e  n o n -z e ro  c o e f f i c i e n t s  by f o u r .

2) An a l t e r a t i o n  to  th e  v a lu e s  o f  t h e  c o e f f i c i e n t s .

In  t h i s  c a s e ,  th e  C onjugate  G rad ien t /G au ss  Newton o p t im iz a t io n  a lg o r i th m  

w i l l  a d j u s t  th e  network e lem ent v a lu e s  x^., j = l , . . .  ,n  so t h a t  th e  o v e r a l l  

e r r o r  fu n c t io n  F i s  m inim ized.
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Then

and K =

m+4  _ c. Kb.

^ = I  / i  > =
1=1 1 1

rm+4 c.  ̂ m+4 b .  ̂ -1̂

I  (b^) /  I  ( f )
Li=i 1 i= i

(4 .11)

where b . = a .  , + a a .  .
1 1-1  1

The d e r i v a t i v e s  o f  th e  i n d i v i d u a l  e r r o r  f u n c t i o n  f^  w ith  r e s p e c t  to  a 

a r e  d i r e c t l y  a v a i l a b l e .

Then

3 f . c . a .  Ka.

K. D . 1
1

In g e n e r a l ,  th e  o p t im iz a t io n  a lg o r i th m  a d o p ted  in  th e  p r e s e n t  work, which 

was d i s c u s s e d  in  S e c t io n  3 .4 ,  r e q u i r e s  th e  v a lu e s  o f  th e  e r r o r  f u n c t io n s  

f^  and t h e i r  f i r s t  d e r i v a t i v e s  w i th  r e s p e c t  to  a l l  th e  v a r i a b l e s  in  o r d e r  

to  f in d  a g lo b a l  minimum. I f  a common f a c t o r  (p+a) i s  to  be

in c lu d e d  o f  unknown v a lu e  a i t  can be c o n s id e re d  as  an e x t r a  v a r i a b l e .  

The v a lu e s  o f  th e  network e lem en ts  and a a t  a s o l u t i o n  can be o b ta in e d  

as f o l lo w s ;

1) S t a r t  w ith  an e s t im a te  f o r  th e  v a lu e s  o f  x  and a .

2) From th e  r e q u i r e d  c o e f f i c i e n t s  a ^ , i = l , . . . , m  c a l c u l a t e  b ^ , i = l ,  

. . . ,m + 4  .

3) C a lc u la t e  c ^ , i = l , . . . , m + 4  .

4) C a l c u la t e  f^  . E v a lu a te  K and F . I f  F /  0 th e n ,

5) C a l c u la t e  9f^/3Xj ^ d  3 f^ /3a  where i = l , . . . , m + 4  and 

j = l , . . . ,n  .



79

6 ) Perform  a C on juga te  G ra d ie n t  o r  Gauss Newton i t e r a t i o n  to  

o b ta in  th e  c o r r e c t i o n  f o r  21 &nd a .

7) Update 21 a . R etu rn  to  s t e p  2) .

I f  o t h e r  forms o f  th e  common f a c t o r  a r e  r e q u i r e d  such as  (p^+ap+3)

( q u a d r a t i c  common f a c t o r )  o r  (p^+2pcos9+p^) (c o n ju g a te  complex p a i r )  ,

th en  in  t h i s  case  b. = a .  + a a .  + 3 a .  . F u r th e r  i f  s e v e r a l  common
1 1-2  1-1  1

f a c t o r s  o f  unknown v a lu e s  a r e  r e q u i r e d ,  th e n  th e y  can be a d j u s t e d  in  th e  

o p t im iz a t io n  r o u t i n e  in  th e  same way as  a .

From th e  e x p e r ie n c e  g a in ed  by s o lv in g  s e v e r a l  exam ples , th e  a f o r e 

m entioned  s t r a t e g y  was found to  be e f f i c i e n t  o n ly  i f  th e  s t a r t i n g  network 

was composed o f  th e  number o f  nodes r e q u i r e d  to  y i e l d  a s o l u t i o n .

However, i f  th e  a d d i t i o n  o f  an e x t r a  node i s  n e c e s s a r y ,  t h i s  method might 

le a d  to  i n s t a b i l i t y  in  th e  o p t i m iz a t io n  a lg o r i th m .  The r e a s o n  f o r  t h i s  

i s  t h a t  th e  o p t im iz a t io n  a lg o r i th m  i s  v e ry  s e n s i t i v e  to  th e  o r d e r  o f  th e  

r e q u i r e d  p o ly n o m ia ls  and th e  v a lu e s  o f  t h e i r  c o e f f i c i e n t s .  During 

o p t i m iz a t io n ,  th e  v a lu e s  o f  th e  netw ork  e lem en ts  and th e  common f a c t o r s  

a r e  a d j u s t e d  a c c o rd in g  to  th e  t a c t i c a l  in fo rm a t io n  a v a i l a b l e  a t  th e  t im e .  

This in fo rm a t io n  w i l l  o f t e n  le a d  to  a l o c a l  minimum w i th in  th e  e r r o r  space  

o f  th e  c u r r e n t  number o f  nodes .  The common f a c t o r s  w i l l  s t a r t  hav ing  

l a rg e  c o r r e c t i o n s  which m igh t le a d  to  ex trem e v a lu e s  f o r  th e  common f a c t o r s  

In th e  meantime, th e  r e d u c t io n  in  th e  v a lu e  o f  th e  e r r o r  f u n c t io n  F i s  

v e ry  s m a l l .  However, t h i s  d i f f i c u l t y  can be overcome by em ploying th e  

s t r a t e g y  d e s c r ib e d  in  th e  n e x t  s e c t i o n .

4 . 7 . J .  A djustm ent o f  Common F a c to r  by L in e a r  Search  and O p t im iz a t io n

In o r d e r  to  overcome th e  d i f f i c u l t i e s  d e s c r ib e d  in  th e  p re v io u s  

s e c t i o n  a new s t r a t e g y  f o r  a d j u s t i n g  th e  v a lu e  o f  th e  common f a c t o r s  i s  

deve loped . While m odify ing  th e  v a lu e s  o f  th e  netw ork e le m e n ts .
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K and k common f a c t o r s  s a y ,  i f  a s ta g e  i s  r eac h ed

such t h a t  :

_i+
1) The v a lu e  o f  th e  e r r o r  fu n c t io n  F ^ 10

2) The r e d u c t io n  i n  th e  v a lu e  o f  t h e  e r r o r  f u n c t io n  i s  v e ry  sm all  

( e . g .  0 . 1 %).

3) The maximum a b s o lu t e  c o r r e c t i o n  c o r re s p o n d in g  to  th e  v a lu e s  o f

th e  netw ork  e lem en ts  i s  < 0 . 1 % .

4) Some o f  th e  common f a c t o r s  a r e  a s s o c i a t e d  w ith  a l a r g e  p o s i t i v e  

c o r r e c t i o n  ( 1 0 % say) w h ile  th e  r e s t  a r e  a s s o c i a t e d  w ith  a 

l a r g e  n e g a t iv e  c o r r e c t i o n .

Then th e  fo l lo w in g  s t r a t e g y  i s  to  be u sed  i n s t e a d  o f  t h a t  d e s c r ib e d  b e f o r e ,
- 6

u n t i l  th e  v a lu e  o f  th e  e r r o r  f u n c t io n  F i s  red u ce d  below 10

1) R ese t  th e  v a lu e s  o f  th e  c u r r e n t  e lem en ts  and common f a c t o r s  to  

t h e i r  v a lu e s  in  th e  l a s t  C onjuga te  G ra d ie n t  i t e r a t i o n .

2) C a lc u la te  c \ , i = l , . . . , m + 4 k  .

3) C a l c u la t e  b u , i = l , . . . , m + 4 k  .

_6
4) C a lc u la te  f^  . E v a lu a te  K and F . I f  F > 10 c o n t in u e

5) Modify o n ly  th e  v a lu e  o f  th e  l a r g e s t  common f a c t o r  by 10% o f  

i t s  c u r r e n t  v a lu e  w h ile  keep in g  th e  v a lu e s  o f  th e  r e s t  o f  th e  

common f a c t o r s  f ix e d .

6 ) Apply a l i n e a r  s e a rc h  to  th e  v a lu e s  o f  a l l  th e  common f a c t o r s  to  

f in d  an optimum v a lu e  f o r  F .

7) Keep the values obtained from step 6) for the k common factors 

fixed, evaluate 9f\/3Xj,i=l,...,m+4k and j=l,...,n .
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8 } Perform  f i v e  Gauss Newton i t e r a t i o n s .  I f  th e  r a t e  o f

convergence o f  F im proved by more th a n  0.5% , th e n  c o n t in u e  

in  Gauss Newton a lg o r i th m .

9) I f  n o t ,  r e t u r n  to  s t e p  5) . Repeat s t e p s  6 ) to  8 ) .

Each tim e  h a lv e  th e  amount o f  c o r r e c t i o n  Ce.g. 5%, 2.5% . . . }  , 

I f  no improvement th e n ,

10) Repeat s t e p s  5) to  8 ) by s e l e c t i n g  t h e  second l a r g e s t  common 

f a c t o r .  R e tu rn  to  s t e p  2) .

- 6
11) I f  F < 10 th e n  use  th e  s t r a t e g y  d e s c r ib e d  in  th e  p re v io u s  

s e c t i o n  u n t i l  a f i n a l  s o l u t i o n  i s  a c h ie v e d .

4 . 8 .  Summary

In t h i s  c h a p te r  th e  theme has  been  th e  development o f  te c h n iq u e s  to  

m odify th e  s t a r t i n g  ne tw ork .  T h is  has  been  s u c c e s s f u l l y  a c h ie v e d  by 

d ev e lo p in g  th e  fo l lo w in g  c r i t e r i a :

1) C r i t e r i a  f o r  chang ing  th e  to p o lo g y  by e lem en t rem oval.

2) C r i t e r i a  f o r  chang ing  th e  to p o lo g y  by e lem en t a d d i t i o n .

3) C r i t e r i a  f o r  changing  t h e  to p o lo g y  by node rem oval,  and

a l t e r i n g  th e  o r d e r  o f  th e  r e q u i r e d  netw ork  p o ly n o m ia ls  by

removing th e  c o r re s p o n d in g  e x c e ss  common f a c t o r .

4) C r i t e r i a  f o r  changing  t h e  to p o lo g y  by node a d d i t i o n ,  and

a l t e r i n g  th e  o r d e r  o f  th e  r e q u i r e d  netw ork  p o ly n o m ia ls  by

in t r o d u c in g  e x t r a  common f a c t o r s .

5) I n c r e a s in g  th e  range  o f  f e a s i b l e  s o l u t i o n s  by common f a c t o r s  

v a r i a t i o n .
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A lthough th e  p r e s e n t  te c h n iq u e s  overcome th e  l i m i t a t i o n s  o f  th e  

p re v io u s  w o rk s^ ^ '^ ^ ,  th e  e f f i c i e n c y  and power o f  th e  p r e s e n t  te c h n iq u e s  

cou ld  be improved by f u r t h e r  i n v e s t i g a t i o n s  and p a r t i c u l a r l y  in  th e  

fo l lo w in g  a r e a s ;

1) T o p o lo g ic a l  m o d i f i c a t io n s  by ad d in g  and removing e lem en ts  

s im u l ta n e o u s ly .

2) T o p o lo g ic a l  m o d i f i c a t io n s  by ad d in g  and removing nodes 

s im u l ta n e o u s ly .

3) D eveloping  more e f f i c i e n t  s t r a t e g i e s  f o r  a d j u s t i n g  th e  v a lu e s  

o f  t h e  common f a c t o r s .

4) The p r e s e n t  te c h n iq u e  can be g r e a t l y  enhanced by f u r t h e r  

i n v e s t i g a t i o n  in  th e  concep t o f  th e  degree  o f  c o n n e c t iv i ty .
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CHAPTER 5

COMPUTER PROGRAMS FOR AUTOMATED NETIVORK DESIGN 

5 .1  I n t r o d u c t io n

In th e  p re v io u s  two c h a p te r s  th e  concep t o f  au tom ated  netw ork d es ig n  

u s in g  th e  c o e f f i c i e n t  m a tch ing  te c h n iq u e  has  been d e s c r ib e d .  Programs 

u s in g  t h i s  concep t a r e  cap a b le  o f :

1) O p tim iz ing  an o v e r a l l  e r r o r  f u n c t io n  F to  o b t a i n ,  f o r  a 

p a r t i c u l a r  to p o lo g y ,  th e  netw ork  e lem en t v a lu e s  which y i e l d  

th e  r e q u i r e d  s e t  o f  netw ork p o ly n o m ia ls .

2) M odifying th e  c u r r e n t  ne tw ork  to p o lo g y  by elem en t rem oval.

3) M odifying th e  c u r r e n t  netw ork  to p o lo g y  by elem ent a d d i t i o n .

4) M odifying th e  c u r r e n t  netw ork to p o lo g y  by node rem oval.

5) M odifying th e  c u r r e n t  netw ork  to p o lo g y  by node a d d i t i o n .

6 ) A l t e r i n g  th e  o r d e r  o f  th e  r e q u i r e d  netw ork  p o ly n o m ia ls  by 

removing ex cess  common f a c t o r s .

7) A l t e r i n g  th e  o r d e r  o f  th e  r e q u i r e d  netw ork  p o ly n o m ia ls  by 

in t r o d u c in g  e x t r a  common f a c t o r s .

8 ) E n la rg in g  th e  f i e l d  o f  p o s s i b l e  r e a l i z a t i o n s  by a d j u s t i n g  th e  

v a lu e s  o f  up to  t h r e e  common f a c t o r s  s im u l ta n e o u s ly .

The p ro c e s s  o f  d e v e lo p in g  an au tom ated  netw ork d e s ig n  p rogram , u s in g  

th e  c o e f f i c i e n t  m atching  t e c h n iq u e ,  has been under  c o n s id e r a t io n  a t  

L e i c e s t e r  U n iv e r s i t y  s in c e  1969. D uring  t h i s  p e r io d ,  s e v e r a l  programs 

f o r  th e  s y n th e s i s  o f  lumped, l i n e a r  3 - te rm in a l  RC netw orks  were
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22 23 24 54d eve loped  ' '  . The language  employed in  th e s e  program s was

ALGOL 60 and most o f  th e  work was p e rfo rm e d  on an ICL(ELLIOTT) 4130 

com puter .

For r e a s o n s  o f  machine a v a i l a b i l i t y ,  h ig h e r  a c c u ra c y  and sp e e d ,  a 

FORTRAN IV program  was d e v e lo p ed  by th e  a u t h o r .  ‘ During th e  p e r io d  o f  t h i s  

r e s e a r c h ,  th e  e a r l y  developm ent work was p e r fo rm e d  on th e  ICLCELLIOTT) 4130 

com puter .  L a t e r  an ICL 1906A com puter was u s e d .  F i n a l l y  much o f  th e  

com pu ta tion  i n  th e  p r e s e n t  work was p e rfo rm e d  on th e  CDC Cyber 72 and 

GDC 7600 com pu ters .  In  g e n e r a l ,  th e  American com puters do n o t  s u p p o r t  

e f f i c i e n t  A lgo l c o m p i le r s .  F u r t h e r ,  FORTRAN IV i s  a more u n iv e r s a l  

language  and F o r t r a n  program s a r e  o f t e n  f a s t e r  and more a c c u r a t e .

Because o f  b a s i c  d i f f e r e n c e s  betw een th e  F o r t r a n  and A lgo l la n g u a g e s ,  

and to  a v o id  any d u p l i c a t i o n  i n  w ork, t h e  f i r s t  v e r s io n  o f  th e  F o r t r a n  

program  was deve loped  from th e  flow  diagram  r e p r e s e n t a t i o n  o f  th e  A lgo l 

v e r s io n  which was a v ^ l a b l e  a t  t h a t  t im e .

In  t h i s  c h a p t e r ,  t h e  a u th o r  d e s c r i b e s  how th e  te c h n iq u e s  d eve loped  in  

C hap te rs  3 and 4 were im plem ented in  one F o r t r a n  IV program  f o r  th e  

s y n th e s i s  o f  lu m p e d , l in e a r  3 - t e r m in a l  two e le m e n t -k in d  and t h r e e  e le m e n t-  

k in d  n e tw o rk s .  F u r th e r  a com parison  w i th  th e  p r e v io u s l y  d ev e lo p ed  A lgo l 

p rogram  i s  g iv e n .

5 .2 .  B as ic  D i f f e r e n c e s  betw een th e  A lgo l and F o r t r a n  Languages

The f a c i l i t i e s  p ro v id e d  by any programming language  w i l l  impose c e r t a i n  

c o n s t r a i n t s  on th e  way i t  i s  u s e d .  The fo l lo w in g  a r e  th e  b a s i c  d i f f e r e n c e s  

betw een th e  A lgo l and F o r t r a n  la n g u a g e s .

1) A rrays  :

a) In  A lgol p rogram s:

i )  The a r r a y  s u b s c r i p t s  may be n e g a t i v e ,  ze ro  o r  p o s i t i v e .

i i )  The le n g th  o f  a r r a y s  and hence o f  dependent
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r o u t i n e s  can be  changed d u r in g  th e  ru n n in g  o f  th e  

program  i . e .  A lgo l p r o v id e s  th e  f a c i l i t y  o f  

dynamic a r r a y s .

i i i )  A p a r t i c u l a r  a r r a y  i s  l i m i t e d  to  th e  b lo c k  where i t  

has  been  d e c l a r e d .

b) In  F o r t r a n  p rogram s :

i )  The a r r a y  s u b s c r i p t s  must be p o s i t i v e .

i i )  The l e n g th  o f  a r r a y s  i s  d e f in e d  on th e  b a s i s  o f  th e  

l a r g e s t  d im ension  which may be  r e q u i r e d .  Thus i f  

l e s s  th a n  t h i s  l a r g e s t  d im ension  i s  u se d ,  th e  e x c e ss  

s t o r e  r e q u i r e d  i s  w a s te d .

i i i )  A p a r t i c u l a r  a r r a y  i s  n o rm a l ly  a v a i l a b l e  in  o n ly  one 

segment o f  th e  p rogram .

2) DO Loops and FOR S ta te m e n ts  :

a) In A lgo l program s th e  i n i t i a l  p a ra m e te rs  o f  FOR s ta t e m e n t

may be  n e g a t i v e ,  z e ro  o r  p o s i t i v e .

b) In  F o r t r a n  program s th e  i n i t i a l  p a ra m e te r s  o f  DO loops

must be p o s i t i v e .

3) Subprograms :

a) In  A lgo l p rogram s:

i )  The subprogram s a r e  known as  P ro c e d u re s .

i i )  The f a c i l i t y  o f  u s in g  r e c u r s i v e  p ro c e d u re s  e x i s t s .

i i i )  The p a ra m e te rs  in  a p ro c e d u re  may be c a l l e d  by name o r  

by v a lu e .
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iv )  Blocks can be n e s t e d  w i th in  b lo c k s  to  any d ep th  and 

d e c l a r a t i o n s  o f  p ro c e d u re s  can be made a t  th e  head 

o f  any b lo c k .  A p ro c e d u re  can o f  co u rse  be c a l l e d  

o n ly  w i th in  th e  b lo c k  in  which i t  i s  d e c l a r e d .

v) P ro ced u re s  can a s s ig n  v a lu e s  to  v a r i a b l e s  which a r e  

d e c l a r e d  o u t s id e  t h a t  p ro c e d u re ,  a t  some h ig h e r  l e v e l ,  

and which have n o t  been  e x p l i c i t l y  d e c l a r e d  as  p ro c e d u re  

p a r a m e te r s .

b) In  F o r t r a n  p rogram s:

i )  The subprogram s a r e  known a s  S u b ro u t in e s .

i i )  A s u b r o u t in e  ; can o n ly  be c a l l e d  by name.

i i i )  F o r t r a n  has  no b lo c k  s t r u c t u r e  as  has  A lg o l .  Thus, 

s u b r o u t in e s  a r e  d e c l a r e d  l i n e a r l y  and canno t be  n e s te d  

one w i th i n  a n o th e r .  C a l l s  on s u b r o u t in e s  can be made 

from e i t h e r  th e  main program  o r  any o t h e r  s u b r o u t in e  

e x c e p t  t h a t  a s u b r o u t in e  canno t c a l l  i t s e l f  n o r  can two 

s u b r o u t in e s  c a l l  one a n o t h e r  m u tu a l ly .

iv )  In F o r t r a n ,  i t  i s  c o n v e n t io n a l  to  d e c l a r e  th e  main 

program  as  th e  f i r s t  b lo c k  and th e n  th e r e  i s  no 

r e s t r i c t i o n  on th e  o r d e r  o f  th e  s u b se q u en t  s u b r o u t in e s .  

However, w ith  some F o r t r a n  c o m p i le r s ,  th e  s u b r o u t in e s  and 

th e  main program can be  d e c l a r e d  in  any o r d e r .

v) fl S u b ro u t in e  can a s s ig n  v a lu e s  to  v a r i a b l e s  o u t s i d e  i t s

b o u n d a r ie s  o n ly  th ro u g h  i t s  p a ra m e te rs  and 'common b lo c k s '
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5 .3 .  The Main F e a tu re s  o f  th e  P r e v io u s ly  D eveloped A lgol Program

5 . 3 . 1 .  Programming

The A lgo l p ro g ram ^ ^ '^ ^  made g r e a t  u se  o f  th e  f a c i l i t y  o f  d e c l a r i n g  

p ro c e d u re s  w i th in  th e  i n n e r  members o f  n e s t e d  b lo c k s .  F u r th e r  a l l  th e  

a r r a y s  were dynamic a r r a y s .  Both f a c i l i t i e s  a r e  n o t  a l lo w a b le  in  

F o r t r a n  and meant t h a t  th e  p r e p a r a t i o n  o f  an e q u i v a l e n t  F o r t r a n  v e r s io n  

o f  t h e  A lgo l program  was a f a r  from s t r a i g h t f o r w a r d  m a t t e r .

5 . 3 . 2 .  Type o f  Networks

The program  was u sed  f o r  th e  s y n t h e s i s  o f  lumped, l i n e a r  3 - te r m in a l  

RC ne tw orks  w i th  a f i x e d  number o f  n o d es .

5 . 3 . 3 .  The E r r o r  F u n c t io n s

The in d i v i d u a l  e r r o r  f u n c t io n s  f^  were o b ta in e d  from

c.
f i  = -  1 , i = l , . . . , m  (5 .1 )

m c. 2 m e .  
and K = I  /  I  i ^ )

i = l  i= i

m
The o v e r a l l  e r r o r  f u n c t io n  was F = ^ f.^ . A r e a l i z a t i o n  was a c c e p te d

i= l  ^
when th e  v a lu e  f o r  th e  o v e r a l l  e r r o r  f u n c t i o n  F < 10 was o b ta in e d .

5 . 3 . 4 .  The O p t im iz a t io n  A lgo ri thm

The o p t i m iz a t io n  a lg o r i th m  employed was th e  j o i n t  C onjuga te  G r a d ie n t /  

Gauss Newton a lg o r i th m  i . e .  th e  same a lg o r i th m  as  t h a t  d e s c r ib e d  in  S e c t io n

3 .4  o f  t h i s  t h e s i s .
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5 , 3 . 5 .  T o p o lo g ic a l  M o d i f ic a t io n s

T echniques  f o r  removing o r  ad d in g  e le m e n ts  were d ev e lo p ed .  One 

c o n s t r a i n t  was t h a t  th e  o r d e r  o f  th e  r e q u i r e d  netw ork  p o ly n o m ia ls  be 

unchanged d u r in g  th e  t o p o l o g i c a l  m o d i f i c a t io n .  In  b r i e f

i )  An e lem en t was removed i f  i t s  v a lu e  w ith  r e s p e c t  to  th e  o t h e r  

e lem en ts  was to o  sm all  o r  i t  had  been  a s s o c i a t e d  w ith  an i n c r e a s i n g l y  

n e g a t iv e  c o r r e c t i o n .

2
i i )  An e lem en t was added  w henever | | ( J ^ J )  ^ J ^ f | |  < 10  ̂ and

F > 10  ̂ o r  i f  t h e  o p t i m iz a t io n  a lg o r i th m  re a c h e d  a p l a t e a u .  A ll  

p o s s i b l e  v i r t u a l  e lem en ts  were a n a ly s e d .  The e lem en t chosen was th e

one w i th  t h e  l a r g e s t  p o s i t i v e  v a lu e  g iv e n  by th e  e q u a t io n
2m c. m c .c .  m c . m c.

I  —  I  -  I  ~  I  (— ]
i = l  ^ i  i = l  * i * i  i = l  ^ i  i = l  ^ i
"m c? iii c . c '  in cl iii cT
I  —  Ï  -  I  —  I  (— ]

i = l  i = i  i = i  i = i

J- -L 1 i 1 1=1 1 r c  OAy ■" ^  ^ -m ^ vrk n* 2 ) (5 .2 )

where cT and y a r e  as  d e s c r ib e d  in  S e c t io n  4 . 5 .

5 . 3 . 6 .  Common F a c to r s

Only one common f a c t o r  o f  t h e  form (p+a) co u ld  be c o n s id e re d  a t  

any one t im e .  The common f a c t o r  cou ld  be  f i x e d  o r  v a r i a b l e .  The 

v a lu e  o f  th e  common f a c t o r  was a d j u s t e d ,  when n e c e s s a r y ,  by th e  g lo b a l  

o p t i m iz a t io n  a lg o r i th m .  , In  t h i s  case  th e  common f a c t o r  was c o n s id e r e d  

as  i f  i t  was an e x t r a  e lem en t .

5 . 3 . 7 .  How th e  Program was Used

In o rd e r  to  u se  t h i s  p rogram , th e  i n i t i a l  to p o lo g y  was s u g g e s te d  by 

th e  d e s ig n e r .  Once th e  d e s ig n e r  had s p e c i f i e d :
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i )  th e  r e q u i r e d  s e t  o f  p o ly n o m ia ls  to  be r e a l i z e d ,

i i )  an i n i t i a l  to p o lo g y  ,o f  p r o p e r  c o n f ig u r a t io n  and com p lex ity  

y i e l d i n g  p o ly n o m ia ls  o f  th e  c o r r e c t  o r d e r ,

i i i )  an i n i t i a l  v a lu e  f o r  th e  ne tw ork  e le m e n ts ,

iv )  an i n i t i a l  v a lu e  f o r  th e  common f a c t o r ,  when r e q u i r e d ,  and

v) w h e th e r  th e  common f a c t o r  was f i x e d  o r  v a r i a b l e ,

th e n  no f u r t h e r  d e s ig n e r  i n t e r a c t i o n  w ith  th e  program  was p o s s i b l e .

The to p o lo g y  was ev o lv ed  u n t i l  e i t h e r

i )  a f e a s i b l e  s o l u t i o n  was o b ta in e d

o r  i i )  a t im e  l i m i t a t i o n  was exceeded .

In  th e  l a t t e r  c a s e ,  t h e  s y n t h e s i s  te c h n iq u e  was c o n s id e re d  to  be 

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

5 . 4 .  The L i m i t a t i o n s  o f  th e  A lgo l Program

W ith in  th e  scope o f  lumped, l i n e a r  3 - t e r m in a l  RC netw orks  th e  A lgo l 

p rogram  p roved  to  be m o d e ra te ly  s u c c e s s f u l ^ ^ '^ ^ '^ ^ '^ ^ .  However, th e  

program  had th e  fo l lo w in g  l i m i t a t i o n s :

1) The program  had  no f a c i l i t i e s  f o r  th e  a d d i t i o n  o r  removal o f

n o d e s .  Thus b e f o r e  u s in g  th e  program , th e  d e s ig n e r  had to  choose an

i n i t i a l  to p o lo g y  which y i e l d e d  netw ork  p o ly n o m ia ls  o f  th e  c o r r e c t  o r d e r  

and to  d ec id e  w h e th e r  a common f a c t o r  was needed  o r  n o t .

2) The program  co u ld  o n ly  s y n th e s i z e  RC n e tw o rk s .

3) The program  c o u ld  o n ly  a d j u s t  one common f a c t o r  o f  th e  form

(p+a) by g lo b a l  o p t i m i z a t i o n .
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4) The program  employed th e  i n d i v i d u a l  e r r o r  f u n c t io n  o f  th e  form

g iv e n  by e q u a t io n  ( 5 . 1 ) .  This  form o f  e r r o r  f u n c t io n  r e p r e s e n t a t i o n  i s  
24

n o t  v e ry  e f f i c i e n t  .

5) Because t h e r e  w ere no f a c i l i t i e s  f o r  node a d d i t i o n ,  th e  method 

o f  t o p o l o g i c a l  m o d i f i c a t io n  c o u ld  converge to  a l o c a l  minimum w ith  a v a lu e  

o f  F i n  th e  ran g e  o f  10 ^ to  10 and no f u r t h e r  r e d u c t io n  i n  F was 

o b ta in e d .

6 ) Because t h e r e  were no f a c i l i t i e s  f o r  node rem ova l,  th e  method 

o f  t o p o l o g i c a l  m o d i f i c a t i o n  co u ld  remove e lem en ts  u n t i l  one o f  th e  

p o ly n o m ia ls  was no lo n g e r  o f  th e  c o r r e c t  o r d e r  r e q u i r e d ,  and th e n  th e  

program  would f a i l  due to  n u m e ric a l  d i f f i c u l t i e s .

7) The to p o l o g i c a l  m o d i f i c a t io n  s t r a t e g y  c o u ld  o n ly  remove one 

e lem en t a t  a t im e .

8 ) The o p t i m iz a t io n  p ro c e d u re  u sed  was a j o i n t  C onjuga te  G r a d ie n t /  

Gauss Newton a lg o r i th m .  The C onjuga te  G ra d ie n t  a lg o r i th m  e v a l u a t e d  th e  

c o r r e c t i o n s  to  th e  ne tw ork  e lem en t v a lu e s  on th e  b a s i s  o f  t h e i r  g r a d i e n t s .  

Thus i t  would s t i l l  make p r o g r e s s  even i f  t h e r e  were more v a r i a b l e s  i n  th e  

ne tw ork  th a n  in d e p e n d e n t  c o e f f i c i e n t s .  The Gauss Newton a lg o r i th m  

o b ta in e d  th e  c o r r e c t i o n s  by s o lv in g  e q u a t io n s  C3.35) u s in g  H o u se h o ld e r 's  

t r a n s f o r m a t io n s ^ ^ .  With t h i s  method i t  i s  n o t  p o s s i b l e  to  s o lv e  an 

u n d e rd e f in e d  system  o f  l i n e a r  e q u a t io n s  and c o n s e q u e n t ly  i t  i s  n o t  p o s s i b l e  

to  u se  th e  Gauss Newton a l g o r i th m  where t h e r e  e x i s t s  more v a r i a b l e  e lem en ts  

th a n  in d e p en d en t  c o e f f i c i e n t s .

5 .5  The Main F e a tu re s  o f  t h e  FORTRAN Program Developed

Because o f  th e  b a s i c  d i f f e r e n c e  betw een A lgo l and F o r t r a n  languages  

( se e  S e c t io n  5 .2 )  and th e  co m p le x i ty  o f  t h e  au tom ated  netw ork  d e s ig n  program , 

th e  f i r s t  v e r s io n  o f  th e  F o r t r a n  program was a t r a n s f o r m a t io n  r a t h e r  th a n  a
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t r a n s l a t i o n  from t h e  A lg o l program .

5 . 5 . 1 .  Programming

The F o r t r a n  program  was dev e lo p ed  s p e c i f i c a l l y  f o r  u se  on a v a r i e t y  

o f  com pu te rs .  Thus, th e  program  was w r i t t e n  u s in g  s t a n d a r d  F o r t r a n  IV. 

Any s p e c i a l  f e a t u r e s  a v a i l a b l e  w ith  a p a r t i c u l a r  co m p ile r  were a v o id e d .

The main segment o f  th e  program  p ro v id e d  a  l i n k  betw een o v e r  tw en ty  sub 

r o u t i n e s .  Each s u b r o u t in e  was to  p e r fo rm  a  p a r t i c u l a r  t a s k .  A l l  

a r r a y s  were d e f in e d  on th e  b a s i s  o f  th e  l a r g e s t  p o s s i b l e  number o f  

e lem en ts  which co u ld  be  r e q u i r e d  to  s y n th e s i z e  th e  netw ork  u n d e r  c o n s id 

e r a t i o n  (up to  1 0  n o d e s ,  21  e lem en ts  and t h r e e  v a r i a b l e  common f a c t o r s )  

Thus i f  l e s s  th a n  t h i s  l a r g e s t  number was u s e d ,  th e  ex c e ss  s t o r e  r e q u e s te d  

was w a s te d .  The d i f f e r e n t  a lg o r i th m s  w ere c o n s t r u c t e d  so t h a t  th e y  

e v a lu a te d  th e  r e q u i r e d  v a lu e s  w i th  maximum e f f i c i e n c y  and a c c u ra c y .

Because o f  t h i s  and th e  b a s i c  d i f f e r e n c e  in  a c c u ra c y  betw een F o r t r a n  and 

A lgol c o m p i le r s ,  b e t t e r  a c c u ra c y  i s  a c h ie v e d  in  th e  F o r t r a n  program . 

F u r th e r ,  th e  o v e r a l l  speed  o f  th e  F o r t r a n  p rogram  was a t  l e a s t  10% f a s t e r  

th a n  th e  A lgo l program .

5 . 5 . 2 .  Type o f  Networks

T h is  program  was c o n s t r u c t e d  f o r  th e  s y n t h e s i s  o f  lumped l i n e a r  

3 - te rm in a l  n e tw o rk s .  The ne tw orks  c o u ld  c o n s i s t  o f  th e  com bina tion  o f  

any two ty p e s  o f  e lem en ts  ( e . g .  RL, LC, RC) o r  a l l  th e  t h r e e  ty p e s  o f  

e lem en ts  (RLC) .
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5 . 5 . 3 .  The E r r o r  F u n c t io n s

The i n d i v i d u a l  e r r o r  f u n c t i o n s  f^ were o b ta in e d  from e q u a t io n  

( 3 .1 3 ) ,  where

c. Ka.
^ i  " KaT c”  * 1 =1 , . . . , m .

1 1

K was chosen  a c c o rd in g  t o  t h e  fo rm ula  g iv e n  by e q u a t io n  ( 3 .1 8 ) ,  where

m c. ^ m a. ^

[
m u. -  III a.. -  - I

m
The o v e r a l l  e r r o r  f u n c t io n  F = Y f ^  . A r e a l i z a t i o n  was a c c e p te d

- 2 1  ^
i f  a v a lu e  o f  F 10 was o b ta in e d  ( f o r  a machine o f  64 b i t s  word

le n g th  e . g .  th e  CDC Cyber 7 2 ) .

5 . 5 . 4 .  The O p t im iz a t io n  A lgo ri thm

The o p t i m iz a t io n  a l g o r i th m  employed was th e  j o i n t  C on juga te  G r a d ie n t /  

Gauss Newton a lg o r i th m  (s e e  S e c t io n  3 , 4 ) .  I t  i s  v e ry  s i m i l a r  to  th e

a lg o r i th m  u sed  in  th e  A lgo l v e r s i o n .  The l i n e a r  s e a r c h  te c h n iq u e s  were 

a l t e r e d  in  o r d e r  to  o b ta in  h ig h e r  a c c u ra c y .  The tw o - p a r t  o p t i m iz a t io n  

a lg o r i th m  would t r a n s f e r  to  t h e  C onjuga te  G ra d ie n t  a lg o r i th m  from th e  

Gauss Newton s e c t i o n  i f :

( i )  th e  s t e p  l e n g th  o b ta in e d  in  th e  l i n e a r  s e a r c h  was n e g a t i v e ,

( i i )  one o f  th e  e lem en ts  was to  be o p e n - c i r c u i t e d  (v a lu e  to o  s m a l l ) ,

( i i i )  one o f  th e  e lem en ts  was to  be s h o r t - c i r c u i t e d  (v a lu e  to o  l a r g e ) ,

( iv )  th e  J a c o b ia n  was s i n g u l a r  o r  n e a r  s i n g u l a r ,

(v) th e  o v e r a l l  e r r o r  f u n c t io n  F s t a r t e d  to  o s c i l l a t e  betw een two

v a lu e s .
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5 . 5 . 5 .  T o p o lo g ic a l  M o d i f ic a t io n s

The c r i t e r i a  f o r  rem oving o r  add ing  e lem en ts  and nodes which were 

d e s c r ib e d  in  th e  p r e v io u s  c h a p te r  were em ployed. The o r d e r  o f  th e  

r e q u i r e d  ne tw ork  p o ly n o m ia ls  c o u ld  be  changed d u r in g  th e  t o p o l o g i c a l  

m o d i f i c a t io n s  when n e c e s s a r y .  F u r t h e r ,

i )  The c r i t e r i a  f o r  e lem en t removal were a s  d e s c r ib e d  in  S e c t io n

4 . 5 . 1 .

i i )  The c r i t e r i a  f o r  node removal were a s  d e s c r ib e d  in  S e c t io n

4 . 5 . 2 .

i i i )  An e lem ent was added  w henever | | ( J ^ J )  J ^ f  | | < 10  ̂ and

F > 10  ̂ o r  i f  t h e  o p t i m iz a t io n  a lg o r i th m  re a c h e d  a p l a t e a u .  

A ll  p o s s i b l e  v i r t u a l  e lem en ts  were a n a ly s e d  as  d e s c r ib e d  in  

S e c t io n  4 . 6 . 1 ,  th e  e lem en t chosen  b e in g  th e  one w ith  th e  

l a r g e s t  p o s i t i v e  r a t i o  (optimum i n j e c t i o n  v a l u e / F ^ ^ ^ ) .

iv )  The c r i t e r i a  f o r  node a d d i t i o n  and th e  v a lu e  o f  th e  new common 

f a c t o r  so in c lu d e d  were o b ta in e d  as d e s c r ib e d  in  S e c t io n  4 .6 .2 ,

5 . 5 . 6 .  Common F a c to r s

The program  co u ld  c o n s id e r  th e  fo l lo w in g  forms f o r  th e  common f a c t o r

i )  (p+a) , a > 0  i . e .  l i n e a r  f a c t o r

i i )  (p^+ap+3 ) i . e .  q u a d r a t i c  f a c t o r

i i i )  (p2 +2 p co s 8 +p2 ) i . e .  complex c o n ju g a te  p a i r  o f  f a c t o r s

iv )  Any co m b in a tio n  o f  th e  above fo rm s.

The program co u ld  a d j u s t  th e  v a lu e s  o f  up to  t h r e e  common f a c t o r s
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s im u l ta n e o u s ly .  The v a lu e  o f  th e  common f a c t o r  cou ld  be a d j u s t e d ,  i f  

n e c e s s a r y ,  e i t h e r  by in c lu d in g  i t  among th e  o t h e r  in d e p en d en t v a r i a b l e s  

i n  th e  o p t i m iz a t io n  p r o c e s s e s  o r  by a l i n e a r  s e a r c h  as  d e s c r ib e d  in  

S e c t io n  4 . 7 .  F u r th e r ,  f o r  some exam ples w i th  a l a r g e  number o f  v a r i a b l e s  

t h e  fo l lo w in g  f a c i l i t i e s  e x i s t e d :

i )  To a d j u s t  t h e  v a lu e s  o f  th e  common f a c t o r s  w h ile  k e e p in g  th e

netw ork  e lem en t v a lu e s  f i x e d .

i i )  To a d j u s t  th e  ne tw ork  e lem en t v a lu e s  w h i le  th e  common f a c t o r  

v a lu e s  were f ix e d .

i i i )  To a d j u s t  th e  v a lu e s  o f  a l l  t h e  ne tw ork  e lem en t and common f a c t o r s .

These f a c i l i t i e s  were found  t o  be  v e ry  u s e f u l  in  some d i f f i c u l t  examples 

such  as  t h a t  g iv e n  in  C h ap te r  7.

5 . 5 . 7 .  How to  Use th e  Program

In  o r d e r  to  u se  t h i s  p rogram , th e  d e s ig n e r  has  to  s p e c i f y  t h e  fo l lo w in g :

i )  The r e q u i r e d  s e t  o f  p o ly n o m ia ls  to  be r e a l i z e d .

i i )  An i n i t i a l  to p o lo g y  o f  p r o p e r  c o n f i g u r a t i o n  and co m p lex ity  

y i e l d i n g  p o ly n o m ia ls  o f  th e  c o r r e c t  o r d e r .

i i i )  I n i t i a l  v a lu e s  f o r  th e  netw ork  e le m e n ts .

iv )  I n i t i a l  v a lu e s  and ty p e s  f o r  any common f a c t o r s ,  t h a t  a r e  r e q u i r e d .

v) Whether the  common f a c t o r s  a r e  f i x e d  o r  v a r i a b l e .

No f u r t h e r  d e s ig n e r  i n t e r a c t i o n  w i th  th e  p rogram  i s  p o s s i b l e .  The 

to p o lo g y  i s  e v o lv e d  and th e  o r d e r  o f  th e  r e q u i r e d  s e t  o f  p o ly n o m ia ls  may be 

a l t e r e d  by t h e  program  u n t i l  a f i n a l  to p o lo g y  and e lem en t v a lu e s  y i e l d i n g  

t h e  r e q u i r e d  s e t  o f  netw ork  p o ly n o m ia ls  i s  a c h ie v e d ,  o r  u n t i l  a t im e  l i m i t  i s
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exceeded .  The l a t t e r  p o s s i b i l i t y  i s  c o n s id e r e d  as  a f a i l u r e  o f  th e  

s y n t h e s i s  r o u t i n e s .

5 .6 .  A d d i t io n a l  F e a tu re s  I n t r o d u c e d .

The F o r t r a n  program  in t r o d u c e d  th e  fo l lo w in g  a d d i t i o n a l  f e a t u r e s .

5 . 6 . 1 .  Programming

I t  i s  w r i t t e n  i n  a  more u n iv e r s a l  language  which i s  im plem ented on 

a l l  th e  com puters  c u r r e n t l y  a v a i l a b l e .

5 . 6 . 2 .  Type o f  Networks

The program  can s y n th e s i z e  any lumped l i n e a r  3 - te r m in a l  netw ork  

c o n s i s t i n g  o f  any ty p e s  o f  e le m e n ts .

5 . 6 . 3 .  The E r r o r  F u n c t io n s

The program  employs th e  most e f f i c i e n t  form a v a i l a b l e  to  e v a lu a te  

th e  i n d i v i d u a l  e r r o r  f u n c t io n  f^  .

5 . 6 . 4 .  The O p t im iz a t io n  A lg o r ith m

The o p t i m iz a t io n  a lg o r i th m  used  combines th e  C onjuga te  G ra d ie n t  

and Gauss Newton a lg o r i th m s .  The Gauss Newton a lg o r i th m  o b ta in s  th e

c o r r e c t i o n s  f o r  th e  ne tw ork  e lem en t v a lu e s  by i n v e r t i n g  th e  m a t r ix  o f  th e

T Tf i r s t  d e r i v a t i v e s  J  J  . Sometimes, f o r  c e r t a i n  e lem en t v a lu e s  J  J  i s

Tv e ry  n e a r l y  s i n g u l a r .  The a u th o r  found t h a t  th e  s i n g u l a r i t y  i n  J  J  can 

be  a v o id ed  i f  a d i f f e r e n t  s e t  o f  s t a r t i n g  v a lu e s  f o r  t h e  netw ork  e lem en ts  

i s  u se d .  T h is  can be a c h ie v e d  by p e r fo rm in g  one i t e r a t i o n  in  th e  

C onjuga te  G ra d ie n t  s e c t i o n .  The C on juga te  G ra d ie n t  a lg o r i th m  can make 

p r o g r e s s  even i f  th e  number o f  v a r i a b l e s  in  th e  ne tw ork  i s  more th a n  

in d e p en d en t  c o e f f i c i e n t s .
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5 . 6 . 5 .  T o p o lo g ic a l  M o d i f ic a t io n s

The program  e x ten d s  th e  scope  o f  t h e  ty p e  and co m p lex i ty  o f  th e  

netw ork  which can be s y n th e s iz e d  as  f o l l o w s .

i )  I t  can s y n th e s i z e  any tw o -e le m en t k in d  3 - te r m in a l  ne tw orks 

as  w e ll  as  th r e e - e le m e n t  k in d  3 - t e r m in a l  n e tw o rk s .

i i )  I t  employs more s o p h i s t i c a t e d  c r i t e r i a  f o r  e lem en t rem ova l.

i i i )  I t  can remove n o d es .

iv )  I t  employs more e f f i c i e n t  methods f o r  add ing  new e le m e n ts .

v) I t  can add n o d es .

5 . 6 . 6 .  Common F a c to r s

The F o r t r a n  program e n la r g e s  t h e  f i e l d  o f  p o s s i b l e  r e a l i z a t i o n s  by 

c o n s id e r in g  d i f f e r e n t  forms f o r  th e  common f a c t o r s .  F u r th e r  i t  employs 

s e v e r a l  te c h n iq u e s  to  a d j u s t  t h e  v a lu e s  o f  up t o  t h r e e  common f a c t o r s  

s im u l ta n e o u s ly .

5 .7 .  L im i t a t i o n s  o f  th e  FORTRAN Program

A lthough t h e  F o r t r a n  program  d ev e lo p ed  by th e  a u th o r  succeeded  i n  

overcom ing most o f  th e  l i m i t a t i o n s  o f  th e  p r e v io u s l y  deve loped  A lgol 

p rogram , i t  s t i l l  has  th e  f o l lo w in g  l i m i t a t i o n s :

1) The program  has  no f a c i l i t i e s  f o r  m u l t i p l e  t o p o l o g i c a l  a l t e r a 

t i o n s  i . e .  i t  canno t remove an e lem en t and add a n o th e r  e lem ent 

s im u l ta n e o u s ly .  F u r th e r ,  w h i le  i t  i s  p o s s i b l e  t o  remove more th a n  one 

e lem en t a t  th e  same t im e ,  o n ly  one e lem en t can be added a t  a  t im e .
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2) T h e o r e t i c a l l y ,  t h e  o p t i m iz a t io n  a lg o r i th m  employed can h an d le  

v e ry  l a r g e  t o p o l o g i e s .  In  p r a c t i c e ,  t h e  a c c u ra c y  o f  t h e  c a l c u l a t i o n s  

depends on th e  o rd e r  o f  th e  r e q u i r e d  s e t  o f  p o ly n o m ia ls  and th e  number o f  

ne tw ork  e le m e n ts .  The a c c u ra c y  d e c r e a s e s  a s  t h e  o r d e r  o f  th e  r e q u i r e d  

p o ly n o m ia ls  i n c r e a s e s  o r  th e  number o f  ne tw ork  e lem en ts  i n c r e a s e s .

3) The e f f i c i e n c y  o f  th e  o p t i m iz a t io n  a lg o r i th m  i s  s e n s i t i v e  to  

t h e  v a lu e s  o f  t h e  common f a c t o r s ,  e s p e c i a l l y  when f a r  from a  s o l u t i o n .

A c a r e f u l l y  s e l e c t e d  s t a r t i n g  ne tw ork  and common f a c t o r  v a lu e s  can be o f  

a g r e a t  h e lp  t o  t h e  f u n c t i o n in g  o f  th e  p rogram .

4) A lthough  th e  o p t i m iz a t io n  a lg o r i th m  employed (s e e  S e c t io n  3 .4 )

p ro v ed  to  be r e l i a b l e  and e f f i c i e n t ,  t h e  Gauss Newton a lg o r i th m  o b ta in s

th e  c o r r e c t i o n  by s o lv in g  e q u a t io n s  (3 .3 6 )  u s in g  th e  H o u sh o ld e r 's  

56t r a n s f o r m a t io n s  . With t h i s  method i t  i s  n o t  p o s s i b l e  t o  s o lv e  an 

u n d e rd e f in e d  system  o f  l i n e a r  e q u a t io n s  and c o n s e q u e n t ly ,  i t  i s  n o t  p o s s i b l e  

t o  u se  t h e  Gauss Newton a lg o r i th m  where t h e r e  e x i s t  more v a r i a b l e  e lem en ts  

th a n  in d e p e n d e n t  c o e f f i c i e n t s ,

5) I t  was o b se rv ed  f o r  some s t a r t i n g  ne tw orks  , t h a t  th e  i n i t i a l

e lem en t v a lu e s  b e in g  a l l  eq u a l  may cause  t h e  m a t r ix  o f  th e  f i r s t  

T
d e r i v a t i v e  J  J  to  be s i n g u l a r .

5 .8 .  Summary

In  t h i s  c h a p te r  th e  a u th o r  d e s c r ib e d  th e  F o r t r a n  program  which he 

had  d e v e lo p ed .  T h is  program  employs t h e  te c h n iq u e s  which were d e s c r ib e d  

i n  t h e  p re v io u s  two c h a p t e r s .  The main theme o f  th e  p r e s e n t  c h a p te r  can 

be summarized as  f o l lo w s :

1) To e x p la in  th e  r e a s o n s  f o r  d e v e lo p in g  a F o r t r a n  program .

2) To summarize th e  main f e a t u r e s  o f  t h e  p r e v io u s l y  d ev e lo p ed  A lgo l 

program and i t s  l i m i t a t i o n s .
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3) To b r i e f l y  in t r o d u c e  th e  main f e a t u r e s  o f  th e  F o r t r a n  program 

d ev e lo p ed  and th e  a d d i t i o n a l  f e a t u r e s  in t r o d u c e d .

4) To e x p la in  th e  l i m i t a t i o n  o f  t h e  F o r t r a n  program .

In  g e n e ra l  none o f  t h e  methods o r  c r i t e r i a  employed i n  t h e  F o r t r a n  

program  i s  ' a b s o l u t e '  i n  t h e  s e n s e  t h a t ,  none i s  in c a p a b le  o f  f u r t h e r  

im provem ent, o r  th e  c o l l e c t i o n  o f  methods in c o r p o r a t e d  w i l l  alw ays p rove  

s u c c e s s f u l  f o r  a l l  lumped, l i n e a r ,  3 - t e r m in a l  netw ork  d e s ig n  p ro b lem s . 

The e f f i c i e n c y  and scope o f  t h e  program  d ev e lo p ed  can d o u b t l e s s  be 

im proved by f u r t h e r  i n v e s t i g a t i o n ,  f o r  exam ple, i n t o  th e  co n cep t o f  th e  

d eg ree  o f  c o n n e c t i v i t y  ( s e e  S e c t io n  2 .5 )  and by th e  i n t r o d u c t i o n  o f  

m u l t i p l e  t o p o l o g i c a l  m o d i f i c a t io n .  However, t h e  e x i s t i n g  program  

p ro m ise s  much f o r  th e  f u t u r e .
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CHAPTER 6

CASE STUDIES I : ATTEMPTED SYNTHESIS OF SOME 

TWO-ELEMENT KIND 5-TERMINAL NETWORKS

6 .1 .  I n t r o d u c t i o n

In  C h ap te rs  4 and 5 o f  t h i s  t h e s i s ,  t h e  a u th o r  d e s c r ib e d  d i f f e r e n t

t e c h n iq u e s  f o r  a l t e r i n g  th e  netw ork  to p o lo g y  and showed how th e y  were

im plem ented in  an au tom ated  manner in  a F o r t r a n  program  u s in g  th e

c o e f f i c i e n t  m a tch ing  te c h n iq u e .  The f i n a l  form o f  t h e s e  t e c h n iq u e s  was

d e te rm in e d  by a s y s t e m a t ic  s tu d y  in v o lv in g  n u m e rica l  e x p e r im e n ta t io n .

Such te c h n iq u e s  must be a s s e s s e d  by t h e i r  e f f i c i e n c y  in  s o lv in g  p r a c t i c a l

exam ples .  The w id e r  t h e  ra n g e  o f  p r a c t i c a l  examples w i th  which th e s e

te c h n iq u e s  can cope, t h e  more u s e f u l  th e y  a r e .  The s y n t h e s i s  o f  some

n e tw o rk s ,  such  as  n o n - s e r i e s - p a r a l l e l  ne tw orks  h av in g  no s e r i e s - p a r a l l e l

8e q u i v a l e n t ,  canno t be a c h ie v e d  by c l a s s i c a l  te c h n iq u e s  . The a u th o r  

e s t a b l i s h e d  t h a t  t h i s  c l a s s  o f  ne tw ork  has  a v e ry  s p e c i a l  t r a n s f e r  p h a s e -  

f re q u e n c y  c h a r a c t e r i s t i c  which i s  g iven  in  Appendix B . The r e a l i z a t i o n s  

f o r  such  ne tw orks  a r e  a f u r t h e r  j u s t i f i c a t i o n  f o r  th e  developm ent o f  

au tom ated  d e s ig n  t e c h n iq u e s .

Computers have had a dom inant i n f l u e n c e  in  th e  p r e s e n t  work. Most 

o f  t h e  r e s u l t s  d e s c r ib e d  in  t h i s  t h e s i s  were o b ta in e d  by u s in g  th e  

L e i c e s t e r  U n iv e r s i t y  CDC Cyber 72 com puter. The e a r l y  work was c a r r i e d  

o u t  u s in g  an ICL(ELLIOTT) 4130 com puter. For a v a r i e t y  o f  r e a s o n s ,  

an ICL 1906A computer and a CDC 7600 com puter were a l s o  u sed .

D uring th e  co u rse  o f  t h i s  r e s e a r c h  a c o n s id e r a b le  number o f  d e s ig n  

examples were p ro d u ced .  The examples p r e s e n te d  in  t h i s  c h a p te r  have 

been s e l e c t e d  t o  i l l u s t r a t e  t h e  c u r r e n t  p o s s i b i l i t i e s  in  th e  s y n t h e s i s  o f  

tw o-e lem en t k in d  networks u s in g  c o e f f i c i e n t  m atch ing  te ch n iq u e^ -
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6 .2 .  Case S tudy  1 : Program E f f i c i e n c y

In o r d e r  to  ad judge  t h e  sp eed ,  f l e x i b i l i t y  and a c c u ra c y  o f  th e

F o r t r a n  program  d ev e lo p ed ,  some o f  th e  exam ples which had  been  so lv e d  

24
b e f o r e  u s in g  th e  c o e f f i c i e n t  m a tch ing  te c h n iq u e  were c o n s id e re d  i n i t i a l l y .

6 . 2 . 1 .  Network R e a l i z a t i o n  w i th  F ix ed  Common F a c to r

The example shown in  F ig .  [6 .1 ]  t o  r e a l i z e  t h e  s e t  o f  f u n c t io n s  g iv e n  

by e q u a t i o n s (6 .1 )  i s  o f  p a r t i c u l a r  i n t e r e s t  f o r  t h e  fo l lo w in g  r e a s o n s :

1) The f i n a l  ne tw ork  which can y i e l d  an e x a c t  r e a l i z a t i o n  i s  a 

n o n - s e r i e s - p a r a l l e l  ne tw ork  p o s s e s s in g  no s e r i e s - p a r a l l e l  e q u i v a l e n t .

Thus i t  co u ld  n o t  be s y n th e s i z e d  u s in g  c l a s s i c a l  m ethods.

2) The a u th o r  e s t a b l i s h e d  t h a t  t h i s  s e t  o f  f u n c t io n s  has a s p e c i a l

t r a n s f e r  p h a s e - f r e q u e n c y  c h a r a c t e r i s t i c  w hich was n o t  p r e v io u s l y  known 

and which i s  d e s c r ib e d  in  d e t a i l  i n  Appendix B .

3) The f i n a l  r e a l i z a t i o n  o b ta in e d  from t h e  s t a r t i n g  netw ork  shown

in  F i g . [ 6 .1 a ]  was n o t  p o s s i b l e  to  a c h ie v e  u s in g  a f i x e d  common f a c t o r  by

24t h e  A lgo l program  used  in  p r e v io u s  work

4) As a r e s u l t  o f  u s in g  a f i x e d  common f a c t o r ,  th e  f i n a l  r e a l i z a t i o n

8( o r i g i n a l l y  g iv e n  by F ia lkow  ) was o b ta in e d  in  t h e  r e l a t i v e l y  s h o r t  t im e  

o f  two m in u te s ,  compared w i th  45 m in u tes  f o r  th e  r e a l i z a t i o n  o b ta in e d  

by u s in g  a v a r i a b l e  common f a c t o r ^ ^  (b o th  t im e s  r e f e r  t o  ru n  t im e s  on th e  

ICL(ELLIOTT) 4130 co m pu te r) .

The s e t  o f  e q u a t io n s  r e a l i z e d  by t h e  ne tw ork  o f  F i g . [ 6 . I f ]  a r e

_ ^11 (p+1)(1197p3+56613.14p2+28368.584p+191.184)
11 " 22 " Ai i 22 ’  (p+1)(8GGGGGp^+4G80GGp+3840) 1

^12 (p+ l)[3p3 -1 .1 4 p 2 + 1 9 7 .1 7 6 p + 7 7 .6 1 6 )
" 1 2  " Ai i 22 (p + 1 ) (8GGGGGp^+4G8GGGp+384G) (6 . 1)



Initial element values

Ci =G| = 1 0 "( i = 1....6)

Initial error function * 2*25x10®

INITIAL
STRUCTURE

Final error function s i  167x10^

ADD CAPACITOR  ̂ ^
value 1-7X10"  ̂ between nodes 0 & 3 |

Initial error function = 9-8 x 10^

Final error function sA*07

ADD RESISTOR 
value 2*02 between 
nodes 0 & 2

Initial error function = 4 77 x 10^ 

Final error function = 2*985

( a  )

ADD RE3ST0R " ^
value 6 00 between nodes 0 8 3

FIG I6-11 NETWORK REALIZATION WITH FIXED COMMON FACTOR



Initial error function *4-81 *10^

Final error function = ^ 86 % 10“®

ADD RESISTOR 

1
value U'L x 10 
nodes 0 8  6

.3 between

Initial error function = 5*25x10“ ® 

Final error function = 9*1 x 10“’®

REMOVE RESISTOR 1

value 2*5x10"’° between 
nodes 0 8  2 T

FINAL
STRUCTURE

Final error function s i *86  x 10“

( é )

( e )

( f )

Final element values

Ci s2 0 . C2 = 5 *3016.03 = CL =0*0015, C s* 0*597

Gi X 02=0*07, G3 =0*3968, Gl =2*256, Gs=0*1392 8 Gg =0*006

FIG. [ 6 *1 ] -  CONTINUED
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T his  s e t  o f  f u n c t i o n s ,  when t h e  common f a c t o r  (p+1) i s  in c lu d e d ,

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

c u b ic  in  each  c a s e .  Thus t h e  minimum number o f  nodes f o r  a r e a l i z a t i o n

must be f i v e  p lu s  th e  r e f e r e n c e  node 0 . For r e a l i z i n g  n o n -ze ro
4 0

c o e f f i c i e n t s  f o r  p and p i n  A12  and , a minimum o f  f o u r  c a p a c i 

t o r s  and f o u r  r e s i s t o r s  i s  r e q u i r e d .  However, s in c e  t h e  c o e f f i c i e n t s  

o f  p in  A^i and Aj2 a r e  n o t  equa l  (hence th e  r e s id u e s  a t  t h e  p o le  a t

in  and a r e  n o t  eq u a l  to  t h a t  i n  -Y^2 . ) th e n  t h e r e

must e x i s t  a p u r e l y . c a p a c i t i v e  p a th  betw een nodes 0-1 and 0-2  (see  

C hap te r  2 ) .  S i m i l a r l y ,  s i n c e  th e  c o e f f i c i e n t s  o f  p® in  A ^  and Aj2

a r e  n o t  e q u a l ,  th e n  t h e r e  must e x i s t  a p u r e l y  r e s i s t i v e  p a t h  betw een nodes 

0-1 and 0-2  . Thus any r e a l i z a t i o n  o f  (6 .1 )  must have a t  l e a s t  one 

c a p a c i t o r  and one r e s i s t o r  more th a n  t h e  minimal number r e q u i r e d  to  

r e a l i z e  A%2 •

The i n i t i a l  to p o lo g y  s e l e c t e d  ( F i g . [ 6 . 1 a ] )  c o n ta in e d  o n ly  fo u r  

c a p a c i t o r s  and fo u r  r e s i s t o r s  s i n c e  t h i s  was s u f f i c i e n t  t o  y i e l d  p o ly 

nom ia ls  o f  th e  o r d e r  r e q u i r e d .  F i g s . [ 6 . 1 b ]  to  [ 6 . I f ]  show th e  f i v e  

t o p o l o g i c a l  m o d i f i c a t io n s  which were made by th e  program  b e f o r e  a s o l u t i o n  

was o b ta in e d .  From d e t a i l e d  a n a l y s i s  o f  t h e  com puter p r i n t o u t  

p ro d u ced ,  t h e r e  a r e  s e v e r a l  i tem s  o f  i n t e r e s t :

1) The s t a r t i n g  ne tw ork  w ith  a l l  t h e  e lem en t v a lu e s  equa l  to  u n i t y  

y i e ld e d  one e x t r a  f i n i t e  p o le  th a n  th o s e  r e q u i r e d .

2) The t im e  ta k e n  betw een  t o p o l o g i c a l  m o d i f i c a t io n s  was v e ry  uneven . 

D uring a t o t a l  run  tim e  o f  two m in u te s ,  one m inu te  was s p e n t  o b t a in in g  a 

l o c a l  minimum w i th  th e  i n i t i a l  to p o lo g y .  The o t h e r  m inu te  was s p e n t  in  

o p t im iz in g  th e  v a lu e  o f  t h e  netw ork  e lem en ts  and p e r fo rm in g  a n o th e r  t h r e e  

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

t h a t ,  f o r  th e  i n i t i a l  s t a r t i n g  ne tw ork ,  t h e  m a t r ix  o f  th e  f i r s t  d e r iv a t iv e s
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was n e a r - s i n g u l a r  and th e  Gauss Newton a lg o r i th m  made c o r r e s p o n d in g ly  slow 

p r o g r e s s .  However, once th e  f i r s t  l o c a l  minimum was re a c h e d ,  th e  

program  added s u i t a b l e  e lem en ts  and th e  f i n a l  s o l u t i o n  was a c h ie v e d  v e ry  

r a p i d l y .

3) Between th e  a d d i t i o n  o f  e lem en ts  in  s t a g e s ,  t h e  v a lu e  o f  th e  

o v e r a l l  e r r o r  f u n c t i o n ,  F , d e c re a se d  m o n o to n ic a l ly .  S in ce  th e  s t r a t e g y  

ad o p te d  (s e e  S e c t io n  4 .6 )  r e q u i r e d  t h a t  t h e  v a lu e  o f  th e  new e lem en t 

added be equa l t o  t h e  g e o m e tr ic a l  mean o f  th e  c u r r e n t  e x i s t i n g  e lem en ts

in  t h e  ne tw ork  b e f o r e  recommencing o p t i m i z a t i o n ,  th e  v a lu e  o f  F 

n e c e s s a r i l y  in c r e a s e d  a f t e r  each  e lem en t a d d i t i o n .  However a f t e r  o n ly  

two Gauss Newton i t e r a t i o n s  t h e  v a lu e  o f  F was red u ce d  below i t s  v a lu e  

b e f o r e  th e  e lem en t a d d i t i o n .  T h is  j u s t i f i e d  th e  e f f i c i e n c y  o f  th e  

te c h n iq u e  d ev e lo p ed  f o r  e lem en t a d d i t i o n .

4) The second e lem en t t o  be added was a r e s i s t o r  betw een nodes 0 

and 2 , and i t  was s u b s e q u e n t ly  removed two s t a g e s  l a t e r .  T h is  may be 

c o n s id e re d  to  c a s t  doubt on t h e  e f f i c i e n c y  o f  th e  e lem ent a d d i t i o n  t e c h 

n iq u e .  However th e  f a u l t  can a l s o  be c o n s id e re d  to  be more w i th  th e  

p rob lem  th a n  th e  d e s ig n  method by v i r t u e  o f  th e  e x i s t e n c e  o f  a number o f

e x a c t  r e a l i z a t i o n s  f o r  th e  r e q u i r e d  ne tw ork  f u n c t io n s  w ith  d i f f e r e n t  

24 27to p o l o g ie s  * . For exam ple , i f  t h e  program  added a r e s i s t o r  between

nodes 0 and 1 i n s t e a d  o f  a r e s i s t o r  betw een nodes 0 and 3 , an 

a l t e r n a t i v e  r e a l i z a t i o n  would be  a c h ie v e d  as  g iven  in  th e  n e x t  exam ple.

6 . 2 . 2 .  A F u r th e r  N o n - S e r i e s - P a r a l l e l  R e a l i z a t i o n

The example shown in  F i g . [ 6 .2 ] ,  t o  r e a l i z e  th e  s e t  o f  f u n c t i o n s  

g iv e n  by equa t ions  ( 6 . 1 ) ,  i s  o f  p a r t i c u l a r  i n t e r e s t  b e c a u se :

1) The f i n a l  r e a l i z a t i o n  o b ta in e d  had n e v e r  p r e v io u s l y  been  p u b l i s h e d .



Initial element values

Ci = Gi =1Q0(i =1 5)

Initial error function =1-699 % 10®

INITIAL
STRUCTURE

Final error function =5-717x10'

ADD RESISTOR 
value = 0 -1 9  between 
nodes 0 & 1 

Initial error function =2.2A 7xi^^
Final error function =6*857x 10"^3

ADD RESISTOR
value = 0-2286 between 
nodes 0 & 2

Initial error function = 6x10

FINAL
STRUCTURE

(d ]

(c )

Final error function = 6 7x 10"^
Final elem ent valves C-i = 5-97, C2 = 19- 668 
C] = 5-2267, Ca s Cs = 0-0015 
Gi = Gz = 0  069616,03=0 162 
0^ = 0 392, 0^=2-221, Gg= 07 = 0 -000583

FIG. [6 -2 ] STRUCTURAL CHANGES LEADING TO A NEW REALISATION
OF FUNCTIONS OF E0NS.(6-1)
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2) I t  i l l u s t r a t e s  th e  e f f e c t  o f  t h e  s t a r t i n g  ne tw ork  on th e  f i n a l

s o l u t i o n .  In  g e n e r a l ,  t h e  v a lu e s  o f  t h e  c u r r e n t  e lem en ts  in  any

to p o lo g y  com pensa te ,  t o  a l i m i t e d  e x t e n t ,  f o r  th e  absence  o f  e lem en ts  

n e c e s s a r y  f o r  an e x a c t  r e a l i z a t i o n .  The way i n  which such  a com pensa tion  

i s  f u l f i l l e d  depends on t h e  c u r r e n t  to p o lo g y  and e lem en t v a l u e s .  

A c c o rd in g ly ,  t h i s  w i l l  i n f l u e n c e  th e  o p t i m iz a t io n  a lg o r i th m  and th e  l o c a l  

minimum re a c h e d .

3) The i n i t i a l  s t a r t i n g  netw ork  y i e l d e d  th e  r e q u i r e d  number o f  

p o l e s ,  r i g h t  s ig n  o f  r e s i d u e s  and th e  r e q u i r e d  sp re a d  o f  powers o f  p .

F u r th e r ,  t h e  s o l u t i o n  was o b ta in e d  in  l e s s  th a n  one m in u te .

4) The two r e a l i z a t i o n s  shown in  F i g . [6 .1 ]  and [6 .2 ]  t o g e t h e r

24 54 59w ith  o t h e r  r e a l i z a t i o n s  p u b l i s h e d  e lse w h e re  ’ '  i l l u s t r a t e  t h a t  th e

prob lem  o f  ne tw ork  s y n t h e s i s  i s ,  i n  g e n e r a l ,  a m ultim odal p rob lem , i . e .  

i t  i s  a p rob lem  w ith  s e v e r a l  e q u i v a l e n t  s o l u t i o n s .  F u r th e r ,  t h e r e  m ust,  

in  g e n e r a l ,  be an even g r e a t e r  number o f  q u a s i - e q u i v a l e n t  r e a l i z a t i o n s  

(v e ry  good app rox im ate  s o l u t i o n s )  to  any p rob lem . However th e  te c h n iq u e  

d ev e lo p ed ,  a l th o u g h  em ploying an o p t i m iz a t io n  a lg o r i th m  t h a t  assumed 

u n im o d a l i ty ,  was s u c c e s s f u l  i n  a c h ie v in g  r e a l i z a t i o n s  from i n i t i a l  ne tw orks  

f a r  from a  s o l u t i o n  i n  r e s p e c t  to  b o th  e lem en t v a lu e s  and s t r u c t u r e .

6 .3 .  Case S tudy 2 : R e a l i z a t i o n s  by Network R educ tion

The fo l lo w in g  s e t  o f  s h o r t - c i r c u i t  a d m i t ta n c e  f u n c t io n s  ( o r i g i n a l l y  

59g iv e n  by C u t t e r id g e  ) a r e  r e a l i z e d  by th e  ne tw orks  shown in  F i g s . [6 .3 ]

and [ 6 .4 ] .

„  _ 12(4p3+15p&12p%p+l)(p+2)(p+3)
 T p V iy 2XpV2F ( p ^ 3y ^

Y -  P^(P+1) (P+2) Cp+3)
'  12" (p+1)2Cp+2)2(p+3}2

Y -  (4p3+15p2+12p) (p + lH p + 2 )  (p+3) , ,
^22- 12(p+l)2(p+2)2(pC3y2 ^



Initial e lem en t v a lu e sr

C i = G i = 1 0 ^ ( l = 1 .......8 )

Initial error function = 8-08x10^

INITIAL STRUCTURE

Final error function = 2 32x10^

REMOVE 03 = 1-18 x10-2

Initial error function = 2-32 x 10  ̂

Final error function = 12-12 

REMOVE 02= 1-66% 10-1

Initial error function =12-9 

Final error function = 1 -698 

REMOVE Cl = 1-75x10“ ^

Initial error function = 1-495 

Final error function = 8*085 x 10‘^

REMOVE 0 5 = 3-167 x 10
• L6 5 = 9-2 X 10

REMOVE NODE 4 
& Common factor = (P+3i

(b)

FIG 16*3] REALIZATION BY NETV/ORK REDUCTION-EXAMPLE 1



Initial error function =1*675x10“^

Final error function = 1-6x 10"^

REMOVE 07=1-18 X 10"^

Gs= 1-18x10-3

REMOVE NODES 5 
& Common factor = (P+1)

Initial error function =3-84x10'^ 

FINAL STRUCTURE

Final error function =8-57 x 10-17

Final element values > 
02=12-998. 04=10-058. 05 = 1*657 
Og= 0-9AA. Gi=18'754. G3= 0-0625, 
G4=27-88. 07=1-361, Gs = 0-2708

f  I

FINAL STRUCTURE 
REDRAV^N

1

C J

FIG. [6 3] -CONTINUED
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T his  exam ple, shown in  F i g s . [ 6 . 3 a ]  to  [6 .3 £ ]  , was s e l e c t e d  f o r  

th e  fo l lo w in g  r e a s o n s :

1) I t  d e m o n s t ra te s  t h a t  th e  program  i s  ca p a b le  o f  rem oving nodes

and e lem en ts  u s in g  th e  te c h n iq u e s  d e s c r ib e d  in  S e c t io n  4 .5 .

59
2) C u t t e r id g e  p u b l i s h e d  two o t h e r  r e a l i z a t i o n s .  He a c h ie v e d

h i s  r e a l i z a t i o n s  by u s in g  a d i f f e r e n t  t e c h n iq u e .  Thus th e  most 

im p o r ta n t  c o n c lu s io n s  t o  be  drawn from t h e  r e s u l t s  d e s c r ib e d  h e r e  a r e :

a) There a r e  many a p p a r e n t ly  e q u i v a l e n t  r e a l i z a t i o n s  [ a t  l e a s t  

fo u r )  f o r  such  a s im p le  s e t  o f  f u n c t i o n s .

b) I t  i s  r e a s o n a b le  to  c o n j e c tu r e  t h a t  t h e r e  must be an even

g r e a t e r  number o f  q u a s i - e q u i v a l e n t  s o l u t i o n s .

c) Such a  m u l t i p l i c i t y  o f  e x a c t  and q u a s i  s o l u t i o n s  a r e

u n d e s i r a b l e  when u s in g  an o p t i m iz a t io n  a lg o r i th m  t h a t

assumes u n im o d a l i ty ,  e s p e c i a l l y  i f  th e  ne tw ork  m o d i f i c a t i o n  

s t r a t e g y  employed i s  a l s o  viewed 'u n im o d a l ly *.

F i g s . [ 6 . 3 b ]  to  [ 6 .3 f ]  show th e  f i v e  t o p o l o g i c a l  m o d i f i c a t io n s  which 

were made by th e  p rogram , b e f o r e  a s o l u t i o n  was a t t a i n e d .  From d e t a i l e d  

a n a l y s i s  o f  t h e  com puter p r i n t o u t  p ro d u ced ,  t h e r e  a r e  s e v e r a l  i tem s  o f  

i n t e r e s t .

1) The tim e  ta k e n  betw een t o p o l o g i c a l  m o d i f i c a t io n  was once a g a in  

v e ry  uneven . Thus o f  a t o t a l  ru n  tim e  o f  e i g h t  m in u te s ,  h a l f  was sp e n t

removing th e  f i r s t  two e le m e n ts ,  in  a lm o s t eq u a l  t im e .  The second  h a l f

was s p e n t  rem oving f i v e  e le m e n ts ,  two nodes and o p t im iz in g  th e  v a lu e  o f  

th e  f i n a l  ne tw ork  e lem en ts  u n t i l  a s o l u t i o n  was a c h ie v e d .  The r e a s o n  was 

t h a t ,  a t  th e  s t a r t ,  t h e r e  were more e lem en ts  th a n  in d e p en d en t c o e f f i c i e n t s .  

Thus th e  m a t r ix  o f  f i r s t  d e r i v a t i v e s  was n e a r - s i n g u l a r .  Hence th e
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o p t i m iz a t io n  a lg o r i th m  p e rfo rm e d ,  i n  th e  f i r s t  s t a g e  o f  t o p o l o g i c a l  

m o d i f i c a t i o n ,  more c o n ju g a te  g r a d i e n t  i t e r a t i o n s  th a n  were perfo rm ed  in  

a l l  t h e  fo l lo w in g  s t a g e s .  However th e  o p t i m iz a t io n  a lg o r i th m  f i n a l l y  

overcame t h i s  d i f f i c u l t y .

2) The v a lu e  o f  th e  o v e r a l l  e r r o r  f u n c t io n  F d e c re a s e d  m onontoni- 

c a l l y  th ro u g h o u t  th e  d e s ig n  p r o c e s s ,  e x c e p t  when t h e  r e s i s t o r  betw een 

nodes 0 and 4 was removed. T h is  was b eca u se  t h e  e lem en t removed was 

a s s o c i a t e d  w ith  a l a r g e  n e g a t iv e  c o r r e c t i o n  and i t s  v a lu e  was r e l a t i v e l y  

l a r g e  on rem ova l.  However, th e  removal o f  t h i s  r e s i s t o r  was j u s t i f i e d  

b e ca u se  a f t e r  rem ova l,  t h e  v a lu e  o f  F d e c re a s e d  in  t e n  Gauss Newton 

c o r r e c t i o n s  from 12.94 t o  3 .12  , w h i le  th e  v a lu e  o f  F im m ed ia te ly  

b e f o r e  rem oval was 1 2 .1 2 .

F ig .  [6 .4 ]  shows a n o th e r  r e a l i z a t i o n  f o r  th e  s e t  o f  f u n c t io n s  g iv en  in  

e q u a t io n  ( 6 . 2 ) .  The i n i t i a l  s t a r t i n g  to p o lo g y  shown in  F i g . [ 6 . 4 a ]  i s  

th e  same a s  t h a t  in  F i g . [ 6 . 3 a ] .  However, i n  t h i s  exam ple, th e  i n i t i a l  

e lem en t v a lu e s  a r e  a l l  eq u a l  to  u n i t y .  T h is  example i l l u s t r a t e s  th e  

e f f e c t  o f  t h e  i n i t i a l  s t a r t i n g  e lem en t v a lu e s  on th e  p e rfo rm an ce  o f  th e  

t e c h n iq u e  d ev e lo p ed .  F i g s . [ 6 . 4 b ]  to  [ 6 .4 f ]  show th e  f i v e  t o p o l o g i c a l  

m o d i f i c a t io n s  which were made b e f o r e  a s o l u t i o n  was a t t a i n e d .  From th e  

com puter o u tp u t  p roduced  t h e r e  a r e  s e v e r a l  i tem s  o f  i n t e r e s t .

1) The tim e  ta k e n  betw een t o p o l o g i c a l  m o d i f i c a t io n s  was a s  uneven 

a s  i n  th e  p r e v io u s  exam ple. However, in  t h i s  c a s e ,  one t h i r d  o f  th e  

t o t a l  t im e  o f  t e n  m inu tes  was s p e n t  rem oving th e  f i r s t  node and a  second 

t h i r d  o p t im iz in g  th e  v a lu e s  o f  th e  f i n a l  ne tw ork  e lem en ts  u n t i l  a  s o l u t i o n  

was r e a c h e d .  T his  was b e c a u se  th e  s t a r t i n g  e lem ent v a lu e s  cau sed  th e  

o p t i m iz a t io n  a lg o r i th m  to  converge  to  t h e  n e a r e s t  l o c a l  minimum 

(F = 3 .54 X lO” ^ ^ ) .  The program  removed t h r e e  e lem en ts  and converged  to  

t h i s  q u a s i - s o l u t io n  i n  l e s s  th a n  two m in u te s .



Initial element values >

Ci = Gi =10Mi =1...,8)

Initial error function = 6*52 x 10̂

INITIAL
STRUCTURE

Final error function = 61-07 

REMOVE G2 = O'564

Initial error function = 42-07 

Final error function =16 46 

REMOVE 0 7 = 4 -6 x 1 0 '^ ^

Initial error function = 8-85 

Final error function =1-08 

REMOVE 63  =7-025 x 10-^

Initial error function =0-965

Final error function = 3-54x10“ 
(quasi - solution)

REMOVE Ge =4-7x10“®.
Ce =4 4x  10“®

REMOVE NODE 4 &
Common factor = (P + 1 )

^ 5

\ > 7
>
/ C e

=Ci
^Gi

■^2 T C 3

(d)

FIG. [6 -4 ] REALIZATION BY NETWORK REDUCTION -  EXAMPLE 2



Initial error function = A-58*10 - 2

Final error function =2-74x10"^

REMOVE 05 =1-05x10"?.
Ci =3-68x10"* & f ?

{e
REMOVE NODE 5 & \ =Ci
Common factor ={P +3) ^r ’ 0Ç

“Cz- i S i _____ 0

Initial error function = 1 77 x 10"̂

FINAL STRUCTURE

Final error function = T75 x 10”^̂

Final element values >
CgslO. 03 = 0-5. C^=13-09,
Cs=1'667 08 = 0 -9 0 9 . = 2 3 -9 9 6 5

0 4 = 2 1 -8 2 . 0 7 = 2 -1 6 1 .0 8 = 0 -3 3 3

< V g 7

□ g ,  1

b J
Ga

(f

FINAL STRUCTURE 
REDRAWN

1

FIO. [6.Z.] - CONTINUED
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2) C o n tra ry  to  th e  p r e v io u s  exam ple, a f t e r  th e  rem oval o f  th e  f i r s t

node, t h e  v a lu e  o f  th e  o v e r a l l  e r r o r  f u n c t io n  F jumped from 3 .54  x 10 ^^ 
_2

up to  4 .585  X 10 . T h is  was b ecau se  th e  c u r r e n t  ne tw ork  e lem en ts  a t

th e  q u a s i - s o l u t i o n  were re d u c e d  to  r e l a t i v e l y  low v a lu e s  to  com pensate 

f o r  th e  e x i s t e n c e  o f  t h e  e x t r a  e le m e n ts .  A l l  o f  th e  ne tw ork  e lem en ts  

co n n ec ted  to  th e  i n t e r n a l  nodes had v a lu e s  which were much l e s s  th a n  t h e i r  

v a lu e s  a t  th e  f i n a l  s o l u t i o n .

3) For t h e  two exam ples ,  in  b o th  c a se s  node 4 was removed b e f o r e  

node 5 . However t h e  red u n d an t  common f a c t o r ,  which was removed w ith  

node 4 , was (p+3) i n  th e  f i r s t  example and (p+1) i n  th e  second  exam ple. 

This  was b e ca u se  th e  sequence  in  which th e  e lem en ts  were removed in  each  

example was d i f f e r e n t .  In  S e c t io n  4 . 5 ,  i t  was shown how th e  e lem en ts  

which a r e  co n n ec ted  to  t h e  e x c e ss  node a t  t h e  t im e  o f  removal d e c id e  th e  

v a lu e  o f  t h e  red u n d a n t  common f a c t o r .

6 .4 .  Case S tudy  3 : New S e t  o f  A dm ittance  F u n c t io n s  h av in g  no E xac t 

'S e r i e s - P a r a l l e l *  R e a l i z a t i o n

g
The s e t  o f  s h o r t - c i r c u i t  a d m it ta n c e  fu n c t io n s  g iv en  by F ia lkow  

(equa t ions  ( 6 .1 ) )  has  th e  fo l lo w in g  com bina tion  o f  p a r t i c u l a r  c h a r a c t e r i s t i c s

= ^22 •

2) The r e s id u e s  a t  t h e  f i n i t e  p o le s  a r e  compact.

3) Non-compact r e s i d u e s  a t  th e  p o le s  a t  zero  and i n f i n i t y .

4) One o f  th e  c o e f f i c i e n t s  in  th e  n u m e ra to r  o f  th e  t r a n s f e r  

a d m it ta n c e  f u n c t i o n  (-Y^^) i s  n e g a t iv e .

Thus t h i s  s e t  o f  f u n c t io n s  can o n ly  be  r e a l i z e d  by a n o n - s e r i e s - p a r a l l e l  

n e t w o r k ^ * L a t e r  K rzeczkow ski^^, w ith  a t h e o r e t i c a l  ap p ro ac h .
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su cceed ed  in  o b t a in in g  a r e a l i z a t i o n  h a v in g  a l t e r e d  F ia lk o w 's  s e t  o f  

f u n c t io n s  t o  a  s e t  w i th  e q u a l  r e s i d u e s  a t  th e  p o le  a t  z e ro .  In  th e  

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

f o r m u la t in g  a s e t  o f  f u n c t i o n s  s i m i l a r  t o  th o s e  g iv en  by F ialkow  b u t  

w i th  compact r e s id u e s  a t  t h e  p o le s  a t  ze ro  and i n f i n i t y .

B efo re  go in g  i n t o  t h e  d e t a i l s  o f  t h i s  i n v e s t i g a t i o n  a t t e n t i o n  i s  

drawn to  t h e  fo l lo w in g :

1) I t  was n o t  p o s s i b l e  to  fo rm u la te  such  a s e t  o f  f u n c t i o n s  t h a t  

were known to  be r e a l i z a b l e  u s in g  any known t h e o r e t i c a l  ap p ro ac h ; i n s t e a d ,  

th e  s y n t h e s i s  o f  s e v e r a l  such  s e t s  o f  s h o r t - c i r c u i t  a d m it ta n c e  f u n c t io n s  

was t r i e d  u s in g  t h e  p rogram  d ev e lo p ed .  I t  was r a t h e r  d i f f i c u l t  t o  f i n d  

an e x a c t  r e a l i z a t i o n  f o r  t h e  d i f f e r e n t  s e l e c t e d  s e t s  o f  f u n c t i o n s .

2) The s e a rc h  f o r  ne tw orks  which can r e a l i z e  th e  r e q u i r e d  s e t  o f  

f u n c t i o n s  was l i m i t e d  t o  ne tw orks  h av in g  th e  minimum number o f  nodes ( in  

t h i s  case  f i v e  nodes p lu s  th e  r e f e r e n c e  n o d e ,  node 0 ) .  Thus, d u r in g

th e  p ro c e s s  o f  t o p o l o g i c a l  m o d i f i c a t i o n ,  i f  a l o c a l  minimum i s  re a c h e d  where 

th e  c r i t e r i a  f o r  node a d d i t i o n  a r e  s a t i s f i e d ,  th e  program  w i l l  be  s to p p e d .

The b e s t  r e s u l t  was o b ta in e d  from th e  example shown in  F i g . [ 6 .5 ] .

The ne tw ork  shown in  F i g . [ 6 . 5 c ]  y i e ld e d  a q u a s i - r e a l i z a t i o n  f o r  t h e  

fo l lo w in g  s e t  o f  s h o r t - c i r c u i t  a d m it ta n c e  f u n c t i o n s :

_ Y  -  (P + 0 .5) (100p3+32344 .84p^+16271 .3351p+77 .381616)
11" 22 ■ (p+0.5)C800000pZ+408000p+3840) )

Y _ ( p + 0 .5 ) ( 1 0 0 p 3 - 0 . 5 p 2 + 1 7 2 . 1 7 3 8 3 p + 7 7 . 381616)
" 1 2  rn+0.5)  r800000n^+408000u+3840'l ( 6 . 3 )(p+0.5)(800000p^+408000p+3840)

The f o l lo w in g  comments a r e  made w ith  r e s p e c t  t o  t h i s  example :

1) Because o f  th e  n e g a t i v e  c o e f f i c i e n t  in  t h e  n u m e ra to r  o f  th e  

t r a n s f e r  a d m it ta n c e  f u n c t i o n ,  t h i s  s e t  o f  f u n c t io n s  canno t have an e x a c t  

s e r i e s - p a r a l l e l  r e a l i z a t i o n .  However a  v e ry  good q u a s i - r e a l i z a t i o n



I n i t i a l  e lem en t v a lu e s
o

c. = G. = 10 
1 1

INITIAL STRUCTURE

I n i t i a l  v a lu e  o f  e r r o r
4

f u n c t i o n  = 6 .4  x 10 

F in a l  e r r o r  f u n c t i o n = 4 6 ,7

Remove R e s i s t o r

V alue 0 .5  betw een nodes 3

I n i t i a l  e r r o r  f u n c t i o n  = 46 .01  

F in a l  e r r o r  f u n c t i o n  = 1 .46

Remove C a p a c i to r  
_4

V alue 1 .9  x 10 between 

nodes 0 and 4

I n i t i a l  e r r o r  f u n c t io n  = 1 .44

1

4and 5

C  ̂ = 0 .00025

Cg = 7 6 .2  . . . ,C

= = 0 . 0 4 0 3 ,

S = 36 .9 8  . . ,

= 0 .0 0 0 2 6  ,

K _ 3 .9 9 4  X 10"^

-610

1

(a)

(b)

2 (c)

F ig u re  [6 .5 ]  S e r i e s - P a r a l l e l  Q u a s i - R e a l i z a t io n  f o r  th e  F u n c t io n s  o f

E q u a t io n s  (.6.5)
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co u ld  be o b ta in e d  (F = 1 .56  x 10 t h a t  was s e r i e s - p a r a l l e l  i n  form.

2) The example shown in  F i g . [6 .5 ]  i s  one o f  s e v e r a l  a t t e m p ts  to  

p ro d u ce  an e x a c t  r e a l i z a t i o n  o f  th e  s e t  o f  f u n c t io n s  g iv e n  in  e q u a t io n s

( 6 . 3 ) .  I t  was found t h a t  th e  v a lu e  o f  K , th e  c o n s ta n t  m u l t i p l i e r ,  

was v e ry  s e n s i t i v e  to  t h e  c o r re s p o n d in g  to p o lo g y ,  e . g .  fo r^ n e tw o rk  

composed o f  5 n o d es ,  p lu s  r e f e r e n c e  node , and f o u r  e le m e n ts ,  t h e  v a lu e  

o f  K can v a ry  from 10 to  10 f o r  d i f f e r e n t  e lem en t d i s t r i b u t i o n s .

3) In  th e  example shown in  F ig .  [ 6 .5 ] ,  two t o p o l o g i c a l  m o d i f i c a t io n s  

were made b e f o r e  th e  o v e r a l l  e r r o r  f u n c t io n  F ceased  to  re d u c e  f u r t h e r .  

T his  was b ec a u se  a l l  th e  p o s s i b l e  v i r t u a l  e lem en ts  to  choose from were

o f  n e g a t iv e  v a l u e s .  However, t h i s  does n o t  p rove  t h a t  t h i s  s e t  o f  

f u n c t io n s  canno t be r e a l i z e d  by a netw ork  c o n ta in in g  o n ly  Sij& n o d es .

I t  can o n ly  be c o n s id e re d  as  an i n d i c a t i o n  t h a t  such a r e a l i z a t i o n  i s  v e ry  

d i f f i c u l t  t o  a c h ie v e  u s in g  netw ork  e v o l u t io n .  F u r th e r  i t  i s  a s t r o n g  

e v id e n c e  f o r  th e  need  to  grow a new node.

6 .5 .  Case S tudy  4 : The Degree o f  C o n n e c t iv i ty

The i n i t i a l  s t a r t i n g  ne tw ork  shown in  F i g . [6 .6 ]  i s  s e l e c t e d  to

r e a l i z e  th e  fo l lo w in g  s e t  o f  a d m it ta n c e  f u n c t i o n s ,

a p a p a  p 
Yii = P + z  + +11 ^ 6 p+1 p+2 p+3

1 a^p a^ p /2  a ^ p /3
-^12 = P 6 p+1 p+2 p+3

I  a^p a ^ p /4  a^ p /4

^̂ 22 = P * 6 * ^  * ^ 7 3 "  (* '41

34w ith  a^ = 1, a% = 1 5  and  a^ = 35 ( o r i g i n a l l y  g iv e n  by Lucal ) .

The b e s t  r e a l i z a t i o n  f o r  t h i s  s e t  o f  f u n c t io n s  p u b l i s h e d  by 

C u t t e r id g e  had  f o u r t e e n  e lem en ts  and two common f a c t o r s .  L a t e r ,  Hansen
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and Wanet^^ p r e s e n te d  an LC r e a l i z a t i o n  whose RC e q u i v a l e n t  r e a l i z a t i o n  

p o s s e s s e s  two common f a c t o r s ,  and u s e s  one l e s s  netw ork  e lem en t th a n  d id  

C u t t e r id g e .  E x i s t i n g  l i n e a r  ne tw ork  th e o ry  g iv e s  no g u ide  to  th e  

number, i f  any , o f  ex ce ss  common f a c t o r s  r e q u i r e d  to  a c h ie v e  a s o l u t i o n .  

Thus t h e  r e a l i z a t i o n  o f  t h e  s e t  o f  f u n c t i o n s  g iv en  in  e q u a t io n s  (6 .4 )  

r e p r e s e n t s  a v e ry  good c a se  s tu d y  to  i n v e s t i g a t e  i n t o  t h e  concep t o f  th e  

degree  o f  c o n n e c t i v i t y  in t r o d u c e d  in  S e c t io n  2 .5 .

A no ther  r e a s o n  which made t h i s  example o f  p a r t i c u l a r  i n t e r e s t  i s  t h a t

th e  r e s u l t s  shown in  F i g . [6 .6 ]  a r e  v e ry  s i m i l a r  to  th o s e  o b ta in e d  by 

23Di Mambro who employed a c o m p le te ly  d i f f e r e n t  o p t i m iz a t io n  a lg o r i th m  

and t o p o l o g i c a l  m o d i f i c a t io n  s t r a t e g i e s .

In  s o lv in g  t h i s  exam ple , two d i f f e r e n t  app roaches  were u se d ,  namely:

1) To s t a r t  from a n y .o f  t h e  p u b l i s h e d  r e a l i z a t i o n s  h o p in g  t h a t  th e  

program would remove e lem en ts  and nodes u n t i l  a new r e a l i z a t i o n  was

o b ta in e d  w i th  a l e s s e r  number o f  n o d e s .  T h is  app roach  was u n s u c c e s s f u l .

2) To adop t th e  fo l lo w in g  app roach :

i )  Try to  r e a c h  a s o l u t i o n  s t a r t i n g  from a ne tw ork  w ith  th e  minimum

number o f  nodes ( i . e .  no common f a c t o r )  which co u ld  s t i l l  y i e l d  

th e  r e q u i r e d  s p re a d  o f  pow ers .

i i )  I f  a s o l u t i o n  was n o t  p o s s i b l e  w i th  th e  minimum number o f  nodes ,

to  i n v e s t i g a t e  t h e  re a s o n s  f o r  f a i l u r e .

i i i )  As d e s c r ib e d  in  S e c t io n  2 .5 ,  i f  th e  f a i l u r e  was caused  by  a

l a r g e  d i f f e r e n c e  in  th e  a d m it ta n c e  l e v e l  betw een in p u t  and

o u tp u t  ( i . e .  th e  d eg ree  o f  c o n n e c t i v i t y ) , t h e n  t r y  to  f i n d  

a n o th e r  example which co u ld  e s t a b l i s h  th e  concep t o f  t h e  

deg ree  o f  c o n n e c t i v i t y .



Initial element values 

C L = Gi. = 10® { l =1,.., 5 )

Initial ernor function = 2 62 % 10̂

INITIAL STRUCTURE

Final error function = 85-99

REMOVE CAPACITOR
value 0-77 between nodes 0 & 5

Initial error function = 99-55 

Final error function = 12-66

REMOVE RESISTOR 
value 2-3 X 10"  ̂ between 
nodes 0 8 5

Initial error function = 3-94 

Final error function = 3-36

ADD CAPACITOR 1 
value 0-752 between 
nodes 0 & 2

(b

Initial error function = 12- 58

Final error function =3-74

ADD CAPACITOR 
value 0-617 between 
nodes 0 & 1

FIG. 16-6] ATTEMPTED SYNTHESIS OF FUNCTIONS OF EQUATION (6 4



Initial error function = 4-0  

Final erro r function = 2-799

ADO RESISTOR 
value 2 -1 3 x 1 0 ”  ̂
betw een nodes 0 8 2 ^

( e!

Initial error function = 2-795 

Final error function =2-781

ADD RESISTOR 
value 2-56 *10”  ̂
between nodes 0 81

( f  )

Initial error function» 2-77 

Anal error function = 2-75

ADD CAPACITOR 
value 7 -9 7 * 1 0 “  ̂
between nodes 0 8 3

( g  )

Initial error f irc tio n  = 2-75  

Final error function = 2-75

No further improvement a s  
the optimum values of the 
remaining v ir tu a l elements 
a re  all n eg a tiv e  ç

FIG. 15-6] CONTINUED

(h )

Cj = 26,  C2 = 0 . 6 4 4 ,

C3  = 4 . 3 8 1 ,  = 0 . 3 8 6 ,

C5  = 0 . 3 4 9 ,  Cg = 0 . 2 9 9 ,

= 0 .0133,G^ = 1 4 . 7 6 ,

Gg = 3 7 . 8 4 ,  G3  = 0 . 1 6 6 8 ,

Ĝ  = 0 . 4 3 6 4 ,  Ĝ  = 0 . 0 1 3 6 ,

*6' = 0 . 0 1 8 9
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F i g s . [ 6 . 6 b ]  to  [6 .6 h ]  show seven  to p o l o g i c a l  m o d i f i c a t io n s  which 

were made by th e  program  b e f o r e  t h e  o v e r a l l  e r r o r  f u n c t io n  F cea se d  to  

co n v e rg e .  From th e  com puter p r i n t o u t  p ro d u ced ,  t h e r e  were s e v e r a l  

i tem s  to  c o n s id e r .

1) The s t a r t i n g  ne tw ork  y i e ld e d  th e  fo l lo w in g  s e t  o f  f u n c t io n s

A 4 3 2
Y Y _ 11 _ 3p +20p +34p +20p+3

11 22 A ii22  6p3+22p2+22p+6

p i  0 .311p  0 .689p
^ 2 2 p+0.451 p + 2 .215

A 4 3 2
12 3p +8p +10p +8p+3

12 " Ai i 22 " 6p%+22p%+22p+6
-Y

p 1 0 .3 1 Ip 0 .689p
~ 2 2 '  p+0.451 ■ p + 2 .215 (6 .5 )

E q u a t io n s  (6 .4 )  and (6 .5 )  b o th  have th e  same number o f  c o e f f i c i e n t s .  

However, e q u a t io n  (6 .5 )  has  one l e s s  f i n i t e  p o l e .  T h is  i s  b eca u se  t h e r e  

i s  a f a c t o r  (p+1) common to  a l l  p o ly n o m ia ls  ( s e e  S e c t io n  2 . 4 ) .

2) The o p t i m iz a t io n  a lg o r i th m  in  th e  Gauss Newton s e c t i o n  y i e ld e d  

v e ry  l a r g e  c o r r e c t i o n s  f o r  t h e  e lem en t v a l u e s .  T h is  was a t t r i b u t e d  to  th e  

l a r g e  d i f f e r e n c e  in  th e  a d m it ta n c e  l e v e l  betw een  in p u t  and o u tp u t .  As a

r e s u l t ,  s e v e r a l  e lem en ts  were a s s o c i a t e d  w ith  l a r g e  c o r r e c t i o n s .  These

c o r r e c t i o n s  were o s c i l l a t i n g  betw een l a r g e  p o s i t i v e  and l a r g e  n e g a t iv e  

v a l u e s .  Thus t h e  o p t i m iz a t io n  a lg o r i th m  p erfo rm e d  i t e r a t i o n s  o n ly  in

th e  c o n ju g a te  g r a d i e n t  s e c t i o n .  A f t e r  two c o n ju g a te  g r a d i e n t  i t e r a t i o n s ,  

th e  c u r r e n t  e lem en t v a lu e s  y i e l d e d  th e  f o l lo w in g  s e t  o f  f u n c t i o n s :



I l l

1 . 966p4+63.729p3+185. 429p^+l3 6 . 8p+5.556  
11 9 .229pj+55.525pz + 83.026p+29.169

9.22985 1.96657P+1.758152 .

1 . 966p4+6. 37p3+5.979p2+6. 1694p+5.556 
12 " 9 .229p3+55.525p2+83.026p+29.169

9.22985 1.96657P+1.758152 -  -  ( ÿ t o i ô S )

1 . 966p4+14. 632p3+31. 439p^+24. 227p+5.556 
22 9 .229p3+55.525p2+83.026p+29.169

1.96657P+1.758152 + + Ü H ô s T9.22985

(6 .6 )

From th e  e q u a t io n s  above we n o t i c e  t h a t  by a l t e r i n g  th e  netw ork  

e lem en t v a l u e s ,  th e  r e s i d u e s  o f  th e  t h i r d  f i n i t e  p o le  in c r e a s e d  from z e ro .  

However, th e  s ig n s  o f  th e  r e s id u e s  i n  th e  t r a n s f e r  f u n c t io n  a r e  s t i l l  n o t  

as  r e q u i r e d .  T h is  co u ld  e x p l a in  th e  i n s t a b i l i t y  in  th e  Gauss Newton 

a lg o r i th m .

3) The v a lu e  o f  t h e  o v e r a l l  e r r o r  f u n c t io n  F d e c re a se d  m o n o to n ic a l ly

ex c e p t  :

i )  When th e  c a p a c i t o r  betw een nodes 0 and 5 was removed.

This  was b eca u se  i t s  v a lu e  was r e l a t i v e l y  h ig h  (see  S e c t io n  4 . 5 ) .

i i )  When th e  c a p a c i t o r  betw een nodes 0 and 1 was added . T h is

was b eca u se  th e  a d d i t i o n  o f  t h i s  c a p a c i t o r  c o n t ra v e n e s  th e  

c o n s t r a i n t s  imposed by th e  r e q u i r e d  s e t  o f  f u n c t i o n s .  A 

c a p a c i t o r  betw een nodes  0 and 1 would make th e  r e s id u e s  o f  

th e  p o le  a t  ze ro  non-com pac t.
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i i i )  S t a r t i n g  from F i g . [ 6 .6 e ]  th e  o p t i m iz a t io n  a lg o r i th m  re a c h e d  a

p l a t e a u .  The a d d i t i o n  o f  f o u r  e lem en ts  o n ly  red u ce d  th e  v a lu e  

o f  F from 2.799 to  2 .7515 . No f u r t h e r  e lem en t a d d i t i o n

was p o s s i b l e  a s  th e  optimum v a lu e s  o f  a l l  t h e  v i r t u a l  e lem en ts  

were n e g a t i v e .  T h is  i s  a f u r t h e r  j u s t i f i c a t i o n  f o r  th e  

te c h n iq u e  d ev e lo p ed  f o r  node a d d i t i o n .  T h is  t e c h n iq u e  was 

b a se d  on th e  id e a  t h a t  ad d in g  e lem en ts  which would c o n tra v e n e  

th e  t o p o l o g i c a l  c o n s t r a i n t s  imposed by th e  com pactness o f  th e  

p o le s  a t  z e ro  and i n f i n i t y  i n  th e  r e q u i r e d  s e t  o f  f u n c t i o n s ,  

w i l l  n o t  improve th e  r a t e  o f  convergence  s u f f i c i e n t l y .

Comparing th e  r e s u l t s  g iv en  by t h i s  example w i th  th o s e  o b ta in e d  by 

23Di Mambro we n o te  t h a t :

1) Di Mambro s e l e c t e d  th e  to p o lo g y  shown in  F i g . [ 6 . 6 c ]  a s  a 

s t a r t i n g  ne tw ork .

2) The f i r s t  e lem en t h i s  program  added  was a c a p a c i t o r  betw een nodes 

0 and 1 (as  in  F i g . [ 6 . 6 d ] ) .

3) I n s t e a d  o f  add in g  a c a p a c i t o r  be tw een  nodes 0 and 2 and a

r e s i s t o r  betw een nodes 0 and 1 , h i s  program  added a c a p a c i t o r  between

nodes 0 and 3 and a r e s i s t o r  betw een nodes  3 and 4 .

4) In h i s  program , t h e  f i n a l  v a lu e  o f  F cea se d  a t  F = 2 .7 7  and

a l l  th e  v i r t u a l  e lem en t v a lu e s  were n e g a t i v e .

Hence from th e  above com parison  we can conclude  th e  fo l lo w in g :

1) Using two d i f f e r e n t  o p t i m iz a t io n  a l g o r i th m s ,  th e  same end p o i n t  

was re a c h e d .  I f  th e  r e s i d u a l s  o f  th e  e q u a t io n s  a r e  s t u d i e d ,  th e n
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1) The r e s i d u a l  c o r re sp o n d in g  to  th e  e r r o r  in  t h e  c o e f f i c i e n t  o f  

p^ i n  Ai2 s u g g e s ts  t h a t  th e  e lem en t c o n t r i b u t i n g  in  i t s  

2 - t r e e s  sh o u ld  e i t h e r  be removed o r  red u ced  in  v a lu e .

i i )  The r e s i d u a l  c o r re s p o n d in g  to  th e  e r r o r  in  t h e  c o e f f i c i e n t  o f

p^ in  A12 s u g g e s t s  th e  r e v e r s e ,  i . e .  th e  e lem en ts  c o n t r i 

b u t i n g  in  i t s  2 - t r e e s  sh o u ld  be  i n c r e a s e d  i n  number o r  in  v a lu e

S in ce  many o f  t h e s e  e lem en ts  a r e  i n  common to  b o th  s e t s  o f  2 - t r e e s ,  

t h e r e  i s  no s o l u t i o n  w i th i n  th e  frame o f  th e  minimum number o f  n o d es .

2) The o p t i m iz a t io n  a lg o r i th m  employed in  th e  p r e s e n t  work i s

e f f i c i e n t  and r e l i a b l e  even i f  i t  i s  compared w ith  a more s o p h i s t i c a t e d
2 J

a lg o r i th m  . M oreover t h e  o p t i m iz a t io n  a lg o r i th m  employed i n  th e  

p r e s e n t  work i s  f a s t e r .

3) The to p o l o g i c a l  m o d i f i c a t io n  te c h n iq u e s  d eve loped  by th e  a u th o r  

a r e  e f f i c i e n t .

The l a s t  p a r t  o f  t h i s  c a se  s tu d y  y e t  to  be f u l f i l l e d  i s  to  f i n d  an 

example which has  a s i m i l a r  s e t  o f  f u n c t io n s  and can be  r e a l i z e d  by th e  

minimum number o f  n o d es .  T h is  has  been  s u c c e s s f u l l y  a c h ie v e d  as  fo l lo w s  

The s e t  o f  f u n c t i o n s  i n  th e  above exam ples ( o r i g i n a l l y  g iv e n  by 

Lucal ) IS

11 A
^ 2 2 ^  _ 36p4+2058p3+6552pZ+4638p+36
1122

= P

36p3+216pZ+396p+216 

6 p+1 p+2 p+3

Ai 2 
■Y = ---------

12 Ai i 22

11

22 A 1122

36(p^+p^+2p^+p+l)
36p3+216p2+396p+2Î6

p + 1  _ _E _  + .  3Sp/5
^  6 p+1 p+2 p+3

36p4+533p3+1572p2+1183p+36
36p3+216p2+396p+216)

^ 6 p+1 p+2 p+3 (6 .7 )



and th e  s e t  o f  f u n c t io n s  s e l e c t e d  i s

11
_ 36p4+1563p3+4817p2+3348p+36 

1122 36p3+216p2+396p +216

_ .  + 1 +  l l p / 3 6  ^ 85p/9 ^ 55p/2  
^  6 p+1 p+2 p+3

-Y
12

12 1122
36p^+5Ip 3+6 7p2+66p+36 
36p3+216p2+396p+216

>

= P
+ 1 l l p / 3 6  ^ 85P/18

p+1 p+2
55p/6

p+3

22 Ai i 22
= 36p4+428p3+1157pZ+823p+36

36p3+216p2+396p+216

, 1 , l l p / 3 6  , 85p/36 , 55p/18  
^ 6 p+1 p+2 p+3
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C6.8)

By com paring th e s e  two s e t s  o f  s h o r t - c i r c u i t  a d m it ta n c e  f u n c t io n s  

i t  i s  seen  t h a t :

1) Both s e t s  have th e  same p o l e s .

2) The r a t i o  betw een th e  r e l e v a n t  r e s id u e s  a r e  th e  same.

3) The r e s id u e s  a t  th e  p o le s  a t  ze ro  a r e  th e  same.

4) The r e s id u e s  a t  t h e  p o l e  a t  i n f i n i t y  a r e  th e  same.

5) The v a lu e  o f  th e  r e s id u e s  a t  t h e  f i n i t e  p o le s  in  e q u a t i o n s [6 .8 )  

a r e  l e s s .  Thus th e  v a lu e s  o f  t h e  r e l e v a n t  c o e f f i c i e n t s  i n  e q u a t i o n s (6 .8 )  

a r e  l e s s  th a n  th o s e  o f  e q u a t io n s  ( 6 . 7 ) .  Hence th e  d i f f e r e n c e  betw een th e  

a d m it ta n c e  l e v e l  a t  th e  i n p u t  and o u tp u t  i n  e q u a t i o n s (6 .8 )  i s  l e s s  th a n  

t h a t  i n  e q u a t io n  ( 6 .7 ) .  In  o t h e r  w ords, t h e  c o n s t r a i n t s  imposed by 

e q u a t i o n s (6 .8 )  on th e  r e q u i r e d  ne tw ork  can be  s a t i s f i e d  by th e  d eg ree  o f  

c o n n e c t i v i t y  a v a i l a b l e  w i th i n  th e  minimum number o f  n o d es .

The example shown in  F i g . [6 .7 ]  r e a l i z e s  th e  s e t  o f  f u n c t io n s  g iv e n  in  

e q u a t i o n s ( 6 .8 ) .  F u r th e r ,  f o r  t h e  same f i n a l  to p o lo g y  g iven  in  F i g . [ 6 . 7 b ] ,
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b u t  f o r  d i f f e r e n t  e lem en t v a lu e s ,  a group o f  examples can be fo rm u la te d .  

The v a lu e s  o f  a ^ ,  a^ and a^ in  any o f  th o s e  examples sh o u ld  n o t  

exceed  th e  r e l e v a n t  v a lu e s  g iv e n  in  e q u a t io n s  ( 6 .8 ) .

I n i t i a l  e lem en t v a l u e s : -  

a l l  eq u a l  to  u n i t y

1 » -

I n i t i a l  e r r o r  f u n c t io n  = 

3 . 3 7  X 10%

F in a l  e r r o r  f u n c t io n  = 

5 . 5 9  X 10"^

I n i t i a l  e r r o r  f u n c t io n  = 

5 . 5 4  X 10"5 1 * -

F in a l  e r r o r  f u n c t io n  = 
5 . 8  X

■ C Z h

n f n i S

—J -

v a l u e s :-
T Gi %

— 2 (a)

I

ADD RESISTOR 
v a lu e  1 .9 5x10“ 3 
betw een nodes  

—rO 3 § 4

= 3 .4 3 5 5 ,  = 15 .1 9 4  -L------------

= 3 . 5 ,  = 1 .5 4

Gj = 3 9 . 3 8 ,  Ĝ  = 8 . 8 8 7 ,  Ĝ  = 0 . 1 6 6 7 ,  Ĝ  = 2 . 2 7 5 ,  Ĝ  = 1 . 9 3 ,  Gg = 0 .0 4  

F ig u re  [ 6 . 7 ] R e a l i z a t i o n  o f  E q u a t io n ? (6 . 8 )

As a r e s u l t  o f  t h i s  case  s tu d y ,  a n o th e r  i n t e r e s t i n g  c o n c lu s io n  which 

co u ld  be u s e f u l  in  p r a c t i c e  was e s t a b l i s h e d  as fo l lo w s  :

For a s e t  o f  r e q u i r e d  f u n c t i o n s ,  i f  a r e a l i z a t i o n  i s  r e q u i r e d  w i th  a 

minimum number o f  nodes and such a r e a l i z a t i o n  canno t be a c h ie v e d  b eca u se  

th e  d eg ree  o f  c o n n e c t i v i t y  w i th in  th e  minimum number o f  nodes i s  n o t  

enough, th e n  by p e r t u r b i n g  th e  v a lu e s  o f  th e  g iv en  s e t  o f  c o e f f i c i e n t s ,  such 

a r e a l i z a t i o n  may be o b ta in e d  w i th in  a c e r t a i n  t o l e r a n c e .



116

6 .6 .  C o n c lu s io n s

A f t e r  th e  d e s c r i p t i o n  o f  each  case  s tu d y  in  t h i s  c h a p t e r ,  d e t a i l e d  

c o n c lu s io n s  were g iv e n .  The g e n e ra l  c o n c lu s io n  which can be o b ta in e d  

from th e  work p r e s e n te d  in  t h i s  c h a p te r  i s  t h a t  th e  c o e f f i c i e n t  m a tch in g  

te c h n iq u e  i s  e f f i c i e n t  and r e l i a b l e .  The o p t i m iz a t io n  a lg o r i th m  a d o p te d  

and th e  v a r io u s  te c h n iq u e s  d ev e lo p ed  f o r  t o p o l o g i c a l  m o d i f i c a t io n s  a r e  

e a s i l y  im plem ented and o f t e n  s u c c e s s f u l .
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CHAPTER 7

CASE STUDIES I I  : ATTEMPTED SYNTHESIS OF SOME 

THREE ELEMENT KIND 3-TERMINAL NETV/ORKS

7 .1 .  I n t r o d u c t io n

In  th e  p r e v io u s  c h a p t e r ,  s e v e r a l  c a se  s t u d i e s  f o r  th e  s y n t h e s i s  o f  

tw o -e lem en t k in d  3 - te r m in a l  ne tw orks  were d e s c r ib e d  and d i s c u s s e d .  In 

t h i s  c h a p te r  t h e  a u th o r  p r e s e n t s  some case  s t u d i e s  f o r  t h e  r e a l i z a t i o n  o f  

3 - te r m in a l  RLC n e tw o rk s .

In  g e n e r a l ,  i n  th e  au tom ated  s y n t h e s i s  program , th e  o r d e r s  o f  th e  

r e q u i r e d  s e t  o f  p o ly n o m ia ls  and th e  number o f  c o e f f i c i e n t s  to  be  matched 

must be c o r r e c t l y  s p e c i f i e d  a t  a l l  t im es  d u r in g  th e  d e s ig n  p r o c e s s ,  i f  

th e  program  i s  to  r e a l i z e  a  f e a s i b l e  f i n a l  n e tw o rk .  In  RLC n e tw o rk s ,  

th e  a d d i t i o n  o r  rem oval o f  an e lem en t may a l t e r  th e  o r d e r  o f  t h e  s e t  o f  

f u n c t io n s  o b ta in e d .  Hence i n  RLC netw ork  s y n t h e s i s ,  th e  o r d e r  o f  th e  

s e t  o f  p o ly n o m ia ls  c u r r e n t l y  o b ta in e d  s h o u ld  be checked a f t e r  each 

to p o l o g i c a l  a l t e r a t i o n .

During th e  e v o l u t io n  o f  any RLC netw ork  i t  i s  p o s s i b l e ,  b e c a u se  o f  

e lem en t rem ova l,  t h a t  t h e  ne tw ork  may d e g e n e ra te  to  a tw o-e lem en t k in d  

ne tw ork  (RL, LC o r  RC). F u r th e r ,  f o r  some RLC n e tw o rk s ,  th e  

a d d i t i o n  o f  one element may a l t e r  th e  o r d e r s  o f  th e  o b ta in e d  ne tw ork  p o l y 

n o m ia ls .  T h is  a l t e r a t i o n ,  in  g e n e r a l ,  depends on th e  p o s i t i o n  and ty p e  

o f  th e  new e lem en t .  For exam ple, th e  s e t  o f  f u n c t io n s  g iven  in  e q u a t io n s

(7 .1 )  can be r e a l i z e d  by t h e  RC netw ork  shown in  F i g . [ 7 .1 ] .

1 — 2 . „3-A ll = A2 2  = J  (l+5p+5p^+pj) 

A12  = j  (l+p+p2+p3) 

A1122 = l+2p+pZ (7 .1 )
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0-5

0.5

F ig u re  [7 .1 ]  Network R e a l i z in g  E q u a t io n s  (7 .1 )

The a d d i t i o n  o f  one in d u c ta n c e  betw een any two nodes w i l l  a f f e c t  each 

o f  t h e  fo u r  p r i n c i p a l  p o ly n o m ia ls  in  a d i f f e r e n t  way. F u r th e r ,  t h e  way 

i n  which each  p o lynom ia l i s  m o d if ie d  depends on th e  p o s i t i o n  in  which t h i s  

in d u c ta n c e  i s  co n n ec ted .

1) Suppose an in d u c ta n c e  L i s  i n s e r t e d  betw een nodes 0 and 3 :

I f  an in d u c ta n c e  o f  v a lu e  u n i t y  i s  c o n n ec ted  betw een nodes 0 and 3 , 

th e n  t h e  netw ork  o f  F i g . [7 .2 ]  i s  o b ta in e d .  T h is  netw ork  now r e a l i z e s  th e  

f o u r  p r i n c i p a l  p o ly n o m ia ls  o f  e q u a t i o n s (7 .2 )

A l l  = ^22 = ^  ( l+5p+7p2+5p3+p^]  

Ai2 = ^  (l+p+p2+p3+p4)

&1122 = ~  (l+2p+2p +p3) . J

05

(7 .2 )

F ig u re  [7 .2 ]  Network R e a l i z in g  E q u a t io n s (7 .2 )
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2) Suppose an in d u c ta n c e  L i s  i n s e r t e d  betw een nodes 0 and 4 :

I f  an in d u c ta n c e  o f  v a lu e  u n i t y  i s  co n n ec ted  betw een nodes 0 and 4 , 

th e n  th e  ne tw ork  o f  F i g . [7 .3 ]  i s  o b ta in e d .  T h is  netw ork  now r e a l i z e s  th e  

fo u r  p r i n c i p a l  p o ly n o m ia ls  o f  e q u a t i o n s (7 .3 )

All = ^22 = (2+5p+6p2+5p3+p4)  1

Ai 2 = ^  C0ip+2p2+p3+p4) 

^1122 = ~  Cl+2p+2p3+p3)  , J (7 .3 )

05

0.50.5

3

F ig u re  [7 .3 ]  Network R e a l i z in g  E q u a t io n s (7 .3 )

Comparing e q u a t io n s  ( 7 . 1 ) ,  (7 .2 )  and ( 7 . 3 ) ,  t h e  fo l lo w in g  i s  n o t i c e d :

1) The c o e f f i c i e n t s  o f  A1 1 2 2  in  e q u a t io n s  (7 .2 )  and (7 .3 )  a r e  

i d e n t i c a l .

2) The number o f  t h e  n o n -z e ro  c o e f f i c i e n t s  i s  in c r e a s e d  and th e  

range  o f  powers o f  p i s  i n c r e a s e d  by  one w ith  r e s p e c t  to  e q u a t io n s

(7 .1 )  (p  ̂ h as  been  added t o  th e  p o ly n o m ia l s ) .

3) A ll and A2 2  i n  e q u a t i o n s (7 .2 )  and (7 .3 )  a r e  p o ly n o m ia ls  o f  th e  

same o r d e r  b u t  w i th  d i f f e r e n t  c o e f f i c i e n t  v a lu e s .
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4) The p o ly n o m ia ls  c o r re s p o n d in g  to  A%2 in  e q u a t io n s  (7 .2 )  and 

(7 .3 )  a r e  d i f f e r e n t  in  o r d e r  and in  th e  c o e f f i c i e n t  v a l u e s .

The i n c r e a s e  in  t h e  ran g e  o f  powers o f  p i n  th e  p o ly n o m ia ls  shows th e  

need  f o r  a c o n t in u o u s  check on th e  o r d e r  and th e  number o f  c o e f f i c i e n t s  o f  

th e  s e t  o f  p o ly n o m ia ls  o b ta in e d  d u r in g  th e  e v o l u t io n  o f  th e  r e q u i r e d  

ne tw ork .  C l e a r l y ,  i n  th e  example g iv en  above, i f  th e  s o l i t a r y  in d u c ta n c e  

in  th e  ne tw orks  o f  F ig s .[7 .2 ]  and [7 .3 ]  i s  removed, th e n  th e  rem a in d e r  i s  

i d e n t i c a l  t o  th e  ne tw ork  o f  F i g . [7 .1 ]  in  b o th  c a s e s .  F u r t h e r ,  th e  

r e a l i z e d  s e t  o f  ne tw ork  p o ly n o m ia ls  w i l l  be  t h a t  o f  e q u a t io n s C 7 .1}. On ■ 

th e  o t h e r  h and ,  add ing  more in d u c ta n c e  to  th e  ne tw ork  shown in  F i g . [7 .1 ]  

may i n c r e a s e  th e  ran g e  o f  powers o f  p i n  th e  s e t  o f  p o ly n o m ia ls  o b ta in e d .

In  p r a c t i c e ,  i t  i s  r a t h e r  d i f f i c u l t  t o  fo rm u la te  a s y s t e m a t i c  

te c h n iq u e  t o  check th e  o rd e r s  o f  th e  s e t  o f  p o ly n o m ia ls  c u r r e n t l y  o b ta in e d  

d u r in g  th e  e v o l u t io n  p r o c e s s ,  e s p e c i a l l y  f o r  s o p h i s t i c a t e d  RLC n e tw o rk s .  

However, th e  a u th o r  d ev e lo p ed  th e  fo l lo w in g  e m p i r ic a l  check .  The program  

c a l c u l a t e s  th e  c u r r e n t  v a lu e s  o f  a l l  c o e f f i c i e n t s  f o r  p o ly n o m ia ls  o f  th e  

maximum o r d e r  p o s s i b l e ,  as  d e te rm in e d  by th e  number o f  th e  c u r r e n t  n o d es .  

Hence d u r in g  netw ork  e v o l u t io n  and a f t e r  each  t o p o l o g i c a l  a l t e r a t i o n ,

1) I f  th e  v a lu e  o f  a c o e f f i c i e n t  t h a t  i s  r e q u i r e d  to  be n o n -z e ro  i s  

c a l c u l a t e d  to  be below a  c e r t a i n  p r e s c r i b e d  v a lu e  ( e . g .  10  ̂ s a y ) ,  t h i s  i s  

c o n s id e re d  as  an i n d i c a t i o n  t h a t  th e  program  s u g g e s te d  a wrong to p o l o g i c a l  

a l t e r a t i o n .  In  t h i s  c a s e ,  th e  s u g g e s te d  t o p o l o g i c a l  a l t e r a t i o n  i s  t o  be 

abandoned and th e  s e a r c h  f o r  a n o th e r  t o p o l o g i c a l  a l t e r a t i o n  i s  to  be 

c a r r i e d  o u t .

2) I f  th e  v a lu e  o f  one o r  more o f  th e  ze ro  c o e f f i c i e n t s  i n c r e a s e s  

above a c e r t a i n  minimum v a lu e  ( e . g .  10 ^ ) , th e n  t h i s  c o e f f i c i e n t ( s )  

sh o u ld  be in c lu d e d  w ith  th e  s e t  o f  c o e f f i c i e n t s  to  be m atched and th e  

o r d e r s  o f  th e  r e q u i r e d  s e t  o f  p o ly n o m ia ls  to  be m atched w i l l  be a l t e r e d  

a c c o r d in g ly .
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3) The c o e f f i c i e n t s  o f  th e  fo u r  p r i n c i p a l  p o ly n o m ia ls  y ie ld e d  by th e  

c u r r e n t  ne tw ork  a r e  p r i n t e d  o u t  a f t e r  e v e ry  change in  to p o lo g y .

7 .2 .  Case S tudy  1 : A s im p le  RLC R e a l i z a t i o n

The example shown i n  F i g . [7 .4 ]  i s  to  r e a l i z e  th e  s e t  o f  f u n c t io n s  g iv en  

by eq u a t io n s  ( 7 .4 ) .

A i i=  ( 8  +33p +29pZ+12p^+4p4)
P

A%2= (2+13p+14p2+4p3+4p^)
P

A22= - y  (2+19p+34p2+19p3+12p4)
P

1122 = \  (2+17p+13p2+7p3+2p4) . j ( 7 . 4 )

The c o r re s p o n d in g  s e t  o f  s h o r t - c i r c u i t  a d m it ta n c e  f u n c t i o n s ,  i f  w r i t t e n  in  

th e  p o le - z e r o  form, i s

A 22 6(p+0.1 3 6 1 1 )(p + 0 .1 9 1 6 5 )(p + 0 .6 5 5 + j2 ,0 3 7 ) ( p + 0 .6 6 5 - j2 .037)
11 " Ai i 22 " (p + 0 .1 2 9 6 ) (p + 2 .2 0 7 ) (p + 0 .5 8 2 + j .1 7 7 6 ) ( p + 0 . S 8 2 - j l . 776)

-Y 1 2  =
12 _ 2(p+0.1 9 1 6 5 )(o + 0 .7 8 4 3 4 % (p + 0 .0 1 2 + jl .8 2 4 )(p + 0 .0 1 2 - j 1 .824)

" (p+0.1 2 9 6 ) (p + 2 .207+(p+0.582+j 1 . 7 7 6 ) (p+0.5 8 2 - j 1 .776)Ai 122

A
22 =

11 _ 2 (p + 0 .3 2 3 3 )(p + 1 .3 4 6 6 ) (p + 0 .6 6 5 + j2 .0 3 7 ) (p + 0 .665-12 .037)
A1122 " (p+0.1296) (p+2 .207) (p+0.582+j 1. 776)' (p+0.5 8 2 - j 1. 776)

(7 .5 )

From eq u a t io n s  ( 7 . 5 ) ,  t h i s  s e t  o f  a d m it ta n c e  f u n c t i o n s  has  a c o n ju g a te  complex 

p o le s  and ze ro s  i n  each o f  t h e  a d m it ta n c e  f u n c t i o n s .  Hence i t  canno t be 

r e a l i z e d  by any tw o-e lem en t k in d  ne tw ork .

From th e  s t a r t i n g  ne tw ork  o f  F i g . [ 7 . 4 a ]  th e  s y n th e s i s  program  converges  

to  a l o c a l  minimum in  s i x  Gauss Newton i t e r a t i o n s .  From 24 v i r t u a l  e lem en ts  

t h e  program  s e l e c t e d  t h e  r e s i s t o r  betw een nodes 0 and 4 . T h is  r e s i s t o r  

c o r re sp o n d s  to  maximum optimum v a lu e  and maximum r e d u c t io n  i n  th e  v a lu e  o f  

th e  o v e r a l l  e r r o r  f u n c t i o n .  A s o l u t i o n  was a c h ie v e d  a f t e r  i n s e r t i n g  th e



I n i t i a l  e lem en t v a lu e s

I n i t i a l  e r r o r  f u n c t io n  =

20 .6 6  1 é

INITIAL STRUCTURE

F in a l  e r r o r  f u n c t io n  = 1 0 .7

ADD RESISTOR

V alue 2 .8  betw een nodes 0 G 4

(a)

I n i t i a l  e r r o r  f u n c t io n  = 4 .3 4

FINAL STRUCTURE

F in a l  e r r o r  f u n c t io n  = 
2 .0 7  X 10"25 1

F in a l  e lem en t v a lu e s

4

(b)

F ig u re  [7 .4 ]  Network R e a l iz in g  E q u a t io n s [7 .4 )
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new e l e m e n t , i n  f i v e  Gauss Newton i t e r a t i o n s  which i s  shown in  F i g . [ 7 . 4 b ] .

7 .3 .  Case S tudy  2 : RLC R e a l i z a t i o n  by Node A d d i t io n

For e v e ry  s ta t e m e n t  r e l a t i n g  to  a 3 - te rm in a l  RC n e tw o rk ,  c o r re sp o n d in g  

s ta t e m e n t s  can be fo rm u la te d  f o r  RL and LC ne tw orks  w i th o u t  m utual 

in d u c ta n c e s .  T h is  fo l lo w s  from th e  w e l l  known co rre sp o n d e n c e  between 

ne tw orks  o f  any two k in d s  o f  e lem en t ,  chosen  from th e  t h r e e  k in d s :  i n d u c t 

a n ce ,  c a p a c i t a n c e  and r e s i s t a n c e .  The ra n g e  o f  powers o f  p in  t h e  s e t  

o f  f u n c t i o n s  r e p r e s e n t i n g  tw o-e lem en t k in d  ne tw orks  w i l l  depend on th e  ty p e  

o f  e lem en ts  s e l e c t e d .  The example g iv e n  i n  S e c t io n  7 .2  canno t be 

r e a l i z e d  by any tw o -e lem en t k in d  ne tw o rk .  However, any s e t  o f  a d m it ta n c e  

f u n c t i o n s  which has  a tw o -e le m en t k in d  r e a l i z a t i o n ,  can a l s o  be r e a l i z e d  

by an RLC n e tw o rk .  An RLC e q u i v a l e n t  f o r  a tw o -e lem en t k in d  netw ork  

may be p o s s i b l e ,  b u t  i t  canno t be o b ta in e d  from a s t r a i g h t f o r w a r d  t r a n s f o r 

m a tio n .  F u r th e r ,  an RLC netw ork  can y i e l d  p o ly n o m ia ls  s a t i s f y i n g  th e  

ran g e  o f  powers o f  p c o r re s p o n d in g  to  any tw o-e lem en t k in d  netw ork  

c o n ta in in g  t h e  same number o f  n o d es .  M oreover, an RLC netw ork  can y i e l d

tw ic e  t h e  ran g e  o f  powers o f  p c o r re s o o n d in g  to  any RL o r  RC netw ork

c o n ta in in g  th e  same number o f  nodes .
g

F ialkow  p u b l i s h e d  a s e t  o f  s h o r t  c i r c u i t  a d m it ta n c e  fu n c t io n s  

(eq u a t io n s  ( 6 . 1 ) ) .  The t r a n s f e r  a d m it ta n c e  o f  t h i s  s e t  o f  f u n c t io n s  had a 

n e g a t iv e  c o e f f i c i e n t  i n  t h e  n u m e ra to r .  F ialkow  p ro v ed  t h a t  i f  t h i s  s e t  o f  

f u n c t io n s  i s  r e a l i z e d  by an RC netw ork  th e n ,

1) The r e a l i z a t i o n  must be a n o n - s e r i e s - p a r a l l e l  ne tw ork  w i th  no 

s e r i e s - p a r a l l e l  e q u i v a l e n t .

2) At l e a s t  one common f a c t o r  o f  t h e  form (p+a) ( 1 .14  ^ ^ ^ 197.1761
3 1 .14

i s  n e c e s s a r y  i n  o r d e r  t o  mask th e  e x i s t e n c e  o f  th e  n e g a t iv e  c o e f f i c i e n t .
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3) With th e  a d d i t i o n  o f  one common f a c t o r ,  A1 1 2 2  becomes a f u l l  

c u b ic  p o ly n o m ia ls  i n  p , whence any tw o-e lem en t k in d  r e a l i z a t i o n  must 

have a t  l e a s t  f i v e  nodes p lu s  t h e  r e f e r e n c e  node , node z e ro .

The RL e q u i v a l e n t  t o  F ia lk o w ’s o r i g i n a l  s e t  o f  f u n c t io n s  ( e q u a t i o n s ( 6 . 1 ) ) ,  

o b ta in e d  by chang ing  e v e ry  c a p a c i t o r  p r e s e n t  i n  h i s  r e a l i z a t i o n  to  a 

r e s i s t o r  o f  t h e  same v a lu e  and each  r e s i s t o r  i n  h i s  r e a l i z a t i o n  to  an in v e r s e  

in d u c ta n c e  o f  t h e  same v a l u e ,  i s  g iv e n  in  e q u a t i o n s (7 .6 )

X, _ X, _ 8(p) (1197p3+56613.14p2+28368.5840+191.184)
11“ ^ 2  -  p(800000p2+408000p+3840) 1

_ 0 (p)  (3 p 3 -1 .1 4 p 2 + 1 9 7 .1760+77.616) .
" 1 2  e (p )  p(800000p2+408000jp+3840) '  ̂  ̂ -

An i n v e s t i g a t i o n  i n t o  an RLC r e a l i z a t i o n  f o r  F ia lk o w ’s t ra n s fo rm e d

s e t  o f  f u n c t i o n s  g iv en  by e q u a t io n s  (7 .6 )  i s  o f  p a r t i c u l a r  i n t e r e s t  f o r  th e  

fo l lo w in g  r e a s o n s :

1) S e v e ra l  RC r e a l i z a t i o n s  f o r  F ia lk o w ’s s e t  o f  f u n c t i o n s ,  one o f  

which had  n o t  p r e v io u s l y  b een  p u b l i s h e d ,  were g iv en  i n  C h ap te r  6.

2) Equations  (7 .6 )  has  a d i f f e r e n t  ra n g e  o f  powers o f  p .

3) In  c o n t r a s t  w i th  RC o r  RL n e tw o rk s ,  RLC netw orks  can y i e l d  

p o ly n o m ia ls  o f  th e  r e q u i r e d  o r d e r  w i th  f o u r  nodes p l u s  t h e  r e f e r e n c e  node, 

node z e ro .

4) F ialkow^^ c o n je c tu r e d  t h e  e x i s t e n c e  o f  RLC n o n - s e r i e s - p a r a l l e l  

n e tw o rk s ,  w ith  no s e r i e s - p a r a l l e l  e q u i v a l e n t .  Thus, co u ld  an RLC 

r e a l i z a t i o n  f o r  eq u a t io n s  (7 .6 )  be a n o n - s e r i e s - p a r a l l e l  network?

5) I f  an e x a c t  r e a l i z a t i o n  w i th  o n ly  two i n t e r n a l  nodes canno t be 

o b t a in e d ,  can an RLC r e a l i z a t i o n  w i th  t h r e e  i n t e r n a l  nodes e x i s t ?  I f  

one e x i s t s ,  i s  i t  s e r i e s - p a r a l l e l  o r  n o n - s e r i e s - p a r a l l e l ?
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U n f o r tu n a te ly ,  t h e o r e t i c a l  answ ers t o  t h e  above q u e s t io n s  a r e  v e ry  

d i f f i c u l t  t o  o b t a in .  Hence th e  com puter program  dev e lo p ed  by th e  

a u th o r  and em ploying th e  te c h n iq u e s  d e s c r ib e d  in  th e  p r e s e n t  work was u sed  

to  i n v e s t i g a t e  t h e  above q u e s t i o n s .

In  e q u a t i o n s (7 .6 )  , 0 (p)  i s  a po ly n o m ia l  i n  p , w i th  r e a l  p o s i t i v e

c o e f f i c i e n t s ,  r e p r e s e n t i n g  th e  p ro d u c t  o f  t h e  common f a c t o r s  which a r e

needed  to  mask th e  p r e s e n c e  o f  th e  n e g a t iv e  c o e f f i c i e n t  a p p e a r in g  i n  th e

n u m e ra to r  o f  th e  t r a n s f e r  f u n c t i o n  (-Y 1 2 ) • For an RLC n e tw o rk ,  0 (p) 
can ta k e  one o f  th e  fo l lo w in g  form s:

( i )  (p+a) l i n e a r  f a c t o r

( i i )  (p+a)(p+8) two l i n e a r  f a c t o r s

( i i i )  (p+a)(p+3)(p+Y ) t h r e e  l i n e a r  f a c t o r s

( iv )  ( p 2 + 2 p co s0 + p 2 )  c o n ju g a te  complex p a i r  o f  f a c t o r s

(v) (p+a)(p2+2pcos0+p2) l i n e a r  f a c t o r  and c o n ju g a te  complex

p a i r  o f  f a c t o r s .

7 . 3 .1 .  The P roposed  D esign S t r a t e g y

In  view o f  th e  s u c c e s s  a c h ie v e d  in  s y n t h e s i z i n g  s e v e r a l  tw o-e lem en t 

k in d  n e tw o rk s ,  some o f  which were d e s c r ib e d  in  t h e  p r e v io u s  c h a p t e r ,  i t  

was a n t i c i p a t e d  t h a t  t h e  same te c h n iq u e s  would a l s o  be s u i t a b l e  f o r  

s y n th e s i z in g  RLC n e tw o rk s ,  w i th  p e rh ap s  some m inor m o d i f i c a t i o n s .  T h is  

a n t i c i p a t i o n  was j u s t i f i e d  f o r  s im p le  RLC n e tw o rk s ,  e . g .  t h e  example 

shown i n  S e c t io n  7 .2 .  For th e  s e t  o f  f u n c t i o n s  g iv en  in  eq u a t io n s  (7 .6 )  

no RLC r e a l i z a t i o n  had p r e v i o u s l y  been p u b l i s h e d .  Thus no r e l i a b l e  

e s t i m a t e  c o u ld  be made o f  t h e  s i z e  o r  o r d e r  o f  t h e  netw ork  t h a t  would be 

most l i k e l y  to  y i e l d  a s o l u t i o n .  F u r th e r ,  e x p e r ie n c e  w ith  a d j u s t i n g  two 

o r  more common f a c t o r s  s im u l ta n e o u s ly  d u r in g  ne tw ork  o p t i m i z a t i o n ,  in  

ca se s  where th e  i n i t i a l  s t a r t i n g  netw ork  was rem ote  from any a c c e p ta b l e  

s o l u t i o n ,  was l i m i t e d .

A s t a r t i n g  ne tw ork  was s e l e c t e d  which c o n ta in e d  th e  minimum number o f
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nodes and e lem en t which would y i e l d  th e  r e q u i r e d  s p re a d  o f  powers in  th e  

r e q u i r e d  p o ly n o m ia ls .  I t  was hoped t h a t  by a d j u s t i n g  th e  v a lu e s  o f  th e  

common f a c t o r s  and a l t e r i n g  th e  s t a r t i n g  to p o lo g y ,  a te c h n iq u e  which 

p roved  s u c c e s s f u l  i n  s y n t h e s i z i n g  tw o-e lem en t k in d  n e tw o rk s ,  a s o l u t i o n  

would be  a c h ie v e d  w i th o u t  undue d i f f i c u l t y .

7 . 3 .2 .  The D esign S t r a t e g y  Adopted

The o p t i m iz a t io n  a lg o r i th m  worked w e l l  in  c a se s  where t h e r e  were up 

to  21 in d e p en d en t  v a r i a b l e s  and a f e a s i b l e  to p o lo g y  (18 e le m e n ts ,  3 

common f a c t o r s  and th e  c o r r e c t  number o f  n o d e s ) . F u r t h e r ,  th e  program  

converged  to  a s o l u t i o n  w i th o u t  undue d i f f i c u l t y  where t h e r e  were up to  

two e x t r a  nodes (S e c t io n  6 . 3 ) .  However, t h e  case  s tu d y  c o n s id e re d  in  

t h i s  s e c t i o n  p ro v ed  to  be f a r  more d i f f i c u l t  th a n  any o t h e r  problem  

e x p e r ie n c e d  b e f o r e .  The main r e a s o n * f o r  t h i s  d i f f i c u l t y  were:

1) An RLC r e a l i z a t i o n  f o r  th e  s e t  o f  f u n c t i o n s  g iv e n  in  e q u a t io n s

(7 .6 )  was n o t  known b e f o r e .  Thus, th e  form o f  t h e  f i n a l  s o l u t i o n ,  o r  

even w he the r  a s o l u t i o n  was p o s s i b l e  o r  n o t ,  was n o t  known.

2) The number o f  n e c e s s a r y  common f a c t o r s  and nodes f o r  a s o l u t i o n  

were n o t  known.

3) The ra n g e  i n  which t h e  common f a c t o r s  sh o u ld  v a ry  in  f a v o u r  o f  

t o p o l o g i c a l  a l t e r a t i o n s  were n o t  d e f in e d  in  t h i s  p a r t i c u l a r  p rob lem .

For any s e t  o f  s h o r t - c i r c u i t  a d m it ta n c e  f u n c t i o n s ,  i f  a to p o lo g y  and one 

v a lu e  o f  common f a c t o r  which can y i e l d  a s o l u t i o n  were known th e n ,  i t  i s  

e a sy  to  o b t a in  s e v e r a l  d i f f e r e n t  r e a l i z a t i o n s  f o r  th e  same v a lu e  o f  th e  

common f a c t o r  (see  S e c t io n  6 .2  and K rzeczkow sk i^^).  F u r th e r ,  i t  i s  a l s o  

p o s s i b l e  t o  o b ta in  r e a l i z a t i o n s  f o r  a ra n g e  o f  common f a c t o r  v a lu e s  a round  

th e  v a lu e  p r e v i o u s l y  k n o w n .
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The p rob lem  becomes more d i f f i c u l t  i f  e i t h e r  th e  common f a c t o r  v a lu e  

o r  a  s o l u t i o n  to p o lo g y  was n o t  known. P o t e n t i a l l y ,  t h e  prob lem  becomes 

v e ry  d i f f i c u l t  i f  n e i t h e r  th e  to p o lo g y  n o r  th e  common f a c t o r  v a lu e  f o r  a 

s o l u t i o n  were known. In  t h e  problem  c o n s id e re d  h e r e ,  n o t  o n ly  a s o l u t i o n  

to p o lo g y ,  and a v a lu e  o f  a  common f a c t o r  a r e  unknown, b u t  a l s o  th e  

n e c e s s a r y  number o f  nodes is  unknown and t h e r e  a r e  up t o  t h r e e  common 

f a c t o r s  w i th  unknown v a lu e s  o r  ra n g e .

In  o r d e r  to  overcome t h e s e  d i f f i c u l t i e s ,  s e v e r a l  e x p l o r a to r y  ru n s  

were made to  g a in  b e t t e r  u n d e r s ta n d in g  o f  th e  way i n  which th e  program  would 

r e a c t  when rem ote  from a s o l u t i o n  (F > 10”^ ) .  The s t r a t e g y  o f  a d j u s t i n g  

th e  v a lu e  o f  th e  common f a c t o r s  by t h e  o p t i m iz a t io n  a lg o r i th m  (s e e  S e c t io n  

4 .7 )  was abandoned and th e  f o l lo w in g  a l t e r n a t i v e  s t r a t e g y  was ad o p ted :

1) For a p a r t i c u l a r  to p o lo g y  and a f i x e d  s e t  o f  e lem en t v a l u e s ,  

s e l e c t  th e  common f a c t o r  v a lu e s  which g iv e  t h e  lo w e s t  v a lu e  o f  th e  o v e r a l l  

e r r o r  f u n c t i o n  F .

2) F ix  t h e s e  v a lu e s  o f  t h e  common f a c t o r s .

3) A d ju s t  th e  ne tw ork  e lem en t v a lu e s  and a l t e r  th e  netw ork  to p o lo g y  

u s in g  th e  s y n t h e s i s  program  w i th  th e  v a lu e s  o f  th e  common f a c t o r s  o b ta in e d  

in  s t e p  2 ) .

4) I f  t h e  r a t e  o f  d e c r e a s e  o f  t h e  o v e r a l l  e r r o r  f u n c t i o n  F p e r  

i t e r a t i o n  i s  l e s s  th a n  0.01% o r  F i s  g r e a t e r  th a n  10 ^ , r e t u r n  to  

s t e p  1 ) .

5) I f  F i s  l e s s  th a n  1 0 '^  , a d j u s t  th e  v a lu e s  o f  t h e  common f a c t o r s

u s in g  th e  o p t i m iz a t io n  a lg o r i th m  (see  S e c t io n  4 . 7 ) .

6) I f  t h e  r a t e  o f  d e c r e a s e  o f  F i s  % 0.01% c o n t in u e  u n t i l  a

s o l u t i o n  i s  o b ta in e d ,  o th e rw is e  r e t u r n  to  s t e p  1 ) .
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(a)

Common f a c t o r s  = 1 .1  and 15 .2
(e)

- 3I n i t i a l  e r r o r  f u n c t io n  = 5 .066  x 10~

F in a l  e r r o r  f u n c t io n  = 5 .71 Common f a c t o r s  = 2 and 25

ADD RESISTOR F in a l  e r r o r  f u n c t io n  = 4.14 x 10 ^

v a lu e  2 .29  between ADD RESISTOR

nodes 0 and 3 v a l u e = 1 .04  betw een 

nodes 0 and 1

(b)

I n i t i a l  e r r o r  f u n c t i o n = 5 .7 0
Cf)
I n i t i a l  e r r o r  f u n c t io n  =4.1 x 10 ^

Common f a c t o r s  = 1 .65 and 16 Common f a c t o r s  = 9 and 50

F in a l  e r r o r  f u n c t io n  = 4 .32 F in a l  e r r o r  f u n c t io n  =3.04 x 10’ ^

ADD INDUCTANCE REMOVE RESISTOR

v a lu e  2 .208  between v a lu e  2 .5  x 10  ̂ betw een

nodes 3 and 4 nodes 2 and 3

(c)

I n i t i a l  e r r o r  f u n c t i o n = 4 .0 1
(g)
I n i t i a l  e r r o r  f u n c t i o n  = 3 x 1 0  ^

Common f a c t o r s  = 1 .65  and 19 Common f a c t o r s  = 12 and 55

F in a l  e r r o r  f u n c t i o n = 3 .154 F in a l  e r r o r  f u n c t i o n = 2.01 x 10 ^

REMOVE INDUCTANCE REMOVE RESISTOR

v a lu e  0 .037  between v a lu e  3 . 6 8 x 1 0 ”  ̂ betw een

nodes 0 and 4 nodes 1 and 3

(d)

I n i t i a l  e r r o r  f u n c t i o n = 2 .98

Chi

I n i t i a l  e r r o r  f u n c t i o n  = 2 x 1 0  ^

Common f a c t o r s  = 1 .65  and 20 Common f a c t o r s  = 15 and 55

F in a l  e r r o r  f u n c t i o n = 5 . 0 6 8 x 10 ^ F in a l  e r r o r  f u n c t i o n = 1 .8 9  x 10 ^

ADD RESISTOR ADD CAPACITOR

v a lu e  1 .2  between
— ii

v a lu e  2 .4  x 10 betw een

nodes 0 and 2 nodes 0 and 4

F ig u re  [7 .5 ]  - Comments



C o n tin u ed  from  p re v io u s  p a g e

5

( k )

Continued from  prev ious colum n

2 FINAL STRUCTURE

_ 3 5
F in a l  e r r o r  f u n c t i o n  = 8 . 3 x 1 0

( I )

F in a l  v a lu e  o f  common f a c t o r s  =

2 . 9 5 1 . . ,  2 .9 5 1 0 1 . .  and 54.099

F in a l  e lem en t v a lu e s  :-

C i= 0 .1 4 0 7 . . ,€ 2 = 1 . 3 2 4 3 . . ,G i= 4 .5 2 1 9 . . ,

G2=0.2 8 5 7 . . ,G3=G4=0.0 0 1 5 ,G s=3.5517,

Gg=0.3 1 1 2 . . ,G y=2.8 7 4 4 . . , P i = 2 . 5589,

T2=r3=0.040425 ,r i+ = l.2 2 2 2 ..  , r 5 = r g = 0 .029575.

F IG .[7  5] con tinued .



Ci) Cm)

I n i t i a l  e r r o r  f u n c t io n  = 9 .9 4  x 10"^ I n i t i a l  e r r o r  f u n c t io n  = 5 . 2 x 1 0

Common f a c t o r s  = 40 and 60 Common f a c t o r s  = 2 ,3  and 50

F in a l  e r r o r  f u n c t i o n = 8 . 8 9 x 10 ^ F in a l  e r r o r  f u n c t i o n = 1 . 3 4 x 10 ^

REMOVE CAPACITOR REMOVE INDUCTANCE

v a lu e  9 . 8 6 x 1 0  betw een v a lu e  3 . 3 7 x 1 0  ^ betw een

nodes 0 and 3 nodes 3 and 4

Cj)
_4

I n i t i a l  e r r o r  f u n c t i o n = 8 . 7 8 x 10
CD)

-6
I n i t i a l  e r r o r  f u n c t i o n  = 1 . 1 4 x 1 0

Common f a c t o r s  = 65 and 75 Common f a c t o r s  = 2 .5 ,  2 .6  and 51

F in a l  e r r o r  f u n c t i o n  = 1 .74  x 10 ^ F in a l  e r r o r  f u n c t io n  = 3 . 9 x 1 0

ADD NODE 5 and INDUCTANCE ADD RESISTOR

v a lu e  6 . 1 2 x 1 0   ̂ betw een v a lu e  0 .12  between

nodes 3 and 5 nodes 4 and 5

Ck) ( 0 )

I n i t i a l  e r r o r  f u n c t io n  = 1 .06 I n i t i a l  e r r o r  f u n c t io n  = 4 . 8 x 1 0  ^

Common f a c t o r s  = 1, 5 and 50 Common f a c t o r s  = 2 .9 ,  2 .95  and 54
_2

F in a l  e r r o r  f u n c t io n s  = 2 . 1 2 x 1 0

ADD INDUCTANCE

v a lu e  0 .11  betw een

nodes 0 and 2

CD

I n i t i a l  e r r o r  f u n c t io n  = 2 .01  x 10 ^

Common f a c t o r s  = 1 .8 ,  3 .5  and 50

F in a l  e r r o r  f u n c t io n  = 5 . 7 x 1 0  ^

ADD INDUCTANCE

v a lu e  2 . 2 x 1 0  ^ betw een

nodes 0 and 1

F ig u re  [7 .5 ] - Comments - Continued
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The f i n a l  s t r a t e g y  a d o p te d  f o r  a d j u s t i n g  th e  v a lu e  o f  th e  common 

f a c t o r s  was t o  u se  th e  s t r a t e g y  d e s c r ib e d  above a s  long  as  F was 

g r e a t e r  th a n  10 ^ . T h is  in v o lv e d  s e v e r a l  e x p l o r a to r y  ru n s  b e f o r e  any 

d e c i s i o n  was made on t h e  n e x t  t o p o l o g i c a l  m o d i f i c a t i o n  and th e  optimum

v a lu e s  o f  t h e  common f a c t o r s  (s e e  S e c t io n  4 . 7 . 2 ) .

F i g s . [ 7 . 5b] to  [ 7 .5 .0 ]  show th e  f o u r te e n  t o p o l o g i c a l  m o d i f i c a t io n s  

which were made b e f o r e  a  s o l u t i o n  was a t t a i n e d .  The m o d i f i c a t io n s  

in c lu d e  th e  a d d i t i o n  o f  one e x t r a  node . From th e  d e t a i l e d  a n a l y s i s  o f  

th e  com puter p r i n t o u t  p ro d u c e d ,  t h e r e  were s e v e r a l  i tem s  o f  i n t e r e s t :

1) The f i n a l  ne tw ork  which y i e ld e d  th e  s o l u t i o n  (F < 10

F i g . [ 7 .5 .0 ]  was an RLC n o n - s e r i e s - p a r a l l e l  ne tw ork  c o n ta in in g  f i v e  nodes

p lu s  r e f e r e n c e  node, node 0 and f i f t e e n  e le m e n ts .

2) The t o t a l  ru n  t im e  r e q u i r e d  and th e  number o f  t o p o l o g i c a l  a l t e r 

a t i o n s  needed  to  r e a c h  a l o c a l  minimum w i th  two i n t e r n a l  nodes were much

g r e a t e r  th a n  th o s e  w i th  t h r e e  i n t e r n a l  n o d es .

3) No e lem en t was added and th e n  l a t e r  removed.

4) The low es t  v a lu e  o f  F a c h ie v e d  b e f o r e  ad d in g  a new node

(F = 1 .74  X 10"^) was o b ta in e d  w ith  a s e r i e s - p a r a l l e l  ne tw ork .

5) The common f a c t o r s  v a lu e s  a t  t h i s  s ta g e  (F = 1 .74  x 10 } were

h ig h  (65 and 7 5 ) .

6) A f t e r  th e  a d d i t i o n  o f  th e  new node ,  th e  v a lu e s  o f  th e  common

f a c t o r s  were g r e a t l y  red u ce d  (.5 and 50 ) .

7) The f i n a l  v a lu e s  o f  two o f  th e  common f a c t o r s  were v e ry  

s i m i l a r  (2 .951  and 2 .9 5 1 0 1 ) .

8) The v a lu e s  o f  t h e  i n i t i a l  e r r o r  f u n c t io n  g iv e n  in  F i g . [7 .5 ]  

a r e  th e  v a lu e s  o b ta in e d  a f t e r  the . s e l e c t i o n  o f  th e  optimum v a lu e s  f o r  th e  

common f a c t o r s .
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9) W h ils t  th e  f i n a l  v a lu e  o f  F o b ta in e d  w ith  t h e  netw ork  o f

— 20F i g . [ 7 .5 .0 ]  was l e s s  th a n  10 , which means t h a t  th e  c o e f f i c i e n t s  o f

th e  r e q u i r e d  netw ork  p o ly n o m ia ls  were m atched c o r r e c t l y  to  a t  l e a s t  th e

f i r s t  t e n  s i g n i f i c a n t  f i g u r e s ,  t h e r e  i s  no c o m p le te ly  s a t i s f a c t o r y  way

o f  d e te rm in in g ,  when u s in g  a f i n i t e  word le n g th  d i g i t a l  com puter ,  w h e th e r

a t r u e  s o l u t i o n  o r  a v e ry  good q u a s i - s o l u t i o n  has  been o b ta in e d .

However, a f u r t h e r  i n v e s t i g a t i o n  was c a r r i e d  o u t  u s in g  a double  p r e c i s i o n

v e r s io n  o f  t h e  program  on a CDC 7600 com puter. A v a lu e  o f  F was

- 3 5o b ta in e d  as  low as  10 . Even s o ,  t h e  v a lu e s  o f  s e v e r a l  i n t e r n a l

netw ork  e lem en ts  were s t i l l  seem in g ly  i r r a t i o n a l .

Two checks were made t o  j u s t i f y  th e  r e s u l t s  o b ta in e d  i n  F i g . [7 .5 ]  

namely:

1) S t a r t i n g  from th e  to p o lo g y  shown in  F i g . [ 7 .5 .0 ]  and w ith  th e

v a lu e s  o f  t h e  t h r e e  common f a c t o r s  f i x e d ,  f o r  d i f f e r e n t  i n i t i a l  e lem en t 

v a l u e s ,  t h e  program  converged  to  t h e  same s o l u t i o n  each  t im e .  F u r th e r ,  

th e  f i n a l  v a lu e  o f  th e  o v e r a l l  e r r o r  f u n c t i o n  o b ta in e d  a t  t h e  s o l u t i o n  was

always o f  t h e  same o r d e r  (F < 10 .

2) S t a r t i n g  from th e  to p o lo g y  and e lem en t v a lu e s  shown in  F ig .

[ 7 .5 .0 ]  w i th  th e  e lem en t v a lu e s  f i x e d ,  f o r  d i f f e r e n t  i n i t i a l  v a lu e s  o f  

th e  common f a c t o r s ,  th e  program  converged  to  th e  same s o l u t i o n  each  t im e .  

F u r t h e r ,  t h e  f i n a l  v a lu e s  o f  t h e  common f a c t o r s  o b ta in e d  a t  th e  s o l u t i o n  

were always i d e n t i c a l  to  th o s e  shown in  F i g . [ 7 .5 .0 ]  t o  a t  l e a s t  th e  f i r s t  

fo u r t e e n  s i g n i f i c a n t  f i g u r e s .

In  b o th  c a s e s ,  a s o l u t i o n  was o b ta in e d  in  a v e ry  s h o r t  t im e  (dess  th a n  

two m in u tes  on th e  CDC 7600 c o m p u te r ) .
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7 .4 .  C onc lu s ion

The r e s u l t s  o b ta in e d  in  S e c t io n  7 .3  a r e  a f u r t h e r  j u s t i f i c a t i o n  o f  

th e  f e a s i b i l i t y  and e f f i c i e n c y  o f  t h e  c o e f f i c i e n t  m a tch ing  te c h n iq u e  in  

s o lv in g  v e ry  d i f f i c u l t  p ro b lem s .  In  S e c t io n  7 .3  s u b s t a n t i a l  t o p o l o g i c a l  

a l t e r a t i o n s  were made Cup t o  14 t o p o l o g i c a l  a l t e r a t i o n s )  u n t i l  t h e  

f i n a l  s o l u t i o n ,  which was n o t  known b e f o r e ,  was o b ta in e d .  The f i n a l

netw ork  was an RLC n o n - s e r i e s - p a r a l l e l  n e tw o rk .  However, t h i s  does 

n o t  p ro v e  t h a t  th e  s e t  o f  f u n c t i o n s  g iv e n  in  e q u a t io n  (7 .6 )  canno t be 

r e a l i z e d  by an RLC s e r i e s - p a r a l l e l  n e tw o rk .  I t  can o n ly  be c o n s id e re d  

a s  an i n d i c a t i o n  t h a t  such a r e a l i z a t i o n  i s  v e ry  u n l i k e l y ,  i f  n o t  

im p o s s ib le ,  t o  a c h ie v e  u s in g  ne tw ork  e v o l u t io n  t e c h n iq u e s .  F u r t h e r ,  i t

s t r o n g l y  d e m o n s t ra te s  th e  c a p a b i l i t y  o f  t h e  c o e f f i c i e n t  m a tch ing  te c h n iq u e  

f o r  s y n th e s i z in g  ne tw orks  which canno t be d e s ig n e d  u s in g  t h e o r e t i c a l  o r  

c l a s s i c a l  m ethods.
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CHAPTER 8

CONCLUSION

8 .1 .  G enera l C onc lu s io n

In  t h i s  t h e s i s ,  t h e  au tom ated  d e s ig n  o f  lumped, l i n e a r ,  p a s s i v e ,

3 - t e rm in a l  n e tw o rk s ,  w i th  no m utual in d u c ta n c e s ,  has  been  d e s c r ib e d .

The d e s ig n  p ro c e d u re  i s  b a se d  on th e  c o e f f i c i e n t  m a tch ing  t e c h n iq u e .  The

f e a s i b i l i t y  o f  t h i s  t e c h n iq u e ,  f o r  t h e  s y n t h e s i s  o f  such  n e tw o rk s ,h a d

p r e v i o u s l y  been  p o in t e d  and t h i s  method had been

s u c c e s s f u l l y  u sed  by e a r l i e r  d e s ig n e r s  f o r  t h e  s y n t h e s i s  o f  RC n e tw o rk s ,

23 24though  w ith  somewhat l i m i t e d  to p o l o g i c a l  m o d i f i c a t io n s  ’ . In  th e

p r e s e n t  work, t h e  scope o f  t h i s  te c h n iq u e  has  been  f u r t h e r  ex ten d ed  and 

g e n e r a l i z e d ,  on th e  b a s i s  o f  which f u l l y  au tom ated  d e s ig n  o f  a much w id e r  

ran g e  o f  prob lem s can be a c h ie v e d .  A b r i e f  summation o f  th e  c o n te n t s  o f  

each  c h a p te r  o f  th e  t h e s i s  i s  a s  f o l lo w s :

C h ap te r  1, i n t r o d u c e s  t h e  g e n e ra l  co n cep t o f  au tom ated  netw ork  d e s ig n

u s in g  th e  c o e f f i c i e n t  m a tch in g  t e c h n iq u e .

In  C h ap te r  2, t h e  s i g n i f i c a n c e  o f  th e  in fo rm a t io n  o b ta in e d  from th e  

v a r io u s  e q u i v a l e n t  forms o f  a d m it ta n c e  f u n c t io n s  has  been  p o in t e d  o u t .

The im p o r ta n t  r o l e  p la y e d  by common f a c t o r s  i n  netw ork  s y n t h e s i s ,  has  been  

d i s c u s s e d  and a new co n cep t o f  th e  d eg ree  o f  c o n n e c t i v i t y  i s  i n t r o d u c e d .  

T h is  in fo rm a t io n  i s  v e ry  h e l p f u l  in  e s t i m a t in g  a f e a s i b l e  s t a r t i n g  ne tw ork , 

In  C h ap te r  3, a rev ie w  o f  th e  c o e f f i c i e n t  m a tch ing  te c h n iq u e  and th e  

o p t i m iz a t io n  a lg o r i th m  u sed  a r e  d i s c u s s e d ,  which form th e  b a s i s  o f  th e  

au tom ated  ne tw ork  d e s ig n  te c h n iq u e  ad o p ted  in  th e  p r e s e n t  work.

D uring th e  p ro c e s s  o f  au tom ated  ne tw ork  d e s ig n ,  t o p o l o g i c a l  m o d i f ic a 

t i o n s  may be n e c e s s a r y  a t  s e v e r a l  s t a g e s .  Methods f o r  th e  a u to m a t ic

m o d i f i c a t io n  o f  t h e  netw ork  to p o lo g y ,  by node a d d i t i o n  and node rem ova l,  

as  w e l l  as  e lem en t a d d i t i o n  and e lem en t rem ova l,  have been  d i s c u s s e d  in
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C h ap te r  4 .  These te c h n iq u e s  overcome most o f  th e  l i m i t a t i o n s  o f  th e  

23 24p re v io u s  work * . A djus tm en t o f  th e  common f a c t o r s  in c r e a s e s  th e

ran g e  o f  f e a s i b l e  d e s ig n s .  S e v e ra l  te c h n iq u e s  f o r  th e  a d ju s tm e n t  o f  

d i f f e r e n t  ty p e s  o f  common f a c t o r s ,  a s  f o r  example l i n e a r  common f a c t o r s ,  

c o n ju g a te  complex common f a c t o r s  and q u a d r a t i c  common f a c t o r s ,  were 

in t r o d u c e d  by th e  a u t h o r .  The in f l u e n c e  o f  more th a n  one common f a c t o r  

was h i t h e r t o  unknown. The te c h n iq u e s  dev e lo p ed  and d i s c u s s e d  in  C h a p te r  

4 i n c r e a s e  th e  e f f i c i e n c y  and th e  scope  o f  th e  au tom ated  ne tw ork  d e s ig n .

A b r i e f  d e s c r i p t i o n  o f  th e  F o r t r a n  p rogram , dev e lo p ed  by th e  a u t h o r ,  

which employs th e  te c h n iq u e s  d e s c r ib e d  in  C h ap te rs  3 and 4 , has  been 

p r e s e n te d  i n  C h ap te r  5 . T h is  program  p ro v ed  to  be r a p i d ,  a c c u r a te  and 

e f f i c i e n t .

The e f f e c t i v e n e s s  o f  t h e  program  i s  i l l u s t r a t e d  by th e  s y n th e s i s  o f  

s e v e r a l  ne tw orks  in  Chapters 6 and 7. Examples o f  a u to m a t ic  removal o f  

more th a n  one n o d e ,  and an example o f  th e  r e a l i z a t i o n  o f  a s e r i e s - p a r a l l e l  

q u a s i - e q u i v a l e n t  o f  a n o n - s e r i e s - p a r a l l e l  ne tw ork  have been  p r e s e n t e d  i n  

C h ap te r  6.

In C h ap te r  7, an example o f  n o n - s e r i e s - p a r a l l e l  RLC r e a l i z a t i o n ,  

in v o lv in g  a u to m a t ic  node a d d i t i o n ,  has  been  d e s c r i b e d — RLC n o n - s e r i e s -  

p a r a l l e l  r e a l i z a t i o n  was h i t h e r t o  unknown.

The r e a l i z a t i o n  g iv en  in  C h ap te rs  6 and 7, some o f  which co u ld  n o t  be 

a c h ie v e d  by u s in g  c l a s s i c a l  methods, h i g h l i g h t  th e  g e n e r a l i t y  and th e  

ad v an tag es  o f  th e  au tom ated  ne tw ork  d e s ig n  te c h n iq u e  p r e s e n te d  in  t h i s  t h e s i s .

8 .2 .  Achievements

The a u t h o r ’ s main a c h ie v e m e n ts ,  i n  th e  p r e s e n t  work, may be summarized 

as  fo l lo w s :

1) S e l e c t i o n  o f  a s u i t a b l e  s t a r t i n g  netw ork  on th e  b a s i s  o f  th e
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in f o r m a t io n  o b ta in e d  from th e  e q u i v a l e n t  forms o f  th e  s h o r t - c i r c u i t  

a d m it ta n c e  f u n c t i o n s  ( S e c t io n  2 . 4 ) .

2) E s t a b l i s h i n g  th e  co n cep t o f  t h e  d eg ree  o f  c o n n e c t i v i t y  on th e  b a s i s  

o f  t h e  r e l a t i o n s h i p  betw een th e  c o e f f i c i e n t s  o f  th e  r e q u i r e d  s e t  o f  f u n c t io n s  

and t h e  co m p lex ity  o f  th e  r e q u i r e d  ne tw ork  (S e c t io n  2 .5  and Appendix A).

T h is  co n cep t i s  a l s o  v e ry  u s e f u l  f o r  th e  s e l e c t i o n  o f  a  s u i t a b l e  s t a r t i n g  

n e tw o rk .

3) New c r i t e r i a  f o r  a u to m a t ic  e lem en t removal (S e c t io n  4 . 5 ) .

4) New te c h n iq u e s  f o r  a u to m a t ic  node rem oval ( S e c t io n  4 . 5 ) .

5) New c r i t e r i a  f o r  a u to m a t ic  e lem en t a d d i t i o n  (jSection 4 . 6 ) .

6) New te c h n iq u e s  f o r  a u to m a t ic  node a d d i t i o n  (S e c t io n  4 . 6 ) .

7) A new te c h n iq u e  f o r  e s t i m a t i n g  th e  v a lu e  o f  t h e  new e lem en t t o  be 

added (S e c t io n  4 . 6 ) .

8) The ran g e  o f  f e a s i b l e  d e s ig n s  was i n c r e a s e d  by i n t r o d u c in g  th e  

f a c i l i t y  t o  a l t e r  th e  o r d e r  o f  th e  r e q u i r e d  s e t  o f  f u n c t i o n s  d u r in g  netw ork  

e v o l u t io n  ( S e c t io n  4 . 7 ) .

9) The a b i l i t y  to  v a ry  up t o  t h r e e  common f a c t o r s  o f  d i f f e r e n t  forms 

s im u l ta n e o u s ly  ( S e c t io n  4 . 7 ) .

10) The developm ent o f  c o m p u te r -a id e d  e l e c t r i c a l  ne tw ork  d e s ig n  program  

in  F o r t r a n  IV (C h ap te r  5 ) .

11) A b i l i t y  to  d e a l  w i th  d i f f i c u l t  p rob lem s in v o lv in g  s u b s t a n t i a l  

t o p o l o g i c a l  a l t e r a t i o n  (Chapters 6 and 7 ) .

12) The s u c c e s s f u l  d e s ig n  o f  an RLC n o n - s e r i e s - p a r a l l e l ^ 3 - t e r m i n a l  

ne tw ork  in v o lv in g  node a d d i t i o n  ( S e c t io n  7 . 3 ) .
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13) E s t a b l i s h i n g  t h e  t r a n s f e r  p h a s e - f r e q u e n c y  c h a r a c t e r i s t i c  o f  a 

n o n - s e r i e s - p a r a l l e l  ne tw ork  (Appendix B ) .

8 .3 .  F u tu re  Work

The a u to m a t ic  d e s ig n  o f  e l e c t r i c a l  n e tw o rk s ,  i n  g e n e r a l ,  i s  a v e ry  

complex p rob lem . Thus th e  a fo re m e n tio n e d  ach iev em en ts  a r e  n o t  ' a b s o l u t e s ’ , 

i n  t h e  s e n se  t h a t  th e y  a r e  in c a p a b le  o f  f u r t h e r  im provem ent, o r  th e  

c o l l e c t i o n s  o f  methods in c o r p o r a te d  would alw ays p ro v e  s u c c e s s f u l  f o r  a l l  

lumped, l i n e a r ,  3 - te r m in a l  netw ork  d e s ig n  p ro b lem s .  The e f f i c i e n c y  and 

scope  o f  th e  program  d e v e lo p ed ,  can be  f u r t h e r  im proved. For s h o r t - t e r m  

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

m o d i f i c a t io n s  would improve t h e  e f f i c i e n c y  and th e  e f f e c t i v e n e s s  o f  th e  

p r e s e n t  work to  a c o n s id e r a b le  d e g re e .

1) O p t im iz a t io n : The p e rfo rm ance  o f  th e  c u r r e n t  o p t i m iz a t io n  

a lg o r i th m  co u ld  be improved by u s in g  th e  s p e c i a l  p r o p e r t i e s  o f  m u l t i l i n e a r  

f u n c t io n s ^ ^ .

2) M atching  t e c h n i q u e : The s i g n i f i c a n c e  o f  th e  in fo rm a t io n  o b ta in e d

from th e  d i f f e r e n t  b u t  e q u i v a l e n t  forms o f  t h e  a d m it ta n c e  f u n c t i o n s  was 

p o in t e d  o u t in  S e c t io n  2 .4 .  In  th e  p r e s e n t  work, t h i s  in f o r m a t io n  was

u se d  o n ly  t o  s e l e c t  th e  s t a r t i n g  ne tw orks  and to  check t h a t  th e  c u r r e n t  

ne tw ork  to p o lo g y  s t i l l  y i e ld e d  f u n c t i o n s  o f  th e  r e q u i r e d  o r d e r ,  a f t e r  each 

t o p o l o g i c a l  m o d i f i c a t io n .  F u r t h e r  i n v e s t i g a t i o n  i s  n e c e s s a r y  in  o r d e r  to

make maximum use  o f  t h i s  in f o r m a t io n ,  in  such  o p e r a t io n s  as  t h e  s e l e c t i o n  o f  

e lem en ts  f o r  a d d i t i o n  o r  rem ova l.

3) T o p o lo g ic a l  M o d i f i c a t i o n s : A lthough  t h e  program  d ev e lo p ed  overcame 

most o f  th e  l i m i t a t i o n s  o f  th e  p r e v io u s  w o rk s^ ^ '^ ^  i n  t h i s  f i e l d ,  t h e r e  a r e  

y e t  o t h e r  a r e a s  f o r  f u r t h e r  developm ents  nam ely:
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i )  The program has  no f a c i l i t i e s  f o r  m u l t i p l e  t o p o l o g i c a l  

a l t e r a t i o n .  Thus an i n v e s t i g a t i o n  i n t o  t h e  p o s s i b i l i t i e s  o f  

add in g  more th a n  one e lem en t a t  a t im e  would be u s e f u l  to  u n d e r 

t a k e .  A lso ,  te c h n iq u e s  f o r  rem oving an e lem en t and add ing  

a n o th e r  e le m e n t ,  s im u l t a n e o u s ly ,  a s  w e l l  a s  add ing  a  node and 

rem oving a n o t h e r , c o u l d  be  h e l p f u l .

i i )  In  S e c t io n  2 .5  and Appendix A , th e  co n ce p t o f  t h e  d eg ree  o f  

c o n n e c t i v i t y  was e s t a b l i s h e d .  An i n v e s t i g a t i o n  i n t o  an 

a n a l y t i c a l  fo rm u la t io n  f o r  t h i s  concep t would be h e l p f u l  a s  i t  

co u ld  g iv e  a  b e t t e r  e s t i m a t e  o f  th e  r e q u i r e d  number o f  nodes 

(and h e n c e ,  t h e  number o f  e x t r a  common f a c t o r s ) .

4) U sing  th e  Program : D uring  th e  c o u rse  o f  t h i s  r e s e a r c h ,  i t  was

o b se rv ed  t h a t  f o r  some ty p e s  o f  n e tw o rk ,  a r e a l i z a t i o n  c o u ld  be o b ta in e d  

more r a p i d l y  i f  a s im p le  s t a r t i n g  ne tw ork  was s e l e c t e d  c o n ta in in g  th e  

minimum number o f  nodes and e le m e n ts .  In  t h e s e  c a s e s ,  a s o l u t i o n  was 

o b ta in e d ,  m a in ly ,  by a d d in g  e lem en ts  b u t  sometimes nodes a s  w e l l .  On th e  

o th e r  hand , f o r  o t h e r  ty p e s  o f  n e tw o rk ,  a s o l u t i o n  c o u ld  be o b ta in e d  f a s t e r  

i f  t h e  s t a r t i n g  netw ork  c o n ta in e d  more e le m e n ts ,  and p e rh a p s  more nodes 

a l s o ,  th a n  th o s e  r e q u i r e d .  In  t h e s e  c a s e s ,  a s o l u t i o n  was o b ta in e d ,  

m a in ly ,  by removing e le m e n ts ,  b u t  p o s s i b l y  nodes as  w e l l .  Hence, f u r t h e r  

i n v e s t i g a t i o n  i s  r e q u i r e d  f o r  t h e  s e l e c t i o n  o f  an optimum s t a r t i n g  netw ork  

which would converge most r e a d i l y  t o  a  f e a s i b l e  s o l u t i o n .

P o le - z e ro  and f re q u e n c y  r e s p o n s e  m a tch in g  te c h n iq u e s  have been

s u c c e s s f u l l y  u sed  f o r  th e  r e a l i z a t i o n  o f  c e r t a i n  s o p h i s t i c a t e d  n e tw o rk s ,

21e . g .  s im u la t i o n  o f  c o a x ia l  c a b le  . S o lu t io n  o f  such  ne tw orks  co u ld  n o t  

be e a s i l y  a c h ie v e d  u s in g  th e  c o e f f i c i e n t  m a tch ing  te c h n iq u e .  On th e  o th e r  

hand , w ith  a number o f  problem s f o r  which th e  c o e f f i c i e n t  m a tch ing  te c h n iq u e  

has  been s u c c e s s f u l ,  t h e  p o l e - z e r o  and f re q u e n c y  re s p o n s e  m a tch ing  te c h n iq u e s
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21
have f a i l e d  . Hence, f u r t h e r  i n v e s t i g a t i o n  i s  n e c e s s a r y  so t h a t  th e  

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

e f f i c i e n t  au tom ated  ne tw ork  d e s ig n  program  may be d ev e lo p ed ,  in c o r p o r a t in g  

th e  v i r t u e s  o f  each  o f  t h e s e  te c h n iq u e s .

For long  te rm , f u t u r e  s t u d i e s ,  t h e  fo l lo w in g  i tem s  co u ld  be a r e a s  o f  

r e s e a r c h :

1) In  o r d e r  t o  make th e  c o e f f i c i e n t  m a tch ing  te c h n iq u e  more u s e f u l  

f o r  i n d u s t r i a l  a p p l i c a t i o n s ,  i t  would be  h e l p f u l  t o  in c lu d e  c o n s t r a i n t s  on 

ne tw ork  e lem en t v a l u e s ,  ne tw ork  s e n s i t i v i t i e s ,  th e  a b i l i t y  t o  in c lu d e  

p a r a s i t i c s  and to  a d j u s t  th e  ne tw ork  e lem en t v a lu e s  a n d /  o r  to p o lo g y  

a c c o r d in g ly .

2} To i n v e s t i g a t e  t h e  p o s s i b i l i t y  o f  in c lu d in g  a c t i v e  e lem en ts  and 

m utual in d u c ta n c e .

3) The developm ent o f  a new o p t i m iz a t io n  a lg o r i th m  c a p a b le  o f  

s o lv in g  u n c o n s t r a in e d ,  u n d e rd e f in e d  prob lem s i s  v e ry  im p o r ta n t .  One way 

to  develop  such  an a lg o r i th m ,  c o u ld  be by u s in g  random techn iques '^^

S in ce  random te c h n iq u e s  a r e  n o t  e f f e c t i v e  i n  th e  r e g io n  o f  th e  s o l u t i o n ,  

i t  i s  p ro b a b le  t h a t  t h e  ap p ro ach  w i l l  be h y b r id  i n  n a t u r e .  I n i t i a l l y ,  

t h e  e r r o r  space  would be s t u d i e d  in  a random f a s h io n  to  l o c a t e  th e  a r e a s  

o f  p o s s i b l e  s o l u t i o n s .  F i n a l l y ,  t o  l o c a t e  th e  b e s t  s o l u t i o n ,  c o n v e n t io n a l  

a n a l y t i c a l  methods ( e . g .  Gauss Newton), m ight be u sed  to  i n v e s t i g a t e  i n t o  

each a r e a  o f  p o s s i b l e  s o l u t i o n .
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APPENDIX A

THE CONCEPT OF THE DEGREE OF CONNECTIVITY

The co n cep t o f  th e  d eg ree  o f  c o n n e c t i v i t y  was in t r o d u c e d  i n  C h ap te r  2 

In  t h i s  Appendix a f u r t h e r  t h e o r e t i c a l  j u s t i f i c a t i o n  i s  p r e s e n t e d .

C o n s id e r  th e  ne tw ork  o f  F i g . [ l ]  as a p o s s i b l e  r e a l i z a t i o n  f o r  th e  

fo l lo w in g  f o u r  p r i n c i p a l  p o ly n o m ia ls

2
All = ^22 = KCÂ +Aip+Â p )

Ai 2 = KCA^+Agp+A^p^)

&1122 = KCA^+Agp) J  (1 )

where A^ > 0 , i  = 0 ,  . . . , 5  and K > 0 .

X ,

F ig u re  [1] A S ugges ted  R e a l i z a t i o n  Topology f o r  E quations  ÇL)

The netw ork  has  e i g h t  e le m e n ts .  There a r e ,  t h e r e f o r e ,  a t o t a l  o f  e i g h t  

v a r i a b l e s ,  , x^ ,  . . . , Xg  whose v a lu e s  a r e  t o  be o b ta in e d  i n  te rm s  o f  th e  

c o e f f i c i e n t s  o f  th e  p o ly n o m ia ls  o f  e q u a t i o n s ( i ) . The a d m it ta n c e  m a t r ix  

o f  th e  netw ork  i s
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iCXs+Xgjp+CXg+X?)] - CXgP+X^) - (XgP+Xg)

-  CXgP + X^) [ (Xg+Xg)p+(X j^+X ^)l  -  (XgP + X^3

-  (X5 P+X3 ) -  X:XgP+Xj )̂ [(X^+Xg+Xgjp+Cxi+Xg+X^)] (2)

Were th e  c o f a c t o r s  A n ,  A ^ »  ^ 2 2  ^ 1 1 2 2  t o  be e v a lu a te d  d i r e c t l y  from th e

a d m it ta n c e  m a t r ix ,  a t o t a l  o f  e le v e n  s im u l ta n e o u s  e q u a t io n s  co u ld  be con

s t r u c t e d ,  a l l  m u l t i l i n e a r  f u n c t i o n s  o f  x^ , X2 , . . . , X g  and K ( A n ,A i 2 and 

A22  a r e  q u a d r a t i c s ,  A1 1 2 2  i s  l i n e a r ) ,  by e q u a t in g  th e  a c t u a l  c o e f f i c i e n t  

v a lu e s  w i th  t h e  v a lu e s  r e q u i r e d .  A l t e r n a t i v e l y ,  e q u a t in g  th e  c o e f f i c i e n t s  

o f  th e  c o f a c to r s  g iv e n  in  e q u a t io n s  Cl) w i th  th e  2 - t r e e  and 3 - t r e e  a d m it ta n c e  

p r o d u c ts  c a l c u l a t e d  d i r e c t l y  from th e  e lem en ts  o f  t h e  ne tw ork  o f  F i g . [ l ] ,  

t h e  same e le v e n  e q u a t io n s  i n  n in e  unknowns would be o b ta in e d .  The netw ork  

a n a l y s i s  p rob lem  r e q u i r e s  th e  s o l u t i o n  o f  e le v e n  e q u a t io n s  i n  n in e  v a r i a b l e s  

( e ig h t  e lem en ts  and th e  c o n s ta n t  m u l t i p l i e r  K ) . However, t h e  number o f  

e q u a t io n s  t o  s o lv e  can be re d u c e d  i f  t h e  in fo rm a t io n  o b ta in e d  in  C h ap te r  2 

i s  u sed  and th e  c o n s t r a i n t s  imposed by th e  g iven  s e t  o f  p o ly n o m ia ls  a r e  

c o n s id e re d ,  nam ely;

1) From equa t ions  (.1), i t  can be  shown t h a t  A ^  = A2 2  i f  and o n ly  i f  

Xg = Xî  and Xg = Xg . When th e  l a t t e r  c o n d i t io n s  a r e  s a t i s f i e d ,  th e

e q u a t io n s  y i e ld e d  by A^^ a r e  i d e n t i c a l  t o  th o s e  y i e l d e d  by A2 2  • So A^^

o r  A22  i s  r e d u n d a n t .  Hence, t h e r e  a r e  o n ly  e i g h t  e q u a t io n s  to  be so lv e d  

i n  seven  v a r i a b l e s .

2) Because th e  c o e f f i c i e n t s  o f  th e  h i g h e s t  powers o f  p in  A^^ and 

Aj2 a r e  equa l  (A i i (p ^ )  = Ai2 (p^) = KA2 ) th e n :

e i t h e r  ( i )  X2 = 0  and Xg = Xg> 0 ,

o r  ( i i )  X2 > 0 and Xg = Xg = 0  .
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3) Because th e  c o e f f i c i e n t s  o f  p in  and A^2 a re  equal

(A ii (p ° )  = Ai2 Cp°) = KA^) th e n ;

e i t h e r  ( i i i )  = 0 and Xg = x^ > 0 ,

o r  ( iv )  Xj > 0 and Xg = x^ = 0 .

4) From ( i ) , ( i i i )  and F i g . [ l ]  , i f  x% = 0 and x^ = 0 , th e n  

th e  network becomes d i s c o n n e c te d .  S i m i l a r l y ,  from ( i i ) ,  ( iv )  and

F ig .  [1] , i f  Xg = x^ = Xg = Xg = 0 , th e n  th e  network becomes d isco n n ec ted ,

From ( i )  and ( iv )  , i f  X2 = Xg = x^ = 0 , then  a f e a s i b l e  top o lo g y  

i s  o b ta in e d  as shown in  F i g . [ 2 . a ] .  Case 1.

From ( i i )  and ( i i i )  , i f  “ ^5 “ ^ > th e n  a f e a s i b l e

to p o lo g y  i s  o b ta in e d  as shown in  F i g . [ 2 . b ] ,  Case 2.

The two netw orks o f  F i g . [2] have th e  o n ly  to p o lo g ie s  which can y i e l d  

th e  fu n c t io n s  o f  equations  ( 1 ) ,  i f  th e  c o n s t r a i n t  t h a t  th e  netw orks have no 

more th an  fo u r  nodes i s  imposed.

Case 1 Case 2

a

3

X2 =Xg=X^=0

(a) (b)

F igu re  [2] The Two F e a s i b l e  Topo log ies  R e a l i z i n g  E q u a t i o n s (1)

For cases  1 and 2 , t h e r e  a r e  on ly  s i x  e q u a t io n s  to  be s o lv ed  in  f i v e  

v a r i a b l e s .
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Case 1

From i tem  4) above , t h e  ne tw ork  o f  F i g . [ 2 , a] s a t i s f i e s  t h e  

c o n d i t i o n s  1 ) ,  ( i )  and ( i v ) . The netw ork  e lem en t v a lu e s  and th e  norma

l i z i n g  v a r i a b l e ,  K, can be o b ta in ed  by s o lv in g  s i x  e q u a t io n s  i n  f i v e  

unknowns. From e q u a t io n s  (1) and (2) and F i g . [ 2 . a] we want t o  s o lv e

A l2 = ̂ (A^p^+Agp+A^)

Ai i 22 = K(AgP+A^)

A1 1 - A 12  = (Ai-Ag)pK ^  (3)

C o n s t ru c t  s i x  e q u a t io n s

KA2 = Xg+2XgX^ (3 .1 )

K*3 = (3-2)

KA  ̂ = x^Xy (3 .3 )

KÂ  = 2Xg (3 .4 )

KÂ  = x^ (3 .5 )

K(Aj-Ag) = x^Xg. (3 .6 )

From e q u a t io n s  (3 .3 )  and (3 .5 )

X j  = A^/A^ . (3 .7 )

From e q u a t io n s  (3 .4 )  and (3 .6 )

Xi = 2(A ^-A p/A ^  . (3 .8 )

From e q u a t io n s  (3 .4 )  and (3 .5 )

K = 2(A^-Ag)/A^Ag . (3 .9 )
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^5  “ (Ai-Ag)/A^ ( 3 .1 0 )

From e q u a t io n s  ( 3 . 1 ) ,  (3 .9 )  and (3 .10 )

A^ A2 —Ag

But from e q u a t io n s  ( 3 . 2 ) ,  ( 3 .7 ) ,  (3 .8 )  and (3 .9 )

*3 V s

A?
(3 .1 2 )

From e q u a t io n s  (3 .1 1 )  and ( 3 .1 2 ) ,  t h e s e  s e ts  o f  e q u a t io n s  a r e  c o n s i s t e n t  

i f  and o n ly  i f

1. E i t h e r  Xg > 0 , when

A,(2A^A^-(Aj-A3)Ap = 2A  ̂(AjA^-A^A^l

o r  2 . Xg = 0  , when

and 2A2Aj^=Ag (Aj-Ag) ,

Case (1 .1 )

se e  F i g . [3] . 

Case (1 .2 )

3 - n

I Xg > 0

—  2

X , Xg = 0

F ig u re  [3] The two f e a s i b l e  to p o l o g ie s  r e s u l t i n g  from Case 1

to  r e a l i z e  e q u a t io n s  ( 1 )
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Case 2

From i tem  4 ) ,  t h e  netw ork  shown in  F i g . [ 2 . b ]  s a t i s f i e s  th e  

c o n d i t io n s  1 ) ,  ( i i )  and i i i )  . The ne tw ork  e lem en t v a lu e s  and th e  

n o rm a l iz in g  v a r i a b l e ,  K, can be o b ta in e d  by s o lv in g  s i x  e q u a t io n s  

( e q u a t io n  (3 ))  in  f i v e  unknowns.

C o n s t ru c t  s i x  e q u a t io n s

KÂ  = x%Xg C4.1)

KA = 2x X +x X C4.2)
3 3 8 2 7

KA  ̂ = 2XgXy+Xg (4 .3 )

KAg = x^ C4.4}

KÂ  = 2 X3 C4.5)

K(Aj-Ag) = x^Xg (4 .6 1

From e q u a t io n s  (4 .1 )  and (4 .4 )

Xg = A^/Ag . C4.7)

From e q u a t io n s  (4 .4 )  and (4 .6 )

Xg = (A^-Ag)/Ag . ( 4 . 8 )

From e q u a t io n s  (4 .5 )  and (4 .6 )

X£ -  2(A^-Ag)/A^ . (4 .9 1

From e q u a t io n s  (4 .4 )  and (4 .5 )

K = 2(A^-Ag)/A^A^ . C4.10)
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From e q u a t io n s  ( 4 . 2 ) ,  ( 4 . 8 ) ,  (4 .9 )  and (4 .1 0 )

But from e q u a t io n s  ( 4 .3 ) ,  (4 .8 )  and (4 .1 0 )

^  -  2A;

( 4 .1 1 )

(4 .1 2 )

From e q u a t io n s  (4 .1 1 )  and ( 4 .1 2 ) ,  th e s e  s e t s  o f  e q u a t io n s  a r e  c o n s i s t e n t  

i f  and o n ly  i f

1. E i t h e r  > 0 , when

A , ( 2A / ^ - ( A j - A 3 )A j)  = 2A3 (A3A^-A^Ap

o r  2 . Xy = 0  , when

A^A^=AgAg and 2A^A^ = \C A ^ -A g )  , s e e  F ig .  [4]

Case (2 .1 ) Case (2 .2 )

3
^ 2

------------ 11--------------1

3̂ 3 ^3
_ 2

h P  — ^ — —4U  1—J
L ^3 
- ^ 2

-  0
Xy > 0

-  0
Xy = 0

F ig u re  [4] The two f e a s i b l e  t o p o l o g ie s  r e s u l t i n g  from Case 2

to  r e a l i z e  e q u a t io n s  ( 1 )

The two c a s e s  d e s c r ib e d  above r e p r e s e n t  a l l  t h e  p o s s i b l e  t o p o lo g ie s  

which can be s e l e c t e d  from th e  g e n e ra l  to p o lo g y  shown in  F i g . [ l ] .  Both 

th e s e  c a se s  may r e a l i z e  th e  s e t  o f  p o ly n o m ia ls  g iv e n  in  e q u a t io n s  ( 1 ) un d er  

c e r t a i n  c o n d i t io n s  imposed by t h e  g iven  s e t  o f  p o ly n o m ia ls .  Hence th e  

n u m e rica l  v a lu e s  o f  th e  c o e f f i c i e n t s  w i l l  d e c id e  w hich , i f  any , o f  th e
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two ne tw orks  shown i n  F i g . [2] y i e l d s  th e  r e q u i r e d  s e t  o f  p o ly n o m ia ls .

To summarize, f o r  a s e t  o f  e q u a t io n s

2
A ll = A2 2  = KCA^+A^p+A^p )

&12 = KCA^+Agp+A^p^)

A l l 2 2  = K(A^+Agp) ,

t h e  r e q u i r e d  s p re a d  o f  powers can be o b ta in e d  from a  netw ork  composed 

o f  t h r e e  nodes p lu s  a r e f e r e n c e  node. Because o f  t h e  c o n s t r a i n t s  

imposed by th e  r e q u i r e d  s e t  o f  e q u a t io n s  (symmetry, com pactness a t  th e  

p o le  a t  z e ro ,  and com pactness a t  t h e  p o le  a t  i n f i n i t y ) ,  t h e r e  a r e  two 

a l t e r n a t i v e  ne tw orks  o n ly  which may y i e l d  th e  r e q u i r e d  s o l u t i o n .  Each 

o f  t h e s e  two netw orks  has  i t s  own l i m i t a t i o n s .  These l i m i t a t i o n s  depend 

upon th e  c o e f f i c i e n t  v a lu e s  o f  th e  r e q u i r e d  s e t  o f  p o ly n o m ia ls .

Case 1 canno t r e a l i z e  e q u a t i o n s (1) u n le s s

1 . e i t h e r  Xg > 0  , when

= 2Ag(AgA^-A^Ag)

o r  2 . Xg = 0 , when

and 2AgA^ -  Ag(A^-Ag)

Case 2 canno t r e a l i z e  e q u a t io n  (.1) u n le s s

1 . e i t h e r  > 0  , when

o r  2 . x^ = 0  , when
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^ 2^ 4  “ AgAg and 2A^Ag = A^^A^-Ag) .

A c c o rd in g ly ,  none o f  th e  to p o l o g ie s  shown in  F i g . [2] can r e a l i z e  

eq u a t io n s  ( 1 ) i f  th e  c o e f f i c i e n t  v a lu e s  w i l l  n o t  s a t i s f y  any o f  th e  a f o r e 

m entioned  r e q u i r e m e n ts .  Such c o e f f i c i e n t  v a lu e s  a r e  as  th o s e  o f  

eq u a t io n s  (.5)

A ll = A22  = K(l+3p+pZ)

Ai2 = K (l+ 2p+p2 )

A1 1 2 2  = KCl+p) CS l

i . e .  A. = 1, A. = 3, A_ = 1, A_ = 2 , A. = 1 and Ac = 1 .

The c o e f f i c i e n t  v a lu e s  g iv en  i n  e q u a t io n s  (.5) do n o t  s a t i s f y  any o f  th e  

a fo re m e n tio n e d  r e q u i r e m e n t s .

Case 1

(Xg > 0 ) = l ( 2 x l x l - C 3 - 2 ) x l ]  = 1

2AgCAgA^^-A^Ag) = 2 x 1 ( 2 x 1 - 1x 13 = 2

(Xg = 0 ) AgAg= 1x 1 = 1 , AgA^= 2 x 1 = 2

Case 2

(x^ > 0) AJ2A^A^-CA^-A^)A^) = 1

(x^ = 0 ) A^A^= 1x 1 = 1 , AgA^= 2 x 1 = 2

2A
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However, t h e  s e t  o f  p o ly n o m ia ls  i n  e q u a t io n s  [5) can be r e a l i z e d  by i n t r o 

d u c in g  a common f a c t o r  (p+1 ) , which n e c e s s i t a t e s  t h e  i n t r o d u c t i o n  o f  an 

e x t r a  node , and a r e a l i z a t i o n  can be o b ta in e d  as shown in  F i g . [ 5 ] .

1

a

C Z h - l 3  A

— 2 K = 1

F ig u re  [5] Network R e a l i z i n g  E q u a t io n s  (5)

E q u a t io n s  ( 5 ) ,  a f t e r  t h e  a d d i t i o n  o f  th e  new common f a c t o r  w i l l  be t h e  form 

o f  e q u a t io n s  ( 6 )

All = ^ 2 2  = KCp+1)Cl+3p+p^)

A i2 = K ( p + l ) ( l+ 2p+p2 )

A l l  2 2  =  K C p + l ) C p + l ) C 6 }

A lthough  th e  i n t r o d u c t i o n  o f  th e  common f a c t o r  (p+1) i n c r e a s e s  th e  number 

o f  t h e  n o n -z e ro  c o e f f i c i e n t s  by f o u r ,  n o t  a l l  o f  th e  e x t r a  f o u r  c o e f f i c i e n t s  

a r e  in d e p e n d e n t .  To m u l t i p l y  t h e  f o u r  p r i n c i p a l  p o ly n o m ia ls  by th e  same 

f a c t o r  n e c e s s i t a t e s  th e  a d d i t i o n  o f  an e x t r a  node . A c c o rd in g ly ,  th e  

number o f  p o s s i b l e  e lem en ts  in c r e a s e d  from e i g h t  e lem en ts  to  s i x t e e n  e le m e n ts ,

i . e .  th e  number o f  e lem en ts  d o u b le d .  Thus th e  number o f  a l t e r n a t i v e

to p o l o g ie s  to  choose from w i th in  t h e  frame o f  a t o t a l  o f  f i v e  nodes  i s
/

i n c r e a s e d .  F u r th e r ,  a d d i t i o n  o f  an e x t r a  node , i n c r e a s e s  t h e  number o f

2 - t r e e s  and 3 - t r e e s  i n  g e n e r a l .  As a  r e s u l t ,  t h e  i n c o n s i s t e n c y  i n  th e  s e t  

o f  e q u a t io n s  u sed  to  e v a l u a te  th e  ne tw ork  e lem en t v a lu e s  i s  overcom e.

Let us c o n s id e r  t h a t  th e  d e g re e  o f  c o n n e c t i v i t y  i s  some m easure  o f  th e
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number o f  d i f f e r e n t  to p o l o g ie s  which a r e  p o s s i b l e  f o r  a netw ork  w i th  a 

g iv en  number o f  n o d e s .  A netw ork  w i th  a minimum number o f  nodes which 

can y i e l d  th e  r e q u i r e d  s p re a d  o f  powers t o  s y n th e s i z e  a g iv en  s e t  o f  

f u n c t io n s  w i l l  p o s s e s s  a minimum number o f  d i f f e r e n t  t o p o l o g i e s .  Thus 

such a netw ork  has  a low d eg ree  o f  c o n n e c t i v i t y .  Such a ne tw ork  may, o r  

may n o t ,  be a b l e  t o  s a t i s f y  t h e  c o n s t r a i n t s  imposed by th e  r e q u i r e d  s e t  o f  

f u n c t i o n s ,  i f  any . For some ne tw ork  f u n c t i o n s ,  a h ig h e r  d e g re e  o f  

c o n n e c t i v i t y  may be needed  in  o r d e r  t o  a c h ie v e  a s o l u t i o n  as  shown in  th e  

example g iv e n  above. A h ig h e r  d eg ree  o f  c o n n e c t i v i t y  i s  o b ta in e d  by 

add ing  e x t r a  nodes t o  t h e  ne tw ork  w ith  minimum number o f  n o d es .  The more 

e x t r a  nodes t h a t  a r e  added , t h e  h ig h e r  th e  d eg ree  o f  c o n n e c t i v i t y  t h a t  i s  

o b ta in e d .

U n f o r tu n a te ly ,  th e  a u th o r  d id  n o t  have enough tim e  to  deve lop  an 

a n a l y t i c a l  fo rm ula  t o  e x p re s s  th e  d eg ree  o f  c o n n e c t i v i t y .  Such a fo rm ula  

w i l l  be v e ry  u s e f u l  in  o r d e r  t o  e s t i m a t e  th e  minimum number o f  nodes 

r e q u i r e d  f o r  a f e a s i b l e  s t a r t i n g  n e tw o rk .  A netw ork  composed o f  th e  

c o r r e c t  number o f  nodes i s  a b le  t o  a c h ie v e  a s o l u t i o n  much f a s t e r  a s  shown 

in  S e c t io n  7 .2 .
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APPENDIX B

TRANSFER PHASE-FREQUENCY CHARACTERISTIC OF NON-SERIES-PARALLEL NETWORK

I t  was p o in t e d  o u t  i n  C h ap te r  1 t h a t  n o n - s e r i e s - p a r a l l e l  ne tw orks  have 

been  c o n s id e re d  e x t e n s i v e l y  i n  t h e  p r e s e n t  work. The r e a s o n  i s  t h a t  non- 

s e r i e s - p a r a l l e l  ne tw orks  canno t be r e a l i z e d  u s in g  c l a s s i c a l  m ethods f o r  

ne tw ork  s y n th e s i s  and hence p ro v id e  good t e s t  examples f o r  t h e  com puter 

d e s ig n  te c h n iq u e s  d ev e lo p ed  in  t h e  p r e s e n t  work. F u r th e r ,  t h e  s p e c i a l  

c h a r a c t e r i s t i c s  p o s s e s s e d  by t h i s  ty p e  o f  ne tw ork  have y e t  t o  be  i n v e s t i 

g a te d .  What i s  so s p e c i a l  a b o u t n o n - s e r i e s - p a r a l l e l  ne tw o rk s  w hich  do 

n o t  have a s e r i e s - p a r a l l e l  e q u i v a le n t ?  So f a r ,  n o n - s e r i e s - p a r a l l e l  n e t 

works w ith  no s e r i e s - p a r a l l e l  e q u i v a l e n t  have o n ly  been  c o n s id e r e d  a s  an

7 8 23 24 27academ ic p rob lem . A l l  th e  d i s c u s s io n s  * » » > were c o n c e n t r a t e d  on

th e  im p le m e n ta t io n  o f  th e  n e g a t iv e  c o e f f i c i e n t  i n  th e  re d u c e d  n u m e ra to r  o f  

th e  t r a n s f e r  a d m it ta n c e  f u n c t i o n .  No one ,  t o  t h e  a u t h o r ’s know ledge, h a s  

i n v e s t i g a t e d  o th e r  a s p e c t s  o f  t h e  ne tw ork  p e rfo rm a n ces  y i e l d e d  by t h i s  ty p e  

o f  n e tw o rk .  In  p a r t i c u l a r ,  what p e rfo rm an ce  c h a r a c t e r i s t i c s  can a non

s e r i e s - p a r a l l e l  netw ork  y i e l d ,  and i s  t h e  same c h a r a c t e r i s t i c  o b t a in a b le  

w i th  a  s e r i e s - p a r a l l e l  netw ork? One p r o p e r t y  o f  i n t e r e s t  i s  t h e  t r a n s f e r  

p h a s e - f r e q u e n c y  c h a r a c t e r i s t i c ,  which i s  o f t e n  examined by a c i r c u i t  d e s ig n  

e n g in e e r .  An i n v e s t i g a t i o n  i n t o  t h i s  c h a r a c t e r i s t i c  p ro v ed  to  be v e ry  

f r u i t f u l  and le d  to  a s p e c i a l  r e s u l t  which has  n o t  ap p ea red  i n  l i t e r a t u r e  

b e f o r e .

Zeros o f  t h e  t r a n s f e r  a d m it ta n c e  f u n c t i o n  may be lo c a t e d  i n  th e  r i g h t -  

h a l f - p l a n e  o f  th e  complex f re q u e n c y  p . Such t r a n s f e r  f u n c t i o n s  a r e  

known as  non-minimum-phase f u n c t i o n s .  T r a n s f e r  f u n c t i o n s  w i th  no z e ro s  i n  

th e  r i g h t - h a l f - p l a n e  a r e  minimum-phase f u n c t i o n s .

8The s e t  o f  a d m it ta n c e  f u n c t i o n s  g iv e n  by F ia lkow  , which can o n ly  be 

r e a l i z e d  by n o n - s e r i e s - p a r a l l e l  ne tw ork  w i th  no s e r i e s - p a r a l l e l  e q u iv a le n t  

a r e
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Y = Y 
11 22

-Y 12

1197p + 56613 .14p^+28368.584p+191.184 .
800000 (p'^+0 . 5 l p + 0 .0048) '

3p3-1 .14p2+197.176p+77.616 
800000Cp^+O.Slp+0.0048) C D

( th e  common f a c t o r  (p+1 ) has  been  removed from th e  e q u a t io n s  ) .

The p a r t i a l - f r a c t i o n  form o f  e q u a t io n s  (1) was p u b l i s h e d  by

27C u t t e r id g e  and Krzeczkowski . The t r a n s f e r  a d m it ta n c e  in  e q u a t io n s  Oil 

can be w r i t t e n  i n  p o l e - z e r o  form as

^ _ 3 (p + 0 .3 9 1 8 ) ( p - 0 .3 9 S 9 + j8 .1 1 6 6 ) ( P - 0 .3 9 5 9 - J 8 .1166)
“ 12  800000(p + 0 .5004) (p + 0 .0959)

(.2)

The c o r re s p o n d in g  p o le - z e r o  p l o t  i s  shown in  F i g . [1]

P -p la n e

X = p o le  

0 = zero

F ig u re  [1] P o le - z e r o  p l o t  o f  e q u a t io n  Ç2)

From e q u a t io n  (2) and F i g . [ l ] ,  i t  can be o b se rv e d  t h a t  th e  t r a n s f e r  

f u n c t io n  -Y^^ has  a c o n ju g a te  complex p a i r  o f  ze ro s  i n  th e  r i g h t - h a l f 

p l a n e ,  i . e .  i t  i s  a non-minimum-phase f u n c t i o n .  F u r th e r ,  from e q u a t io n s  

(1) and (2) and F i g . [ l ]  ,
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l l ( p )
191.184

3840
p— ► 0

p h ase  ^ i C j o )  =

-Y
1 2 (p)

77.616
3840 p h a se  - \ 2 Ü o )  = °°

l l ( p )
1197p
800000 p h a s e  = +  Y

-Y
1 2 (p) 800000

p —+ 0

p h a s e  §

For t h e  t r a n s f e r  f u n c t i o n  -Y^^ > th e  n e t  i n c r e a s e  i n  p h ase  can be a n a ly se d  

f o r  v a r i a t i o n  o f  w from 0  t o  « a s  fo l lo w s :

Net i n c r e a s e  i n  p h ase  f o r  one ze ro  i n  th e  l e f t - h a l f - p l a n e  (JM P X  i s  + y  ,

Net i n c r e a s e  in  p h ase  f o r  one p o le  i n  t h e  LHP i s  -  y  .

Phase c o n t r i b u t i o n  a t  w = 0 f o r  a c o n ju g a te  complex p a i r  o f  ze ro s  in

t h e  r i g h t - h a  I f - p l a n e  (RHP) = + Tr + a + T r - a = 2 ' n -  .

Phase c o n t r i b u t i o n  a t  w = + » f o r  a c o n ju g a te  complex p a i r  o f  ze ro s  

i n  th e  RHP = •

Net i n c r e a s e  i n  ph ase  f o r  a c o n ju g a te  complex p a i r  o f  z e ro s  i n  th e  RHP 

= + 7 r - 2 ‘iï = - i T .

To sum m arize, f o r  one ze ro  in  t h e  LHP and, 

f o r  two ze ro s  in  th e  RHP and, 

f o r  two p o le s  in  t h e  LHP, 

th e  n e t  i n c r e a s e  in  phase  f o r  t h e  v a r i a t i o n  o f  w from 0 t o  + «>

+ j  -  7T + 2x
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+ ÿ  - 2 ir i l
2

Hence, i f  th e  p h a s e - f r e q u e n c y  c h a r a c t e r i s t i c  o f  n o n - s e r i e s - p a r a l l e l  

ne tw ork  i s  p l o t t e d  i t  would look  as shown in  F i g . [2 ] .

Phase o f Phase o f  _

w r a d / s e c

(a)

w r a d / s e c

(b)

F ig u re  [ 2 ] . P hase -F requency  C h a r a c t e r i s t i c s  o f  N o n - S e r i e s - P a r a l l e l  Network

The r e s u l t  shown in  F i g . [2] i s  a f u r t h e r  j u s t i f i c a t i o n  f o r  why th e s e  

ty p e  o f  ne tw orks  canno t have a s e r i e s - p a r a l l e l  e q u i v a l e n t .  The form o f  

t h e  p h a s e - f r e q u e n c y  c h a r a c t e r i s t i c  shown i n  F i g . [2] d i f f e r s  from any p h a s e -  

f re q u e n c y  c h a r a c t e r i s t i c  p r e v i o u s l y  known f o r  s e r i e s - p a r a l l e l ,  non-minimum 

phase  n e tw o rk s .  A s i m i l a r  form o f  p a r t s  o f  th e  c h a r a c t e r i s t i c  shown in  

F ig u re  [2] m a y b e  o b ta in e d  by a  s e r i e s  - p a r a l l e l  non-minimum 

phase  n e tw o rk ,  b u t  an i d e n t i c a l  form canno t be o b ta in e d .  Thus i n  o r d e r  

t h a t  th e  p h ase  c h a r a c t e r i s t i c  t o  be c o n t in u o u s  f o r  a l l  ne tw orks  i n  g e n e r a l ,  

a  more g e n e r a l  form to  r e p r e s e n t  th e  in c r e a s e  i n  p h ase  sh o u ld  be c o n s id e re d .
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T his  g e n e r a l i z e d  form may be d e f in e d  as  (+ y ±  rnr) , where n i s  a non

n e g a t iv e  i n t e g e r  ^  0 . The r e a s o n  f o r  t h i s  s a l i e n t  c h a r a c t e r i s t i c  i s  

t h a t  t h e  t r a n s f e r  f u n c t i o n ,  which i s  a c u b ic  o v e r  q u a d r a t i c  r a t i o n a l  p o ly 

n o m ia l ,  has  a n e g a t iv e  c o e f f i c i e n t  i n  i t s  n u m e ra to r .  Hence i t  h as  a 

c o n ju g a te  p a i r  o f  complex z e ro s  i n  t h e  r i g h t - h a I f - p l a n e  and a ze ro  on th e  

n e g a t iv e  a x i s .  T h is  c h a r a c t e r i s t i c  n e c e s s i t a t e s  t h a t  th e  t r a n s f e r

f u n c t i o n  o f  n o n - s e r i e s - p a r a l l e l  ne tw ork  w i th  a  n e g a t iv e  c o e f f i c i e n t  i n  th e  

n u m e ra to r  o f  be  a s y m p to t ic  t o  ( -3  y) i n s t e a d  o f  (+ y) .

T h is  e s p e c i a l  c h a r a c t e r i s t i c  c o u ld  be u s e f u l  i n  c i r c u i t  d e s ig n .

24
R e c e n t ly  , i t  has  been  su g g e s te d  t h a t  n o n - s e r i e s - p a r a l l e l  ne tw orks  cou ld  

be u sed  as  ' b u i l d i n g  b l o c k s '  i n  t h e  c o n s t r u c t i o n  o f  more s o p h i s t i c a t e d  

to p o l o g ie s  w i th  no s e r i e s - p a r a l l e l  e q u i v a l e n t .  One such a p p l i c a t i o n  co u ld  

be t o  u se  n o n - s e r i e s - p a r a l l e l  ne tw orks  as  th e  main b u i l d i n g  b lo c k  o f  Phase 

E q u a l iz e r s  w i th  a s e r i e s - p a r a l l e l  ne tw ork  in  t h e  feed b ack  lo o p .

To summarize, th e  n o n - s e r i e s - p a r a l l e l  ne tw ork  p ro v ed  to  have a  s p e c i a l  

t r a n s f e r  p h a s e - f r e q u e n c y  c h a r a c t e r i s t i c  which was n o t  c o n s id e re d  b e f o r e .

T h is  c h a r a c t e r i s t i c  m e r i t s  f u r t h e r  i n v e s t i g a t i o n  from th e  a p p l i c a t i o n  p o in t  

o f  view in  c i r c u i t  d e s ig n .
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During th e  p a s t  decade,  many te chn iques  f o r  computer-aided  c i r c u i t

des ign  have been sugges ted  and i n v e s t i g a t e d ,  bu t  none have been

developed to  th e  s tag e  where the  d e s ig n e r  i s  redundan t .  The r e s e a r c h

de s c r ib e d  h e r e i n  concerns the  a p p l i c a t i o n  o f  one t e chn ique ,  the  method

o f  c o e f f i c i e n t  matching,  to  the  s y n th e s i s  o f  lumped, l i n e a r ,  p a s s iv e  , 

3 - t e rm in a l  networks with  no mutual in d u c ta n c e s .  The au thor  developed 

a program which ,wi th  f u r t h e r  development, could  perform the  e n t i r e  

des ign  p ro ces s  with no des igne r  i n t e r a c t i o n .  F u r th e r ,  th e  au tho r  con

s i d e r s  problems where the  c l a s s i c a l  s y n t h e s i s  methods are  u n s u i t a b l e  j 

e . g .  th e  s y n th e s i s  o f  n o n - s e r i e s - p a r a l l e l  networks with  no s e r i e s -  

p a r a l l e l  e q u i v a l e n t .

The c o e f f i c i e n t  matching procedure i s  based  on s e l e c t i n g  a s t a r t i n g  

_network  which y ^ l d s  th e  c o r r e c t  polynomial  s t r u c t u r e  and ach iev ing  a 

s o l u t i o n  by component value adjustment and network e v o l u t io n .  The c l o s e r  

t h e  s t a r t i n g  network to  a f e a s i b l e  topo logy ,  th e  more r a p id  the  convergence 

to  a s o l u t i o n .  I t  i s  shown t h a t  the  s u i t a b i l i t y  o f  a s t a r t i n g  network 

can be ana ly sed  on th e  b a s i s  o f  the in fo rm a t io n  ob ta ined  from th e  d i f f e r e n t  

bu t  e q u i v a l e n t  forms o f  the  admittance  f u n c t i o n s .  The s i g n i f i c a n c e  o f

common f a c t o r s  i s  d i s c u s s e d  and the  i n f l u e n c e  o f  v a r io u s  types  o f  common 

f a c t o r s  on th e  network r e a l i z a t i o n  i s  i n v e s t i g a t e d .

For cases  when the  i n i t i a l  s t a r t i n g  network i s  remote from any f e a s i b l e  

s o l u t i o n ,  s o p h i s t i c a t e d  te chn iques  a l low ing  s u b s t a n t i a l  t o p o l o g ic a l  m o d i f i 

c a t i o n  dur ing  network e v o lu t io n  a re  r e q u i r e d .  These te chn iques  were

developed by th e  au thor  on the  b a s i s  o f  element and node a d d i t i o n  and 

e l i m i n a t i o n .

A F o r t r a n  IV program has been developed by the  au thor  welding to g e th e r  

a l l  t h e s e  afo rem en tioned  te chn iques  f o r  t o p o l o g i c a l  m o d i f i c a t i o n .  The
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program makes l a r g e  t o p o l o g i c a l  m o d i f i c a t i o n  a u t o m a t i c a l l y  d u r i n g  th e  

d e s ig n  p r o c e s s .  The E f f e c t i v e n e s s  and e f f i c i e n c y  o f  t h e s e  t e c h n i q u e s  

and th e  program a r e  i l l u s t r a t e d  by a v a r i e t y  o f  s y n t h e s i s  examples .
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