
C o m b in a to r ia l  O p t im iz a t io n  in  V L S I  
P h y s ica l  D es ign

bv

Pet'or A uliiony  W alsh
15.Sc. (Honour. . ) ,  Nat ional  I i v e r s i t y  o f  Ireland, 1982  
M.Sc.  (H ono ur s) ,  Nat iona l  Hnivers i ly  of  Ireland, 1985

A dissertat ion  s u b m it te d  in partial  fulf i l lment  
of l.lie requirements  for the  d eg ree  of  

Doctor  in P h i lo so ph y  
in the  D e p a r t m e n t  of  C o m p u t e r  Sc ie nce

We accept this d isser tat ion  as con fo rm in g  
to the  required s tanda rd

Dr. D.M.  Miller,  Super viso r  ( D e p a r t m e n t  of  C o m p u t e r  Sc ience)

Dr. ( y T p i s , ,  W$>.  r tmental  M em b er  ( D e p a r t m e n t  o f  C o m p u t e r  Sc ience)

 —_—^  _     ----------
Dr. M. Serra,  Dopnrtniont alyMember  ( Depart ment ol C o m p u t e r  Sc ience)

Dr. P. j j^-duibaiy.  Out.utlt’ M e m b e r  ( D e p a r t m e n t  of  Electrical  
and C o m p m e r  Engineering)

Professor  J . T .  .Howehenko,  External  E xa m in er  ( D e p a r t m e n t  o f  Electrical  
Eng inee r ing ,  Unive rs i ty  of  A l b e r t a , )

0 1 ’olor Ant l i o n y  Walsh ,  1992  
I 'niversity of  \  i f  tori a

A l l  r i y n t s  re s t  r e t d .  T h i s  d i m  H u  I i o n  ni t ty  n o t  be r e p r o d u c e d  

i n  i rhol t  o r  i n  p u r l ,  b y  n i i i n e o y r n p h  o r  o t h e r  m e a n s , 

t r i l l i on!  Iht  p e r m i s s i o n  o f  Ike  a u t h o r .



S u p e r v i s o i : I J r .  I ) . M .  M i l l e r

Abstract

Sun n!nl( il .1 m u  a 11 in/ is a general  purpose  r o m b iu a t  orial opt imiza l  ion t echii i( | tie which  

has heen aj;plie(| |,o m a n y  ; ' 1 mis in VLSI des ign .  In e ss en ce ,  s i m u l a t e d  anne al i ng

is M o n t e  Carlo i terat ive  improv ement  wi th  the  ab i l i ty  to c o n d i t i o n a l l y  accept, u p ­

hill moves.  'I lie not ion  of  a cool ing sc h e d u le  is c o m m o n  to all s i m u l a t e d  anne al ing  

implement  at ions. A cool ing  sched ule  can be  th ou gh t  of  as s i m u l a t e d  anneal ing's  

coiil rol m echan ism .

Experient ial  work has been d o n e  on e s t i m a t i n g  t lie cost  o f  an o p t i m a l  solut ion  to 

s o m e  combinator ia l  o p t im iz a t io n  problem in sta nc es .  Such an e s t i m a t e  can he  used  

to -I • lermine  termina t ion  criteria for general  p u r p o s e  o p t i m i z a t i o n  tech n iq u es  such  

as i terative  improvement or s i mula ted  a nn eal in g .  W e  ha ve  e x t e n d e d  th is  idea and  

des igned a c o m p le te  s im u la ted  an nea l in g  general  c o o l in g  s c h e d u l e  b as ed  on the  cost  

of  an opt imal  so l ut ion  to a problem insta nce .  W e  call the  re sul tant  s ch ed u le  an 

t ,rh ik!< il i /nnl-din c/< il general  cool ing schedule .

() i h • of  the major  proble ms wit h s i m u la te d  a n n e a l i n g  is its lo ng  c o m  pu tat ion t imes .  

I’liis problem can be  addre ssed by first us ing a last lieu astir to find a g o o d  initial  con-  

ligur.it ion and then a p p l y i n g  s im ul a te d  a nn ea l in g .  T h i s  a p pr oa ch is ca l led  S i m u l a t e d  

S m t i  rnri .

I’o expiol l  t lie po te nt ia l  o f  s i m ul at ed  s i n ter in g  o n e  needs  an a p p r o p r i a t e  general  

coo l in g  schedule .  T h e  e x t e n d e d  goal -d irec ted  c o o l in g  sc h e d u le  is e q u a l l y  app l icable  

to s im ula ted  ann ea l in g  and s i m u la te d  s intering.
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To  d a t e ,  no one  cool in g  sc life I u U • Inis proven su i tabl e  for all o p t i m i z a t i o n  , : 1 1 -m 

in s t a n c e s .  In our v iew,  no  such cool ing  s ch ed u le  ex is ts .  C o n s e q u e n t l y ,  we  11 a\ e 

a t t e m p t e d  to ' ' ' ' ' r. the t y p e  ol prohlem hest su i ted  to o pt im iz at io n  by s i m u la ted

a n n e a l i n g  and s im u la te d  s in ter ing  us ing the e x t e n d e d  goal directed sch ed ul e .

W e  h a v e  appl ied the  e x t e n d e d  goal -d irected  s ch ed u le  to s tanda rd cell pla< "incut 

an d f loorpbusniug problems us ing both s im ula ted  an ne al in g  ami  s i m u la te d  sinter ing.  

W i t h i n  th is  c o n t e x t ,  w e  ha ve  co m pa red the p er fo rm a n ce  of  I he e x t e n d e d  goal  d irected  

s c h e d u l e  to othe r  publ i shed schedules .  Our results  indicate  that in te rm s of  layout  

qu al i ty ,  t h e  e x te n d e d  goal -d ir ec ted  schedule  perl'oi ms  as well or be l ter  th an I lie other  

s c h e d u le s .

In this  d i sse rtat ion ,  we  h a v e  deve loped a new general  m o l i n g  sched ule .  Our evul  

na t io n  o f  the  e x te n d e d  goal -d irecte  c l iedule  su g g e s t s  that it is a i iselul  rescan h 

c o n t r i b u t i o n  in the area  of  s im u la te d  an ne al in g  algorit hms.
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C hapter 1

In trod u ction

1.1 M otiva tion

M a n y  pr obl em s in e n gi ne er in g  and the  sc iences  involve c h o o s i n g  a ‘b e s t ’ solut ion  

from a m o n g  a large n u m b e r  of  possible' solut ions .  T h is  t y p e  of  prob lem is known  

as o p t i m i z a t i o n .  In th e  past ,  o p t im iz a t io n  tochnk|ues  have  been deve l ope d in an nil 

ho c  fashion y ie ld in g  a m u l t i t u d e  of  s in gle  pu rpo se  procedures .  S o m e  general  pur pose  

t e c h n iq u e s  also ex is t .  In this d isse rta t ion  we s tud y on e  of  t h e  more  recent general  

p u r p o s e  o p t i m i z a t i o n  t echniq ues  called S i m u la te d  An ne al in g  (and a. der ivat ive  o f  sim 

ula ted  a n n e a l i n g  ca l led  S im ula ted  S inter ing) .

1.1.1 S im u la ted  A nnea l ing

All  e x is t in g  s i m u l a t e d  an ne al in g  im p l e m e n t a t i o n s  s tr ive  to find a ‘best .’ solut ion to 

an o p t i m i z a t i o n  p rob le m .  O n e  so l ut ion  is ju d g e d  bet ter  than anot her  by  s o m e  metr ic  

k n o w n  as so lut ion  cost .  A best  so lut ion  is found by se archi ng  a portion of  th e  total

1
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imml>cr of so lut io ns  to the o p t im iz a t io n  problem.  Ti e e x is t in g  s i m u l a t e d  anne al ing  

procedures  term in at e  o n c e  certain t e r m in a t i o n  criteria are satisfice.  A so l ut ion  of  

least  cost  en co un tered during  the  search is d e e m e d  the  ‘b e s t ’ so l i ; , ion .  Typical ly ,  

th e s e  terminat ion  criteria are t ime re lated and are  chosen  w i t h o u t  regard to  the  cost  

of an opt imal  so lut ion  to the  o p t im iz a t io n  problem,  b ne pr imary m o t i v a t i o n  for this  

disser tat ion  is to d e te r m in e  how the  c o s t  ( e x a c t ,  e s t i m a t e d ,  or lo w e r - b o u n d )  of  an 

o p t im a l  solut ion  can be  used to control  s i m u l a t e d  a n n e a l i n g ’s con f ig ur at ion  search.

Research on s i m u la ted  anneal ing  a lg o r i t h m s  can  be  r' vided int o  ihro e  areas namely ,  

app l icat ions ,  accelerat ion and found at ions .  T h e  area of  a p p l i c a t i o n s  is conc erne d with  

a p p ly in g  the s im u la ted  an ne a l in g  t e c h n iq u e  to problems.  Research  in a c n d e r a l i o n  is 

concerned with i m p le m e n t a t io n  issues su ch as eff icient d a t a  s t r u c t u r e s  and efficient  

cost function e va lu at ion .  Research on t h e  f o u n d a t i o n s  of  s i m u l a t e d  a n n e a l i n g  is c o n ­

cerned with d e te r m in in g  which problem.! are a m e n a b l e  to o p t i m i z a t i o n  by  s im ul a te d  

anneal ing;  the  d e v e l o p m e n t  o f  new c o o l i n g  s c h e d u le s  and d e t e r m i n i n g  w hi ch  cool ing  

sc h ed u le  best  su i tes  a particular  prob le m  instan ce .

T h i s  d issertat ion is concerned with research on the  fo u n d a t io n s  o f  s im u la t e d  an­

neal ing .  In part icular,  we  deve lop a n e w  co o l in g  sc he du le  cal led t h e  e x t e n d e d  goal-  

directed  sc hedul e  which is based  on t h e  cost  (e x n e t ,  e s t i m a t e d  or  lo w er -b o u n d )  of  

an o p t im a l  so l ut ion  to a problem in st an ce .  W e  g ive  gu id e l in es  on  w he n to use the  

e x t e n d e d  goal -d ir ec ted  s ch ed u le  based on  pr o b le m -i n st a n c e  s ta t i s t ic s .

We  apply  s i m u la te d  ann ea l in g  us in g  the  e x t e n d e d  g o a l - d i rec ted  s c h e d u l e  to five 

in s t anc es  of  an ideal ized problem from VL SI  phys ica l  des ign.  T h i s  is d o n e  to e va lu at e  

th e  s c h e d u l e ’s performance .  In order to  put  th is  work in c o n t e x t ,  w h a t  fol lows  is a  

brief  d iscussion o f  the  digital  s y s t e m  des ig n p ro cess  of  wh ich ph ys ic a l  des ig n  is the  

last phase.
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Requirem ents

specification

behavioural
representation

structural
representation

structural
representation

D e s i g n

Sp ec i f i ca t ion

L o g i c
D e s i g n

Circuit
D e s i g n

Functiona l
D e s i g n

Phys ica l

D e s i g n

ph ysica l
representation

Fabrication

Figure  1.1: Phase,s o f  Dig i ta l  S y s t e m  Des ign.
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1.1.2 T h e  Digita l  S y s tem  D esign  Process

The* digit al sys'  -ri> 'lesion process ( an be* d iv ided into f ive phases ( Fite. 1.1).  In phase

o n e ,  a. (Irsiyii spec if ica t ion  is produc ed based on th e  requir em ents  of  t h e  s y s t e m .  Th e

h-sign spe< ideat ion p h as e  is nsi ial lv a t i m e - c o n s u m i n g  manua l  s tep .

Funct ional  design, is con cern ed  with  s y s t e m  beha viou r .  For a g iv en s y s t e m  in­

p u t ,  a b t l ia v io u ra l  r>pre s e n i a t i o n  e n a b le s  one  to d e t e r m i n e  the  s y s t e m ’s o u t p u t .  For 

e x a m p l e ,  a truth table  is on e  t y p e  of  be hav iou ra l  representat ion .

T h e  lop ic  dcsinn  p h a s e  is c o n cern ed  with the  logic s tr uctures  th a t  im p le m en t  

th e  funct ional  design.  T h e  c ircuit  (Us iyn  ph ase  is concerned with  th e  t h e  e lectrical  

ch ar ac te r is t i cs  of basic circuit e l e m e n ts .  Both  thes e  p ha se s  co n tr ib u te  to a s t ru c tu ra l  

n  p n  si n l a l i o n  of  the  s y s t e m  which describes  c o m p o n e n t s  of  th e  s y s t e m  an d iheir  

interact ion .

In the  p h y s i c a l  dc s i yn  phas e ,  the  s truc tural  and behav iour al  r ep rese n ta t i o n s  from 

th e  previous  phases  are trans fo rm ed to a p h y s ic a l  r e p r e s e n t a t i o n .  A ph ys ic a l  repre­

s e n t a t i o n  def ines g e o m e t r i c  s h a p e s  used in the  fabrication  of  th e  d igi ta l  s y s t e m .

T h e  se c o n d a r y  m o t iv a t io n  for this  d is sertat ion  is to ga in  exp er ie n ce  in th e  phys ical  

d e s ig n  of integra ted  c ircuits .  Muc h work has been  d o n e  on a u t o m a t i n g  t'ne physical  

de s i g n  phase .  T h e  i m p o r t a n c e  of  this problem c o n t i n u e s  to  grow du e  to t h e  increas ing  

c o m p l e x i t y  of  integra ted  c ircui ts .  C o n se q u e n t ly ,  work on physica l  des ign  a u t o m a t io n  

is st i l l ,  and will c o n t in u e  to be,  an a c t i v e  and cha l l e n g in g  research area.

1.1.3 G oal  O riented  O p t im iza t ion  in V LSI

O p t i m i z a t i o n  in VLSI  can be  goal  or iented  in th e  se n se  that a circui t m u s t  be  o p t i ­

m i z e d  to fit int o  a certa in  area, or perform to s o m e  spec i f icat ion .  T h i s  t y p e  of  scenario
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is well  su i ted to the not ion o f  us ing I lie est i m a l e d  cost  or lower ho un d cost o f  an op  

l ima !  so lut ion  to control  s im u la ted  annea l ing's  search for a host so lu t ion .  T h i s  is the  

case  s ince  th e  cost  o f  an a c c e p t a b le  solut ion can he s u b s t i t u t e d  for the  cost  of  an 

o p t i m a l  so lut ion .  In this  way,  s im u la ted  a n n e a l i n g ’s search for a best s o lu t io n  can he  

ta i lored for a speci fic proble m instance*.

1.2 D issertation  Organization

In C h a p t e r  2,  we  in trodu ce  a framework for d i sc us s i ng  o p t im iz a t io n .  This framework  

inc lu de s  def ini t ions ,  an o p t i m iz a t io n  b en ch m ar k  and a d iscuss ion  of  o n e  o f  t h e  simplest,  

o p t i m i z a t i o  i te chn iq ue s  na mely ,  i tera t iv e  i m p r o v e m e n t .

O p t i m i z a t i o n  by  s im u la t e d  a n n e a l i n g  is in trodu ced in C h a p t e r  2 a lo n g  w it h  several  

co o l i n g  schedul es  (or control  m e c h a n is m s) .

In C h a p te r  4 we  in tro d u ce  the  goal -d irected  cool ing  s c h e d u le  and t h e  e x t e n d e d  

go a l -d i re c te d  schedule .  Both  an* based on the  cost  ( e x a c t ,  e s t i m a t e d  or l ow er  bo u n d )  

of  a n  o p t im a l  so lut ion  to a prob lem instance.  T h e  per fo rm anc e  of  the  e x t e n d e d  goal  

directed  sche du le  is ev a lu a ted  on six ius ;ances  o f  an ideal ized p la c e m e n t  probl em .

C h a p te r  5 descr ibes  s i m u la te d  s inter ing  which is a n o th er  general  p u r p o s e  opl i  

miza t i o n  t e c h n iq u e  simi lar  to  s i m u la ted  an ne al i ng .  W e  sh o w  how th e  e x t e n d e d  goal  

directed  s ch ed u le  can be  used as a co ol in g  s c h e d u l e  for s im u la te d  s in te r in g .

In C h ap ter  6, we  descr ibe  two VLSI  phys ica l  des ign  s t y le s  nam ely ,  s t a n d a r d  cell 

and m a c r o / c u s t o m .  We report the  results o b t a i n e d  by a p p ly in g  s i m u l a t e d  anneal  

ing (and s i m u la ted  s inter ing)  using th e  e x t e n d e d  g o al -d i re c ted  to e ig h t  s t a n d a r d  cell 

p l a c e m e n t  problems.  We  a lso  d e m o n s t r a t e  h o w  s im u la t e d  a n n e a l in g  (an d s i m u la ted  

s i nter ing )  us ing  the  e x t e n d e d  goal -d irected  s c h e d u l e  can be  appl ied  to m a r r o / e u s l o m
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placemen*..

In C h a p t e r  7, w e  g ive  gu id e l in es  on when to use the* e x t e n d e d  go a l -d ir ec te d  s c h e d ­

ule  based on problem in sta nc e  s tat i s t ics .  We c lose  C h a p t e r  7 wi th  a d isse rta t ion  

s u m m a r y ,  inc lu di ng  research c o n tr ib ut io ns ,  and s u g g e s t io n s  for poss ib le  future  work.
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O ptim ization

Tlio purpose' o f  this  chapte r  is to p ro v id e  bac kg ro un d mater ia l  for ;his d isse rta t ion  

W e  begin by  def in ing  com bi na tor ia l  o p t im iz a t io n .  A fram ew ork for d is cuss ing  general  

pu rpo se  c o m b in a to r ia l  o p t i m i z a t i o n  is then in tr odu ced.  Th is  framework co ns is ts  of  

def in i t io ns  and n o ' a t i o n ,  and an ideal ized p la c e m e n t  problem.  T h e  p u r p o s e  of  the  

ideal ized p l a c e m e n t  problem is to provide’ a b enc hm ar k for com p ari n g  I lie perform am  e 

o f  general  p u rp o se  comb in ator ia l  o p t i m i z a t i o n  procedure’s.

I t erat ive  im p r o v e m e n t  is o n e  o f  t h e  s imple’st  gcimral  p m - p e w  c om b in ato r ia l  opl.i 

mizat ion  lec lmi( ]ues .  T h e  lat ter  part  of  this cha pter  c o n t a i n s  a. eh’se rinl ion of i terat ive1 

i m p r o v e m e n t  and an evaluat ion  of  its pe’rfbrmaner’ on o. ir ielealizevl placewnenl prob  

lerri. We’ in c lu d e  this  now be cause  later in tli<* elissertaliem, we  describe’ ami  ev a lu a t e  

oth er  m ore  e la b o r a te  general  p u rpej.se cennbinatorial  ejptimizatiem lea hn hp ie s  relative* 

to  the de scr ipt ion  and eval ua t ion  o f  i tera t iv e  improverne-nt.
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2.1 C om binatorial O ptim ization

A pr ob le m  in s ta n c e  ran be descr ibed by a title,  a spec i f icat ion  and a cpiest ion.  For 

e x a m p le ,  w e  . an descr ibe  an instance; of  two-leve l Bo ol ean  m in im iz a t io n  [8 ] as fol lows:

T i t l i  : Tw o- leve l  Bo olean M in im izat ion .

S p e d J i r a t i o n  : / ( « ,  h) — Tib+ab

(Cano nic al  s u m  of  produ cts  exp ress io n . )

Q u e s t  ion  : Find a s u m  of  pr odu ct s  repr es ent a t ion  for f ( a , b )

where th e  n u m b e r  of  p ro d u ct  t erms  is m in im iz ed .

T h e  above- problemi ins!an e has four feasib le  s o lu t i o n s  n am ely ,  a b + a b ,  Tib+b, a b + b  

ami  b. All feasible so lu t ions  t > a pr obl em  inst anc e  s o lv e  t h e  g ive n problem.

A re*al n u m b e r  is assoc iated  with  each feasible so lut ion .  T h i s  n u m b e r  is t h e  cos t  

e>f the* feasible so lut ion  with respect to s o m e  o p t im iz a t io n  criteria.  A fu n c t io n  wh ic h  

m a p s  feasible- solid ions to costs  is cal led an objec t ive  f u n c t i o n .  If w e  def i ne  t h e  o b j e c ­

tive- functiem in our  e-xample- problem to be the  n u m b e r  o f  p r o d u c t  te rm s in a  s u m  of  

prod net s expr es s io n  then a b + a b , Tib+b  and a b + b  each  h a v e  a cost  o f  2 and,  b has  a 

cos!, ol 1 .

An o p t i m a l  so l a  l ion  to a problem ins ta nc e  is a feas ible so lu t io n  w it h  m i n i m u m  

cost .  With  reference  lei our  e x a m p l e  problem,  the  feasible so lu t ion  b is an o p t i m a l  

solutieMi since- it ha s  the- least  cost  from a m o n g  the  four feasible  so lu t io ns .  A n c a r -  

o p h m u l  so lu t io n  to  a problem in s tan ce  is a feasible so lu t ion  ivith co s t  c lose  (in s o m e  

sens(-) !i t h e  cost o f  an o pt im al  so lut ion .

An o p t i m i z a t i o n  problem in stan ce  is c o m pl e te ly  charac ter i zed  by a  se t  o f  feasib le  

so lu t ions  an d  their costs.  A n  o p t im iz a t io n  proble m in s t a n c e  is so lv e d  b y  s e le c t in g  an 

o p t im a l  so lu t ion  or in s o m e  cases,  a near o p t im a l  so lu t ion  from the  se t  o f  feas ib l e  s o ­
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lut io ns .  If an o b j e c t i v e  funct ion is a funct ion  of  d iscrete  variables then,  the  assoc iated  

o p t i m i z a t i o n  p r o b le m  is ca l led c o m b i n a t o r i a l  o p l i m i zn t  ion ( C O ) .

2.2 D efin itions and N o ta tio n

Let ,s be  a  conf igu rat ion  o f  p ar am ete rs  which represents a feasible solut ion to an  

o p t i m i z a t i o n  p r o b l e m  i n s t a n c e . 1 Let the set. o f  all feasible so lu t ions  to a problem  

in s t a n c e  be  repr ese nt ed by t h e  set  o f  conf igurat  ions .S’ (,s c .S’). T h e  set ,s’ is called a 

c onf ig ur a t io n  space .  Lot ( ' b e  an o b j e c t i v e  cost  fune' .on .  ( N o te ,  deliuit ions I through  

6  c o m e  from P a p a d im it r io u  an d St.eiglitz [22]. De l in i l ions  7, S and !) are provided by 

t h e  au th or . )

D e f i n i t i o n  1  A n  i n s t a n c e  o f  a C O  pro b le m  is a p a i r  { S , ( ' )  w h e n  S  is a conf igura­

t i o n  sp a c e  a n d  C  is a m a p p i n g

C  : S  -> T

D e f i n i t i o n  2 A C O  proble m  is a se t  o f  C O  prob lem in s ta nces .

D e f i n i t i o n  3  The a i m  o f  o p t i m i z a t i o n  is to  Jind an o p t i m a l  conj igi i rnl ion »r ( S  

w here

C (. s , )  <  C ( s y ) V.s„<E,S’

The t e r m  g lobal  m i n i m u m  co nf ig ur at io n  is a s y n o n y m  f o r  o p t i m a l  conf igurat ion.

D e f i n i t i o n  4  A n e ig h b o u r h o o d  is a m a p p i n g

G  : S  —> 2 s  ( the p o w e r  se t  o f  S )  

de f in ed  f o r  each C O  p r o b l e m  i n s t a n c e .

' F r o m  t i ns  po in t  on ,  tin; t e r m s  feasible so lu t i on  a n d  conf igu ra t ion  a r c  used ml i  ' ( ba ug eab ly
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D e f i n i t i o n  5 The conf igurat ion  s y is  a ne ighbo ur  o f  the c o n f ig u r a t i o n  s x ( sx , s y e s )

if
S y  G ( i ( .  s3.)

D e f i n i t i o n  6 The conf igurat ion  s r  G S  is a local m i n i m u m  i f

C ( s x ) < ( ' ( s y ) V s y €  G ( s r )

D e f i n i t i o n  7 A do wn -h i l l  pa th  o f  l ength n  is a s equ en ce  ( s i ,  s 2, s „ J  where  

( a )  s r  a S  (I 1  ./• <  n)

(l>) C ( s tl) < ( '(.s / i- |  ), f '(.sn-  1 ) <  C'(‘s 2 ) <  (■1( ‘s l)

( c )  ‘.n G ( '"(.S,| „ I ) < •s u_ I f / ( . S n - ' i ) ,  's 2 s  ^ ' ( tSl )

D e f i n i t i o n  8  /I region is a p a i r  ( s x , R )  w he re  s x G S ,  R C  S  a n d  V s u €  R ,  hath s x 

a n d  Sy exist  on the s a m e  doum-hi l l  pa th  a n d  C ( s x ) <  C ( s v ).

D e f i n i t i o n  9 The conf ig ura t io n  s x €  S  is a regional  local  m i n i m u m  in the  region  

( s x , R ) .

Throughout ,  this d is sertat ion ,  th e  not ions  of  hil ls  and v a l l e y s  are  used to d e ­

scr ibe  CO problems.  Figure 2.1 s h o w s  a m o d e l  cost  versus co n f i g u r a t i o n  curve .  In 

reality,  a plot of  cost  versus configuration for a C O  p r ob le m  i n s t a n c e  w o u l d  be  a  

m ult i -d in ieus ion a!  contour ,  f o r  d iscussion purpo ses ,  we  m o d e l  this  c o n t o u r  as a  two-  

di m en si on a l  curve .  In keeping with this m o de l ,  we  use  d es cr ip t iv e  l a n g u a g e  wh ich is 

c o n t i n u o u s  in nature.  T h is  is done  w it h  full k n o w le d g e  th at  c o s t  versus  conf igurat ion  

c o n t o u r s  are d isnet .e .
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W i t h  regard to Figur e  2 . 1 , adjacent  conf igurat ions  on the  horizontal  axis are 

n e i g h b o u r s  and t h e  curve  i tse lf  is v iewed as a terrain of  hills and val leys.  Kacli valley  

is con s id ered a region.  A regional local m i n i m u m  is located at the  b o t t o m  of each  

valley.

A p ro cedu re  t h a t  so lv es  a C O  problem is cal led a CO a h j o n l h m . Within  the  

a n a l o g y  of  hills an d va l leys ,  an o p t im iz a t io n  a lgor i thm  corresponds  to placing a ball 

s o m e w h e r e  on a c o s t  versus  conf igurat ion  curve  and g iv ing it the  abil i ty  to roll. 

A l g o r i t h m  t e r m in a t io n  co rresp onds  to s t o p p i n g  th e  ball.  T h e  conl igural  ion at which  

t h e  ball s ta rt s  to roll is cal led the  ini t ia l  c o n j u j u r a t i o n . T h e  conl igural  ion with least, 

co s t ,  e n c o u n t e r e d  whi le  th e  ball is roll ing,  is called t he t e r m in a l  conjii/u r a t i o n .

2.3 H eu ristic  O ptim ization

A n  o p t i m i z a t i o n  a l g o r i t h m  is exact  if it, y ie lds  an opt imal  conligural , ion to every  

in s t a n c e  of  an o p t i m i z a t i o n  problem.  O n e  o b v io u s  exact  a lg or i t h m  for CO is to 

e x a m i n e  each  c on f i gur at io n  in the  conf igurat ion  s p a c e  of  the  problem instance  and 

se le c t  a  conf igurat ion  w h i c h  min im izes  th e  o b j e c t i v e  function.

M a n y  C O  p r ob le m s  are N P -h a r d  [33], All kn ow n exact, a lg o r i t h m s for NP hard 

o p t i m i z a t i o n  p r o b le m s require  a c o m p u t a t i o n a l  effort  whos e  worst  case  t im e  complex  

i t y  is a t  l e a s t  e x p o n e n t i a l  in the  s ize of  t h e  problem instance .  For large instances  of 

N P - h a r d  o p t i m i z a t i o n  pr obl em s,  the  use of  any  kn ow n  exact, o p t i m i z a t i o n  a lgor ithm  

w o u ld  be  im pr ac t ic a l  s in ce  it would  require prohib i t ive ly  large e x e c u t i o n  t imes.

As  an a l t e r n a t iv e  to e x a c t  a l gor i t hm s,  h e u r i s t i c  or a p p r o x i m a t e  a l g o r i t h m s may  

be used to  so lv e  C O  pr ob le m s.  Heuris t ic  a l g o r i t h m s  yield o p t im a l  or near opt imal  

c on f ig u rat io n s  to N P - h a r d  op t i m iz a t io n  p ro bl em s and typica lly r e q u i r e  a romputa.
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Cost

Configurations

Figure 2.1: Cost  vs.  Conf igurat ion:  Mills an d Val leys.
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pr ocedure  general  pu rpose  combinator ia l  opt im iza l  ion(in .s,,; out .s(,);

var .s0 ,.s;), .s , .Y:eonliguration;

(* «s0 =  initial configuration  *)
(* tip — terminal conf iguration  * )
(* X  --= current conf igurat ion * )
(* ,s =  se lected  ne i ghbour  eonl igu ral ion  *)

begin  

•V :=  .s0; 
repeat

select, .s; ('*’ ,s t  <7( A ) *) 
if aeeept (d ' ( . s ) )  then

A ' : =

else
N O P  

unt il  te rm in a t io n  
V =A'  
end;

F igu re  2.2: General  P u rp os e  C o m b in a to r ia l  O p t i m i z a t i o n .

t iona!  effort w h o s e  worst-ca. se t ime c o m p le x i t y  is b o u n d ed  p o l y n o m i a l y  in I lie s ize of  

th e  pr ob le m  instance ,  b o w  order poly nom ial  t im e  a lg or i t hm s  can be pra< tiea.1.

2.4 General P u rp ose  O ptim ization

O p t i m i z a t i o n  a lg or i t hm s which are problem i n d e p e n d e n t  are called t / n ic r a l  p u i y w s t . 

G ene ral  p u rp o se  o p t i m i z a t i o n  algorit hms pr esu pp os e  the  e x is t e n c e  o f  a, current  con  

f igurat ion ,  a n e ig hb ou r  se lect ion  m e cha ni sm  and an o b j e c t iv e  f i i m t io n .  We l imit our  

a t t e n t i o n  to a lg or i thm s which proceed by se lect ing  a n e ig hb our  of  the  c u r r e n t  conf ig
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urat ion and a c c i p l i n g  or re je c t i n g  it based on its cost ,  in the* ev e n t  that  t h e  se lected  

nei ghb ou r  conf igurat ion  is a c c e p te d ,  then it is m a d e  the  current conf igurat ion .  If the  

se lected  ne ighbo ur  conf igurat ion  is rejected then it is d i scarded.  T h e  a b o v e  procedure  

is repeated until  s o m e  t ermi nat ion  criteria are sat isf ied.  A p s e u d o c o d e  def in i t ion of  

general  pu rpo se  com bi na to r ia l  o p t im iz a t io n  is s h o w n  in Figure  2.2.

2.5 M on te  Carlo C om binatorial O ptim ization

T h e  term M o n t e  ''at'lo Method,  is used to descr ibe  any  a lg or i t h m  tha t  e m p l o y s  rando m  

n u m b ers  [| .r)j. C o m b in a to r ia l  o p t im iz a t io n  us ing a  M o n t e  Carlo m e t h o d  is called  

M o n t i  Cur io  c o m b i n a t o r i a l  o p t i m i z a t i o n .  M o n t e  Car lo  c om b in ator ia l  o p t im iz a t io n  

t echn iqu es  c o m e  in m a n y  di fferent  f lavours [20]. In this  d is se r tat io n ,  we  e x a m i n e  four  

M o n t e  Carlo  combina tor ia l  o p t i m i z a t i o n  t echn iqu es  na m el y ,  M o n t e  C a r lo  I tera t iv e  

Im pro iu  m e n !  ( C h a p t e r  2) ,  S i m u l a t e d  A n n e a l i n g , S i m u l a t e d  S i n t e r i n g  ( C h a p t e r s  3,4 

and fi) and S i m u l a t e d  Involution  ( C h a p t e r  7).

2.6 Iterative  Im provem ent

I terat ive  improvement ,  is a general  pu rpose  o p t i m i z a t i o n  technique .  S t a r t i n g  from 

an initial  con f igur at ion  .s0 £  S ,  i terat ive  im p r o v e m e n t  transforms s 0 to a  terminal  

c onf igu ra t io n  .s;, £ .S', d his is achieved by c o n s t r u c t i n g  a s eq u en ce  o f  conf ig ura­

t ion s  ,sn , ,'<|, . . .  ,s . s y  ' f l ie co nf igu rat ion  .s, m u s t  c o m e  from s , _ i ’s n e ig h b o u r h o o d

(1  b  ' S  !>)■ In add i t i on ,  C (•*>’,) <  Cl'(.s,_t ), ( 1  <  i <  p).
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procedure ' tera l iv e  imp rovement  fin ,s0; out s,,);

var s 0 , .s, , , .s, .Yu'oidiguration;

begin  
A :=  .so; 
repeat

se lect  .s; (* ,s r; f i ( A ’ ) *) 
i l 'C(. s)  <  ( ' ( A’ ) then  

X  :=  .s
until  H A " )  <  f ( . s , . )  V . s ,  6  t.’(A');
.s(J: = X
(’iu l ;

Figure 2.U: I terat ive  Im p rovem en t .

T h e  a c c e p t a n c e  ol s,  as the  success or  to .s,_| is said to he a d o m i - h i l l  mot>t .since 

t h e  cost  ol’ Si m u s t  he  less than the cost  o f  .s,_( (I <  i <  j>)T I terative  im p r o v e m e n t  

p erm i t s  o n l y  clown-hi 11 moves  and te rm in ates  when  no further dow n hill m o v e s  are 

pos s ib le ,  i . e . ,  w h e n  C'(sp) <  ( ' ( s / . )  V.s* P f / ( s /t). A p s e u d o c o d e  def ini t ion of  i terat ive  

i m p r o v e m e n t  is sh ow n in Figure 2.11.

T o  d a t e ,  it has not been poss ib le  to g ive  a useful  upper  ho un d on i t era t iv e  im 

p r o v e m e n t ’s wor st  case  t ime c o m p l e x i f y  [36]. Ne ver th e le ss ,  i tera t iv e  i m p r o v e m e n t  

has  been s h o w n  to be e f fect ive  for so lv in g  m a n y  dif ferent  c om b in at or ia l  o p t i m i z a t i o n  

p r ob le m s [1 1 , 16]. In the  ab se nc e  of  a n y  meaningful  theoret ica l  anal ys i s ,  we  turn our  

a t t e n t i o n  to  an empirical  s tudy.

2Note  t h a t  C ( s t )  m u s t  Ik* s t r i c t ly  less t h a n  <7 (» , - i ) ,  equa l i t y  rloes not c o n s t i t u t e  a d o w n - l u l l  

move.
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2.7 A n  Em pirical Evaluation

A su i t a b le  prob lem is required for e v a lu a t in g  o p t im iz a t io n  procedures .  W e  cho ose  

square  array p la cemen t  [29] as a b en ch m a rk  s ince  it is re pr esent at ive  of  p la c e m e n t  in 

VLSI phys ica l  design.

A s ingle  appl i ca t ion  of  an o p t im iz a t io n  procedure  to a prob lem in s t a n c e  is called  

a. trial .  W e  e v a l u a t e  an o p t im iz a t io n  procedure  by pe rfor mi ng  m u lt ip le  trials on  a 

given pr obl em  instance .

Mach trial s tarts  with a different init ial  conf igurat ion .  Let us say  t h a t  w e  perform  

1 0 0  trials. T h i s  would  result in 100 p o tent ia l ly  dif ferent  termina l  conf igurat ions .

We record terminal -conf igurat ion  cost  s ta t i s t i cs  to m e a su r e  a p r o c e d u r e ’s abi l i ty  

to produ ce ,  o n  a v e r a g e ,  qual i ty  t ermina l  conf igurat ions  for a  g iven  p r o b le m  i nstan ce .  

We also record the  average  n u m b e r  of  conf igurat ions  e x a m i n e d  over all trial s for a  

given p r ob le m  instance1. T h is  s t a t i s t ic  is a mea su re  o f  how  long a p roc edu re  takes ,  

o n  a v e r a g e ,  to locate  a terminal  conf igurat ion .  K n o w l e d g e  of  th ese  s t a t i s t ic s  is 

i m p o r ta n t  for the  pur pose  of  c o m p a r i n g  and con tras t in g  di fferent  procedures .  For  

e x a m p le ,  con s ide r  the  s i tua t ion  where  we c om pa re  t w o  o p t i m i z a t i o n  pr ocedu res  and  

find that th e  average  terminal  conf igurat ion  cost  for pro cedur e  1 is less tha t  the  

average1 t e rm in a l  conf igurat ion  cost  for procedure  2.  W e  use  this  as an indicat ion  

th a t  p ro cedu re  1 is mo re  likely to p rod u ce  a termina l  conf ig urat i on  with overal l  l east  

cost .  T h i s  is not  to s ay  that  for a g ive n n um be r  of  trials ,  pro cedur e  1 will  a lw a y s  

pr od uce  a t ermin al  conf igurat ion  w i th  overall  least  cost .

Srpiare array p la cem en t  ( S A P )  is an ideal ized form o f  f lo orplanning .  S A P  is a  

g e o m e t r i c  p r obl em  c o m . ‘m o d  with  p lac i ng  un i t - squa re  o b j e c t s  in the  p lane .  T h e s e  

un it - squ are  o b j e c t s  are called cells.

T h e  p l a c e m e n t  p lane  is p ar t i t io ne d  into  an r n x m  array o i  cell lo ca t io ns .  E ac h  cell
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location  can a c c o m m o d a t e  a s ingle  coll. Tl io  total  n u m b e r  o f  colls lo  Ik* p laced in the  

array is m 2. ( ’oils are labe led 1 to i n 2.

Lot l\I bo  the  se t  of cell labe ls  for the  S A P  problem.  A / tro-t<■nninnl nv t - lmt  is a 

s u b s e t  IT o f  the  ( ’artes ian pr odu ct  o f  M  wi th  itself.  An e le m ent  of  IP is cal led a nr / .  

A no* represents a conn ec t io n  b e tw e e n  tw o  cells.  In terms o f  VI,SI physical  des ign ,  a 

net is rea lized  by a  wire in an int egra ted  circuit .

A S A P  pr o b le m  conf igurat ion  is an a s s i g n m e n t  of  cel' . to cel! locations.  T h e  

conf igur at ion  is a  n t ig h b o u r  o f  s.,. ( s , . , . s v c; .S’) if ,Sj. can be transformed to  s„ 

by s w a p p i n g  the  pos i t ions  o f  tw o cells in .s,.. C o n se q u e n t ly ,  each c i .nl igural iou has  

(  ^ =  N  ne ighbo urs  and |A'| =  ( m 2)!.

t 2 /
For a g iv e n  conf igur at ion ,  each cell has a  locat ion  which w e  descr ibe  by the  a n  ay  

c o or di na tes  ( . r ,y )  (1 <  .r,y <  i n) .  Faeh net, is g iv en a co st  which correspo nds  to  

th e  sum  o f  th e  horizonta l  d is t a n c e  and vertical  d is t a n c e  b e t w e e n  the  n e t ’s (el ls .  For 

e x a m p l e ,  if a  net c o n n ec t s  cell 1 loc at ed  at, (3,b) to cell 2  loc a te d  at ( b , l )  then the  

vertical  d i s t a n c e  b e t w e e n  cells 1 a n d  2  is 3 and the  hor izonta l  d is t a n c e  bet ween cells  

1 an d 2 is d. Th e  s u m  of  the  hor izonta l  d is t a n c e  and the  vert ica l  d is ta n c e  is 7 and is 

cal led the  M a n h a t t a n  distance .

T h e  M a n h a t t a n  dis t anc e  for ea ch net is ca l cul ated  and s u m m e d  to g i v e  the  total  

M a n h a t t a n  d is t a n c e .  T h e  total  co s t  o f  a conf igurat ion  is defined as l ive t imes  th e  

tota l  M a n h a t t a n  d i s t a n c e  [29]. T h e  factor five is o f  S ia r r y ’s invent ion.  It has  been  

carried over  into  o u r  work s im pl y  b e c a u s e  we  want  to u s e  t h e  s a m e  cost funct ion  as  

Siarry used in his trials.

T h e  o b j e c t i v e  o f  th e  HAP prob lem is to d e t e r m i n e  an a s s i g n m e n t  of cel ls to cell he 

ca t ions  such that  t h e  total  M a n h a t t a n  distance* be tw een c o n n e c t e d  cells is m in im iz ed.

T w o  dif ferent  net - l i s t s  are cons idered.  T h e  first net  list c o m e s  from Siarry [29]
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Figure' 2 . <1: 5 x 5  SA P:  O p t im a l  Conf igurat ion .  (S i a r r y ’s net - l i s t ) .

and is e-emstructeel such that  in an o p t i m a l  p la cem ent ,  e a c h  net  is c o n n e c t e d  to its 

nearest  hor izonta l  and vertical  n e ig h b ou rs  only.  An o p t im a l  s o lu t io n  has  cost :

5 * 2(m" — rn)

Figure  2 . 1  s h o w s  an o p t im a l  5 x 5  p la c e m e n t  (nearest  n e ig h b o u r s  c o n n e c t e d ) .  For 

com p ar is on  purpose's,  F igure  2.5 sh ow s a  n on -o pt im al  p la c e m e n t .  E ach  conf igu rat ion  

has  800 n e ig hb our s  and |.S’| =  25! ~  102S. T here  are 8  un iqu e  o p t i m a l  conf igu rat ions .  

Fae'h e>ptimal conf igurat ion  has a. cost  o f  200.

T'he' seronel net- l is t  appl ies  o n ly  to 5 x 5  S A P  and c o m e s  from Se che n [27]. F i gur e  

2.0  sh ow s  an o p t im a l  p l acem ent .  T h e r e  are 16 un iqu e  o p t i m a l  con f ig ur at ion s .  Ea ch  

eiptimal e-onliguration has a cost  of  190.
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F ig ur e  2.5: 5 x 5  S A P :  Non O p t i m a l  ( 'onfiguratiori (S i a r r y ’s net list.).

N e ig h b o u r  Label 1 2 3 V I 2 ... 1 in 2 i n 2 -f 1

Cell  Pair 1 , 2 i ; i l / l 1 , n i2 '> :> 2 / 1

;V 

m 2 I

r!’a l ) l e 2 . 1 : N e i g h b o u r  Label ing

2.7.1 S A P  N e ig h b o u r  S e lec t io n

T h e  e s s e n c e  ol' a n y  n e ig h b o u r  select,ion m e c h a n i s m  is I,he order  in whic h neighbour  

co nf igu rat ions  a ,-e e x a m i n e d .  For eas" of  reference,  let T a b l e  2 . 1  def ine  a neighbour  

lab e l ing  for the  j n x r n  S A P  prob lem,  t . t j . ,  th e  conf igurat ion found by sw a p p in g  the  

p os i t ions  o f  cell 1 and cell 2 is called n e ig h b o u r  1. Neigh bo ur  se lect ion  correspond:; to 

se le c t ing  a  n e i g h b o u r  from t h e  current conf igurat ion's  n e ig h b ou rh ood .  M an y different  

n e ig h b o u r  order ings  are poss ib le .
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Figure 2.0: S A P :  O pl i m al  Conf i gur at i on  ( S e c h e n ’s net-list,).

We  use the  fol lowing procedure.  Se l ect ion  from th e  n e i g h b o u r h o o d  is per formed in 

a pseudo random order.  A pseu d o-ran d om  n u m b e r  in the  range  [1,A/] is g en er at ed .  

If the  n um be r  is say  5, then ne ighbour  5 is se lected .  O n c e  a  n e i g h b o u r  has be e n  

se le c te d ,  it is not cons idered again for se lect ion  until  such t i m e  as  all  o t he r  ne i ghb ou rs  

h a v e  been se lected .  N e ig h b ou r  select ion c o n t i n u e s  by g e n e r a t i n g  a d d i t i o n a l  p s e u d o ­

r and om  numbers .  N o t e  that  for i terat ive  i m p r o v e m e n t ,  the  order  in which ne ig hb ou rs  

are e x a m in e d  is usual ly fixed. Iterative im p r o v e m e n t  is s o m e t i m e s  referred to as 

M o u l t  Car lo  i terat ive  improvement  when n e ig h b o u r h o o d  e x a m i n a t i o n  is performed  

in a pseudo random fashion.

W e  evaluated i tera t ive  im pr ov em ent  on th e  5 x 5  S A P  pr o b le m .  T h e  resul ts  are  

s h o w n  in Ta bl e  2.2.  For bo th  not-l i sts ,  100 trials were  p er fo rm ed .  Each trial had a  

different s tar t ing  conf igurat ion  which was  c h o s e n  at  rand om .  In t h e  cost  a n d  con fig-
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Net- l i s t . ( ’o s t  ( O p t .  - 200 )

7IK (ill fil'l -I’M IX -I’M \ \

( ’o i i f i gn ra t i o i i s  

i ia ,iii ,si d

O p t i m a l

V'\

t u n e  (s)

11,1 (III

S i a r r y 212  s t  220  i2 ii SOti 2 1 1 0 o.at i

S ec l i en 261 2 0  2 1 6  2 2a 7(i.r> 17*. 1) 0.22

T a b l e  2.2:  f i x / )  S A P .  I t e r a t i v e l u ) ( ) r o v e m e n t . ( 1 0 0  hr.ill S. 1

u r a t io n s  c o lu m n s ,  m e a n  and s / d  s tand  for mean and s tandard dev ia t ion  lespect  ivelv. 

T h e  host, and worst t ermi nal  conf iguration c o s t s  are given by .r,\//.v and i r / i  v and,  

t h e  o p t i m a l  co lu m n  c o n t a i n s  I lie p e r 'o u t a g e  of  t rials which te rm in at ed  in an opt imal  

configuration.'*

From T a b le  2.2,  it can he seen that, i terat ive  improvement  failed to lind a single  

o p t i m a l  conf ig ura t ion  in a n y  trial (S ia rry ’s and Seche n's  net lists |

For S ia r r v ’s net - l i st ,  an av erage  of  N!)(> conligural  ions were e x a m i n e d  v F ld in g  an 

a v e r a g e  termina l  conf igu rat ion  cost of  .'112 ( 7 1 .o ' /  off the  op t im al ) .  I'm Se< hen's net 

list,, an a v era g e  of  7(i5 conf igur at ions  were e x a m i n ' d  y ie ld ing an average terminal  

c onf ig ur at io n  cost o f  2(il (27 .2% off the o p t im a l) .

All o f  i terat ive1 im p r o v e m e n t ' s  dr aw bac ks  s t e m  front the  . a d  that o nl v  do wn lull 

m o v e s  are a l lowed.  T er m in a l  conf igurat ions  are a lw ays  local minima wlm h are raiely  

o p t i m a l .  Termina l  co nf ig ur at ion s  are al so  d e p e n d e n t  on the s t i n t i n g  < oi i f iguiat iou .  

In general ,  there are no g u id e l in es  available  to select a good s ta rt ing  • ‘ . ‘ ion.

S o m e  ol the  a b o v e  p r ob le m s  can be addressed by ex t e n d in g  ilerat i v  i m p r o v e m e n t . 

In t h e  fo l lowing se c t i o n ,  three  e x te n s i o n s  are cons idered.

a Ail t i m i ngs  were pe r fo r i ned  on a  SUN S I ’A I U '  2

1988
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2.8 Iterative Im provem ent E xten sion s

A s ingle  applicat ion of' i tera t ive  improvement  finds a local  m i n i m u m  in th e  region 

of the  initial 1 i f igurat iom T h e  repeated ap p l i ca t io n  of  i tera t ive  im p r o v e m e n t  to

approach multiple i m p r o v e  mi  ul. In mult ip le  im p r o v e m e n t ,  th e  local  m i n i m u m  with  

the  least cost, is se lected as  the  terminal con f igu rat ion .  For e x a m p l e ,  if t h e  100 trials  

reported in Table  2 .2 are considered a s ingle  a pp l ic a t ion  o f  m u l t ip le  i m p r o v e m e n t  

then NO.OTI conf igurat ions  were  ex a m in ed  y ie ld in g  a terminal  conf igura t ion  cost o f  

2 2 0  ( Siarry's net list ).

The quest ion arises as to how m a n y  init ial  con f ig urat ion s  shou ld  b e  e x a m i n e d  d u r ­

ing mult ip le  improvement .  T h e  probabi l i ty  of  f inding  a g lo bal  m i n i m u m  te n d s  to 1 

as the  numb er  of  init ial  conf igurat ion s  e x a m i n e d  in m u lt ip le  i m p r o v e m e n t  a p p roach es  

Such an observat ion is o f  no pract ical  use  in de c id in g  h o w  m a n y  init ial  conf igu ­

rat ions  woulo  have  to be cons idered to yield a near  o p t im a l  terminal  conf igurat ion .  

There is no known re la t ionsh ip  be tw een th e  n u m b e r  of  init ial  con f ig ura t ions  co n s id ­

ered by  mult ip le  im p r o v e m e n t  and th e  qual i ty  of  its terminal  so lut ion  o th er  than th e  

limit ing property s t a te d  a b o v e .

Neighbourh ood  r i i la rg cm cnl  increases  the  n u m b e r  of  conf igu rat ion s  in a  n e i g h b o u r ­

ho o d .  In the  case of  th e  S A P  problem,  n e i g h b o u r h o o d  e n la r g e m e n t  can b e  achieved  

by, for ex am pl e ,  s w a p p i n g  th e  pos i t ions  of  four m o d u l e s  in s t ea d  of tw o .  For the  5 x 5

h ood  (12,(i5d ne ighbo urs )  on the  5 x 5  S A P  p r o b le m  (Si arrv ’s and S e c h e n ’s net - l i s t s ) .

lilferenl initial conf igurat ions  yields a n um be r  o f  local m i n i m a  [38]. We  call this

S A P  problem,  the  resul t ing  ne ig h b o u rh o o d  s ize  w o u ld  increase  from =  300 to

12 ,050 .  We  ev a lu a te d  i terat ive  i m p r o v e m e n t  w i th  an enlarged neighbour-
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Net -list Cost ( O p t .  190) Configurat ions O p t im a l T i m e  ( s )

m e a n S / t / ■I’M  I S  •I'.U ,L \ VII  (III . ,1,1 C'
( i n ,  h i i

Siarry 295 31 200 350 33,539 10,507 1 15.75

Sechen 233 IX 200 2X5 2S,9(M 0.907 t) 13.2

T ab le  2.3:  3 x 5  S A P :  I terat ive  Im pr ove men t  (Knlarged N e i g h b o u r h o o d ) .  ( U)U Trials . )

T h e  resul ts  are sh o w n  in T a b l e  2.3.

Pr om  Ta bl e  2 .3 ,  it can he  seen that iterat ive improvement ,  wi th an enl arged neigh  

b o n r h o o d  found an o p t i m a l  conl igural ion  once for S iarry's  net list and failed to find 

an o p t i m a l  conf igural ion  lor S e c h e n ’s net list. Re la t ive  to the  results  o b ta in e d  using  

i t erat iv e  im p r o v e m e n t ,  t h e  ; verage  t/'rminal cost  for bo th  net l is ts  has been reduced  

by 14% an d  11% respect ive ,y .  T h is  increase in the  qu a l i t y  of  t h e  av erag e  terminal  

conf igur at ion  c o m e s  at a cost .  / . ( . ,  a sub stant ia l  increase  in the  average  n u m b e r  of  

con f ig ura t ions  e x a m i n e d .  For S iar rv ’s netdis t ,  an averag e  of  33,53!) conl igural  ions  

were e x a m i n e d  y ie ld in g  an average  terminal  conf igurat ion  cost o f  2!)5 ( 17.5% oil’ the  

o p t i m a l ) .  For S e c h e u ’s net list,  an average  of 2!3,!)(M conf igurat ion s  were  ex a m in ed  

y ie ld in g  an av erag e  terminal  conf iguration  cost o f  233 ( 2 2 . (i% off  t.lie o p t i m a l ) .

T h e  det r imental  effect o f  i terat ive  i m p r o v e m e n t ’s s tr ict ly  do w n hill po l icy  is less 

ened by  n e ig h b o u r h o o d  enlargement ..  Thi s  is the  case  s ince  increas ing  t he size of  a 

n e ig h b o u r h o o d  increases  th e  c h a n c e  of  f inding a d o w n  hill move . However ,  ne i ghb our  

ho o d  e n l a r g e m e n t  also resul ts  in an increase in t lie n u m b e r  of  conl igural  ions  I hat must  

be e x a m i n e d .  T h e  qu est ion  arises as to  how large th e  n e ig h b o u r h o o d  s h ou ld  be so 

th a t  t erm in a l  conf igura t ion  cost s  are near opt imal  and th e  n um be r  of conf ig ur at ion s  

that  m u s t  be  e x a m i n e d  remain s  small  (re lat ive to the  s ize  of  the  conf igural . ion spa ce ) .  

In general ,  there  are no g u id e l in es  avai lable to d e t e r m i n e  an idea! n e i g h b o u r h o o d  size.
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2.9 Sum m ary

In t his chapte r ,  a framework for d iscuss ing o p t im iz a t io n  lias been int rod uc ed.  Within  

th is  framework,  i terative im pr ove men t  has been e x a m in e d .

I terat ive  im provemen t  has one  main weak ne ss es  i .e. ,  its inabi li ty to free i t se l f  from 

local  m i n i m a  and c o n t in u e  towards  a global m i n i m u m .  T h is  is the  case  s in ce  only  

d o w n  hill moves  are a l lowed.  To ov ercom e  th is  problem,  s o m e  form of  control led  

up-hil l  m ov em ent  ( t he  accept  a nee of  cost increas ing  m oves)  m u s t  be  incorpo­

rated into i terat ive  im p r o v e m e n t .  Mult iple  im p rovem en t  is one  app roach.  An ot he r  

app roach A termed hill d m i h i i u j  and was lirst introd uced by Kirkpatrick [12] in the  

form of  S i m u la te d  A n n eal in g .  S im u la te d  A nn ea l i n g  is t h e  su b jec t  of  C h a p t e r  2.



C hapter 3 

Sim ulated  A nnealing

In C h a p t e r  2,  vve saw how i terat ive  im pr ove m ent  is usual ly  ui iahle lo  free itself  from 

local  m i n i m a  a n d  c o n t in u e  to a g lobal  m i n im u m .  O n e  w a y  to address  this prub  

lem is to a l lo w  control led up-hil l  m o v e m e n t .  S i m u la te d  an ne al in g  is a M o n t e  Carlo  

c o m b in a to r ia l  o p t i m i z a t i o n  t e c h n iq u e  tha t  al lows com,rol led up hill m o v e m e n t .  We  

begin  this c h a p t e r  with s o m e  c o m m e n t s  on the or ig ins  of  s i m ul a te d  annea l in g .  Th is  

is fo l lowed b}' th e  pr ese nt at io n  o f  an ab st rac t  model for s im u la ted  an ne al in g  with the  

int ent  o f  g i v i n g  th e  reader an app rec ia t io n  for s im u la te d  an ne al in g  and how  it works.  

T h e  la t t er  s e c t i o n s  of  this c h a p t e r  discuss  s im u la te d  an ne al in g  im p le m e n ta t io n  and  

p e r fo r m  a n c e i ssues.

3.1 B ackground

A n n e a l i n g  is a  physical  process  used to impr ov e  the  propert ies  o f  a. material  by h e a l i n g  

and then coo l in g .  P h y s i c a l  a n n e a l i n g  is used in t h e  pr odu ct ion  of  crysta l l ine  sol ids  

[27J. T h e  s u b s t a n c e  to be  an ne a le d  is init ial ly  raised to a high t e m p e r a t u r e  ( a b o v e
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m elt in g  po int ) .  Su bse que nt ly ,  the  te m p e r a tu r e  is lowered s low ly  unt i l  a  crysta l  is 

formed.

In 1!)5.'{, Metropol i s  el al. [IS], d eve lo p ed  a  p r o ced u re  whic h s i m u l a t e s  phys ica l  

ann eal ing .  In l!)Sd, Kirkpatrick <1 al. [12] not iced tha t  an a d a p t a t i o n  o f  M e t r o p o l i s ’ 

procedure  could he  used to s r 'v e  combina tor ia l  o p t i m i z a t i o n  probl em s.  T h e y  ca l led  

the ir  procedure  S i m u l a t e d  A m u a l i n g  ( S A ) .

Much o f  the  terminolo gy  used in SA  has been  carried over  from ph ys ica l  a n n e a l ­

ing.  Whi le  not i ng  their origins,  all carried over t erm s  are def ined o n ly  in t h e  c o n t e x t  

of  combina tor ia l  o p t im iz a t io n .  T h e  lat ter  se c t io ns  of  th is  c h a p t e r  d is cus s  S A  i m p l e ­

me n ta t io n  and performance  issues.

3.2 S im ulated A nnealing M od el

In the realm of  combin ator ia l  o p t im iz a t io n ,  S A  is M o n t e  Carlo i t era t iv e  i m p r o v e ­

ment  with the  abi l i ty to condi t ion al ly  a ccep t  up-hi l l  m o v e s .  T h e  c o n d i t io n a l  a c c e p ­

ta n c e  of  up-hil l  m ov es  al lows SA to (-scape from s o m e  local  m i n i m a  w h i c h  in turn,  

increase's th e  cha nc e  of  f inding a g lobal  m in im u m .

T h e  probabi l i ty  of  accept in g  an up-hi ll  m ov e  d u r in g  S A  is a funct ion  o f  t h e  m a g n i ­

tu d e  of the  cost increase ,  a control  pa ram ete r  / ’ and a r a n d o m  n u m be r .  T  is referred  

to as l( nipi ralai'i which is a term carried over from ph ys i ca l  an ne al i ng .  Sm al l  up-hi l l  

m o v e s  ha ve  a higher probabil i ty  of  a c c e p t a n c e  t h a n  larger ones  and t h e  pr ob ab i l i ty  

of  accep t in g  any up-hil l  m o v e  d im in is he s  as 7’ decrease s .  As  in t h e  case  o f  i t erat iv e  

im p r o v e m e n t ,  SA accepts  all down-hi l l  moves .  Unl ik e  i t era t iv e  i m p r o v e m e n t ,  S A  also  

accep t s  all moves  when-  the  ch a n g e  in co st  is zero  i.e. ,  A (■ -- 0 . 1

1 Wi th  reference t o  SA,  we cons ider  all s uch  moves  t o  be down-hi l l  moves .
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Kigurr S. 1: C os t  u.s. ( .'onfigiiral.ioii Curve
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T h e  SA procedure  can be d iv ided into three  s tages:

( I j  Initially,  T  is large enough so tha t  large  up-hi l l  m o v e s  h a v e  a prob abi l i t y  of  

a c c e p t a n c e  c lose  to one .  During  this  s tage ,  SA  b e h a v e s  as a r a n d o m  walk  

through the conf igurat ion spac e .  No useful work is be in g  p er form ed  during  

s tage  1 . As w e  will explain  later,  a sud ie ie nt ly  high init ial  va lue  for T  is crit ical  

to the pe rformanc e  of  SA .  An init ial  va lu e  of  7 ’ which is ne i t her  t o o  high nor to o  

low i s d i l l i c u l t  to de termine .  ( lonsc que nt ly ,  a ‘b e t t e r  safe  th an  so r r y ’ app roach is 

taken.  T  is g iven an initial va lu e  which is higher than th e  low es t  va lue  required  

to a ccep t  large up hill moves  wi th a pr< o abi l i t y  c lose  to one.  'Phis resul ts  in the  

random walk b e ha vi our  m e n t io n e d  ab o v e .

(2)  As T  decreases ,  the conf igurat ion  s p a c e  is par t i t ione d.  W i t l d n  th e  an a lo g y  of  

hills and valleys ,  the value  of  7 ’ defines th e  pos i t ion  of  a  hor iz ont a l  l ine  L  (Fig.  

8 . 1 ). life all that a region  is info rmal ly  descr ibed as a  va l ley  in our  m o d e l  cost  

versus conf igurat ion  curve  ( se e  formal defini t ion on page  1 0 ). W e  define  an 

a n o  within this  curve  as one or more  c o n t ig u o u s  regions.  As  T  dec reases ,  L 

is lowered and tw o areas cl| an d A 2 are formed.  Areas  A \  an d A 2 are formed  

when the  a c c e p t a n c e  o f  a s e q u e n c e  of  conf igurat ion s  s t a r t in g  in A\  an d finishing  

in . l j  b e c o e . e s  unl ike ly  du e  to th e  va lue  of  7 ’.

(if) As T  dec rease s  further,  the proba bi l i ty  o f  a c c e p t in g  an y up-hi l l  m o v e  a p p roa ch es  

zero. At  the  be gi nn in g  of  this  stage’, small  up-hil l  move’s m a y  b e  ac cept ed .  

Teiwarels the’ emel e)f this  s tage ,  SA  b e h a v e s  as i terative1 i m p r o v e m e n t ,  i .e. ,  only  

elenvu hill move’s are1 acce’pted.

Tim e’ssemce’ of  SA  can no w  be s t a t e d  as fol lows: S t a g e  1 a l low s  for the  e x a m i n a t i o n  

e>f t lie’ re>mple’te> e’o n l ig ur at io n  space.  S t a g e  2 d i v i de s  the  conf i gur at ion  space’ into  areas.
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A n  area is then se lec ted  at random.  As / ’ is decreased further,  the  se lected  area is 

in turn div id ed  in to  areas.  This  process  is repeated into s tage  3. No further area  

di v i s io n  is per formed  when  the  last se lected  area conta in s  a s ingle  region.  S t a g e  3 

e n d s  when th e  las t  area se lected is searched for its local m in im um .

T h e  control  o f  A' is critical  to flu' pe rformanc e  of  SA  hoth in terms of  the' cptalit v 

o f  t h e  terminal  conf igurat ion  and the t im e  taken to find it. If V is not large en o u g h  

d u r i n g  s t a g e  L, t h e n  areas o f  the  conl igural , ion spa ce  which cou ld  cont a in  o p t im a l  or 

n e a r - o p t im a l  con f igur at ions  heroine inaccessible .  On the  other ha nd ,  if / ’ is lo o  large,  

t h e n  t ime is w a st e d  performing a fruit less r an do m  walk through the  coul igurat ion  

sp a c e .

During  s t a g e  2,  T  m u s t  decrease' s lowly  to increase the  c h a n c e  I hat the  last area 

se le c te d  m s ta g e  3 co n t a in s  an op t im al  or near o pt im al  conf igurat ion .  T h e  term rapid  

q u e n c h in g  is a carryover  from physical  a n n e a l i n g  and is used to d esc r ibe  I lie s i tuat ion 

w h e r e  7 ’ d ecrea ses  to o  quickly.  Rapid q u e n c h in g  during  SA usually results in terminal  

c o nf ig ur at ions  wh ic h  art' neither o p t im a l  nor near opt imal .  If V  is not  smal l  en o u g h  

d u r in g  s t a g e  3, t h e n  it is poss ib le  to accept, cost  increas ing  moves  which result in an 

e s c a p e  from an ar ea  which conta ins  an o p t i m a l  or near opt im al  conf igurat ion .

fn the  fo l lo wing se c t ions ,  a more  de ta i le d  descript ion of  SA is provided and the  

p ro ced u re  is e v a lu a te d  on the  S A P  problem as descr ibed in ( I l iapier  2 .

3.3 S im ulated  A nnealing P rocedure

S A  is a general  p u rp o se  combin ato r ia l  o p t i m i s a t i o n  te chn iqu e  which has been appl ied  

t o  m an y  p r o b le m s  in VLS I  design [3X, 35].  S t a r t in g  from an init ial  conf igu ra t io n  »„ < 

,9, SA c o n st r u c t s  a s e q u e n c e  of  conf igurat ions  .s,j, , S | . s , , .s, w he re  .s, r ( ![»,  j ) f l  ■
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i ' 7'). TIk* a c c e p t a n c e  ol' a conf igurat ion .s, wi th in  t h e  se q u en ce  ,s()........ . s , , . . . , s r is

de te r m in e d  by  the  fuiictiou:

accept., if T'f.s,) <  T' (s ;_ i )  1 <  i <  r  

/ ( • x „ T j ) ,  o t h e r w is e  0  <  j  <  g
' I ' j )

J[*
accept ,  if u <  c 7t

reject,  o t h e r w i s e

w her e  u is a p s e u d o - r a n d o m l y  gener ated  n u m b e r  in the  interval [0,1) .  T h e  acce pt an ce  

funct ion is an a d a p t a t i o n  of  the  Metropol i s  Criteria [18] used in the s im u la t io n  of  

phys ica l  an ne al in g .  7 j  is referred to as th e  j Ul I n n p e r a l u r e  va lue  w he re  'I'q and Tq 

d e n o t e  the  initial and final tem peratu res ,  respect ive ly ,  an d j  is cal led t h e  l e m v e r a t u r e  

u n it ,r.

T h e  value  o f  t e m p e r a t u r e  is decreased on c e  certain cri teria are sati sf ied.  O n ce  

I,here criteria, h a v e  been sati sf ied,  <(fuilibriurn is said to h a v e  been d e t e c t e d .  As in the  

c a s e  of  t e m p era tu re ,  t h e  term c q u i l i b n u m  is carried over  from phys i ca l  annea l in g .

A funct ion Q is e m p l o y e d  to d e t e r m in e  t e m p e r a t u r e  de c r e m e n ts .  Q is a m ono ton -  

i eal ly  decreas ing  func t io n  of  T  so 7j  =  Q ( 7 ) - i )  and Tj <  7 j _ i  (1 <  j  <  ([). T h e  

overall  ob  ject ive  o f  SA is to con verge  to an o p t i m a l  or near  o p t i m a l  conf igu ra t ion .  A 

p s e u d o c o d e  def in it ion o f  SA is sh ow n in Fi gu re  3.2

3.4 G eneral Cooling Schedules

T h e  notion o f  a coo l in g  sched ule  is c o m m o n  to  all SA  i m p l e m e n t a t i o n s .  T h e  value  

o f  7 ’0 , the  funct ion  Cj, t h e  abi l i ty  to d e t e c t  eq ui l ibr ium and criteria, for convergence  

to g e th e r  m a k e  up a c o o l i n g  sch edule .  A n  an n eal in g  sc he du le  is said to  be  general  if 

equ i l i br iu m,  c o n v e r g e n c e ,  7\> and t7 are def ined in a prob lem i n d e p e n d e n t  manner .
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con stru ct  i n i t i a l  con figu ra tion  

i n i t i a l i z e  temperature

repeat

repeat

s e l e c t  a neighbour c o n f ig u r a t io n  

accept or r e j e c t  new co n f ig u ra t io n  

u n t i l  equ ilibrium  

decrease  temperature  

u n t i l  converged

Figure -I.'2: S i m u la t in g  A n n e a l i n g  llsemloeurlc
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Most  general  co ol in g  .schedules are cons tr uc te d  such that  (a)  7 j (1 <  j  <  q)  is 

found by m u l t ip ly in g  7 j _ i  by a c o n s t a n t  and (b )  equi l ibrium e x is t s  a f ter  th e  e x a m ­

inat ion  o f  a fixed n u m b e r  of  conf igurat ions .  T h e  schedules  propo sed b y  W o n g  [37], 

Siarry [2 d] and Sechen [27] are typical  o f  this app roa ch.  In the  fo l lowing paragraphs ,  

w e  d escr ib e  a general  co o l i n g  sc he du le  that  is representat ive  of  the  a b o v e  s ty le  of  

c o o l i n g  schedule .  It is a. hybrid  of  W o n g ’s, S i ar ry ’s and S e c h e n ’s s che du le s .  For ease  

o f  reference,  Wv call this repr ese nta t iv e  s che du le  a  c lass ica l  schedule .

3.4.1 T h e  Classical General  Cooling  Schedule

A n  initial sa m p l i n g  of  th e  p r o b l e m ’s conf igurat ion  sp a c e  is per for med in order lo  

est in  a l e  A C  , where  A C  is the  average  | A C |  =  K ' ( s , )  — 6 ' ( . s ,_ | ) | ,  s ,  £  ).

W e  e x a m i n e  a s e q u e n c e  of  2 , 0 0 0  conf igu ra t ions  A C  is found by  c a lc u la t in g  the  

a v e r a g e  a b s o lu t e  cost  d i fference be tw een success ive  pairs of  con f igur at ion s  wi thin the  

s eq u en ce .  In theory,  a more  a ccu ra te  e s t i m a t e  o f  A C  cou ld  be  found by e x a m i n i n g  a  

larger n u m b e r  of  conf igur at ion s .  In our  e xp er ie n ce ,  a m ore  ac cur ate  e s t i m a t e  of  A C  

is not  necessary  s ince  its e ffect  on the  classical  s ch ed u le  is not s igni f icant .

In the  initial  s ta g e s  of  S A ,  A C  can be  a p p r o x i m a t e d  by A C  and t h e  probabi l i ty  

/ ’ o f  a c c e p t in g  an up-hil l  m o v e  should  be  close to  one.  C o n se qu en t ly ,  an  expression  

for 71) can be  derived as fol lows:

r  =  r f t  ( A C  >  0  , To >  0 )

T h e  exp ress i on  for 7'o used in the  c lass ica l  s ch ed u le  co m e s  from W o n g  [37] and is a 

w e i g h t e d  product of  the  a b o v e  express ion:
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W o n g  ind ic at e s  that the  Ay  I’aeto i  in the  a b o v e  expres s ion  is used to reduce  th e  prod 

ab i l i ty  of  ac cep t i n g  conf ig urat ion s  which tend to m a x i m i z e  the  g ive n cost function.  

W o n g  d o e s  not  g ive  va lues  for \ y  and P  o th er  than to say that \ y  1 and / '  ~  1. 

W e  will return to the  i ssue  o f  ass igning  values to A,- and P  once  t h e  remainder  of  

t h e  sc h e d u le  ha,s bo»en des cr ibed.  In the  fol lowing par agraph,  two further pa rameters  

r an d in are int rod uc ed .  Li he A y  and / ' ,  the  a s s i g n m e n t  of  values to r and in is not 

con s i d ered  unt il  the  c lassical  sc h e d u le  has been c o m p le t e ly  described.

T e m p e r a t u r e  reduct ion in the c lassical  sch ed ul e  is d et erm in ed by:

I j ~  I j i ) ~ i

for s o m e  c o n s t a n t  v.

E qu i l i br iu m  is said to ex i s t  at, t e m p e r a t u r e  value  7 ’; if I,he total  n u m b e r  of  coul ig  

ur at io ns  e x a m i n e d  at this  t e m p e r a t u r e  value ex c e e d s  inN.  ( 'onvergeu ee  o ccu rs  when  

n o up-hil l  m o v e s  are a c c e p te d  at a. particular  te m p e r a tu r e  value.

T h e  a s s i g n m e n t  o f  values to Ay, P ,  r  and in is cal led schedul e  pnr i unr l i  r n.ssiyn- 

meri l .  T h e  first s t age  of  s c h e d u le  p a ra m eter  a s s i g n m e n t  is to  assign values  to Ay and 

P  in the  express ion  for 7q. F igure  A.A s h o w s  the re lat ionship  b e tw een  A/ , P  and 

— \ r I l n ( P ) .  For practica l  reasons,  we  l imit  the  range  of  P  to  0  * P  • ().')!).

Ty p ic a l l y ,  r is ass igned a va lue  in the  range 0.X5 to I).!)!) and in is ass ig ned a 

di sc re te  va lu e  in the range  2  to  5 .

We  e v a lu a te d  the  c lassical  sc h e d u le  on the  A / 5  S A P  ' 1 ‘in us in g  a range  of 

values  for —A7 ' / l n ( P ) .  W e  c o m p l e t e d  para meter  a s s i g n m e n t  by us ing  W o n g ’s values  

for r  and iy, viz. ,  0 .85  and 2 respective ly .  T h e  resul ts  are sh o w n  in 'I able  5.1.

For each  value of  —A y / l n [ P )  s h o w n  in T ab le  1, 100 trials were pe r fo rm ed.  Ivnli  

trial had a  di fferent s ta r t in g  conf igur at ion  which w a s  chosen at random.

70
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Initial Temperature Parameters.

1 0 0 . 0

80.0

A
60.0

T

ln(P)

40.0

20.0

0.0
0.0

0.7

0.6

0.4

0.3

0.2

0.80.6 1.00.2 0.4

Figure' ii.lt: Relat ion shi p  betw een P  and Ar (0 <  P  <  0 .99 ) .
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- A  r / l n m A r / ’ Cos! (O p t .  

m e a n  s l t l

200)

•'' .M A V

< ’milieu t at ions, 

m i n i  shl

O plim nl

V>\

I'illK

C )

99.19 1.00 0.99 213 38 320 25,230 1,019 39 1 1.0

59.09 0.0 0.99 251 33 3; 0 23,01(1 1,129 2 1 10.0

19.89 0.2 0.99 2-15 37 320 19,325 1,200 33 9.3

0.56 0.7 0.29 290 30 320 0,000 1,085 12 1.9

0.98 0 . 0 0.29 2-10 30 320 5,502 1,220 31 1.7

0.-10 0.5 0.29 215 30 310 1,920 1,083 33 I..5

0.32 0.9 0.29 290 30 330 5,101 1,18() 33 1.2

0.29 0 . 0 0.29 257 30 320 3,300 918 21 3.9

0.1(3 0.2 0.29 278 30 355 2,385 831 8 3.0

0.08 0.1 0.29 312 33 305 900 390 3 3.0

r  =  0.85 l

T a b l e  3.1: 5 x 5  S A P :  Sin cry's Net list Class ica l  S< l i 'Tulc
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From Ta bl e  3.1.  il can be seen that. the  average  t erm in a l  conf ig urat ion  cost  is 

a pp rox im at e ly  const ant  for values (A —A y / /?/(/ J) greater  t h a n  or equal  to  0.32.  For  

values less than or equal to 0.24,  the  average  terminal  conf igur at ion  cost  increases  

as the  va lue  of  A■/■///((/'’) decreases .  Th is  is co n s i s t e n t  w i th  the  propert ies  of  th e  

SA model presented earlier in that a low initial t e m p e r a t u r e  w>U ha ve  a d e t r i m e n t a l  

effect on the  qual i ty  of  the terminal  configurat ion and a h igh initial  t e m p e r a t u r e  will  

result in an increase in the  nu mber  of  conf igurat ions  e x a m i n e d  without,  an  increase  

in l! qual i ty  of  the  terminal  conf igurat ion .

Consider  a graph of accepted configuration c< ,:t versus  t h e  n u m b e r  of  c o n f ig u r a ­

tions e x a m in e d  by the SA procedure.  YVe call s u c h  a g raph  a p e r f o r m a n c e  graph.  

Figure 3.-I sh ow s  a performance  graph based on an in s t a n c e  of  the  5 x 5  S A P  pr ob lem  

(Siarry s net list) using I lie classical  sc he du le  wi th - A y / 7 u ( / J) =  99 .49 .  A s imi lar  

graph with  - A y / / n ( / J) ~  0 .16 is sh o w n  in Figure 3.5.  In b o t h  graphs ,  t h e  s ta g e s  of  

the  ann ea l in g  procedure are show n.  It should  be  noted  t h a t  the  b o u n d a r y  b e t w e e n  

s tages  is fuzzy and not well defined as depic ted  in Figures  3.4 and 3.5.

As a lready indicated,  the excess i ve ly  high init ial  t e m p e r a t u r e  results in an lo ng  

s tage  1 (Fig .  3 .1) .  Hy contrast ,  an insufficiently high init ial  t m n p e r a t m e  ca u se s  t h e  

procedure  to resemble  i terative  im pr ove men t  (Fig.  3.5) .

Re tur nin g  to Tabic  3.1,  we  can see  that terminal  conf ig urat ion  costs  w ere  o p t i m a l  

39% of  the  t im e  on average ( — A/ - / / / / ( / J) =  99 .49 ) .  P e r h a p s  a bet ter  ra te  can be  

achieved by increas ing  r or by increas ing  c ?  To this  e nd ,  we  again  e v a l u a t e d  t h e  

classical  s ch ed u le  on the 5 x 5  S A P  prob lem using  a range  o f  values for —\ j / l n ( P ) .  

On this occas io n,  we  assigned r and in the  values 0 .9 9  and 5 respect ive ly.  T h e  re sul ts  

are sh o w n  in I able  3.2. It can be  seen that  the av erage  t erm in ai  con f ig ura t ion  cost  

is a p p r o x im a t e ly  constant  for values of  -  A•/■//»( T) greater  t h a n  or equal  to 0.40 .  For  

values less .b an  or equal to 0.32.  the  av erage  terminal  conf igu ra t io n  cost  inc reases  as
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P e r f o r m a n c e  Graph.

/oo.o

c

600.0

STAGE 1 STAGE 2 STAGE 3

500.0

400.0

300.0

200.0
700.0 1700.0 2700.0

C o n f i gu r a t io n  N u m b e r .

- \ T / h i ( P )  — 0 . 16  r =  0.85 w  =  2 

Figure  3.5: Porformaih  e Gr ap h (2).
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P e r f o r m a n c e  G r a p h .

~r—
780.0

680.0

STAGE I STAGE 2 STAGE 3
580.0

480.0

380.0

280.0

1 8 0 . 0 --------- 1--------- l-----
- 10000.0  10000.0 30000.0 50000.0 /0000.0 90000.0

Co nf ig ur a t i on  N u mbe r .

- X r / l v ( P )  =  0 , 1 0  /• ().!)!) „) 5

Figure 3.(i: PetTormnure  ( irapli (!{).
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A r / l v l l ' ) A r r ( tost ( Opt.  

UK (111 shl

- 1 0 0 ) 

•I'm A.X

( 'onfigiirations 

m e a n  s t d

Optimal

%

Time

(s)

0 . 0 0 1 . 0 0 0 . 0 0 2 0 , 4.5 245 221,145 23,020 99 81.4

o. is 0 . 0 0 . 2 0 2 0 0 0 2 0 0 11 1,705 11,808 1 0 0 44.0

0 . 1 0 0.5 0 . 2 0 2 0 0 0 2 0 0 84,825 12,977 1 0 0 34.0

0.32 0.4 0 . 2 0 2 0 2 1 1 2 0 0 50,250 25,833 90 23.8

0.24 0.3 0 . 2 0 2 1 1 23 205 30,255 30,354 82 16.3

0 . 1 0 0 . 2 0 . 2 0 245 31 2 X0 33,840 25,643 31 15.0

o.ox 0 . 1 0 . 2 0 275 30 3 10 3,780 2,359 12 4.0

r 0 . 0 0 w -= 5

Table  0.2: 5 x 5  SA P :  S iarry’s Net - l i s t  - Classical  Sche dul e .

I,lie value id A v / / u ( / J) decreases .

From Ta bl e  3.2,  it can he  seer  l liat (lie p roc edu re  a l mos t  a lw a y s  con verged in an  

o p t im a l  conf igurat ion  for values of  — Ay/ / / / ( / J) greater  than or equa l  to 0.-1. Recal l  

th a t  i terat ive  improvement  never te rm in a ted  in an op t im a l  conf igur at ion  when  it was  

eva lu a ted  using th e  .r) \ , r) S A P  problem (Siarry's  net - l i st ) .

Figure 3.(i s h o w s  a p er fo rm an ce  graph based on an in s t a n c e  of  the  5 x 5  S A P  

probl em  (Siarry's  net l i s t ) using th e  c lassica l s ch ed u le  with —A r / / n ( / J) =  0.10,  r =  

0 .0 0  and <e 5. Il can be  seen from Figure 3.0 tha t  the  procedure  found an o pt im al  

conf igur at ion  well before  conv ergen ce .  In o t h e r  words ,  ass igning  r  and ic the  values  

0 .0 0  and 5 respective ly ,  was  an over  kill resu l t ing  in th e  e x a m i n a t i o n  of  an ex cess i ve  

n u m b e r  of conf igur at ion s .  T h e  co r r e sp o n d in g  increase  in the  e x e c u t i o n  t ime  was  

not proble mat ic  lor the  5 x 5  S A P  problem. However,  for large values on  A’ and a 

high initial t e m p e r a tu r e ,  t h e  increase' in the  n u m b e r  o f  conf igu ra t ions  e x a m i n e d  could
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result in prohibi t ive ly  large e xe cut io n  t imes.

In conclus i on,  the  e ffect iveness  of  SA us ing the  c lassical  s ch ed u le  is l imited by the  

n e e d  to perform sc he du le  par ameter  a s s ig n m e n t .  T a b le s  3.1 and 3.2 sh o w  that for 

t h e  5 x 5  S A P  problem (Siarry's  and Sechen's  net l is t s) ,  a poor  s ch ed u le  parameter  

ass ignment ,  can cause' the  performance  of  the  p ro cedu re  to l l n r tu a lo  wi ld l y  both  in 

t erm s o f  th e  qual i ty  of th e  terminal  so lut ion  and h. i lie t ime taken to find it. por a 

g iv e n  p rob le m ,  a  go od  sche du le  par ameter  as s i gn m ent  can only  be  found expe r imcn  

tal ly.  T h i s  in it self  is not  easy.  O n e  need look no further Ilian Table s  .{.I and 3.2.  

A A e r  17,000 trials (5 0 0 ,0 0 0  conf igurat ions)  w e  are st i l l  unable  to say what  values or 

— A’f / l v . ( P ) ,  r  and te best su i t  the  5 x 5  S A P  problem (Siarry's net list ).

3.4 .2  A  Stat is t ica l  General  Cooling; Schedule

T h e  size  o f  each t e m p e r a t u r e  de cre m ent  and th e  n u m b e r  of  m n l i g u r a t  ions  e xa m in ed  

a t  each temperature'  va lue  are prede termine d in the  c lassica l  s che du le .  In contrast  to 

s c h e d u le s  l ike the  c lassical  sch edule ,  l l u a u g ’s s ch ed u le  [ 1 0 ] exer ts  d y n a m i c  control  over  

t h e  size of each t e m p e r a t u r e  decrement,  and the  n u m b e r  of c o n f i g u r a t io n s  ex a m in ed  

a t  a part icular  t e m p e r a t u r e  value. In the  fo l lowing sec l ion,  Hua ng' s  ge ne ra l  (dol ing  

s c h e d u l e  is descr ibed and evalua ted on the 5 x 5  S A P  problem.

T h e  initial  value  for V  is given as Y’(l — k n  w he re  n  is th e  s t an d ard  deviat ion  

o f  th e  co st  d is tr ibution and k  is a co n st a n t .  An init ial  sa m p l in g  of  I lie problem's  

c onf igu ra t io n  spa ce  is performed.  T h e  costs  a s s o c ia te d  with all c o nf ig ur at ions  eu 

c o u n te r e d  during the  traversal  are used lo  e s t i m a t e  n .  Huang does not spec i fy  how  

m a n y  conf igu ra t ions  should  1 e e x a m in e d ,  fn our  impl ement  at ion of  t lun n g ’s schedule ,  

w e  e x a m i n e  2 , 0 0 0  conf igurat ions ,  the  sam e  n um be r  as we e x a m i n e d  in tlm classical  

s che du le .  T h e  value  uf k  is c o m p u t e d  such that  a con f igur at ion  .s, is a d o p t e d  with



C I I A E T E U  :t. S I M U L A T E D  A N N E A L I N C 42

p roba bi l i t y  E  when A C  -  7'('s ij - ^ i )  <  3<r and T  — 7'j. An ex pr ess io n  for 

can l x “ der ived as follows:

f» Af' .. 'AnE  =  ( t ~ => !> =  ( - ■ n r

/.• Inf/1)

During l.lie initial s tages  o f  SA ( V  =  7 a), a reasonable  a c c e p t a n c e  rate for cost  

increas ing  conf igurat ion s  is 80%.  Therefore ,  a  typica l  va lue  for k  is 20

l l u a n g  def ines  th e  curve  o f  average  cost  <  ( '  >  versus  th e  l o g a r i t h m  of T  as the  

(h u h  (ilnn/ c a r v e ’1 T h e  s lope  o f  the  an ne a l in g  curve  is:

rf(In(V)) _  <<(ln(7’)) , tr  _  dT
d < C >  d'l' d<C >  r  d < ( ’>

d<C>  _  T d< C > 
f/(in(7')) — d r

1'Vom Heif [24], it is know n that:

d < ( ' >  a-2 (I <  C  >  a 2

d T  V 2 <7(ln(7')) T

T h e  s lo pe  of  the  a n n e a l i n g  curve  can  be  a p p r o x i m a t e d  by:

A  <  C  >  A  < C >  a 2 

A  1 n ( 7 ’) "  \ n ( Q { T ) ) - \ n { T )  ~  T

( 'ons equeut l y ,

^  Q ( T )  =  Tc

Ih ia n g  n'cpiires t h a t  A  < ( '  >  be  less than a .  Co ns equ ent ly ,  let A  <  C  > =  Act 

win're A p  1 and
— A T

Q [ T )  =  T c —

J Not( '  (hat  <  ( ’ •> is a r un n i n g  ave rage  which  is u p d a t e d  wi th  t he  cost  of  e ach  new  conf igura t i on  

se l ec ted
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A lower hou nd of  0.5 is p laced on t h e  c7( ' / ‘) | / ’ ratio.  Such a h o u n d  prevents  

drast ic  reduc t io ns  in the  value  o f  the control  p a ra m et er  du e  to a Hat a n n e a l i n g  curve  

w h e n  T  is a p p r o x im a t e ly  equal  to 7 ’0 . '1'ypically, A is assigned the  va lue  0.7.

Let Sj  he  the  set o f  conf igur at ion s  a ccep ted  whe n T  Let S^,  he  comprised

of  e ’e m e n t s  of  Sj  w h o se  costs  are in the range1 ( <  ( '  > g , • ( ’ » | ( ) .  Equi l ib r ium  is 

e s t a b l i s h e d  when the  ratio of  S^j  to Sj  reaches a  s t ab le  value  \ .  Such a rat io  de p en d s  

on th e  n a t u r e  o f  the  cost d i s t r ib ut io n  and the  sa m p l i n g  range ( .  A t  high te m p erat u res ,  

t h e  cost  d is tr ibu t ion  is a s s u m e d  to be a normal  d i s t r ibut ion .  C o n s e q u e n t ly ,  [ll)|

\  =  erf( —) 
a

whe re  e r f ( ) is the  error function .  I lu an g as s igns  (, the  va lue  Therefore ,  \  erf(().5)

=  0.38.

Equi l ibr ium  is d e t e c t e d  by a c o u n t in g  process .  'Two count ers  A , and A i  are 

m a i n t a i n e d .  Coun te rs  A\  and A 2 are ini tial ly  se t  to zero.  A 2 is in< rem en ted whenever  

a conf igu rat ion  is a ccep ted .  A\  is incr emented w h e n e v e r  a. conf igurat ion  is accepted  

w h o s e  c o s t  is wi th in  the  range  ( <  C  >  — ( , <  C  >  I ( ) .  A\  and A 2 are a ss ig ne d t.arget 

co u n ts .  Equ i l i br iu m is said to  be  e s ta bl i s he d if A  i reaches  its target, count,  before  A 2 

reaches  its target  coun t .  In the e v e n t  that, A 2 reaches  its target co u n t  before / l ,  then  

b o t h  c o u n ters  are reset to  zero a n d  the  c o u n t in g  is con t in ue d,  l l u a n g  s e t s  the target, 

c o u n t  for A \  and A 2 to \ ( 3 ( ^ )  and | 1 -  \  | C-iQ) re spect ive ly  where  Q  is I,lie s ize  of  

t h e  p r o b le m  insta nce .

T h e  a b o v e  equi l ibr ium de te c t io n  m e c h a n i s m  is used after Q  m o v e s  ha ve  b e e n  

a c c e p te d .  B y  de faul t ,  equi l ib r ium  is said to ex i s t  after 4 ' N  conf ig ur at ions  h a v e  b e e n  

e x a m i n e d  at a particular  t e m p e r a t u r e  value  if the  a b o v e  equi l ibr ium c o n d i t i o n s  h a v e  

no t  a lready  been satisf ied.

T h e  abi l i t y  to accept, up-hill  m ov es  is no longer  required when  all conf ig iunt io i i .
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Net, list Cost (Opt.  

m a m  aid

- 2 0 0 ) 

■‘'MAX

Configurations  

me a n  s l d

Optimal

%

Time

( 8 )

Siarry 22:5.25 .'52.7 280 2-1,864 6,155 6 6 7.8

T a b l e  5 x 5  S A P :  Siarry's Net -l is t  - H u a n g ’s Sche du le .  (100  Tria ls )

ac cept ed at, a. g iven t e m p e r a t u r e  value have simi lar cost .  C o ns equ ent ly ,  S A  ca n te r m i­

nate  or conv erge  w he ne ver  th e  similar-cosi  condi t io n  is d e t e c t e d .  To  th is  e nd ,  cons ider  

the  s i tu at ion  where  equi l ibr ium has been es ta bl i sh ed  at t e m p e r a t u r e  T  =  Tj .  Let the  

s e q u e n c e  o f  conf igurat ions  ac cept ed when V =  7 j  be  .sa , s a + ! , . . . ,  Sb, ..., ,st. (a <  b <  c) 

and let S ,  {**, : a <  b <  c ) .  h'or all conf igurat ions  in S j ,  let s max €  S j  m a x i m i z e  

I he ob ject ive  funct ion,  h'or all conf igurations in S j ,  let ,smin 6  S } m i n i m i z e  t h e  o b j e c ­

t ive  funct ion .  Final ly,  let A ( ' ,n a x  be the  a bs ol ut e  m a x i m u m  ch an ge  in cost  incurred  

during  t h e  construct ion  of  th e  se que nce  , s „ , . s ^ , ,  . . . ac. T h e  s i ini lar-cost  c o n d i t i o n  is 

c ons i dered sati sf ied when C ( . s T,llU.) -  C ( . s m m ) =  A 0 ’m(lJ..

We ev a lu a te d  H u a n g ’s s ch ed u le  on the 5 x 5  S A P  pr o b le m  (Siarry’s ne t - l i s t ) .  T h e  

results are shown in Table  3 . T  T h e  procedure  found an o p t i m a l  conf ig ur at ion  6 6 % of  

the  t ime with an average1 t erminal  conf igurat ion cost  o f  ‘219 (11.5% ofF th e  o p t i m a l ) .  

Its pe rforma nce  c orrespo nds  roughly  to I he p er form anc e  of  I he c lassical  s c h e d u l e  w i th  

V/ / / u (  P )  0 .2 1 , ;•=().{)!) an d in =  2 .

I’lie ca lculat ion  of  initial  t e m p era tu re  in H u a n g ’s s c h e d u l e  co rr espo nd s  to  a 

\ r / l n { P )  value of  1.2. Ba sed  on the  e x pe r ie nc e  g a i n e d  ev a lu a t in g  th e  c lassical  

s che du le ,  it Wwuld appear  t h a t  H u a n g ’s initial t e m p e r a t u r e  ca lculat ion  is h igh.  H o w ­

ever ,  du e  to the d y n a m i c  control  exerted  over t e m p e r a t u r e  and equi l ib r iu m  d e t e c t i o n ,

I lie cllect (in terms of  the  ex c e ss  n um be r  of  co n f ig u rat io n s  e x a m i n e d )  o f  a. h i gh  init ial  

temperat  l i r e  is reduced.
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’or tor  i r u n c e  G r a p h .
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Figur e  3.7: 3 x 5  S A P :  S ia r r y ’s Net list H u a n g ’s Schedule
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Net-list Cost (Opt. =  190) 

me a n  aid x  a/ a x

Configurations  

m e a n  s t d

Optimal

%

T im e

( 8 )

floe lion 200.6 6.5 225 31,008 4,884 38 8 . 2

Tabl<‘ 6.4: 5 x 5  SA P :  S e e h e n ’s Net- l i s t  - H u a n g ’s S c h e d u le .  (100 Trials . )

Figure  6.7 s h o w s  a performance  graph based on  an i n s t a n c e  o f  t h e  5 x 5  S A P  

problem (S ia rry’s net-l ist)  using H u a n g ’s schedule .  It can be  se en  that  s t a g e  1 is longer  

than necessary  and the  procedure again reached an o p t i m a l  co nf ig u ra t i o n  long before  

conv ergence .  T h e  procedure conv erge r  pr em atu re l y  in 34% o f  th e  trials y ie ld in g  non  

op t im a l  terminal  conf igurat ions.

We eva lu at ed  H u a n g ’s schedule  on the  5 x 5  S A P  p r o b l e m  ( S e c h e n ’s ne t - l i s t ) .  T h e  

results  are sh ow n in Table  3.4.  H u a n g ’s s ch ed u le  found an o p t i m a l  conf ig ur at io n  38% 

of  the  t i m e  with an average  terminal  configuration  cost  o f  2 0 0 .3  (5% off  th e  o p t i m a l ) .

3.5 Sum m ary

In the pa st ,  the  salient, features of  S A  ha v e  been de scr ib ed re la t ive  to the ir  c o u n t e r ­

parts in physica l  anneal ing.  We to ok  a dif ferent  app roach an d i n t r o d u c e d  an a b s t r a c t  

model  for SA.  T h i s  model is an ex ten s io n  of  th e  model  p r o p o s e d  by  G r o v e  [9]. W i t h i n  

the  c o n t e x t  of  this  model ,  the  reader was  g iv en an a p p r e c ia t io n  for S A  and h o w  it 

works.

T h e  not ion o f  a cool ing  s ch ed u le  is c o m m o n  to all S A  i m p l e m e n t a t i o n s .  In this  

c ha pt er ,  w e  descr ibed a general  co o l in g  sche du le s  cal led th e  c lass ica l  s che du le .  O n e  of  

the  main  d r aw ba cks  with this  s ch ed u le  is the  need to per form p a r a m e t e r  a s s i g n m e n t .
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W e  h a v e  d e m o n s t r a t e d  tha t  for th e  5 \ 5  S A P  problem us ing Siarry's and Seelteti's  

net- l i s t s ,  a  g o o d  p arameter  a s s ig n m e n t  is difficult to achieve ,

H u a n g ’s gen eral  coo l in g  s c h e d u le  w a s  also described in this  chapter .  T h e  problem  

o f  p a ra m ete r  a s s i g n m e n t  do es  not o c c u r  in H u a n g ’s scheduh-.  W it h  regard to average  

terminal  conf igu rat ion  qual ity,  Hu ang 's  s ched ule  performed bet ter  than the  classical  

s c h e d u l e  on t h e  5 x 5  S A P  problem (S i a r r y ’s and S e c h e n ’s net lists).  However ,  on 

several  o c c a s i o n s ,  S A  us ing  H u a n g ’s sc h e d u le  terminated,  in a conf iguration which was  

nei ther  o p t i m a l  nor  nea r-opt im al  ( T a b l e s  3.5 and 3.4) .  'This problem could be  caused  

by in a p p r o p r ia t e  decreases  in t e m p e r a t u r e  or by poor equi l ibr ium or conv erge nc e  

criteria.  M o s t  likely, it is a c o m b i n a t i o n  o f  all three.  All we can say for sun-  is, on the  

oc c a s io n s  that  th e  procedure  t e r m in a t e d  in a. no i l -opt imal  conf igurat ion ,  the  value  

o f  t e m p e r a t u r e  w a s  not  high en o u g h  to  enab le  the  SA pro cedure  to co n t in u e  to an 

o p t i m a l  con f igu ra t ion .

All e x i s t i n g  gene ra l  coo l in g  s c h e d u le s  for SA are s imi lar in t h e  sens e  tha t  they only  

allow t e m p e r a t u r e  decreases.  T o  our kn o w le d g e ,  no ne  of  the  e x i s t i n g  sc h ed u le s  provide  

a  m e c h a n i s m  for increas ing  t e m p e r a t u r e  should  th e  SA pro cedur e  b e c o m e  tr ipped at  

a  con f igur at ion  th a t  is ne i ther  o p t i m a l  nor near-opt imal .  In the  fo l lowing chapter ,  

w e  p r o p o s e  a gene ra l  coo l in g  s c h e d u l e  which is based on the  cost  ( e x a c t ,  e s t i m a t e d  

or lo w e r - b o u n d )  o f  an o p t im a l  so lu t ion  to a problem insta nce .  We exert  d y n a m i c  

control  o v e r  t e m p e r a t u r e  as d o e s  H u a n g ’s schedule .  T h e  key d i fference be tw een the  

tw o  a p p roa ch es  is th a t  we  a l lo w t e m p e r a t u r e  to increase should  the  pro cedur e  b e c o m e  

tr app ed  at  a  n o n - o p t i m a l  co nf ig ur at ion .  By providin g  a. m e c h a n i s m  for t e m p e r a t u r e  

increases ,  we  increase  the  c h a n c e  tha t  th e  SA procedure  can proceed to an o p t im a l  

conf igur at ion .



C hapter 4

G oal-D irected  A nnealing

Hccciil  ly, Sa.sl.ry c/ <d. proposed a general  p ro cedu re  to e s t i m a t e  the  c ost  o f  an o p t im a l  

so lut ion  to s o m e  com bin ator ia l  o p t i m i z a t i o n  proble m in s ta n c e s  [26]. Sastr y  s u g g e s t e d  

that  such an e s t i m a t e  could be used to  d e t e r m i n e  t e r m in a t i o n  criteria lor general  pu r ­

po se  op t i m iza t i o n  techniques  such as i t erat ive  im p r o v e m e n t  or s i m u l a t e d  a nn ea l in g .  

YVe have  taken this su gg es t ion  further and des ig ned  a c o m p l e t e  s im u la t e d  a n n e a l i n g  

general  coo l in g  sc h e d u le  based on th e  cost  (e x a c t ,  e s t i m a t e d  or l o w e r - b o u n d )  o f  an  

op t imal  so l ut ion  to a problem instance.

In this chapt er ,  wo introduce  a goal -d irec ted  general  c o o l i n g  sc he du le .  T h e  goal -  

directed coo l in g  s c h e d u l e  uses the  cost  ( e x a c t ,  e s t i m a t e d  or l o w e r - b o u n d )  of  an o p t im a l  

solut ion  to a proble m inst anc e  to d e t e r m i n e  the pr ob ab i l i ty  of  a c c e p t in g  an up-hi l l  

m o v e  [6 6 ], W e  eva lu a te  the  goal -d ir ec ted  s c h e d u le  on th r e e  in st a n c e s  of  t h e  S A P  

problem.  T h i s  e va lu at ion  provides  e v i d e n c e  th a t  th e  g o a l - d ir e c t e d  sch e d u le  is an  

e l feet ive  SA control  m e c h a n is m  for s o m e  pr ob lem  ins tance s .  H owever ,  the  ev a lu a t io n  

also uncovers  several  problems with the  go a l -d ir ec te d  ap p r o a c h .  W e  e x a m i n e  these  

problems and so lv e  t h e m  through e x t e n s i o n s  to th e  s ch ed u le .  W e  call  the resul t ing

-IS
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s ch ed u le  an i w l n i d t d  goal  d i r e c t  ed coo l in g  schedule.

T h e  e x t e n d e d  goal -d ire cted  schedule' is a variation on the  goal d irected  t h e m e  

w h ic h  pe rm it s  t e m p e r a t u r e  to increase as well  as decrease'. In th e  hit ler part of  this  

cha pt er ,  the  e x t e n d e d  goal -d irected  sch e d u le  is evaluated on l ive inst anc es  of  the  S A P  

problem.  We s h o w  that  for each inst anc e  cons idered,  there  is an improv ement  in I he 

qu a l i ty  of  the  a v era g e  terminal  conf igurat ion  achieved by the  e x t e n d e d  goal d irected  

s c h e d u l e  over  H u a n g ’s sc h e d u le  and,  this  im p r o v e m e n t  in qu al i ty  is s tat i s t ica l ly  sig 

nificant .

4.1 A G oal-D irected  A pproach

Let A’, bo the  prob abi l i t y  of  accep t in g  a conf igurat ion  with a cost  i n c r e a s e  of  A t  

T h e  re lat ionship  b e t w e e n  A’, and is

<V

I \ } =  r

A n  initial  r a n d o m  search of  the  p r obl em ’s conf igurat ion  spa ce  is performed to e s t i m a t e  

A C .  We  e x a m i n e  a s e q u e n c e  of  2,000 conf igurat ions  and av erage  the  a b s o l u t e  value  of  

th e  cost  di fference b e tw e e n  su cces s iv e  pairs in th e s» q u e n e o .  In theo ry ,  a more  accu rate  

e s t i m a t e  of  A t”  could  be1 found by e x a m i n i n g  a larger n u m b er  of  conf igu ra t io ns ,  in 

our  exp er ienc e ,  a m o r e  accurate1 e s t i m a t e  o f  A C  is not necessary  s in ce  its effect, on 

the  goal -d irected  s c h e d u l e  is not s igni f icant .

Our app roach is to let f \ } d ecay  geom etr ica l ly  wi th t ime.  A’} fol lows t he relat ion

i \ j  -  l \ j . i (I. A'o a ’

for some1 c o n s t a n t  d  calle-el the  A’ m i i l l / p l n r  (I ^  j  '' r/J. An e x p r e . s i o n  for C/ is 

derives! as follows:

l\ j ~~ < Tf  — A'o dJ -  A', | d.
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- A C

- A C

N o ti ce  that  in t h e  gejal-direeted sc he du le ,  T / s  rate of  decrease  is a p p r o x im a t e ly  

ge o m e tr ic  (7 j  =  c \ T j - i  +  e2, for s o m e  c o n s t a n t s  r, and c2). Several  sc he du le s  from 

the  l i terature  [27. 20,  27] a l low t e m p e r a t u r e  to decrease  geome tr ica l ly .  W e  just i fy  

our  dec is ion to let l \ j  de creas e  ge o m e tr ic a l l y  based on the  precedent  s e t  l>;y ex is t ing  

cool in g  schedules .

A high a c c e p t a n c e  rate for c os t - in creas in g  conf i gur at ion s  is des irable  during  the  

initial s tag es  of  SA ( T  — 7'u ). We sot A' 0 to 0 .09.  T h i s  yie lds a  t e m p e r a t u r e  value  that  

a lm o s t  certa inly  will a c c e p t  a cost - in creas in g  m o v e  o f  A C .  In fact ,  the  prob abi l i t y  of  

a c c e p t in g  a cos t - in creas in g  m o v e  o f  A C  x  50 when A o= 0 . 9 9  is 0.60.  In our  opinion,  

there  is a s trong cast* to s u g g e s t  th a t  s e t t i n g  l \ 0 to  0.99 y ie lds  a t e m p e r a t u r e  value  

tha t  resul ts  in a r a n d o m  walk th roug h the  conf igu rat ion  space .

A low acceptance'  rate (a lm o s t  nil) for cost - in creas in g  m o v e s  is d es ira bl e  during  

th e  final stage’s of  SA  ( 7 ’ =  7),). W e  set  I \ q to 0 .01 .  This  y ie lds  a. t e m p e r a t u r e  value  

that a l m o s t  certa inly  will not a ccep t  a cost  increas ing  m o v e  of  A C .  In fact,  the  

o roba bi l i t y  of  a c c e p t i n g  a cos t - in creas in g  m o v e  of  when  A'9 = 0 . 0 I  is 0.63.  In our  

op in ion ,  there’ is a strenig cas e  to s u g g e s t  that  s e t t i n g  K q to 0 . 0 1  y ie lds  a  t e m p e r a t u r e  

value’ that re’sul i s  in th e  re’je’c t ion o f  mexst. cos t - in creas in g  m ove s .
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T h e  K  mult ipl ier,  7 ’u aiul Tq are found as follows: (g iven valu es  for h\ ,  and h\ ,)

■r _  - A f  
i a  ~

'  In K 0 <l’i

For e a c h  te m p e r a tu r e  value' 7 ’j ,  a t n r g c l  co.s l  F ,  is de l ined.  hVom all the  eoul ig  

ura t ions  accept ed  so far, let B  be  the configurat ion  with  least cost .  Fqt i ihbriimi  is 

e s ta b l i sh e d  at t e m p e r a t u r e  value  '!) if C { B )  is less then or equal  to  A',, h'or noiafionaJ  

c o n v e n ie n c e ,  we call a configurat ion with cost  less than or equal  t o  A’, a j equi l ibr ium  

conf igur at ion .

T h e  value  of  Ej  (1 <  j  <  (/) is de te rm in ed su ch th a t  the t e m p e r a t u r e  value  T,  

is ca p a b le  of  l o c a t in g  a j  -equil ibrium con f igurat ion .  My e x p e r i m e n t a t i o n ,  we found  

t h e  best  E } to T)  m a t c h  is achieved by le t t in g  ICj d e c a y  in a g e o m e t r i c  series.  Fven  

so ,  there is no g u a r a n t e e  t h a t  an equi l ibr ium conf igurat ion  will b e  e n c o u n t e r e d  at  a 

p art icul ar  t e m p e r a t u r e  value.  We address this prob lem later in th is  c ha pt er .  For the  

m o m e n t ,  let  co nv erge nc e  occur  when equi l ibr ium is reached at t e m p e r a t u r e  value T,r

An E  mult ipl ier  ( d e n o te d  <j) is defined in an a n a lo g o u s  mann er  to t h e  l\  multipl ier  

a b o v e .  In particular ,

Ej  -  E j _ x </ A'o (p

and

<) ~  ( ''

E q and E,, correspond to t ie  costs of  an eas i ly  access ib le  conf igu rat ion  an d an op t im al  

conf igurat ion  respective ly.  We  set, A’o to (!  which is th e  a v era g e  of  t h e  cost s  of  the  

conf ig ur at io ns  en c o u n te r e d  in the  initial rand om search o f  the  co nf ig u ra t io n  spare .  In 

theory ,  a more  accurate' e s t i m a t e  of  (.' could be found by e x a m i n i n g  a largei  nu mber
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o f  conf igura!  ions.  In our  expe r i ence ,  a, more1 accurat e  estimate* of  C  is not  necessary  

s in c e  its effect on  the  goal -d irected  s ch edu le  is riot, s ignif icant .  E q m a y  be  derived  

from k n o w le d g e  o f  the  pro bl em  or e s t i m a te d .  T h e  impact  a poor  e s t i m a t e  has on 

goal  d i r e c t e d  an n ea l i n g  is d iscussed in C h ap ter  7.

We d e t e r m i n e  r/, the  n u m b e r  of  t e m p e r a t u r e  indices ,  such C a t  the  la*-). decrease  

in target cost  eq ua ls  A C  i .e. ,  E q +  A C  =  E q- \ .  W e  e x p e r im e n t e d  with  different  

final decreases  in the  target  cost  for the  S A P  prob lem and found A C  to be  t h e  most  

approprin.te.

T h e  der ivat ion o f f /  is as follows:

n -  Ej  (1  <  j  <  (/)

—r* (J Pjq

=> (j =  -----------—  since E q +  A C  =  E „_|
I'jq +  A C

Now,

• /  =  /■;,

' " ( £ )
In g

(fe)

q =

111
R v + M '

4.1.1 Iterative  Im p ro v em en t  w ith in  S im ulated  A n n ea l in g

C o n si d e r  I Ik* s i tu a t io n  w he re  the  SA pro cedur e  ac ce p t s  a conf igurat ion  w it h  cost  

s l i g h t ly  grea ter  th a n  ( ' ( E) .  We  conjec ture  that  a l ikely locat ion  for a conf igura­

t ion  with  cost less than C ( E )  is in the  n e i g h b o u r h o o d  of the  current  conf iguration .



C H A P T E R  1. d O A L D I I t i : ;  T h ' l )  A S S F . A U S C

C(B) ( ' ( B )  I A f '

cost  o f  current conf igurat ion

Figure' -1.1: Iterat ive  Improvement  wi thin  SA

E xi s t in g  sc h ed u le s  fail to explo i t  this  loca l i ty  pr op er ty  s i n ce  they are all c ap ab le  of  

i m m e d i a t e l y  a c c e p t in g  a s e q u e n c e  o f  up-hil l  moves  which would d i s t a n c e  the pro 

cedure  from the  current  conf igurat ion's  n e ig h b o u r h o o d .  Our approach is to invoke  

i terat ive  i m p r o v e m e n t  w he ne ve r  a. conf igurat ion  with  cost s l ightly  greater  than ( ’( B)  

is a c c e p te d .  Th is  ensures th a t  the  n e ig h b o u r h o o d  o f  a  conf iguration with  cost, slight ly 

greater t h a n  ( ’( B )  is searched  lor a conf igurat ion w i t h  cost, less than ' ' ( B) .

It is not  practical  to in vo ke  i terat ive  i m p r o v e m e n t  for every  a ccep ted  conligura  

t ion b e c a u s e  of  th e  increase in the  n u m b e r  o f  con f igu rat io n s  that would  ha v e  to be 

e x a m i n e d .  We  use  a. 'probabilistic te c h n iq u e  to  d e t e r m i n e  whe n i terat ive  improvement ,  

is to be invoked.

A un i form ly  d is tr ib uted p s e u d o - r a n d o m  n u m b e r  in the range | ( ’( B ) , ( '( B)  I A t ’] 

is g e n e r a t e d .  If the  cost  of  th e  current  conf igurat io n  is less than the g e n e r a t e d  uum  

ber, then i t erat i ve  im p r o v e m e n t  is invoked.  My reference to Figure 1 . 1 , it can be seen  

th a t  the  c loser the  cost of  th e  current  conf igurat ion  is to ( ' (  B) ,  the  great er th e  chain e  

that th e  g e n e r a te d  ps e u d o -r a n d o m  n um be r  will be  greater  t han the  cost  of' the  cut 

rent conf igu rat ion .  S im pl y  s t a t e d ,  th e  probabi l i ty  o f  invok ing  i terat ive  im p r o v e m e n t  

increases as the  cost  o f  the  current, conf igurat ion  nears  ( ' (  Bj .

An in vocat io n  of  i t erat ive  i m p r o v e m e n t  is t erm in a ted  when no cost dor reusing
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m o v e s  are poss ib le  or when 1.hr* appropriate  j - e q u i l i f  riuin conf igurat io n  is l o c a te d .

A p p e n d i x  A sh ow s  p s e u d o c o d e  for SA using the  goal -d i rected  sched ule .

4.1 .2  A n  Empirical Evaluation

In this  se ct ion ,  we  com pa re  the  goal -d irected sc he du le  to s ch ed u le s  pr op osed  by  S iarry  

[29] and Se che n [27] us ing  the  S A P  problem ( S ia r r y ’s an d S e c h e n ’s n c t - l i s t s )  as  a 

b en ch m a rk .  T h e  schedul es  proposed by Siarry and S e c h e n  are inst anc es  o f  th e  c l a s ­

sical  sc h e d u le  descr ibed in C h a p t e r  9. Their  pe r for m an ce  is con s id ered here for c o m ­

plet ene ss  s i n ce  the  I.wo nct - l i st s  used thus  far for th e  5 x 5  S A P  probl em  were  first used  

to b e n c h m a r k  the  general  co ol in g  schedules  proposed by S iarry  and S eche n.  T h e  re­

su l t s  are sh o w n  in ' fables  1 , 1  and 4.2.  We inc lude  th e  results  o b t a in e d  from H u a n g ’s 

s c h e d u le  for compari son purpose's.

T h e  goal -d ir ec ted  s ch ed u le  found an opt imal  c on f ig ur a t i on  in all trials.  S i a r r y ’s 

sc h e d u le  found an op t imal  conf igurat ion  38% o f  th e  t im e  with  an av e r a g e  te rm in a l  

conf igur at ion  cost  o f  211 (S i arr y’s net-list,). S e c h e n ’s s c h e d u l e  found an o p t i m a l  c o n ­

figurat ion 7 2 lX o f  t he t ime with an average  terminal  con f ig urat ion  cost  o f  192 ( S e c h e n ’s 

net, l ist).

T h e  low s ta nd ard  d ev ia t io n  of  the  number  of  c o nf ig ur at io ns  e x a m i n e d  by  S i a r r y ’s 

and S e c h e n ’s schedul es  ( ' fable s  4.1 and 4.2) results from the ir  s tat ic  nature .  O n  the  

ot her han d ,  the  high s tand ard d e v ia t i on  of  the  n u m b e r  of  con f ig ura t ions  e x a m i n e d  by  

the  goal  d irected  s che du le  ( ' fables  4.1 and 4.2)  resul ts from its  d y n a m i c  n a t u r e  arc! 

a d a p t i v e  abil ity.

f h e  i tera t ive  im p r o v e m e n t  c o m p o n e n t  of  the  g o a l -d ir ec ted  s ch ed u le  had no i m p a c t  

on t h e  results  for the  5 x 5  S A P  problem with S i a rry ’s net - l is t .  For S i a r r y ’s net - l i s t ,
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Schedule Cost, ( O p t .= 2 0 0 ) CoiiliSiiratioiis Opl imal CPU Time (,s)

m e a n a i d ■I'M A V nit  an .s/d % matin

SA-Si 241 .15 3 1 0 12 ,223 1,004 33 4 .52

SA- l l •223.25 3 2 .7 2 3 0 2 4 , SOI o,iir> 0 0 7.S

SA-G ‘200 0 2 0 0 13,714 1 1,533 100 5 .0

K ey M r t l u i d

S A -S i S A  u s i n g  S i n n y ' s  s c h c d n lo

S A - l l S \  u s in g  H u a n g ’s schcdult*

SA-<! SA u .m g  tin* goa l  srliwlult*

T a b l e  4.1: 5 x 5  S A P  Pe r fo r m a n c e  S u m m a r y :  S i a rry ’s ne l - l i s! .  ( 101) Trials . )

Schedule Cost (Opt .  

m e a n  s t d

=  1 9 0 )  

■I'M AX

( '.onfi#ura.tions 

n u t i v  ,s Itl,

Optimal

%

CPU Tim e (s)

nit m i

SA-Se 192 3 2 0 0 3 4 3 ,0 0 0  0 1 72 90.1

SA-JI 2 0 0 ,3 0 .5 22,5 3 1 , 0 0 3  4 ,3 34 33 3 .2

SA-G 190 0 190 2 9 2 ,4 0 3  3 0 9 ,0 2 3 100 05

K e y M e t h o d

S A -S e S A  u s in g  S a r h f i i ’s wrlwduh*

S A - l l SA u s i n g  H u a n g ’s s< li/'duK*

SA-Ci SA u s in g  th e  goa l  m ln*<lul<*

T a b l e  4.2: S A P  P e r f o r m a n c e  S u m m a r y :  Sect ion's net, l i s t . ( 100  Trials. )
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Performance Graph.

800.0

/A
C

STAGE 1 STAGE 2 STAGE 3

400.0

200.0
3000.0 8000.0 13000.0

N u m b e r  of  C o n f ig u ra t io n s  e x a m i n e d .

Figure  ‘1.2: 5 x 5  S A P :  S ia rry ’s Not,-list - Coa l  S c h e d u le .
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the  in te g r a t io n  of  i terat ive  im p r o v e m e n t  into  the  goal  directed svheilule resul ted in a 

50% d e c r e a s e  in t h e  av era ge  n u m b e r  of  conlignrat  ions examine d.

F ig ur e  4 .2  s h o w s  a p er fo rm a n ce  graph based on an instance  of  the  5 « 5  S A P  

pr o b le m  ( S i a r r y ’s n e t - l i s t ) us ing the  goal -d irected  schedule .  It can be  seen in this  

case  th a t  s t a g e s  1 and 3 are es sent ia l ly  e l i m in ate d.  If the  initial t e m p e r a t u r e  is loo  

high d u r i n g  s ta g e  1, the  go a l -d i rec te d  schedule' quickly  r e a d s  to reduce it. No time' 

is w a s t e d  d ur in g  s t a g e  3 s in ce  the  p ro cedu re  t erm in ate s  after it di scovers an opt imal  

c o nf ig ur at io n .

T h e  h or iz on ta l  s e g m e n t s  in the  graph (Fig .  1.2 ) correspond to i n v o c a t io n s  of iter 

a t i v e  i m p r o v e m e n t  which failed to im p rove  the  current  best cost .  Whi le  I lie number  

of  co n f ig u rat ion s  e x a m i n e d  was  b e tw een  1,500 to 3 ,500 ,  the procedure  sought  a down  

hill path t,o an o p t im a l  conf igu rat ion  thr ough in v o c a t io n s  of  i terat ive  im pr ovem en t .  

W h e n  no su c h  path  pr esent ed itself ,  the goal -d irected  schedule  was l l ex ible  enough  

to r e s u m e  hill c l im bin g.  B y the  t im e  the  n u m b e r  of  conlignrat ions e x a m i n e d  readied  

t h e  10 ,00 0  mark,  t h e  p ro cedu re  again  s tar ted  to invoke i terat ive  im p r o v e m e n t .  On 

this  o c c a s i o n ,  the ag gress iv e  na tu re  of  i terat ive  improv ement  paid olf  s inc e  an opt imal  

c on f ig u rat io n  was  d is covered sh or t ly  af terwards .

C o n s id e r  a graph of  th e  log (b a s e  1 0 ) o f  t e m p e r a t u r e  versus t e m p e r a t u r e  index.  

W e call s u c h  a graph a t e m p t  n t ur e  graph.  F igur e  4.3 show s  two t e m p e r a t u r e  graphs  

based o n  an in st a n c e  of  t h e  5 x 5  S A P  problem (S ia rry ’s net list) us in g  th e  goal  

directed  s c h e d u l e  and H u a n g ’s schedule .

If can b e  seen from Figure  4 .3 th a t  the goal -d irec ted  s c h e d u l e ' s  init ial l e in per al  iiie 

is h igher  than H u a n g ’s init ial  t e m p e r a t u r e  (in fact,  it is about  twice  as h ighj .  We  

again  n o t e  th a t  a high init ial  t e m p e r a t u r e  do es  not, adverse ly  impact, t h e  p e r l o r m a m e  

1 S ec l i e n ’s s chedu l e  emp l oys  equ i l i b r i um  and  conve rgence  cri l .eria l li.it result m l i e  exam in a t i on  

of  a fixed n u m b i  r of  con f igu ra t i ons  der i ved  f rom the  p ro b l em  .size
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Temperature Graph.

.5.0
■h Goal.
-« Huang.

o

o

u>o
J

0.0
1 0 . 0 15.0 20.00.0

T e m p e r a t u r e  Index.

Figure  L.'L Log o f  T em por al  urn n.s. T e m p o r a l  ure Index
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o f  the  g o a l - d i rec ted  sclu'dulc'. By ton  t rasl,  an ex ces s iv eh  high initial temporal  ire* 

w ou ld  impact,  t l ie per fo rm an ce  of  sched ule s  which e x a m i n e  a constant  n u m b e r  of  

c o nf ig ur at ions  per t e m p e r a t u r e  value .  Wo detai led an e x a m p l e  of  this in C h a p t e r  '2 

us in g  th e  c lass ica l  schedule .

C on s i d er  a graph of the  cost o f  the  host conl ignrat ion seen so far versus  l e m n e r  

a t  ure in d e x .  W e  call such a graph a cost  i jraph.  Figure 1.1 s h o w s  tw o cost, graphs  

bas ed  on  an in s ta n c e  of  t h e  5 x 5  S A B  problem (Si ar ry ’s net list) us ing th e  goal  

dire cted  s c h e d u le  and H u a n g ’s schedule .  T h e  third plot in Figure I 1 sho w s the goal  

target, c o s t  /',j for each  t e m p e r a t u r e  index  j .

It can be  seen from Figur e  1.1 that the  cost o f  the best configuration .ecu so far 

found by  t h e  go al -d irec ted  sc h e d u le  c lose ly  follows its target, cos! -. We point this  ou t  

to  su p p o r t  our  c on te nt io n  tha t  the  goal -d irected sc h e d u le  do es  not  suFer  from rapid  

q u e n c h i n g  i .e. ,  th e  s i tu at io n  where  tem pe ratu re  is reduced to o  quickly resu l t ing  in 

t ermina l  conf ig ur at ions  wh ich are ne ither  opt im al  nor near o p t im al .

S t a g e  1 of  t h e  S A  pro cedur e  us in g  H u a n g ’s sc hedul e  occurs  in t he lirsl. 1 tem per a  

tur e  indices  (Fig .  4 .3 ) .  In t h e  goa l -d i rected  sc hedule', the  correspon din g t e m p e r a t u r e s  

are lower with  the  e x c e p t io n  o f  the  initial  temperatur e .

For .Siarry’s net - l is t ,  F igure  1.6 s h o w s  a h ighly .structured sub o p t i m a l  configu  

rat ion w it h  cost  260  (.'10% off the  o p t im a l ) .  For compar ison purposes ,  an o p t im a l  

conf ig ur at io n  is s h o w n  in Figure TO. For H u a n g ’s schedule ,  26% of its terminal  con  

f igura t ions  which were n o n - o o l i m a l  were topologica l ly  s imilar to the conf igura t ion  in 

Figur e  -1.6. T h i s  occurred b e c a u s e  the  tem pe ratu re  was a l lowed to lecrea.se be low a, 

th resh old  value  resul t ing  in the rejection of  the  up hill m o v e s  n e c e s s a i y  to transform  

a conf ig ura t ion  s imilar ter I,he one  in Figure’ 1.6 t.o an o p t im a l  conf igur at ion .  T h e  

goal  s c h e d u le  is less suse opt ibie 1 o this  problem s ince  the* t e m p e r a t u r e  is only reduced
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Cost Graph.

i —

6 8 0 . C

■+ H uang.

-s Goal.

-• Goal T a r g e t  C o s t s .

5 8 0 . 0

+ 8 0 .0

o  3 8 0 . 0

2 8 0 . 0

1 8 0 . 0 X X X

- 5 . 0  0 . 0  5 . 0  1 0 . 0  1 5 . 0  2 0 . 0

T e m p e r a t u r e  Index.

GO

2 5 . 0

Figure  TT: C on f ig u ra t io n  C o s t  vs.  T e m p e r a t u r e  Index.
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Fig ur e  4.5: S A P :  Sub- opt im a)  Conf igurat ion  - S ia rry’s Not- l i s t  ( C o s t  2(i0).

when an equ i l i br iu m  conf iguration is e n c o u n t e r e d . 2

W i t h  S e c l u n ’s net,-list, it is not  difficult to ident ify a near op t i m a !  conf igural  ion. 

But ,  it is diff icult  to transform near o p t im a l  conf igurations to o p t i m a l  conf igur at ion s .  

Figure  4 .7  s h o w s  a near  opt imal  conf igurat ion  with cost  ‘200 for the  5 - 5 S A P  p r obl em  

( S e c h e n ’s n et - l i s t )  and Figure  4.8 sh o w s  an o pt im al  conf igurat ion  with cost  100 for tin* 

5 x 5  S A P  p r obl em  ( S e c h e n ’s n e t - l i s l ). Heca.ll that there are 10 o p t i m a l  conf ig ur at ions  

to  th e  S A P  pr o b le m  ( S e c h e n ’s ne t - l i s l ) .  All 10 opt im al  conf igurat ions  h a v e  t h e  s a m e  

t o p o lo g y  as t h e  conf igurat ion sh o w n  in Figure 4.8.  T o  transform t h e  conf igu rat ion  

sh o w n  in F ig ur e  4.7 to any of  the  10 o pt im al  conf igurat ions  would require several  

up-hil l  m o v e s  resul t ing  in the  repos i t ion ing  of  mo du le s  4, 5. ft. 1(1. l a ,  14 and 15.

For H u a n g ’s s c he du le ,  00% of its terminal  conf igurat ions  which w e r e  non op t im a )  

aAssuming that the value  of is appropr ia t e ,  for f inding a j equ i l i b r i um con f igura t i on
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Figure  '1.6: S A P :  O p t im a l  C on f ig ur at ion  - S iarry ’s N e t - l i s l  (Cost, =  200).

were  very s imi lar  in s t r u e lu r e  to the  conf igurat ion  in F ig ur e  4.1.  As in the  case  of  

Sia rry’s net. l ist ,  t e m p e r a t u r e  was  a l lowe d to  decrease  b e lo w  a th resh old  value  resul t ing  

in 'he  rejection o f  th e  np-hil l  moves  necess ar y  to  transform a conf ig ura t ion  s imi lar  to  

th e  on'1 in Figure -1.7 to an o p t im a l  conf igu rat ion .

Figure '1.0 s h o w s  a performance  graph based on an in s t a n c e  of  the  5 x 5  S A P  

problem ( S c c h e n ’s net  list) us ing  the  goal -d irec ted  schedule .  It can be  seen from  

Figure  '1.0 than near  o p t im a l  conf igurat ions-  were easi ly access ib le ,  hailed in vo cat io n s  

o f  i terative  i m p r o v e m e n t  are a lso  v i s ib le  (hor i zonta l  l ine s e g m e n t s ) .

In a recent  art icO,  Kling and B ane rjee  [14] draw on the ir  e x p e r ie n c e  in cell p la ce ­

ment  to q ua nt i f y  th e  size  of  a p la c e m e n t  proble m w h ic h  is c o m p l e x  e n o u g h  to d is ­

c r im in a te  b e t w e e n  C O  techniq ues ,  bu t  at  th e  s a m e  t im e ,  is s i m p l e  e n o u g h  to  pe rm it  

formal analy s i s .  T h e y  p o s t u l a t e  that  a p l a c e m e n t  prob lem w ith  100 m od u le s  sat isf ies

fi

] I 12 14

1 7 18 19

s
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Figure* 4.7: S A P :  Near  Op t i m al  Con f igurat ion  S e c h e n ’s Net list (Cosr 200) .

th e  a b o v e  cri teria.  With  this  in mind,  we  now m o v e  from I lie o ■ ,7 S A P  problem to  

t h e  1 0 x 1 0  S A P  problem.

Consid er  the  lO x  10 S A P  problem us in g  S i a rry ’s net lisl and cost  function.  In an 

o p t i m a l  conf igur at ion ,  all modul es  are c o n n e c t e d  on ly  to l.lieir nearest  hor izonta l  ami  

vert ical  n e ig hb our s  the  co s t  o f  an o p t im a l  conf igurat ion  is 00 0 .  W e e v a h i a l e d  the  goal  

dire cted  sc h e d u le  us ing t h e  1 0 / 1 0  S A P  problem (S ia rry ’s net  l ist).  A typica l  n um be r  

of  t e m p e r a t u r e  indices  required by the  go a l -d i rec te d  s c h e d u le  for I his problem was 40.  

N o n e  of  the  trials found a I 6-equil ibrium conf igurat ion  t .<., a conl ignrat  ion wit h cost, 

less than E | (i. In ess enc e ,  the  temperat  ure value 7'|« was in a p p ro p r ia te  foi lo cat in g  a 

16-equi l ibrium conf igura t ion .

We  address  this  probl em  in the fo l lowing sect ion .  S o m e  m o b i l e  at ions to the  

goal -d irec ted  s ch ed u le  are proposed.  We  call t h e  resul t ing  s c h e d u l e  the  i r l tui l t t l .
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Figure I.S: S A P :  Opt i ma!  Conf igurat ion  - Scchen's  Net-l is t  ( C o s t  =  190).

goa l -d irec ted  general  coo l in g  sc h e d u le  or the  e -goal  schedule .

It should bo noted  tha t  th e  e x t e n d e d  goal -d i rected  sched ule  s u p e r s e d e s  the  goal-  

directed  schedule'.  W e  are not su g g e s t in g  that the  goal -directed s c h e d u l e  is more  

su i t e d  to a certain c lass  of  problem that the  e x t e n d e d  goal -directed  sc h e d u le .  Rather ,  

w e have  descr ibed th e  g o a l d i r e c t e d  schedule' in order to show how t h e  e x t e n d e d  goal-  

di rected  sc hedul e  evo lve d.

4.2 T he E xten d ed  G oal-Directed A pproach

For th e  goal  d irected  sc he du le ,  equi l ibr ium is es tabl i sh ed at t e m p e r a t u r e  T j  if C [ B )  is 

less than or equal  to th e  target cost We a s s u m e  that 1)  is an a p p r o p r ia t e  t e m p e r ­

a tu r e  value  for lo cat in g  a j -equi l ibr ium conf iguration .  However ,  there is no g u a r a n te e
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that an r-f|uiIibriuin fcjiifi^iirntion will be encou nte red at, a g i v e n  t e m p e r a t u r e .  In 

o u r  exper i ence ,  failure to de tect  an equi l ibr ium conf igurat ion  occu rred pr imari ly  be­

ca u se  tl ie value o f  te m p eratu re  was too high.  We  address  t his p r ob le m  by cons ider ing  

a range o f  tem pe ratu re  values for eacii t e m p e r a t u r e  index .  T h i s  n ew  a p p ro a ch  is 

based on the  a s su m p t io n  that 7 is a t  l e a s t  h igh eno ug h to lo c a t e  a . / -equi l ibr ium  

conf igurat ion .

In t he  fol lowing paragraphs,  we  relate te m p e r a tu r e  in the  goa l  d i rec ted  s ch ed u le  

t o  t em pe ratur e  in the e x t e n d e d  goal-d irected s ch ed u le  T o  this en d ,  w e  e x p a n d  our  

not at io n  such tha t  t e m p era tu re  in the  e x t e n d e d  goal -d irected  s c h e d u l e  is d e n o t e d  by  

T  and t e m p e r a tu r e  in goal -d irected  schedule  is d e n o te d  by 7'.

Au e x a m p l e  of  an e x t e n d e d  goal -d irected t e m p e r a t u r e  graph is s h o w n  in Fig ­

ure 1.10. Trans it ion from one  tem pe ratu re  index  to t h e  next  is r epr esent ed by a 

sc lid circle.  For a given te m p e r a tu r e  index ,  7 j  is never  set  h igher  that  7) .  S u b s e ­

quent ly ,  Tj  may be  set  to  7 j + i, I \+2 e tc.  T h is  results in the  w a v e  p a t t e r n  seen in 

Figure  TIO .  N o te  that  flu* t empe ratu re  increases  and decreases  wi th  t i m e .  W e  are 

n o t  aw are  of  any other  general  cool ing  s ch ed u le  which controls  t e m p e r a t u r e  in this  

man ne r .  For ex is t ing  general  cool ing  schedules ,  t e m p e r a t u r e  increases  are forbidden.  

W e  now descr ibe  the  temperature'  control  m e c h a n is m  for t lu1 e x t e n d e d  g d-directed  

sc he du le .

Tj is init ial ized to Tj  T h e  search for a . / -equi l ibr ium conf igu rat ion  is th en ini t i ­

a t e d .  W e  a s s u m e  that  t h e  t em pe ratu re  is too high if a . / -equi l ibr ium conf ig ur at io n  

is not located  af ter the  e x a m in a t io n  of  AOOĈ  conf igu rat ion s .3 To  correct  th is ,  the  

t e m p e r a t u r e  is decreased.  For e xa m p le ,  if T,  =  7)  th en T; is se t  to T J + l . If the  

t e m p e r a t u r e  is sti l l  too high,  T,  is sub sequ en t ly  se t  to 7'/ f l ), 7/ + :J e tc.  T h i s  process  is 

c o n t i n u e d  until a . / -equi l ibr ium conf igurat ion is found.

• 'The const ant .  500 was  a r r i ved  at t h rough  e x p e r i m e n t a t i o n  wi th  the S A P  p rob l e m.
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At. t.liis point,, 1.1k* SA pro cedure  moves to  the  n e x t  t e m p e r a t u r e  ind ex  w he re  th e  

o b j e c t i v e  is to find a (j  +  1) -equi libr ium a>nfig . r a n o n  Or. a conf igu ra t io n  with cost  

less than or er|iial to E} +\ .

h'or discussion purposes,  a s s u m e  Tj =  7 j +2 w he n eqr i l ib r iu m  was  e s t a b l i s h e d  at  

t e m p e r a t u r e  index j .  It is reasonab le  to a s s u m e  t h a t  a  t e m p e r a t u r e  lower  tha n T J+2 

would be  suitable  for loca t in g  a ( j  -f I )-oquil ibrium conf igu rat ion .  C o n s e q u e n t l y ,  TJ+] 

is set  to 7 ;( ) and the search for a ( j  +  1 ) -equi l ibr ium conf i gurat ion  is in i t i a ted .

If a ( j  ( 1) r*(|ui 1 ibriu111 conf igurat ion  is not  found after t h e  e x a m i n a t i o n  o f  1000(5  

conf igurat ion s  then we a s s u m e  that the  t e m p era tu re  is to o  l o w / 1 T o  correct  this,  w e  

reset T, t i to / ’(1 | and cont inue 'u e  search for a ( j  -f I )-ec|uilibriurn con f igur at ion  as 

descr ibed above .

W it h  reference to Figure d . It), the  trough of  each w a v e  c o n t a in s  a s e q u e n c e  of  so l id  

circles.  W it h  the except ion  o f  flu* first circle in each se q u e n c e ,  the circles co rresp ond  

to the occas io ns  where a j - e q u i l i b r iu m  conf iguration  was  found without,  resort ing  to  

increas ing  the  temperature .

Recal l  that in the  goa l -d irected  schedule ,  t e m p e r a t u r e  de creased geo m etr ic a l l y .  

T h e  s a m e  is true within ea ch  tem pe rat ur e  index  in t h e  e x t e n d e d  g o a l - d ir e c t e d  s c h e d ­

ule.  B e t w e e n  each wave  crest and its correspon ding  t rou gh  in Figure  4 .10 ,  w e  can see  

t he e lfect o f  geometr ic  t e m p e r a t u r e  decrements .

We  now turn our a t t e n t io n  to S A ’s con ver genc e  criteria.  Several  s t r a t e g i e s  h a v e  

been propo sed,  p i : . ,

•  C o n v erg e  whe n the  n u m b e r  o f  accepted c on f ig ur at io ns ,  exp ress ed  as a  p e r c e n t ­

a g e  o f  the total  n um be r  of  conf igurat ions  ge n e r a te d  at a part icular  t e m p e r a t u r e ,  

falls below a predetermined value  [47].

■'Tin* const  mil 1000 was a r r i ve d  at t h r o ug h  e x p e r i m e n t a t i o n  w i th  t h e  S A P  p rob l e m.
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•  Converge'  w he n the  cost o f  t h e  current  best  ronfigurat ion remains  u n c ha ng ed  

for a m m i l x ’r o f  c o n s e c u t i v e  t e m p e r a t u r e  values [27|.

•  C o n v e r g e  whe n the  ‘s imilar  eost '  cond i t i on  is sa(isii<'i!, i.t , wlien  

C ( . sm,u.) -  r ( . s mtM) =  A ( ( s e e  Huang's  sche du le  in t 'h ap le r  if) |H)].

W e  h a v e  found through ex p e r im e n t  at ion with the  S A P  problem that the  third 

c o n v e r g e n c e  s t r a t e g y  has  th e  bes t  performance'.  F igure  I.II shows a portion o f  a 

p e r f o r m a n c e  c u r v e  for th e  t e m p e r a t u r e  value' prior to  convergence  us ing  Hu ang's  

s t ra tegy .  W e  s h o w  this to e m p h a s i z e  I hat  .smi)J. and must  be ne ighbours .  We  

feel that  this  ne i ghb ou r  constra int  in the  conv ergenc e  stint* gy is mtnceessarv  and  

un de s i rabl e .

Ideal ly,  the  S A  procedure  sh oul d  con verge when an op t im a l  conf iguration  has been  

found or w he n th e  t e m p e r a tu r e  has  decreased to a, point  that prohibi ts meani ngf ul  hill 

c l i m bi ng .  W e  define' me a ni ng f u l  h i l l -c l imbing as h i l l c l i m b i n g  c . ipabt of  freeing (lie 

S A  p ro ced u re  from the  current local  m in im u m .  T h e  first part o f  this ideal is captured  

b y  th e  e x t e n d e d  goa l -d irected  s c h e d u l e  s ince  converge nee occurs  when equi l ib r ium  is 

reached at  t e m p e r a t u r e  index  (/. W i t h  regard to the second pa if o f  the  ideal ,  we  have  

found throug h e x p e r i m e n t a t i o n  with the  S A P  problem that  meaningful  hill ( l imbing  

is a b s e n t  when A’(.s'm,u.) — ( '(.smirl) <  A C  lor a part icular l e m p e i a t u r e  value Our  

S A  p ro ced u re  conv erges  w he n  th is  s i tu at io n  persists  for Q  c o n s e c u t iv e  tempor al  m e  

value s  w h e r e  Q  is the s ize of  th e  problem instance  (for the  S A P  problem Q  is the  

n u m b e r  of  cel ls) .

4.2.1 I tera t ive  Im p r o v em en t  within S im ulated  A nnea l ing

T h e  a b o v e  equi l ib r ium  de te c t io n  m e c h a n i s m  is based on the  numbe r  of  coi ihgura  

t i on s  e x a m i n e d  at  a t e m p e r a t u r e  value.  Pnfort.imaf.ely,  this m e d i a n i s m  is a d v e . s e l y
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aflocted by  the* probabil is t ic  s c h e m e  for invoking i terative improv ement  used in the  

go al -d ir ec te d  sche du le ,  Conse que nt l y ,  for the ex te nd ed  goal  direi led schedule ,  an 

a l t e r n a t iv e  s c h e m e  is used i terat ive  imp rovement  is iu\'ok(‘d w h e n e v e r  a best so  

far conf igurat ion  is encountered.  Wil l i  this new m ech a n is m ,  the n u m b e r  of  i terat ive  

i m p r o v e m e n t  i n v o c a t io n s  is relatively small .  I’his is the case  since the  nu mbe r  of  or  

cas ions  a be st -so- fa r  conf igurat ion is enc oun te red  is usual ly  smal l  re lat ive  to the  lo ta '  

.m m b e r  o f  conf igu ra t io ns  e x a m in e d .  We i n n  say with  reasonable  conf id enc e  that wi th  

this  new m e c h a n i s m  for invoking  i terat ive  impr ove me nt ,  the  ne g a t iv e  imparl  on the  

S A  p ro cedu re  w ith  regard to the increase  in the number  of  conligiir. i l  ions e x a m in e d  

is negl igible.  How ever ,  it is likely that lliei  • is s o m e  po s i t i ve  in,,>u< I wi th regard to 

loc a t in g  equ i l i br iu m  co n l i g tr a f io n s .  This  in turn,  may speed the  p i o t e d u r e  a long.

A p p e n d i x  U s h o w s  pseu d ocod e  for SA us ing the  e x te n d e d  goal d ue .  led schedule .

4.2 .2  A n  Em pirica l  Evaluation

In this  se c t io n ,  we  evaluat e  t he  e x t e n d e d  goal d i m  t rd s ch ed u le  on l he  ■> ■ S A P  

pr ob le m  us ing  S i a r r y ’s and S e c h e n ’s net lists. The  results  are s h o w n  in table s  IT  

and  4.4.  W e  in c lu d e  the  results obt a in ed  from H u a n g ’s s< l iedule and the  goal  directed  

s c h e d u le  for co m p a r is o n  purposes.

T h e  e x t e n s i o n s  tar the  goal -direr I ed s c h e d u le  had l i t l | e e | | e < l  mi I be i esiill s !o; I lie 

5 x . r) S A P  pr obl em  (Siarry s net, list j. Imr S e r h e n b  net h .l,  the a v e i u g e  total  n u m b e i  

ol conf igm . .t ions e x a m i n e d  was reduced by she'  . less that one  hall I lie e x t e n d e d  

go al - d i rected  s c h e d u l e  y ie lded terminal  c o n f i g m I  ions w h a l i  were  non o p t im a l  l l n e e  

t im e s  in 100 trials resul t ing  in an average  terminal  < unhgural  ion < o . l  of  100 .2 Hi. I'/, 

off the  opt imal) .
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Schod iiIt* ( 'osl ( O p t . 200) ( Configurations Optimal C PU  'Time (s)

(100 'Trials) m e a n .s Id ■I'M A X me a n aid % m e a n

SA II 2 2 2 . 2ft 1(2.7 2X0 2d,Slid G, 155 GG 7.8

SA (i 200 0 200 KS,7M 11,538 100 5.G

SA K 200 0 200 10,129 9,208 100 d.3

Key M eth o d

SA-II SA using  H u an g 's  schedule*

S A C SA using  th e  goal schedule

S A C SS using th e  e-goal schedule

Ta bl e  '1.3: ft /  ft S A P  P er fo r m a n c e  S u m m a r y :  S ia r r y ’s net - l i s l .

Si\ !(’ ( 'ost ( Opt. -  190) ( Configurations Opt imal C PU  'Time (s)

(100 Trials) me a n .ntd ■I'M AX m e a n s l d % me an

SA 11 200.3 G.5 225 31,008 d ,88d 38 8.2

SA (i 190 0 190 292,d68 309,023 100 05

SA P, 190.2 1.2 200 1*17,110 92,083 97 37.5

Table 1.1: S A P  Per for m an ce  S u m m a r y :  S e c h e n ’s net--list



C H A P T h U l  I. ( r ' O . A J .  n i l t l ' C I  I ' l )  A . W ' l ' M  l . \ C 7:5

Schedule Cost  (O p t . - 9 0 0 ) ( ' onf igura t ions  f K)1’ O p t i m a l CPI'  rime (s)

m e a n ,s /,/ ■I'M I V i m a n  ultt ("■/(' I I I1 l l l l

SA-II 1,059 157 1.2X0 1.02 0 .5 5(i.(i 5li 1

s a t : 920 5X 1,1X0 9.1 ,5.5
... ............ ................

XO 5.51 1

T a b i c  1.5: 1 0 x 1 0  S A P  P er lo rm anc e  S um m ary:  Siarry's  ik-I list. (51) tr ia l s . )

For (h r  1 0 x 1 0  S A P  problem we use  three  dill'cront net lists,  l'lie first is S i a n y ’s 

net-list. i . ( i n  an o p t im a l  eoii l igural ion. all m o d u le s  ,ue  c o i i i i r i l r i l  <mlv to  ( licit 

nearest, hor izonta l  and vertieal  ne i ghbours .  T h e  eost f imctiou used is l l i e s a i n e  as lm 

t h e  5 x 5 S A P  prob lem yie ld ing  an op t im a l  eoii l igural  ion eost t>I’ 0(10

T h e  second net-l ist  is a variat ion on Siarr y’s net list w h e r e  ind iv idual  net s  are 

w e i g h t e d  i .e. ,  th e  cost  of  a net is g iven as the' product  of  weight  and M a n h a t t a n  dis 

tanc e .  W eig ht s  are ch ose n at rando m in th e  range  1 to S. In an o p t im a l  ronl igural ion ,  

all m o d u l e s  are c o n n e c te d  to  only their nearest  horizontal  an d v e i t h . i l  neighbours .  

T h e  cos t  of  an o p t im a l  configurat ion is th e  s u m  of  th e  net. we ights ,  hoi our bench  

mark,  th is  cost is 818.  We'cal l  the • ('suit ing net list a r a n d o m  n n u / h l  net list.

T h e  third net-list, descr ibes  a 5 - regular,  5 c o n n e c t e d  b ipart i te  graph ( .d ied  Hoi 

t o n ’s gr aph  [5]. H o r t o n ’s graph is sh o w n  in Figure 1.12. From the  point of  view of 

p l a c e m e n t ,  each n o d e  in the  graph is a, cell and each e d g e  is a m l  ( ’o n h g m a l  ion < os I. 

is ca lcul a ted  as the' s u m  o f  ( he M a n h a t t a n  dis! mice  lie I ween < on n e d  ed (ells.  I h e  < ost 

o f  an o p t i m a l  conf igurat ion  is u n k no w n .  ( Mnseepienlly,  we use  the  lowei b o u n d  ( ost. 

o f  145, i .e. ,  the  s i tu at ion  where all c o n n e c t e d  cells are p a c e d  adjacent  to each of.liej

W e  eva lu a te d  H u a n g ’s schedule ,  and I,lie e x t e n d e d  goal d i r e c t e d  s c h e d u l e  using 

t h e  1 0 x 1 0  S A P  probl em  (Siarry's,  Horton's  and t h e  random  net h t s j .  I lie i * ,u I is 

are s h o w n  in S a b l e s  1.5, 4.0 and 1.7.
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F ig ur e  4.12: H o r t o n ’s Craph.
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Schedule Cost (Opt .  

n u a r i  s l d

e S l N )  

■I'M IV

Cmdiguralioi is * 10" 

an an .s/(/

Optimal

I ' t

( T P  r ime (s

iin  i in

SA-11 982 80 1,007 2.7 1.2 i:i.:» 1,01!)

SA-K 88-1 70 1,018 20 0.(1 :u;.d 7. TOO

Table* -1.(i: 1 0 x 1 0  S A P  P er fo r m a n c e  S um m ar y:  R a n d o m  Weight ne' list. ( :U) Tr ia l s . )

Schedule ( ’ost ( Opt Ida ( ’onl igura l ions ♦ 10"

I1C< IV s l d  ,i M A X ■I'M 1 A’ m i  a n s l d

SA-11 225.8.'} :}.8N 2T1 215 2.,10 0.5

SA-K 218.70 2.;}:} 22:} 211 20.0 :i.l

( '  1M' l i m e  ( s )

l l l l  I I I I

( i s 1 

0,000

T a b le  1.7: 1 0 x 1 0  S A P  Performanc e  Sm nni ary:  H o r t o n ’s n d  list. (00 [ r ia l s . )

For th e  1 0 x 1 0  S A P  probl em  (Sia rry’s net - l i s t ) ,  the e x te n d e d  goal  d irected  si lied 

ule  found an o pt im al  conf ig urat i on  80%. o f  the  l i m e  with ,m average  i ost o f  000  (2.2% 

off the  o p t i m a l) .  H u a n g ’s s c h e d u l e  found an o p t i m a l  conf igurat ion  .'10% o f  (lie l ime  

w it h  an average  cost  o f  1,(100 ( 17.0% off the  o p t i m a l ) .

For th e  1 0 x 1 0  S A P  pr ob le m  ( the  r and om  ne t - l i s l ) .  the  e x l e n d e d  goa l  directed  

sc h e d u le  found an o p t im a l  eoii l igural ion d(i .0% o f  th e  t im e  with an a v e i a g e  rosl. of 

884 (8.0%) ofl the  o p t im a l ) .  H u a n g ’s sc h e d u le  found an o p t i m a l  conl ignrat  ion Fi..'f% 

o f  the  t i m e  with an a v e r a g e  cost  of  082 (20.0% off  the  o p t im a l ) .

For t h e  l ()x 10 S A P  probl em  ( Horton's  net list ), the  e x t e n d e d  goal  d ir ec te d  si hed 

ule had an average  to n n in a l  eoii l igural  ion cost. ()f 21 8 .7 0 .  Huan g's  s c h e d u l e  h a d  an 

av erag e  terminal  conl ignrat  ion cost of 2 2 0 . -SO.

As in the  case* of  t h e  5 / 5  S A P  pro ble m,  th e  imp roved ipm l i l y  oi t h e  terminal
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i o nf igm al ion found by I lie ex ten d ed  goal directed Mcdicduln comes  al a c o s t . T h e  

extende'd goal directed sc he du le  examin ed  on average ,  b e tw ee n  (i and  10 t im e s  as  

m a n y  conf igurat ions  as did Huang's  schedule  on tin* 1 0 x 1 0  S A P  p r ob le m  (Siarry's ,  

H o r t o n ’s and the  rand om weight  net lists).

4.3 Statistical Evaluat’on

We now turn our  ai . lention to compar ing  the  s ta t i s t i ca l  di fference b e t w e e n  th e  per­

formance  of I lie e x t e n d e d  goal directed sc he du le  and the p er form an ce  o f  H u a n g ’s 

schedule .  Both schedul es  were evaluated on five in st anc es  of  the  S A P  probl em .  For 

each problem insta nce ,  both  schedules  y ie lded a r a n d o m  s a m p le  of  t erm in al  conf ig­

urat ion costs.  Our o b j e c t i v e  is to demonstrate'  s t at i s t ic a l ly  that  the  sample's c o m e  

Irom di l lerent  populat  ions and t he'reiore, eme schedule' is s tat i s t ica l ly  su pe r ior  to the  

other.

W e  postulate'  tw o p e c u l a t i o n s  where

® the  lirsi p e c u l a t i o n  has mean /n and variance' a xl

•  the  second popu lat io n  has mean //  ̂ and variane'e a 2i

» iii and u,, in d e p e n d e n t  sam|)h's  are drawn from the  first and s econ d p o p u la t io n s  

respect ivelv

•  771 <'i)d s /e /12 are e-st i m a le s  ol the  first p o p u l a t i o n ’s mean and var ianc e  c a l cul at ed  

from the  n i dat a poin ts

•  77j and s hli" are e s t i m a t e s  of  the  second p o p ul a t i on' s  m ean  and variane'e calcu-  

lale'el from the  ii j  data  points.



ciiMn'Eii i. d i r " r i - : n  w w d m  i s c

'Die  point rst imat or of  t ho <!ill’f i<’ti< e hot wo<*n t ho I wo populat  ton m e a n s  is ( i/, '/ - h

A (list rihut ion o f  point  (’s t i ina tos  results  if wo rcpoat tho sa m p l i n g  process | u u  hiding  

t,ho c i  1c 111 at ion of  the  point e s t i m a t e )  several  l i inos.  f r o m  Me ndenhal l  [17), wo know 

that tho  pro ba bi l i t y  distribut  ioti o f  the e,t  unal or ,  ( // ,  7/d) is ap pr ox im ate ! !  normal

T h i s  a p p r o x i m a t i o n  is reas onabl e  whe n /p and >ij are  / 'realor t Inn m equal to .{(I j I i ! 

Wo can c o n c l u d e  that our  init ial  p o s t u la t e  o f  two p o p u l a t i o n s  is l i n e  d

'Fable -1 .N s h o w s  the  appropriat  e st al is t ics for c o m p a r i n g  the  si a t  r.l u a l  di l l -  . m . 

be tw een t he porlo manc o  ol t he  "Xtondod goal  d irected  .schedule and f he p- < ni.m ' 

of  Hu ang 's  s ch ed u le  on the  5 * h an d 10 ■ 10 SA P problems.  Wit h i e l e i  •  u. .  t , .  :.d> 

■1.8, wo c o n c lu d e  that t he pe r fo r m a n c e  of  t lie e x t e n d e d  goal  dn e<  n d .< I.< did- ■ m 1 c. 

•r) x 5  and 1 0 x 1 0  S A P  pro bl em s is s ta t i s t i ca l ly  s i ipoi ior  to that o' il o l e m l '

sin co y j w a s  a lw ay s  greater th an  JJ, and (Ip lj2 ) w a s  a lw a y s  g io .m • d,., >, >

for n i and /p  In til greater  than oi < 111 a I to 80. T h o  moan and - laud. ml  d ev iat ion  • • I 

this  d is t r iu u t iou  are [17]

Tlu* b o u n d  on the  error of the  point e s t i m a t e  is

(7

II 2

We can use s h l ^  and .sh i /  as e s t i m a t e s  lor c , 2 and n r  in the a b o v e  l o i m u l a e

4.4 Sum m ary

In this chapl  or we  descr ibed a go a I d u t od genera I < oo l in g  a hednle . i ■: <■ ■ i • ■ '< d

g o a l - d i rec ted  general  coo l ing  s c h e d u l e  lor SA.
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Problem

(SA P)

Net-list

" l u>

SA

a i

11

.s/(/|

SA

lit

’

(7/i 1/A •i , \
- ’'P /i  '

5 x 5 Siarry 100 i()0 ->,5 02.7 200 0 2 0 . 2 ' 0 . 5  1

5 x 5 Serhen 100 100 001)..( (i.5 100.2 1.2 10.1 1.02

l ( ) x  10 Siarry oo 00 1.050 l td 020 5X 100 5 1.02

1 0 x 1 0 Random 00 00 0X2 SO SSI 70 ox 10.20

l O x  10 Ilnrton 00 00 2 2 5 .SO O.XS 2 IX.70 2 . 0 0 7 .05  1.5

T a b le  I.S: Sched ule  Si al Cries.

W e  c o m p a r e d  the  performance  of  the  exte nde d goal d irected  m hedules  wi th that  

vT H u a n g ’s s che du le  on five in stanc es  of  t lie S A P  proldem.  T h e  ex t e n d e d  go.d d irec ied  

s c h e d u l e  c o n s i s t e n t l y  o ut pe r fo rm ed l lu aug 's  s che du le  in t erms of the  p l i a b ly  of  the  

t erminal  conf igur at ion .  We d em ons !  rated that t lie imp. ov em en t  in I lie qualit  y of  the  

a v era g e  t ermina l  con figuration achieved by the e x t e n d e d  goal  d i m  led s c h e d u l e  over  

H u a n g ’s s c h e d u l e  is s ta t i s t i ca l ly  s igni i .cant .

T h e  e x t e n d e d  goal -d irected  s ch ed u le  lias l.vvo s h o r t c o m i n g s ,  n r . ,  th e  cost  o f  an 

o p t i m a l  conf i gurat ion  t.o a pr ob lem inst anc e  has to be der ived  or e s t i m a t e d  and,  a 

large n u m b e r  of  conf igurat ions ha v e  to be  e xa m in ed before an o p t im a l  or neai  opt mud  

c on f ig ur at io n  can be  found.

In C h a p t e r  5, we  descr ibe a p ro cedu re  which reduces t h e  nu mber  of  conl ignrat  ions  

t h a t  need to  be  e x a m i n e d  by t he e x t e n d e d  goal-d irected sche dul e .



C napter 5 

Sim ulated  Sintering

O n e  of  the  m ajo r  problems with SA is its long c o m p u l a t i o n  t imes .  Th is  pr obl em  can  

he addre ssed by us ing a fast heuris tic  to  and a good ini tial  conf igurat ion  an d then  

a p p ly in g  s i n m l a i e d  annealing .  Such an app roach is cal led Si mul ut i ( I  S i n t e r i n g  [9].

In this  chapt er ,  we  descr ibe  s im u la t e d  s intering .  To explo it  th e  pot ent ia l  o f  s i m u ­

lated s inter ing  o n e  needs  an ap p ro p r ia te  general  cool ing  sc h e d u le  W e  sh ow  h o w  the  

e x t e n d e d  go a l -d i rec te d  schedule can In1 used as an e f fective general  coo l in g  sc h e d u le  

for s im u la t e d  s inter ing .

5.1 S im ulated Sintering Procedure

S im u la t e d  S i n t e i i n g  (S S )  is a general  p u rp o se  C O  l e c im k p ic  which has  e vo lv ed from 

SA.  b ike  SA ,  SS s tarts  from an initial conf igurat ion a n d  co n st ru c t s  a se q u e n c e  of  

conf igurat ions .  SA and SS hitler in th e  m an ne r  hi w h i c !i the  initial  conf igu rat ion  is 

chosen.

T h e  initial conlignrat  ion for SA is c h o s e n  rand omly  from a prob lem's  conf igurat ion

79
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space’. l'('i' SS,  a last heuris tic is used to liml a ii,ooel init ial conl ignrat ini’.. SS cons is ts  of  

tw o  parts viz. ,  the* search , or t lie init ial ceinligurat ion and I In’ sid 'so(|iiont hill c l imbing  

under  the  control  o f  a cool ing  s c h e d u l e . 1

T h e  rat ionale  for us ing SS over SA  is as fol lows.  U' the  l i m e  taken to liml a good  

initial  configurat ion us ing  a heuris t ic  is less than the t im e  taken to liml a similar  

conf igurat ion  us ing S A  then it is l ikely that I he  c o m p u t a t i o n a l  elfort reipiired by SS  

will be  less t h a n  the  c o m p u ta t io n a l  effort required by SA.

SS can be  v i ew ed in terms of  the  three1 s t a g e  SA mode l  descr ibed in Ch apt er  

d. W ith in  that, c o n t e x t , SS cons is ts  o nl y  o f  stage1 d ami  part o f  s tage  St a g e  I is 

e-liminate’d.

5.2 Genera] Cooling Schedule

T h e  su •cess of  SS hi n g es  on I lie* ielentificatieui of  an a p p m p r i a t e  initial t emperat  .me.  

b the1 initial t em pe ratu re ’ is t.eio high,  them SS de-geme-rates l.e> S. ami m> reelm liem 

in c o m p u t a t i o n  t im e  is aeliie1’ eel. If the’ init ial  temipeTnfure1 is lo o  low,  them lapiel 

cpte” i d l i n g  o ccu rs  i. t ., the1 s i tuat io n  wlie-re- tempeTa I, lire is reel need ! oo  epm kly result ing 

in terminal  con f ig u rat io n s  which are’ ne ithe’r eipfimal mu' nemr ejplimal

Let s (* be  t h e  s ta r t i n g  conf iguration for S S . 2 An appropriate’ init ial  temperature1 for 

SS would be  t h e  t e m p e r a t u r e  at which SA e'oulel locate1 an ee|uili lu ium conl ignrat  ion 

s imi lar  to ,s(*r

What, is re'epiireel is the1 abil i ty ter red ale1 conf igurat ion  costs  to temperature-  va lm 1,. 

Grover  [9] wa s  the  first. t,o discuss  the  problem! e;f f inding an a p p r o p r ia te  initial  l.em

1 Nc’te>. we- df) not exclude 1 lie po.ssil>ilit y I lial, I lie first, pari, of SS font a ms a lull < limlnng < lee a ml. 
-'For notational convenieiice, we use «(* to repre-seiit SS’s initial ronfigurat ion and so l.u represent.

SA’s initial configuration.
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pei  a t m e  lor SS. 11 is a p p i o a r f i  was to use kn iwleelge of  the  pr ob lem  gaine d thro ugh  

e x p e r i e n c e  to e s t i m a t e  I lie initial temper ature ,  For general p u r p o s e  ( 1 0 ,  this  app roach  

is unsal  i ,factory s ince  il assumes  kn ow le dg e  of the  o p t im iz a t io n  problem.

Rose [25] also addresses  the  problem of  relating conf igurat ion  cos t s  to t e m p e r a t u r e  

values.  Mis approach is based on m easu ring  the proba bi l i ty  d is tr ib ut io n  o f  A C .  By  

his o vn ad m iss ion ,  this probabil i ty  distr ibut ion is difficult to  m e a s u r e  e x a c t ly  a n d  

initial  t e m p era tu res  are consis tent  l\ o ve rest im at ed .

I lie e x t e n d e d  goal  directed schedul e  is equal ly  ap pl icab le  to bo th  S A and SS.  For  

SS.  we pr oc e e d  in ex ac t ly  the s a m e  wa y as we  did for SA with th e  e x c e p t io n  o f  th e  

init ml t e m p era tu re  ca lculat ion .  T h e  iuil ial temperat ure for SS is se t  to T t ( I <  j  <  </) 

w her e  E t is the  large,!  target, cost less than or equal  to C(.s*).

A p p e n d ix  C s h o w s  pseudocode'  for SS us ing the  e x t e n d e d  g o a l - d ir ec ted  schedule’.

5.3 An Empirical Evaluation

We use t w o  different, heurist ics  for SS ri~.,  multiple’ improvement ,  ( c o n s is t in g  o f  10 

a p p l ic a t io n s  of  ile-rative’ im p rov em en t )  anel SA us ing H u a n g ’s s c he du le .  W e  ev a lu a ted  

SS on the S A P  proble m using  Sinrry's net - l is i ,  S e c h e n ’s not-list., th e  r a n d o m - w e i g h t  

net list and l lorte iu’s net list. The* results are1 shenvn in 'Fable’s 5 .1,  5 .2.  5 .5 ,  5/1 anel  

5.5.  We ha ve  included the  results obtaine-d by SA using H u a n g ’s ohe’ehile* and th e  

e x t e n d e d  goal  d irected schedul e  for compar ison purposes.

As  a lready indica le’d, we  use t w o  different heurist ics for SS.  B o t h  eif the’se  heuris t ics  

are general  purpeise’ ( 10  prnce’dure>s. A general  purpewe* heuris t ic  is not a rec|uiremeni  

lor SS.  In lar i ,  it is more  likedy that a suitable' heurist ic  for SS is pr ob le m  depenelent  

and const rued ive’ in nat ure.
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T h e  brea kdo wn ol the' av erage  n u m b er  of  conf igu rat ion s  e x a m i n e d  by I lie 1 wo parts  

of  SS is sh ow n in T a b le s  5.0 and 5.7.  The eo lu m n  labeled •pereeul  a g e  ivdiu l i o n ’ in 

'Tables 5.0 and 5.7 s h o w s  1 he decrease  in I he average  numbe r  ol conl igurat  ions ex am  

ined by  SS using  I lie ex I e nd ed goal -d irected  sc h e d u le  as a p e n  on I a g e  ol I he average  

n u m b e r  of  ro ( f igurat ions  e x a m i n e d  by SA us in g  the  e x te n d e d  goal  d irected •chedule.  

Our intent, is to reduce  th e  c o m p u t a t i o n  l i m e  required by the  hill ( l imbing part of SS  

re lative to the  c o r r e s p o n d in g  c o m p u t a t i o n  t i m e  required by SA .  Con sequ en t ly ,  the  

av e r a g e  n um be r  of  c o nf ig ur a t io ns  e x a m i n e d  by SS's heurist ic  is not inc luded in the  

a b o v e  perc ent age  ca lc ul at io n .

In terms ol th e  a v era g e  terminal  conl igurat  ion cost ,  'Tables 5 . S  and 5.!) s h o w  the  

a p p ro p ri a te  s tati st  ies for c o m p a r in g  I lie stat ist ical di fference bet ween I lie pel loi main e 

o f  SA and SS us ing th e  e x t e n d e d  g o a 1 o c t o d  s ch ed u le  on the  ' - 5  and 10-  It) S A P  

problems.

From Tables 5.S and 5 .0 ,  we  de d u c e  that, in terms of  the  av erag e  terminal  conlig  

urat ion  cost ,  the  p e r f o r m a n c e  di fference b e t w e e n  SA and SS us ing  t he e x t e n d e d  goal  

directed  sched ule  on S A P  problem (Slurry's  net list, Seehon's net list, tin' random  

w eig ht  net list and H orto n' s  net. list ) is not  s ta t i s t i c a l l y  s igni f icant .  'This is an impoi  

ta ut  result s ince  d r o v e r  p o s t u la t e d  t hat I lie use  of  SS ovei  SA would  im vjt ably re aill 

is s o m e  decrease  in t ermina l  conligurat  ion quality .

For the  5 x 5  S A P  pr o b le m ,  neither m u lt ip l e  im p rovem en t  nor SA us ing  Huang's  

s c h e d u l e  sat is fy the  criteria for a fast heuris t ic  d iscussed earlier.  'They are not con 

s idered appr opriate  heu ri s t ic s  for the  5 / 5  S A P  problem since t h e y  e x a m i n e d  a large 

n u m b e r  of  coidigur  ‘ ions  re lat ive  to the  total  n u m b e r  of con f ig ur at ion s  e x a m in e d  by 

SS.  Tor the  1 0 / 1 0  S A P  prob lem.  SA us ing  Hua ng' s  s ch ed u le  proved to be a good  

heurist ic  for SS us ing th e  e x t e n d e d  goal d irected  schedule.



( 'I IA V I  l i l t  r>. H I M l ' l . A T E l )  S I X T M t l S C S3

5.4 Sum m ary

In this  chapter ,  wo 11 vc i|t•.,< l ined SS and dem ons t  rated how  th e  e x t e n d e d  goal-  

diroc led s< licrlu|c ta n  he u s e d  as an e f f e c t i v e  general  co o l in g  s c h e d u l e  for SS.  We  

c o m p a r e d  I lie performan< e  of  SA and SS us ing t he e x t e n d e d  g o a l - d i rec ted  sche du le  

on f ive instances of t h e  S A I* problem.  We d e m o n s t r a t e d  that  in t e r m s  o f  I lie average  

termina l  conf igurat ion cost ,  the  performance  dif ference b e tw een  SA  an d SS us in g  the  

e x t e n d e d  goal -d irected  schedule  on S A P  problem (S iarry’s net - l i s t ,  S e c h e n ’s net -l ist ,  

the  random weight net list and Holton's  net - l is t )  is not s ta t i s t ic a l l y  s igni f icant .

W e  achieved our goal  ol inducing  the  c o m p u t a t i o n  til 10s required by SA  using  

the  ex ten d ed  g o a l d i r e c t e d  scherlule for s o m e  problems.  However ,  t h e s e  t im e s  are 

still  .substant ial when co m pa red to the  c o m p u t a t i o n  t imes  of  e x i s t i n g  gene ra l  cool ing  

s c h e d u le s  for SA.  T h e  increased co m p u t a t io n  t i m e  m a y  be j u st i f i a b le  if th ere  is a 

co rresp o n d in g  increase in the  qual i ty  o f  the  terminal  conf igurat ion .  In the  fo l lowing  

c h a p t e r  we detai l  one  e x a m p l e  where1 this  is not  l lu case  i .e. ,  no  in creas e  in terminal  

conf igurat ion  qual ify  is achieved.  Th is  begs  th e  ques t io n ,  can we predic t  w he n it is 

l ikely I hat use  o f  the e x t e n d e d  goal  d irected sc he du le  over  H u a n g ’s s c h e d u l e  will  result  

in super ior  quality terminal  conl iguraf ions?  We  address  this  q u e s t io n  in C h a p t e r  7.

In t he fol lowing c ha pt er ,  we  sho w how  SS and the  e x t e n d e d  g o a l - d ir e c te d  sc he du le  

can b e  applied to tw o prob lems  from VLSI physical  design.
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Sclicdtih' Cost ( O pt .  

ni d i i i  xtil

2 0 0 1 

■<’M t V

( ‘onf igurat ions  

m i  an filil

Opliiiial

C'<

( T P  Inn . '

! / / ■  <111 { S )

SA-II 22T 2 5 02.7 2.S0 2 1,,SOI 0 , | . ri.r! 00 7.S

SA-K 200 0 200 10,120 0.20X 100 l . . i

SS-M 200.0 0 200 2I,05,N 50,.-,.'0 99 1 1.7

SS-Ii 200 0 200 2!),»:i0 ii,o:t,f 100 0 1

Key M rt III ill

SA-II SA using 1 l in ing ’s si liciluli'

SA-K SA using tin1 !• goal si I in  1111<-

SS-M SS using On1 r-gmil si lir/lnln itnil luuliiiil i’ m in im  I'nti-iif .is In-

SS-II SS u..ii,j> <lit* i- guiil si IumIi'Ii- iinil SA us ing  tin m g ’s si luslulr

T a b l e  5.1: 5 x 5  S A P  P er fo rm a n ce  S u m m a r y :  S i a rry ’s nel. list. (100 I rials.)

ScIickIiiIo Cost, ( O p t .  

m e a n  s t d

=  190)

■‘‘MAX

Conf igura t ions

U K  (III x l t l

() p ( i 111; 11

%

c i ’ (t '

III 1 III

SA-II 200.0 0.5 225 5 1 ,oox 1 ,XX0 :ix X.;

S A - P 190.2 1.2 200 I 17,! 10 92,0MI 97 07.

SS-M 190.0 1.7 200 MH.X00 105,171 00 11

SS-II 190.2 1.21 90 0 I20, . | : i0 95,759 07 01.

' {able  5.2: S A P  P er fo rm a n ce  Si tinmary: S c c l i e n ’s net . l i s t .. ( 1 0 0 ' l i  ial1
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S< l iedii!<• ( lust ( O p l . 900) ( 'onfiguration.s * 1 O'* Optimal ( T P  Time

in r a n  aid ■I'M 1 \ i , n  a n Hid <"O IIII Ii n  (s)

SA II 1,059 1,07 1.280 1.02 0,5 00.0 501

SA K 020 .58 1,180 9,1 5,0 80 0,011

SS M ooo 05 1,1 75 9.0 5,1 00.0 0,904

SS II D’il 00 1,100 0,1 0.0 70 2,292

Ta bl e  5.0: 10* 10 S A P  P •rformance S u m m a r y :  S iarry's  net-l ist . (Of) 'Trials.)

S ( 11 fM 1 II 1 f* Cnsl (Opl . 8 |8 ) ( ’mifigurations * I0ci Optimal CPU 'Time

in< a n  aid ■I'M AX m e a n aid % m e a n  (s)

SA II 982 80 1,097 2.7 1.2 10.0 1,0-19

SA I'l 881 70 1,018 20.0 0.0 00.0 7,70.5

SS M 890 80 1,075 10,1 0.0 ■10 0,890

SS II 891 79.1 1,008 10.1 0.0 00.0 5,029

e  r>. 1: 10 < 0 S A P  Perform an ce S u m m a ry :  R a n d o m  Weight  nel.-l ist.  (00  Tri

Schedule Cost (Opl .  = 1-15) Configurations *10(i C P U  Time

L. . _______ _
m e a n  aid ■I'M A \ ■r M I N m e a n aid m e a n  (s)

SA II 225.80 0.08 200 215 2.00 0,5 08-1

SA I' 218.70 2.00 220 21-1 29.0 0.1 9,990

SS M 219.70 2.80 225 210 28.1 0.0 9,805

SS-II 217.7 2.10 222 215 19.9 •1.0 0,075

Tal)'(' 5.5: R K I O S A P  Per for m anc e  S u m m a r y :  H or ton's  net - l i st .  (.’JO'1 rials.)
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C hapter 6 

In tegra ted  C ircuit P hysical D esign

P h y s i c a l  des ign  is conc erne d with transforming a s tructural  represem it ion of  an in 

Legrated circuit, into a phys ica l  representat ion which cont a i ns  informat ion used in 

c ircui t  fabricat ion .  In this  chapter ,  we  discuss  tw o physical  design .styles namely,  

s ta n d a r d -c e l l  and m a c r o / c u s t o m .  Ilotli are c o n c e r n ' d  with the p la c e m e n t  ol reel 

a n g u la r  m o d u l e s  in the  plane .  YVe report the  resul ts  o bt a i ne d by a p p l y i n g  s imu  

la ted  a n n e a l i n g  (and s i m u l a t e d  s inter ing)  using  the  e x te n d e d  goal d irected  t o  eight  

s t a n d r . d-cel l  p l a c e m e n t  problems.  W e  also d e m o n s t r a t e  how s im ul at ed  an n eal in g  

(and s i m u l a t e d  s inter ing)  us ing  the  e x t e n d e d  goal  d i r e c t e d  s c h e d u l e  can be appl ied  

to  m a c r o / c u s t o m  pl a c e m e n t .

6.1 T h e  Big P icture

A n  in teg ra ted  circuit  ( I d )  des ign  can be  expresse d  in terms of behav ior al ,  s tructural  

and p h ys ic a l  propert ies  [23].

A be hav i or a l  rcprc nett I al i o  describes  an I d ’s funct ion.

S3
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A s t r uc t ur a l  r< p n  s< niat i on  descr ibes  the ' ' 'mipom nls  o f  an IC and component ,  

ml.erconnei l ions .  Structural  represent a ' ions  s a y  n o t h in g  a b o u t  the  fun ct io na l i t y  of  

I lie K ' oi her I ban wliat can be inlei red from I lie b eh av io r  o f  speci i ic  c o m p o n e n t s .  W e  

r e f e r  to H '  c o m p o n e n t s  as r i l l s  and their i n l e i c o ’ n ec t io ns  are specif ied by  nets.  A  

s lr u c tera l  representat ion consist inu of  cells and n e t s  is cal led a i k  t - l i s l .

A p l n r - i r a l  r < j ms i  ntnt ion  c ont a in s  informat ion used in the  fabrication o f  an 1C. 

I lie lowest h-vel o f  physical  representat ion  c o n ta in s  p h o t o - m a s k  in for mat i on.  A more  

abs trac t  phys ica l  representation can lie m ain ta in ed pr ov id ed it can eas i ly  be t rans lat ed  

to the  ph oto  mask formal .  An e x a m p l e  of  such a represe nta t io n  w mid bo  o n e  tha t  

spec ihe s  the  physical  locat ion ol cells,  the  phys ica l  rea l izat ion of  cell:' and th e  physica l  

I eal izal ioi i  o f  nets.

The problem of  de term in in g  the  physical  'o ra t ion  o f  cel ls is cal led p l a c e m e n t  [23]. 

The problem o f  de term in in g  the  phys ica l  rea l izat ion  of  nets  is cal led r o u t i ng  [23].

As indicated in Chap te i  I, the  sec ond ar y  m o t i v a t i o n  for this d i ss er tat io n  is to  

gain e x p e r ie n c e  in the physical  design of  in tegrate d  c ircuits .  T o  this end ,  w e  e x a m i n e  

I wo dillereiit lorms ol plac e m e u t  namely ,  s tan da rd- ce l i  p lacement  and m a c r o / c u s t o m  

placement .  W ha t  fol lows in this  cha pt er  is not  an e v a l u a t i o n  of th e  e x t e n d e d  goal-  

di ie c te d  schedule .  Hal her, if is an i l lus tration o f  th e  e x t e n d e d  go a l -d ir ec te d  sc he du le  

. .pplied to the  problems of s tand ard-ce l l  p la c e m e n t  a n d  m a c r o / c u s t o m  p la c e m e n t .

6.2 Standard Cell Physical D es ign

The phases  ol st andard c e l l  phys ica l  design are s h o w n  in Figure  6.1.  T h e  a t o m i c  

c o m p o n e n t s  o f  a s tandard-cel l  phys ica l  design are s t a n d a r d  cel l s.  S ta n d a r d -c e l l s  are  

pro des ign ed and implement  well  defined logic fu n c t io n s .  Usual ly ,  s ta n d a r d  cel ls  are of
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I’ll tse 2

Rout  in g

P h o t o -  M a s s

F i g u r e d :  P I k i s <'s  o f  S i and ard Cell I’h y s u a l  | )es ign

uniform  he ig h t  wil-h varying width .  Stand ard cells have  um lor m heights  l<> la< d i l a t e  

plac i ng  t h e m  in hor izontal  rows.

Figur e  (i.2 s h o w s  a part icular  ske le ton s t , inlaid cell layout e<ui a .1 in.g ol loin i ows  

o f  s t a n d a r d  cells.  Input and out pu t  li rniuni ls  are located mi l lie p e i ip h e r y  ol ea< h 

s ta n d a r d  cel l .  Logical ly equ ivalent  terminals  are con ne c te d  hy wue-, which r m  lie 

t w e e n ,  o v e r  and around s t and ard  cell rows. A wire is the  p h y s n a l  rea l izat ion o|  a 

net .

Wires  cons i s t  o f  hor izontal  and vertical se gm ents .  Wire  s e g m e n t s  a i e  p h u e d  in 

tracks  w hi ch run parallel  and at 1 .ght  angles  to s tandard < ell l ows  I lie spa< e l o t  ween  

t w o  s t an da rd -ce l l  rows is cal led a c l m/ n n t .

T e r m in a l s  are of  two t y p e s  nam ely ,  logic terminals  and powe i  and g i o u n d  lei 

minals .  W ir es  which carry logic input, and mi! jail s i gna l s  a i e  <oi in" t ed to logn
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channel

feed-through cel.'

feed-through pin

w ire

Figure  (i.2: S ke le to n S t an da rd- C e l l  Layout
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termina ls .  W ir e s  which carry power  and ground signals are c o n n e c te d  to power  and  

g r o u n d  terminals .

Logic t ermina ls  are located on the  top of  each s ta nd ard cell ,  I v p ic a lh  the  sam e  

log ic  terminals  are also avai lable  on the  b o t t o m  of th e  t a n d a i d  cell. Lower  and  

g r o u n d  t ermin al s  are located on each s tanda rd cell such that when s t andar d cells are  

a b u t t e d  hor izonta l ly ,  power  and ground rails are formed.

Vertical  wire  s e g m e n t s  m a y  be  used to make  c o n n e c t io n s  that span tw o  or more

stan da rd -ce l l  rows.  T h e s e  s e g m e n t s  c o m e  in the  fo l lowing four forms:

1. A win* se g m en t  which runs around the  end of a row of s t a n d . m l  cells.

2. A Ice d-through s tanda rd cell: A s ta nd ard cel! c o n s is t in g  so le ly  of  a s i ng l e  vei l)

cal wire s e g m e n t .

3. An i n d e p e n d e n t  feed-through pin: A vertical  wire s e g m e n t  which runs over a 

s t an da rd cell .  'The wire s e g m e n t  is not conn ec ted  to any  c o m p o n e n t s  wi thin the  

s t an da rd cell.

■1. A logic f eed-t hro ugh  pin: A vertical  wire segment which runs o v e r  a s l . m d a i d  

cell. T h e  wire  s e g m e n t  is c o n n e c t e d  to a logic terminal  mi the  l o p  of  I lie s ta i id ai d  

cell and to  a logical ly equ ivalent  terminal  on the  b o t t o m  of th e  s ta nd ar d fell.

W i t h  reference  to Figure (i.2, the  s ingle  wire shown sp a n s  row 2 C o u n t i n g  rows  

f rom  the  top)  us ing  form 1 a b ove .  Form 2 is used to sp an row 3. How lour is sp ann ed  

u s in g  a  logic f eed-t hro ugh  pin. f o r  d e m o n s t r a t io n  pu rpo ses ,  we  ha ve  e x p a n d e d  the  

fourth s ta n d a r d  cell ( c o u n t in g  s ta n d a r d  cells from the  left)  o f  the  fourth row. 'I lie 

e x p a n d e d  s ta n d a r d  cell is a two- input  A N D  g a t e  and all thre e  of  its logic terminals  

are avai lable  on  the  top arid b o t t o m  o f  the  s tanda rd cell.
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Wonting is used lo perform the  inteironne'ction of  termina ls  g iven a p la cemen t  

of s t and ard cells in rows.  This  is achieved by ass igning  wires to tracks.  Su ch an  

ass i gnm ent  must sat i s fy  le< Imology dep en de nt  design rules.

T h e  nu mbe r  o f  tracks repuired to achieve  a complete'  in terconn ec t io n  be tw een  

s t and ard cells is great ly  influenced by the  s t and ard cell p la cem en t .  In turn,  this  

n u m b e r  impac ts  th e  total  s ize of  tin* des ign as tracks m u s t  be s ep arat ed  spat ia l ly  as 

speci fied by the des ign  rules.

The s tanda rd-ce l l  p la ce m ent  problem involves arranging a co llect ion  o f  s tan da rd  

cells in hor izontal  rows such that  the  overal l  area (st mdar d-ce i l  area and rout ing  

area)  is m in im ize d.  T h e  si andard-eel ! p lacement  problem is reported  in [28] to be  

N P  hard.

G.2.1 S tandard-C ell  P la cem en t  M o d e l

P l a c e m e n t  ...nd l o o t i n g  a m  two se pa rat e  phases  in s tandard-ce l l  phys ica l  des ign.  T h i s  

is t h e  case  because'  th e  combin ed  pr obl em  of p la c e m e n t  and rout in g  is cons idered  

too  difficult a task  to tack le  in a single1 phase1. It is not  pract ical  to ro ut e  different  

placemenits in oreh'r tei determine'  which place-ment is superior.  T h i s  is due  to th e  

e'omple'xity of  t h e  m u t i n g  problem.  ( 'ouse'quently,  s o m e  m ea su re  of  t h e  qual i ty  o f  a 

place'ine'iit is re'epiired withemt re'seirtiug to rout ing.

An e'stimate1 o f  the1 teital wire1 length can be  useel as a m easu re  o f  p la c e m e n t  quali ty.  

Figure  (i.3 s h o w s  a wmv e-onne'cting four standarel  cells.  An e s t i m a t e  of  th e  length  of  

this  wire1 is half  t h e  pe'rime'te'r of  the* m in im al  bonneting b o x  which enc lose s  the  centres  

of the  lour stanelare! e<-Ms. A c o m m o n  e'stimate' of the1 to ta l  wire leng th  is the  s u m  of  

t in1 e s t i m a t e d  wire1 leuigths (dr each wire1 in the  eh'sign.

Wo mode l  slandarel-e-e'll p la cem ent  as an e x te n s io n  o f  the s qu are  array p la c e m e n t
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cell a

Figur e  (i.d: Wi re  B o u n d i n g  Box.

R

Figure  0.1: P lacement,  Array,
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Kigu re* (i.5: Place'menl Array.

( S A P )  problem.  W e  a s s u m e  the  e x is te nc e  of  (a)  an R  x C  array o f  s ta n d a r d  cell  

loc a t io ns  (1)) a col lection  o f  s ta nd ard cells not  exc eed in g  R  ■ C  in n u m b e r  and (c)  a  

net list. We also a s s u m e  t h a t  logic inputs  enter  the  design at  right angle's to the  first 

cell row and logic o u t p u t s  ex i t  the  design at right angles to the  last  - ell r o w . 1

A s tand ar d cell conj i f /uni l ion  is an a s s ig n m e n t  of  s tanda rd cells to s t an da rd- ce l l  

locat ions .  Ida<■ 11 s tand ar d- ce l l  locat ion can a c c o m m o d a t e 1 a s ingle  s t a n d a r d  cell .  T w o  

conl igurat ions are1 n e ig hb ou rs  if one  can be transforme'el tej he othe*r by s w a p p i n g  th e

p os i t i ons  of  two stanelarel evils. Mac It conf iguration has
(

\

R  ■ (
, \

/
neighbenirs and

t he e'ouligural ion space* has ( / / • ( ' ) !  conf igurations.  A pseudo-randenn emleri tig of  th e  

inle'ge'rs I to A’ is genie-rale*el.2 N ei ghb our  conf igurat ions  wi th in  a n e i g h b o u r h o o d  are  

I he'ii seh'cte'el in t his eircler.

'Logic inputs and outputs tha t  cute'!- auel exit tlu- design from tlu- left, and right of the design 

can also he accommodated hut are* not considered.

“'Note .V is the number of configurations in a neighbourhood.
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The' cost  o f  a conf igurat ion  co ns is ts  o f  two c o m p o n e n t s .  The first c o m p o n e n t  is the  

tota l  wire length as descr ibe d previous ly .  Wire  length is e x p r o s e d  in terms of  arm y  

u ni t s  For e x a m p l e ,  cons id er  an array  where / {  (i and ( '  7. If a wire con ne c t s  a

s t a n d a r d  cell located  at (2,.’5) to a s tand ard cell located  at ( r>,7) tlu n the  length  of  this 

wire is e s t i m a t e d  as hal f  the  pe r ime ter  of  the  n imima!  h oun di n g box e nc lo s i ng  (he  

t w o  po in ts  which is H + -I 7 (F ig .  ( i . l l .  If (h e  w i ie  is a primary input to the  design  

t h e n  the  b o u n d i n g  b o x  is e x t e n d e d  vert ical ly to the  top  of  the array (Fig .  (> h). This  

inc reases  th e  e s t im a t e d  wire  leng th  from 7 U S. T h e  ext ra cost incurred a c c o u n ts  for 

r ou t in g  th e  wire to the  l o p  o f  t h e  design .  If the  wire is a primary out pu t  f iom the  

des ig n then th e  b o u n d in g  b o x  is o x l e n d e d  vert ical ly  to I.lie b o t t o m  of the  arrnv Die  

extra, cost  incurred a c c o u n t s  for rout ing  the  wire  to th e  b o t t o m  of  the  d e s i g n .

T h e  second  c o m p o n e n t  in th e  cost o f  a conl igurat  ion is a p e n a l l y  loi creat ing  

s t and ar d- ce l l  rows of  un equ al  length .  I tacit s ta n d a r d  cell in the  library is assigned  

a le n g t h - c o s t  for the p u r p o s e  of  d e t e r m in in g  the  length  of  a. row. W it h  reference to 

F ig u re  6.2,  th e  second row is sh or ter  that  t he o t h e r  three  rows resul t ing  in s o m e  unused  

s p a c e  cal led whi te -s pa re .  W e  account  for w h i t e - s p a r e  in the cost of  a < ouligural  ion 

by a d d in g  th e  fo l lowing q u a n t i f y  to the  overal l  cost:

//l --- l i  • f'miJi)

w h e r e  Lm<u- a.nd Amtn are th e  lengt hs of  I,he longest  and sho rtes t  rows in the  pla< emeut..

Ty p ic a l l y ,  a large n u m b e r  of  conligurat  ions are e x a m i n e d  during  SA.  W i t h  jegaid  

to  e x e c u t i o n  t ime,  the c o s t  o f  e x a m i n i n g  a conf igu ra t io n  is usual ly d o m i n a t e d  by 

t h e  t i m e  taken to e v a l u a t e  the  o b j e c t i v e  cost fun ct ion .  T here fore ,  a cost, function  

whic h can be  evaluat ed in crem en tal ly  is highly de s ir ab le  s ince  it usua l ly  requite-, 

c o n s id e r a b ly  less t im e  to ev a lu a t e .

It is po ss ib le  to e v a l u a t e  our  cost  function  fur s tandard-ce l l  p lacem ent  incremen
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tally.  To  this end,  l h .  ■■si imalerl Icuj.mIi < j| each wire is m ai nt a i ne d se pa ra te ly .  W h e n  

the  pos i t ion s  of  two s ta n d .m l  cells are sw a p p e d ,  only  the  wires  c o n n e c t e d  to these  

s ta n d a r d  cells have their h-nglhs ie e s t im at ed .  For each of th e  af fected  wires,  the  

c h a n g e  in es t im a ted  win  !■ ngl.h is added to th e  e s t i m a t e  of the  total  wire length .

T h e  lengt h of  ea< h row is also mainta ined separately.  If s t an d ar d  cel ls  are rear­

ranged in the  sam e  row then no ad ju s tm en t  to row lengths  is required.  If a sw ap  

affects  tw o  rows then for each of the affected rows,  the  di fference in w i d t h s  o f  the  

.standa.nl cell l eaving the  row and the s tanda rd  cell ente r ing  th e  row is a d d e d  to the  

r o w ’s length .  L,n,u ;>tid are then upda ted .

G.2.2 O ptim ization

Ou r intent is to apply  SS using  the e x te n d e d  goal -d irected  s c h e d u l e  to  th e  proble m  

of  s t an d ar d  cell p lace ment .  Cons equ ent ly ,  we  require an e s t i m a t e  of  th e  co s t  o f  an  

o p t i m a l  conf igurat ion to an in stanc e  o f  the  s tanda rd-ce l l  p la c e m e n t  p r o b l e m  and a 

p roc edu re  c ap ab le  of  pro du cing  a good initial conf igurat ion .

Wo had ho ped  to use  a general  purpose  procedure  such as S a s t r y ’s [26] s ta t i s t ic a l  

e s t i m a t i o n  t echniq ue  for e s t i m a t i n g  the  cost  o f  an op t im a l  conf ig ura t ion  to a probl em  

in s t a n c e .  Our a t t e m p t s  at. im p le m e n t i n g  S a s t r y ’s tech ni qu e  did n ot  re sul t  in a rel iable  

e s t i m a t i o n  procedure.  More will be  said on t his s u b je c t  in C h a p te r  7. For  t h e  pre sent ,  

we use  a problem-spec i f ic  heurist ic  to e s t i m a t e  a  lower bo un d on th e  c o s t  o f  an  o p t im a l  

co nf i gura t io n  to a s tandard-ce l l  p la ceme nt  prob lem instance .  T h i s  he ur is t i c  is based  

on t h e  ideal that , in an o p t im a l  conf igurat ion ,  a n y  tw o  in tercon n ec te d  cel ls  will  e i ther  

be placed adjacent  to each  othe r  in the  s a m e  row or im m e d i a t e l y  a b o v e  or b e l o w  each  

oth e r  on tw o  dil lerent rows.  We  e s t i m a t e  the o p t i m a l  length of  a  wire to be

/ ( t h e  n u m b er  of  s tand ar d cells c o n n e c te d  by the  w i r e +  1) d i v  2
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O ptim al  N e t  L en g th  Est imate
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Figure- f j .f j : O p t i m a l  NH. Fe-ngtl i  Fs t ima l . ion
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Vertical cut-line

Horizontal cut-line

Figure (j.7: Qu ad r is ee t ion  ( S t e p  1).

Figure (>.(> s h o w s  pictorial ly how we e n v i s a g e  an o p t i m a l  p la c e m e n t  for nets  w i t h  I, 

2, 3, I, 5 and I I cells respectively.

W e also a s s u m e  that  an o pt im al  conf igu rat ion  c o n t a i n s  no w h it e- sp a ce .  C o n s e ­

quent ly,  we  use the  sum of  the  e s t im a t e d  wire le ng th s  a.s th e  cost o f  an o p t i m a l  

conligurat ion.

6.2.3 E xper im enta l  R esu lts

We have  integrated  our SA and SS procedure s  int o  th e  O p e n  A rch i t ec tu re  Si licon  

Im pl em en ta t io n  Sof tw are  S y s t e m  (O a si s )  [2], Oas is  is a s e t  o f  i n t e g i a t e d  de s ig n  tools  

inc luding  tools for logic s y n th e s i s  and p la c e m e n t  and rou t in g .  Oas is  takes  as in­

put a function spec if ication  and pr od uc es  a s t a n d a rd -ce l l  des ign .  T h e  s t a n d a rd -c e l l  

placement  procedure  em pl oye d by Oas is  is based on th e  q ua dr is ec t ion  m e t h o d  [31].
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Figure  0.8: QiwwlriserUon (S te p  ‘2).
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Fig ure: 0.9: Quadriserl . jon f S > f ■ j > Ol.
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S u p p o s e  that ft design is t.o conta in  f> rows of  s tand ard -ce l l s .  W i t h  quadr isec t ion ,  

lit'' des ign is divi  c( l  into four q u a d r a n ts  using  hor izontal  and vertical  cut - l ines  (Fig.

(1.7). Cells are placed in <|iiadran!.s in ;m ai t e m p t  to m i n i m i z e  t h e  n um be r  of’ wires  

lit i cross a cut  lim . Kurd <|uadi'anl :s further d iv ided i n t o  four unti l  each quadrant  

i . in no longer be d iv ided using  a hor izonta l  cu t - l ine  (Fig.  0 .8  an d Fig.  0 .9) .  A t  this  

si a ge  the  s tan da rd cells have  been a ss ig ne d  to rows,  and the  in d iv id u a l  loca t ions  of  

s i an d ar d  cells wi thin a row remains  to  be  d e te rm in ed.  T h i s  last  s t e p  is performed  

using  a min < lit [.'»! ] approach.

W e  iuive co m p a r e d  O a s i s ’s p l a c e m e n t  procedure  to that of  S A  using  H u a n g ’s 

sc he du le  find SS using I lie e x t e n d e d  goal -d ire i  ted sche dul e .  In th is  co m pa r is on .  8 

(■.sample circui ts  were used as b e n c h m a r k s .  Hot h the  SA . nd SS i m p l e m e n t a t i o n s  us. d 

l lie e x te n d e d  S A P  placement  model  as descr ibed ab ove .  W h e r e  SS was  concerne d,  

we used both SA  us ing H u a n g ’s s c h e d u l e  and O a s i s ’s p l a c e m e n t  p ro cedu re  to  provide  

good initial conf igurat ions .  T h e  e x a m p l e  circui ts  used in t h e  c o m p a r i s o n  were

•  Circ u it 1 [28] (circuit c onta i ns  only  2- in p u t  gates ) .

•  ( 'iec ui 1 2 t 'ircuil I filler inverter m in i m i z a t i o n  ].'M],

•  ( 'ire lit It Rise processor  (circuit c o n t a i n s  up to 8 - i n p u t  g a t e s ) .

•  ( 'ireuit I Real izat ion of  m is ex l  [1] using  d. c o m p o s i t i o n  [19] ( 2 - in p u t  ga te s ) .

•  C i rcuit 5 Realizat ion  of  d iv ide  b y - 7  us ing  d e c o m p o s i t i o n ,  re -co m p o si t io n  and

inverter m in im izat i on  [Tl] (up to S - in p u t  gates ) .

•  Circuit (i C I 8 2  [ti] (up to I input g a te s ) .

•  Circuit 7 Realizat ion o f  bw [lj (2-input,  g a l e s ) .

•  Circuit 8 Circuit 5 after an a l t e r n a t iv e  d e c o m p o s i t i o n  ( 2 - i n p u t  g a te s ) .
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Design ( ’ells Placement  Cost Cl F T im e ( lni n il 1 •s)

Oasis SA-II SS Q SS II Oasis SA II SS Q SS II

1 l(i •hi 35 33 33 V I.l) 0.05 1.00 I.l 1

2 15 30 33 32 32 • 1.0 0.05 1.20 1.18

3 80 <101 285 288 285 • 1 0 1 1.7 ! 30 81

•1 8!) 380 238 232 232 *. 1.0 10 120 83.7

5 1 12 003 311 331 3 33 - 1.0 25 28., 201

0 171 1205 083 077 070 • 1.0 128 I8| 133

7 237 1301 037 031 037 • 1.0 571 2337 1 i 75

8 250 I-I0-I8 721 702 too • 1.0 2 11 2152 1538

Key M e th o d

Oasis  Q u a d r i s e n  ion

SA-K SA using  I iu a n g ’s srheduh*

SS-Q SS using  the? e-goal schedule an d  Inser t ion  as lieunsli*

SS-II  SS using  the e-goal schedule an d  SA usii.g H u an g ’s schedule as  heumsln

T a b l e  (i. 1: Sta ndard ( ' . ‘II Hesul ts  ( P la c e m e n t  C o s l ) .

Each of  the p l a c e m e n t  procedures was  appl ied once  to e a c h  of  t h e  8 e x a m p l e

c ircui ts .  T a b le  (i.l s h o w s  the  terminal cos t s  in terms of total  e s t i m a t e d  wire length

plus  the  p en al ty  for unequal  rows.  I'’or brevity,  we will refer lo  this  sum  as  the  

p l a c e m e n t  cost .  W i t h  regard to SA and SS,  w e  used II and ( '  va lues  s u p p l i e d  by 

O a s i s ’s p la c e m e n t  phase .

From T ab le  ( i . l ,  it can be seen that  SA us ing  H u a n g ’s s c h e d u le  and SS using  t h e  

e x t e n d e d  goal -d ire cted  schedul e  produced des i gns  with shorter  w i i e  length  c o m o m e d  

to  th e  des ig ns  p rod uc ed  using quadr isec t ion .  In our  com pa ris on ,  wire length  has t he  

m e a n i n g  set out  a b o v e .  However,  il sho ul d  be noted  that the  qu ad r is ec t i on  p r o i e d u i e
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Design Cells

Oasis

A rea 

SA-II SS-Q SS-II

1 1(1 40000 44000 45200 35200

2 15 47000 44072 41096 42016

4 X(i 2XX2XX 20104X 257521 261048

4 89 270272 24XX9G 240160 239528

5 1 12 4XX750 409460 401X16 354240

(i 171 00070S 559X90 5I7I2X 606144

7 2.47 X0150X 70X042 710400 708042

X 250 X 19020 7X4X40 769295 780442

Key M e th o d

OASM Q u n d n s r r i i o n

SA-II SA using H uang 's  schedule

SS-Q SS using 1 Ik* e-goal schedule a n d  q u adr isec t ion  as heur is t ic

SS-M SS using the  e-goal schedule a n d  SA using H u an g 's  schedule as h eu r is t ic

T a b le  (i.2: S t a nd ard- C e l i  Resul t s  (Area) .

performs o p t i m i z a t i o n  us ing a di l ferent def in i t ion of  wire length .  A g a in  with  respect  

to wire length,  SS per formed  marginal ly  be t t e r  than SA  but  at  a c o s t  o f  up to a factor  

of  l ive in e x e c u t io n  t ime.

Wo next p roceede d to route  these  de s ig ns  using  O a s i s ’s router.  Our in tent  here

w a s  to d e te r m in e  how  a  reduct ion in wire le ng th  af fected t h e  to ta l  area of  a  des ign.

T h e  results are s h o w n  in T a b l e  (i.2.'! Area  is reported  in Magic  [21] s qu are  grid units .

In our  area c a l c u la t io n ,  w e  did not inc lu de  t h e  area required by p o w e r  and ground

•’We tie not give precise CPU limes lor Oasis. For the purpose of our comparison, il, .suffices to 

..ay dial Oasis requires CPU limes of less Ilian one minute.
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rails i .e. ,  I hf  rails at the  per iphery  cjf the des ign  as de pi ct ed  in Figu re  (i.2. Figure  

(i.K) s h o w s  an exa in p le  design real ization.  W e  used a C M O S  2.0 micron te c h n o lo g y

r 2 1.l j

Figure  (i.l I '•hows a graph of area versus p lacement  cost  for our  8 e x a m p l e  cir­

cui ts .  T h e  data  sh ow  a linear tendency .  We ha ve  drawn a regression l ine  to impr ove  

readabi l i ty.  This l inear t e n d e n c y  is an indication that, our  cost  func t ion  is a g o o d  

predict.or of  p la cem en t  qual ity.

T h e  des ig ns  pr od uc ed  by SA and SS are on average1 l0% smal ler  th an  the des i gns  

pr od uc ed  using quadr isec t ion .

The lesigns pro duc ed by SS using th e  e x t e n d e d  goa l -directed s c h e d u l e  are margin al l y  

sm<.tier ( less than 2% on av< cage) than the  des igns  produc ed by SA  us in g  H u a n g ’s 

s ch ed u le .  We note  that, in s o m e  o . s e s  a des ign  with  a smal ler  wire leng th  required  

m ore area than a design  with  a larger wire length.  Th is  only  occurred whe n the  

diHeronee in wire length  was small  and is cau sed by  a com b in at io n  of  the  heurist ic  

n a tu r e  of  the  router and inaccuracies  in the  p la ceme nt  model .

As  to wh eth er  an increase  in ex ecu t io n  t i m e  of  up to a factor of  five is ac c e p ta b le  

lor such a modest  de crease  in area,  there is no d e t m i l e  answer.  I he cost  o f  1C area in 

dol lars is a s tep  func t ion .  ( 'onsequent ly ,  a m o d e s t  reduct ion  in area m a y  result in a 

large do. lar  sav ings .  For e x a m p l e ,  a smal l  d ecrease  in area might  m ean  that  a design  

can Ix' fabricated as a s ingle  IC rather than as a pair of  K ’s.

6.3 M a c r o /C u s to m  Physical D esign

The ph as es  of  m a c r o / c u s t o m  phys ica l  design are s h o w n  in Figure G.12. T h e  a t o m ic  

c o m p o n e n t s  o f  m a c r o / c u s t o m  p h y s k a l  design are m a c r o  cells  and c u s t o m  cells.  Macro
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Figure (i.l !: F la c e m e u l  Area versus IMaremeiil. ( 'osl
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N e t  List

Photo -M ask: ,

Phase 3
R o u t in g

P h a se  1
F lo o r p la n n in g

P h a se  2

C u s t o m  Cel l  D e s i g n

Figure (i.I2: P ha se s  of  M a c r o / C u s t o m  Phys ica l  Des ign.

cells a t e  |>re des igned as in the1 case  of  s tandard cells.  Macro  cells and s t a n d a r d  cells 

differ in th a t  a macro  cell m a y  have  several  phys ica l  real izat ions.  All  rea l izat ions  

of a macro  cell are log ical ly equivalent .  Macro cell rea lizat ions  differ o n l y  in their  

d i m e n s i o n s  and poss ib ly  the  i d a t i v e  locat ion of  terminals .

C u s t o m  cells are des ign ed spec if ica lly for a par t icular  application .  T h e  det a i led  

des ign of  c u s t o m  cells is performed after its phys ica l  loc at ion  in the  p l a n e  has  been  

d e t e r m in e d .  Pl acement  is performed using an e s t i m a t e  of  cus to m -c e l l  area  an d a 

range of  a c c e p t a b l e  h e i g h t / w i d t h  ratios called asp ec t  ratios.  For a g i v e n  cell ,  we  

de l in e  a s p e c t  rat io to be the  length of  its sho rtes t  s ide  d iv ided by the  le n g t h  o f  its 

longest  s ide ,  i .e. ,  aspect- ratio is less tha n or equal  to one .

Tin'  first p h ase  of m a c r o / c u s t o m  physical  des ign  is con cerned  with t h e  a l locat ion  

of  s p a c e  lor c u s t o m  anil macro  cells.  This  process is called f i o o r p l a n n i n g  a n d  its
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function is to d e te r m in e  th e  aspect  rat io and posi t ion in the plane  of  each cell. For 

macro colls,  the  d e t e r m in a t io n  of a s p e c t ’ rat io corresponds  to select ing  a macro  cell 

realizat ion and its or ientat ion .

After floor-planning,  each  c u s t o m  cell is des igned to conf orm to the previous ly  

de term in ed  a s p e c t  ratio and t ermi na ls  are p laced on the  per iphery of the cell.  Sul> 

se que nl l y ,  a  router  is e m p lo y e d  to perform t h e  interconnect ion of  terminals.

Figure  6. 13  s h o w s  a ske le to n m a c r o / c u s t o m  layout .  We restrict our a t t en t io n  to  

des igns  wi th  rectangu lar  s h a p e d  cells.  Wire  s e g m e n t s  are again placed in tracks  whit h 

m a y  run on all four s ides of  a cell. Typi ca l ly ,  wires can not he  m u t e d  on lop  of  c u s t o m  

or macro  cells.

T h e  pr o b le m  of  Jl oorpl ann uig involves  arranging  a co l lect ion  of  macro  and cu st o m  

cells in t h e  p l a n e  su ch that, t h e  overal l  area (cel l  area and rout ing  area) is minimized.

6.3.1 S lic ing F loorplans and Slicing Trees

A floorplan for n  cel ls cons is ts  of  a b o u n d in g  rectangle  d iv id ed  into n or more non 

o v e r la p p in g  rectangle s ,  ( ' e l l s  and rectangles  are l abe l ed  1 to n and.  rectangle  / must  

be large en o u g h  to  a c c o m m o d a t e  cell i (1 <  i <  n).

A s l i c i ng  f loorplan is arrived at by  recursively b is ec t ing  a rectangle  into  two non 

over la p p in g  rectangles .  A binary s l ic ing tree  is a hierarchical  re p ie se n la t io n  of  a 

s l icing f loorplan [U7]. W e  restrict our  a t t ent io n  *o s l ic ing l ioorplaus  and we only  

cons ider  de s ig ns  c o n s i s t in g  of  macro  cells.

F igure  (j.14 (a)  sho ws  a s l icing floorplan which has been bisected into  two non 

o v e r la p p in g  rec tan gle s  us in g  a h o r i z o n t a l  c u l - h m .  F igure  6.11 (bj sho w s its si if mg  

tree represe nt at io n .  F igure  6.14 (c) s h o w s  a s l icing floorplan which has been bisected
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cell 6

channel

wire

/

cell 2

Figure  (i. 10: Skeleton M a e r o / C u s t o m  L a y o u t
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F lo o r p la n  S l i c i n g  T r e e

S l i c i n g  T r e e

F ig u re  0. M : Floorplan and Slu ing I ree Feprescnl  a
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a b

Figure* (>. 15: l ' loorplau and Sl ic ing  T i r e  R e p r e s e n t a t i o n .
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Figure (j.Hi: A l t e r n a t iv e  S l ic ing Floorplan.

into  tw o  n o n -o v e r la p p in g  rectangle's us ing  a vt rh c t t l  c u l - l u i t . F igure (i.l I (<l) s h o w s  

its s l ic ing tree  representat ion .

In general ,  each leal’ no de  of  a s l ic ing  tree represents  a h ou n d in g  rec tangl e  and  

r ch non- leaf  n o d e  represents a hor i zonta l  or vertical  cu t  line. Horizonta l  and vertical  

cut- l ines  in a  s l ic ing  tree are represented by  the  s y m b o l s  II and V  respect ive ly.  T h e  

c orresp on di ng  horizonta l  and vertical  cut  l ines in a s l ic ing  (loorplan are sh o w n  as l ine 

se g m e n  ts.

F igure G.15 s h o w s  a s l icing floorpla.il and its s l ic ing  tree representa t ion .  N o te  

tha t  a  s l icing  tree c o n ta in s  no d im e n s io n a l  inf ormat ion.  In fact,  a s l ic ing  tree m ay  

repro'sent more1 than one  s l icing f loorplan.  For e x a m p l e ,  the  s l icing tree in Figure fi. I r> 

is a l so  a repre sentat ion  of  the s l ic ing l loorphm in Figure  (i.lfi.

In ad d i t io n ,  a s l ic ing  f loorplan m ay  h a v e  more  than one  s l ic ing  tree repr esent at ion .  

For e x a m p l e ,  the s l ic ing  trees in Figures  ( i . lh and (i.l 7 both  represen I I he s l icing  

f loorplans of  F igures  (>.15 and (i.lfi.

W o n g  [37] define',s an equi va lence  re lat ion l ‘J on the set o f  all s l ic ing  f loorplans  wi th  

71 rectangles .  Let f  and <j be* t w o  s l icing  f loorplans  wi th n rectangles ,  f I N /  is t i n e  

if /  and y  h a v e  th e  s a m e  s l icing  tree repr ese nt a t io n ,  /v part i t ions  th e  se t of  s l i cing  

f loorplans  w i th  n rectangles  into eq u iv a le n ce  classes.  Ka di  e q u iv a le n c e  c lass  is cal led
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4 5

Figure  (i.l 7: A l t ern at i ve  S l ic ing  Tree Re p rese n ta t io n ,  

a sl iai i t j  s i n t c l u n .

Our int ent  is to use  a s l ic ing tree w i th  n leaf  nodes to  represent  a s l ic ing s truct ure s  

w ith  it rectangles .  A s  we ha ve  seen a b o v e ,  there  is a m a n y - t o - 1 re la t ions hip  b e t w  •’ 

s l ic ing  trees with u leaf nodes  and a s l ic ing s t ructure  wi th  n  rectangles .  T h i s  is 

u nd es irabl e  from an opt im iza t io n  po in t  of  v iew since a n y  increase  in th e  n u m b e r  of  

feasible solut ions m a k e s  the search for an o p t im a l  so lu t io n  mo re  difficult.

We des ire  a 1 t o - 1 relat ionship b et w een  a s l ic ing  tree wi th  11 leaf  nodes  and a s l icing  

s t ru ctur e  wi th  n rectangles .  To  this end ,  cons ider  a s l icing  tree w he re  th e  cut - l in e  at  

a non leaf n o d e  is t h e  sam e  as the  cut - l in e  at  on e  of  its n on - le af  chi ldren.  Impl ic i t  

in such a s t r u c tu r e  is a cut - l ine  order ing.  Cons ider  the s l ic ing tree of  F igure  6.15 .  

The vertical cut l ine wi th superscr ipt  a precedes  the  vert ical  cut - l ine  wi th su pe rscr ip t  

h because  o f  their re lative  pos i t ions  in the  s l icing tree.  W i t h  regard to the  s l icing  

s truct ure ,  this  order ing  im po se s  a left to right  order in the  c o r r e s p o n d in g  vert ica l  

cut -lines. For clari ty,  we  ha ve  labeled th e  vert ical  cut - l ines  in th e  sl icing s t ru c tu re  of  

Figure  (i.15 wi th th e  superscr ipts  of  the ir  corr esp ond ing  cut - l ine s  in t h e  s l ic ing  tree  

o f  Figure (i. 15.
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Figur e  (5.1S: Floorplan with Colls F m h e d d e d .

A . skewed s l ic ing  I roe is a sl icing tree  in which the  m l  linos at oa< h non lo,d node  

and their re sp ec t ive  non loaf right chi ldren arc difl’oronl.

From W o n g  [3 7], w e  kno w there is a F l o  1 co rre sp ond enc e  hot ween sli< mg s l i m  

lu res  and sk ewe d s l ic ing  trees.  Co ns equ ent  ly. in <j11r l l o or pl an nm g p m ' e d u r e s ,  we  

represent  s l ic ing  f loorplans  as skewed l /mary sl icing I roes,  l - iguie  P I T  sho ws d e ­

sk e w e d  s l icing tree- rep resenta t ion  for th e  s l icing f loorplan in f i g u r e  (, | Y

Our next s top is to  add d im ens io na l  informal  ion I o a ske wed sin mg I roe. ( ’ons ide i  

the  s i tu al io n  where  w e  ha ve  t w o  cells.  Let cell I h a v e  dimension' ,  I / , . 1/ t )  wdieie /■, 

d e n o t e s  the  w id th  of  th e  cell and ij\ d e n o t e s  the  height of  tin- cell.  I,el <e|l 2 have
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d im e n s io n s  (.r2, y-i). We define I.wo binary op erators  h and o such t hat  th e  d im ens io ns  

of th e  s mal les t  rectangle  enc los ing cell I and cel l  2 are: ( M A X ( .r , t / )  re turns  th e  greater  

ol’ .r and u and SIIM(.r, /y) l e i i u n s  th e  ar i t h m e t i c  s u m  of x  and //.)

( A ' , Y )  : . V  =  M  A X ( . f | ,  .r2) ; Y  =  S U M ( i / t , y2)

^  ( A M ' )  : A' =  S U M ( . r , , . r 2) ; Y  =  M A X ( y u y 2)

T h e  opera tors  h and v  corn'spoi id to hor i zonta l  an d vert ical  c u t - l in e s  in a  sl icing

struct lire.

( 'ons ider  again th e  l loorplan and sl ic ing tree  of  F igure 6 .14  v'i) and (b) .  Let cell  

I an d cell 2  have  d im e n s io n s  (4,4)  and (2 ,5)  respectively.  From  th e  f loorplan,  we  

kno w that  cell 2 is to  be posi t ioned on top o f  cell 1. T h e  resul t in g  d i m e n s i o n s  of  the  

b o u n d in g  rectangle  e nc lo s in g  cell 1 and cell 2  are:

( A M ' )  -  ( 3 , 4 ) / t ( 2 , 5 )  =  ( 4 , 9 )

Let cell I have  t wo alternative* d i m e n s i o n s  nam ely ,  (3,4) and ( 4 ,3 ) .  Let cell  2 al so  

ha v e  tw o  a l tern at iv e  d im e n s io n s  namely ,  ( 2 ,5 )  and (5 ,2) .  T h e  a l t e r n a t i v e  d im e n s io n s  

of t he  t he b o un di n g  rectangle  enc los ing  cell 1 and cell 2 are ( see  Fig .  6 .18) :

( - V , M  M  -  ( 4 ,  • 1 ) / ? ( 2 , 5 )  =  ( 4 , 9 )

( A M Y . . )  -  ( 4 , 4 ) / ; ( 5 , 2 )  =  ( 5 , 6 )

( A M Y . )  =  ( 4 , 4 ) / i ( 2 , 5 )  =  ( 4 , 8 )

( A M Y , )  =  ( 4 ,  4 )  /i  ( 5 , 2 )  =  ( 5 . 5 )

W ith  le fcrencc  to Figure 6 . IS, rectangles  which are not  labe led  represent  w as ted  

sp a ce  called whi le -s pa ee .
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6.3 .2  Slici-ig Tree  Evaluation

A n o n - le a f  n od e  o f  a slicinu; tree is r e u l u a l a l  by d'-termining the uni(| i io a l ternat iv e  

d i m e n s i o n s  of  the  rectang le  enc los ing  th e  cel ls on its right hranch and mi its left 

branc h.  In t h e  previ ous  paragraphs ,  we  h a v e  descr ibed how I he ai ternat ive d im ensio ns  

of  t h e  b o u n d i n g  rec tang le  are ca lculated .  S l ic ing I roe nodes are evalu ated  in post order.  

T h e  ev a lu a t io n  of  th e  root  n o d e  yields the  a l t ern a t iv e  d im ens io ns  of the  bou nd in g  

r ec ta n g le  for the  s l ic in g  f loorplan.

F igure  (5.19 s h o w s  a s l ic ing  l loorplau and its sk wed sl icing tree representat ion.  

A d j a  'ent to each leaf  n o d e  in t h e  s l icing tree,  we  sho w al t ernat ive  c< ii d im ensions .  

A d j a c e n t  to  each no n - le a f  nodi' ,  we  sh ow  th e  a l t ern a t iv e  d im ens io ns  of I he node's  

b o u n d i n g  r e c ta n g le  as de term in ed  by n o d e  e va lu at io n .

It sho ul d  bo n o ted  that our m e th o d  of n o d e  evaluat ion  is s imp le  yet i ns t r uc t i ve .  

T h i s  is th e  case  s in ce  all po ss i b l e  a l t erna t ive  b o u n d in g  rectangle  d i m en s io n s  are cal 

c u la t e d  at  e a c h  n o d e .  A b o u n d in g  rectangle  wi th d im ens ion s  (./* i , / /1 ) is di scarded if 

th e r e  e x i s t s  an al ternat ive'  rectang le  wi th d i m e n s i o n s  {-r-jE/tl  and

( . ; • , =  ay,  and i/\ >  1/ 2) or (//, ~r /g,, and ./•, • r  J

W o n g  [37] describe',s a m or e  el l i cient pro cedur e  based on hamul i m/  n o  n  s. T h e  

b o u n d i n g  cur ve s  a pp roach was  first intr od uc ed  by  .Stockmeyer j.'lt)], At each node ,  

S t o c k m e y e r  cons iders  o nl y  relevant  b ou n d in g  rectangles .  In other  words ,  I lie b o u n d in g  

rec ta ng le s  th a t  arc d iscar ded  in our i n i v e  ap pr oach  are not considered at all by 

S t o c k m e y e r .  T h e  en d resul t is the  s a m e  for bo th  our a lgor i thm and St o r k u i e y e r ’s 

a l g o r i t h m .  H ow ever ,  in t erms of  e xe cut io n  t im e,  it would be worth con v e r t in g  to 

S t o c k r n e y e r ’s s c h e m e  for a pr odu ct ion  s y s t e m .

Let th e  process  of  se le c t i n g  one  of  I,he a l t e r n a t i v e  dimension-,  ol a II0 0 1  plan's  

b o u n d i n g  rec ta ng le  be  cal led JLriiuj Hu .shape o f  the  root node.  'I he next s t ep  is to
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(7,2) (6,3f(4,4i

[(2,3) (3,2)

(7,6) (6,71 (4,8)

V

2 3

7

(3 ,4 )
5

•1

1

( 1,4 )
(2 ,4 )(2,3 )

o

Figure (i.l!): Sl ic ing  'Free E val uat ion .
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fix tilt’ shape’ of  llit’ root's loft and right c'dldren subject In the const m i n i  s , sod 

by t h e  root shape .  On ce  t h e  ro o t ’s chihlr*'ii h a w  their shapes  l ived,  the  process  

c o n t i n u e s  in preorder until  t h e s h a p '  .f each node  is < om pl e l e ly  d eterm in ed .  During  

this  traversa l ,  the lower  left corner coord i nat e of  each sh ap e  is ah. ■ iei c, nr nod. ( l ive n  

the  s h a p e  o f  a x le  is fixed t o ( A , )  ), the sh a p e  ol its loll and right chi ldren are l ived  

l.o (.i’i , / / i )  and (.r-2 •. //a) where:

N o d e  is a vert ical  cut l ine : S I  d/ ( . rp , .v ,) • X  ; M  \ \  ( y i , t/ <) - )

N o d e  is a hor izontal  cut l ine:  I \ X  ( .r i , r  >) ■ Y ; SI \ l (  / / , ,  //..) 1

Let (iV/, ,V) be  th e  lower left corner coordin ates  ol the  node  with sh a p e  ( A , )  ). 

T h e  lower-le ft -corner c oo rdi na tes  of  the node's  left and r i t>, 111 chi ldren a r e  ( /  < / 1 , / / 1 ) 

and  ( 111-2, 112) where:

N o d e  is a hor izonta l  c u t  l i n e :  in 1 M ; n  ( ,X ; i n,  ,\l ; n,  SI  ,\l  ( ,V, i/( )

N o d e  is a vertical  cut  l ine : i n  t M  ; V ; i n ,  SI  ’ M l  .1/. .rt ) ; n ,  ,X

T h e  s l ic ing  tree proorder traversa l  is ini tialed with the  selei led values lor the s h a p e

of  t h e  root no de  and ( 0 ,0 ) for its lower lol l-corner coordinates .

C o n s i d e r  again th e  ske wed s l icing tree in Figure 0 . 1 0 . ! he sh ap e  ol I he root can  

be fixed in a n y  o n e  o f  three ways .  Let I lie s h a p e  ol the  root be l ived lo  (d,S).  Wi l l i  

( ,V =  f), V’ =  S), t h e  only accept  able  values for (./• ], 1/ ( ).; i\,. fh J a i e  ( I . l )  and (-1 J 

and t heir lower deft - corner 0 \ a 1 es are ( 0 . 0 ) and ( 1 . 0 ). 111 I lie skewed . i 1 < 1 ug 1 1 ee  

s h o w n  in Figure  (i. I !), we h a v e  highlight ed t lie fixed s h a p e  oI r,n h node .  We nlso sho w  

t.iie resulting, s l i cing floorplan with cells e m b e d d e d .

74

44
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v .

2 3

f i

2
1

3

Figure  (i.‘JO: W ire Length  F s t i m a t e .

G.3.3 F loorplan M o d e l

A 11 < >t >rj > I a it 11111 g c n i i j u j u r n l  i o n  is a skewed s l ic ing  tree  with d i m en s io n a l  informa­

tion.  T w o  euidigurat ions are n e ig hb ou rs  if o n e  can b e  transformed to th e  other  by  

i i i l erci ianging the  branc h-r oot s  of  t w o  disjoint su b- trees  or by ch a n g in g  t h e  cut - l ine  

direction ol a non leal nod". B y  intercha ngi ng  the  b ran ch -roo ts  of  two dis joint  s u b ­

trees we  me an,  take t w o  br anc hes  that do not ha ve  a n o d e  in c o m m o n  and s w a p  their  

pos i t ion  in the  tree b i r  both t y p e s  of  tran sf orm at ions ,  the  resul t ing  tree  must  be  a

. /  7// -  1 ^
valid skewed sl icing tree. A conf ig ura t ion  has a m a x i m u m  ol +  ( / / - ! )

pos s ib le  ne ighbours .  S o m e  ol the se  con ligura t ions art' invalid n e ig hb ou rs  s ince  ‘heir 

a ss o c ia ted  sl icing tree may not  be  a valid skewed s l ic ing  trees.  N e i g h b o u r  se lect ion  is 

per lor med in a p se u d o - r a n d o m  order as in the  cast' o f  t h e  S A P  prob lem ( see  Ch ap te r  

d).

We note  that W o n g  represents  a s l ic ing l loorplan as a uo nna l i z i  il Pol i sh a p n s -  

s i o i i . Neighb our s  are found by  m an ip u la t in g  the  pol i sh  expres s io n  rather  th an  the
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s l ic ing  I rev itself. For a g iven coul igurat  ion, W o n g  de lines  a c o m p le te ly  different  

n e i g h b o u r h o o d  than the one  descr ibed above.  W e  d o  not c la im 'hat  our ne ighbo ur  

h o o d  is super ior  to W ong 's  n e ig h bo ur ho od .  However,  in our  opinion,  a u e ig b o m  hood  

def ined on t h e  s l ic ing  tree is more  intui t ive  than a ne ig h b o u rh o o d  de i ined on the  

c o r r e s p o n d i n g  pol i sh expression .

T h e  cost  o f  a conf igurat ion is th e  sum  of two c o m p o n e n t s ,  l'he lirsl c o m p o n e n t  is 

an e s t i m a t e  of  total  wire length .  W o n g  [dT] e s t i m a t e s  the length of a wire as half  the  

pe rim eter  o f  the  minimal  h ou n d in g  box which enc los es  the  c e u t e i s  of  the cel ls.  F iguo  

6 . 2 0  s h o w s  a ra c i ng  floorplan with  three  cells and its skewed sl ic ing t roe represent at ion. 

d e l l  1 and cell  d are conn ec te d  by a wire. Cell  d is free to m ov e  verl ica l lv  into I lie 

s p a c e  represented by tin' s t ipple  pat tern in Figure (>.20. ( 'onsequenl  ly. we  e s t i m a t e  

t h e  length ol a wire as half t lie per imeter  of  t he minimal  b ou n d in g  box which encloses  

th e  centers  o f  the b o un di n g ret tangles  in which the  e m b e d d e d  cells are free to move.

T h e  s e c o n d  c o m p o n e n t  o f  the  cost  of  a conf iguration  is a m easu re  o f  the  area 

o c c u p ie d  by  the configuration's  s l icing (loorplan.  W on g  (dt |  used the area of  the  

s l ic in g  f loorplan's bo u n d in g  rectangle  as his area metric.  W e  take  a s l ight ly  di f ferent  

ap pr oach  a n d  use the  s l ic ing f loorplan's  w h i l e - s p a c e  area as our  area m e t r e .  I he 

rat ional  for this is as follows.

W o n g  uses  the s u m  of total  area and weigh ted  wire lengt h as his r o nl ig ui at  ion 

cost .  No guid e l ine s  are given as to the  m a g n it u d e  of  this weight .  In mu e x p e r i e i u e .  

super ior  f loorplan qual i ty  resul ts  whe n the wire length  co m p o n e n t  d o m i n a t e s  the  cost 

funct ion .  ( 'onsequenf  ly, we s p e c u l a t e  that  I he w e igh t  should .it least be g i e a t e r  I linn 

one.  An a p p r o p r ia te  weight is difficult to d e te r m in e  espec ially s i m e  e s t i m a t e d  win-  

l eng th  is l inear  and area is q u a d r a t i c . ' 1

' 'Suppose '  t ha t  wire length and a r ea  a re  f u n d  ions of  71 Since they  have di th-rea t  g i o w l h  r a l e s  a 

.sui table weight  for a pa r t i cu l a r  value of 11 may  not ne suit ab le  for la rger  values ol n
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By u s i n g  wILte-spaee  area  rather than total  area,  we  implic it ly  weig ht  the  e s t i ­

mated tota l  wire length  c o m p o n e n t  of  the  cost  of  a conf igurat ion .  We have  found t h a t  

our impl ic i t  w e ig ht in g  s t r a te g y  causes  the e s t im a te d  total  wire length c o m p o n e n t  to  

d o m i n a t e  th e  cost  funct ion .

Let (,V. V ) he t h e  outer  d i m en si o n s  of  a floorplan with  n n on -o ver la pp in g  r e c ta n ­

gles.  From our pe rsp ec t iv e ,  a f loorplan with  outer  d im e n si o n s  (A’,V') can he  t r a n s ­

formed to  a f loorplan with outer  d im e n s io n s  (V, A'') by  a s im p le  rotat ion.  Our c a l c u ­

lation of  white -- space takes this  into  accoun t .

Let Z  be  a g iven aspe ct  ratio.  Wo favour f loorplans w i th  as pe c t  ratio b e tw een  Z  

and I. F loo rp lan s  wi th a sp ec t  ratio less than Z  are pena l ized  by  increas ing  the  va lu e  

of  wh ite  sp ac e .

Let A be  the  s u m  of t h e  area oc cup ie d  by the  f loorpla n’s 11 cells.  We ca lc u la te  the  

value  of  whi fe -spa.ee  as follows:

u-.s =  (.V • V)  -  A if .V >  Y  and £  >  Z

uks =  ( X  ■ X  ■ Z ) -  /I if .Y >  Y  and  % <  Z

tu. s =  (.V • Y )  -  A if X  <  Y  and £ >  Z

w s  -  ( ) ' . ) ■ . / )  ... ,1 if .V <  Y  and $ < Z

For e x a m p l e ,  the f loorplan in Figure p.20 has three  cel ls labe led 1, 2 a n d  3. T h e ir  

d i m e n s i o n s  are (!),f)), ((i,(i) and (9 ,2)  respect ively.  T h e  total  cell area is 135 and  

the  outer  d i m e n s i o n s  of  th e  floorplan are (23 ,9) .  Let th e  a s p e c t  ratio be  0.9.  T h e  

calcu la t ion  lor ics is as follows:

u-.s =  (23 - 2 3  • 0 .9)  -  135 =  341.1

'1 he overal l  cost of  a conf igurat ion  is the  su m  of  white-spa.ee and t h e  total  e s t i ­

m a te d  wire- length .
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F i g u r e d . 21: Wire  Lengt h Ksl im ate .

Note  t h a t  s l ic ing  trc'e eva lu at ion  can he performed incremenla l ly .  T o  this  end,  

w e  main ta in  backward links in the  s l icing  tree from ea c h  no de  to its parent ,  ( l iven  

a conf igurat ion  an d one  of  its valid n e ig hb our s ,  the  co s t  of  th e  ne ig hb our  can be  

d e te r m in e d  w i t h o u t  resorting to a c o m p l e t e  s l ic ing  tree  e va lu at io n .  Recall  th a t  tw o  

conf igurat ion s  are ne ighb ours  if o n e  can be transformed  to the  o th e r  by in terch an g in g  

t h e  branch- roo ts  o f  two dis jo int  su b- trees  or by  c h a n g i n g  the  cu t  hue d irect ion  of  a 

non- leaf  no de .  If a  s l icing tree node  has its cut  line d irect ion  c h a n g e d ,  only  th e  nodes  

e n c o u n te r e d  on th e  backward path from the  chang ed m a le  lo  th e  tree roo t  need to 

be re-evaluated.  If the  branch-roots  of  two dis jo int  s u b  trees are s w a p p e d  then only  

t h e  nodes  en c o u n te r e d  on the  backward paths  from th e  parents  ol both branch roots  

to  the  tree  root are re-evaluated.
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G.3.4 O ptim ization

Our intent  i.s l,o ap p ly  SA and SS us ing  the  e x te n d e d  g o a l - d ir o d o d  coo l in g  sc h e d u le  

l,o I,he proble m of  f loorplanning .  For SS,  we  require an e s t i m a t e  of  the  cost  o f  an  

o p t i m a .1 conf igura t ion  to an inst anc e  o f  th e  f loorplanning proble m and  a p ro cedu re  

ca p a b le  of  p ro d u c in g  a good initial configuration .  As  in t h e  case o f  s tanda rd-ce l l  

pl a c e m e n t ,  w e  use a problem specif ic heuris t ic  to e s t i m a t e  a  low er -b ou nd  on t h e  cost  

of an op t im a l  conf igurat ion  to a  problem instance .  T h is  heuris t ic  is ba sed on t h e  ideal  

that  in te rconn ec te d  cells will be  p laced adj acen t  to each o th e r  and t h a t  the  f loorplan  

will have  no w h it e  space .

Figure (i.2l s h o w s  t w o  cells,  f o r  ea ch  cell ,  we  ha ve  dr a w n  a circle of  equal  area  

such tha t  b o th  cell and circle share a c o m m o n  center .  W e  e s t i m a t e  the l e n g t h  of  

the  wire c o n n e c t i n g  th ese  cells to be  th e  s u m  of  the  radii o f  their a s s o c ia te d  circles.  

We do this so as not  to bias our  wire length es t im at io n  in favour  of  a  part icular  cell  

or ien ta t ion .  T h e  s u m  of  the e s t im a t e d  wire lengths  plus the  s u m  of cel l  areas is used  

as I lie cost  o f  an o p t im a l  conf igurat ion.

G.3.5 E x p er im en ta l  R esu lts

The Microe l ect ronic s  Center  o f  North Caro l ina  ( M C N C )  prov ide s  a s e t  o f  f loorplan-  

niug b e n c h m a r k  circui ts .  T h e n '  circui ts  are not  used e x te n s iv e ly  in th e  l i terature .  

Our b e n c h m a r k  need is one  of  i l lustrat ion rather than e va lu at io n .  In part icular ,  w e  

required a pr ob lem  where1 we  knew th e  o p t im a l  conf igurat ion  cost  in ad vance .  C o n ­

sequ ent ly ,  w e  de c ided  to con stru ct  our  o w n  b enc hm ar k probl em .

W e c o n s t r u c t e d  an e x a m p l e  floorplan by repea tedly  b ise c t ing  a  rectan gle  into  

2 (i non over la p p in g  rectangles.  Into ea ch non -o ver la pp in g  rectan gle  w e  placed a  cell 

such that  th e  out er  d im e n s io n s  of the  l loorplan was  27 by 30  and t h e  f loorplan had
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no white -spar e .  W e  placed wires b e tw een  arbi trary se lected  pairs of  cells.  W'e also 

w e ig h t e d  each wire. W ire  w e ig h t s  are in th e  range  I to S and were  chosen  at random.  

Figur e  6.22 sho w s our  e x a m p l e  l loorplau with cells e m b e d d e d .  Wires  are represented  

by d o t t e d  lines.  T h e  d i s t a n c e  b e tw e e n  do t s  indicates  a w ire’s weig ht .  For ex am ple ,  

th e  wire con n e c t in g  cell (i and cell 17 has weight  S and the  wire c o n n e c t i n g  cell | and 

cell 8  has weight  1 .

'Fhe floorplan in Figure' (5.22 has an area o f  27 • 20 810  s qu are  uni ts  mid a total

wire  length of  987 .5  units.  Its cost is 987 .5 .  Note  that  our e x a m p l e  l loorplau can 

not  b e  laid out  in less than 810  s qu are  uni ts .  However,  a smal ler  total  wire length is 

po ss i b l e  at the  cost  o f  increas ing  the  layout, area.

W e  appl ied S A  and SS us ing  th e  e x t e n d e d  g o a l d i r e c t e d  s c h e d u le  on our 2 0  cell ex 

a m p l e  f loorplan us ing  an a s p e c t  rat io o f  0 .25  ( I : I ). T h e  results  are s h o w n  in Table  (i.T 

T h i r t y  trials were performed.  Hach trial s ta r ted  with a different initial  conf igurat ion  

wh ich was chosen at rand om .

In terms of  av erage  termina l  conf igur at ion  cost., hot h S A and SS us ing  t lie ex te nd ed  

g o a l - d i rec ted  s ch ed u le  performed be t t e r  t h a t  H u a n g ’s s ch ed u le  ( T a b l e  ( id ) .

In Ch ap te r  4,  we  a l luded to a pr ob lem  with the c o n v e r g e m e  criteria used m 

H u a n g ’s schedule .  T h i s  proble m m an if e s t ed  i tse lf  twice in our  th irty  trials resulting  

in terminal  conf igur at ion s  which were  far from opt imal .  Figure 6 .26 s h o w s  the  less 

e x t r e m e  of these  t w o  cases.

In Figures 6 .24 ,  6 .25 and 6 .26 ,  we  sh o w  the  terminal  c o nf ig ur at io ns  with l eas t  

cost  for each of  H u a n g ’s s ch ed u le  and SA and SS using  the e x t e n d e d  goal  directed  

s c he du le .  N o t e  tha t  for s impl ici ty ,  cel ls are pos i t ione d left and b o t t o m  justified within  

b o u n d i n g  rectangles.  We  e n v i s a g e  tha t  the  exact posi t ion of  a cell wi thin a bou nd in g  

rec tang le  will be de te r m in e d  during  the  rout in g  phase.  N o t e  also  that r m h  of t h e
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Schedule ( ' n s t Configurations * I0(i C P F  'Time

in i a/I Mil l MAX ■ I ' M  I N ini an, St (I Tiiian (sec.)

SA II 1 105.8 SO 1.2 4125.a 954 0.9.'} 0.339 7S57.2

SA K 10 2 1.1 :i 5.5 1 OHO.5 9159.5 1.22 0.24 1 1007.6

SS II 1006.2 40.0 1 OS 1 912 1.7 0.322 14012.1

Kry Mrl hud
SA II SA using Huang's s<hrdulr
SA K SA using tIk «• goal srhrdulr
SS II SS unil g thr *• goal schfflulr and SA us ng Huang's schedule as heuristic

Table 6.3 Tdoorplanning Prob le m .  (30 'Trials.)

l lnorplans in Figures 6 .3 ,  0.23,  0.21,  6 .25  and 6 .2 6  a ir  dra wn to t h e  same1 so ak ’.

Tables 0.4 and 0.5 sh o w  I lie appro pr iate  s tat i s t i c s  for c o m p a r in g  the  s t a t i s t i c a l  dif­

ference be tween I lie performance  of  H u a n g ’s sc h e d u le  and the  e x t e n d e d  goal -d ire cted  

sc h e d u le  on our  e x a m p l e  ( loorplaunii ig problem.  From Ta bl es  6.4 and 6 .5 ,  we  d e d u c e  

that in terms of  the  av erage  terminal conf igu rat ion  cost ,  the p e r f o r m a n c e  dif ference  

be tw een  H u a n g ’s s ch e d u le  and the e x t e n d e d  goal - d ir ec ted  s c h e d u l e  on our  26  cell 

l loorpla nnin g  p r o b k . n  is not si at ist ically s ig n i f i c a n t . 'This is n o t  a n e g a t i v e  result .  In 

C h a p t e r  7, we  expla in w h y  the e x te n d e d  goal - d ir ec ted  s che du le  a nd  H u a n g ’s s ch ed u le  

h a v e  a similar p er form an ce  ( terminal  conf igu rat ion  qua l i t y)  for this  probl em  insta nce .



C H A  P T E R  6. I N T E G R A T E D  ( 'IR(  7 7 7 ’ PI I \ S h  'A I  D E S K  IN

" 1 " 2

SA-II 

Vi *1<I i

SA-K 

Til *1(12 (77i ■ Hi) 2 rr,lji

30 30 1021.1 35.3 1 105.X 501.2 l - l l . 7 2 1 0 . 2

Key M e th o d

SA-II  SA using I l u a n g ’* h* Ji<»*Jul#*

SA-K SA using  tin* c-giml schedule

SS-11 SS using tin* e-goal s« hil<» an d  SA using I l u a n g ’s m hcdule  as hem isi h

T a b l e  (i.7: S c h e d u le  Sl.af.isl.ics: SA II and SA 10.

n i n - i

SA-

V\

10

.S 1 . ( 1 , 1

SS- II

Th xt.(k (.Vi H i )  '^(v,

30 30 1006.2 ‘10 .0 1021.1 35.5 M.O 10.5

Key M e th o d

SA-I I SA using  I l u a n g ’s schedule

SA-K SA using  the  e-goai schedule

SS-II  SS using  tin* e-goal schedule an d  SA using H u a n g ’s schedule as h e m is tu

T a b l e  (i.5 : S c h e d u le  Slat,i.M.ic.s: S A - K  and SS II.
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Figure (i.22: Kxam plr  Floorplan:  ( 'ost —98 7 .5  A r o a = 8 1 0  W i ' v  l e n . =  987 .5
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F ig ur e  6 .23:  P r e m a t u r e  ( 'on vergenre:  Cost ,- -2067 .3  Area  KHH Wire  leu. I HIM. 6
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Figure  (i.2-1: SA  l l 's  l i e s 1: ( 'os( =95*1 Area=87-1 W ir e  ten .= 8 9 0
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Figure’ 6.25: SA-K/s  Best: C o s l -9 .79.5 A r u a ---674 Wirr  leu. 6 6 6 .5
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Fig ur e  6.26: SS-H 's  Best: C’o s t = 9 1 2  A r e a - 8 7 4  W ir e  len. 846
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6.4 Summary

In this chapter ,  we  have diseiissc d two phys ica l  des ign  si \ les namely,  s ta n d a r d  cell 

and m a c r o / c u s t o m .  We h a v e  de m ons!  rated p lacem ent  procedures  for holl i  si vies.

W i t h  regard to s tandard cell des ign ,  wc integrated  our s tanda rd cell p lacement  

procedure' using the  e x te n d e d  goal -d irected  s ch ed u le  into t h e  Oasis [2] logic s y n th e s i s  

s y s t e m .  We  appl ied our procedure  to S e x a m p l e  c ircui ts .  T h e  results  s h o w  that in 

terms o f  layout area,  our pro cedur e  performed hot ter than I lie p lacement  p r oco du io  

used by Oasis.

W i t h  regard to l loorpianniug,  we  appl ied our p r o e e d u n  to an e x a m p l e  Hooiphui  

ning problem.  T h e  results sh ow  that in terms of layout area ,  H u a n g ’s sc h e du le  and  

the  e x t e n d e d  goal -directed s ch ed u le  performed in a s imi lar  manner.

In th e  fo l lowing chapter ,  we  g ive  guide li i .es  on whe n to use the  e x t e n d e d  goal  

directed  sche du le  based on problem instance' s tat i s t ic s .  W e  use the  result'  from 

C ha pt ers  T  5  and (i to just i fy  these  guide l ines .



C hapter 7

Coxicluding R em arks

As s la te d  in Ch ap te r  1, research in I he found at ions  o f  S A  is conce rne d w i t ' 1 d e t e r m i n ­

ing which problems are a m e n a b l e  lo  o p t im iz at io n  by  SA  and which c o o l i n g  s c h e d u le  

best su i t es  a part icular , : 1 1 un. In this chapter ,  w e  g iv e  gui de l in es  on w h e n  to use  

the  e x t e n d e d  go a l -d in  d e d  s ch ed u le  baser] on exp e r ie n c e  an d insight g a in e d  whi le  

working on this dissertation.

We ( lose this chapte r  with a d issertat ion s u m m a r y ,  inc luding  research c o n t r i b u ­

t ions,  an o u t l i n e  of  poss ib le  future  wot k and an epi logue .

7.1 Cooling Schedule Selection

Kecali  t hat (/ is t he n um be r  of  tempera!  m e  values used in the  e x t e n d e d  go al - d i rected  

schedule .  T h e  value of </ measures  the  dil ference b e t w u m  th e  cost o f  an eas i ly  ac­

cessib le  conf igurat ion  and the  cost (e x a c t ,  e s t i m a t e d  or l ow er -bo un d)  of  an o p t im a l  

conligurat  ion relat ive to A t  ’. In Table 7.1, we  s h o w  the  </ values  for ea c h  of the

m

70
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C h a p t e r P rob le m P rob le m  S i / e  (Ĉ ) '/

3 ,3 ,5 5 x 5 S A P :  S i a m  's Net list 25 13

3 .1 .5 5 x 5  S A P :  Sechon's  Net list 25 1 1

■1,5 1 0 x 1 0  S A P :  S i a m ' s  Net list Hit) 13

■1,5 1 0 x 1 0  S A P :  W eig ht ed  Net list 1 0 0 37

1,5 1 0 x 1 0  S A P :  Horton's  Net list 1 0 0 38

(i Circuit  1 Hi 0

(i Circuit  2 It. 8

b Circuit. 3 0 2 32

(j Circui t ! 1 0 0 27

(> t 'ircuit. 5 1 2 0 38

fi Circuit  (i 1 0 0 ■IS

b Circuit. 7 258 58

(i ( 'ircuit 8 2 0  1 03

(i Floorplan 2 (i 0

'Fable 7.1: H x a m p le  P robl em s and I heir »/ values.

pr o b le m s  con s i d e r e d  in this d i s s e r t a t i o n . 1

'Flu1 e x t e n d e d  g o a l - d i rec te d  s c h e d u le  is less su sc ep t ib le  to b eco m in g  (rappe d in

local  m in im a  than ' iodides like th e  classical  s che du le  or H u a n g ’s schedule .  This

is b e c a u s e  t e m p e r a t u r e  in t h e  e x t e n d e d  goal  d irected schedul e  < an in<tease  when

th e  p r o c e d u r e  s u s p e c t s  that it is tr a p p ed  in a local m in im u m .  1 emperat  m e  in the

1 For  d i e  st a n d a r d  cell p la cemen t  p rob l ems .  Q  in Figure  7.1 is I lie p iud in  I of  I lie i niml»ei  of rows 

an  1 co lum ns  in t he  un de r l y ing  p l ace men t  a r r ay  ( 'oiiseipient | y . t to- value ot ( J  is go-a t ei  Il ian or 

equa l  to  t he  n u m b e r  of  cells lo lie placed.
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ex ten d ed  goal-di i  ec ted  schedul e  can increase  on up to <j occa s io n s .  T h e  larger the  

value  of  (j, the  less like ,y it is that SA us ing the  e x t e n d e d  goal -d i rected  s c h e d u l e  will  

b ecome trappe d in a local m i n i m u m  l e l a l i v e  to th e  ch a n c e s  that  S A  using e i ther  th e  

classical  schedul** or H u an g’s schedul e  will b e c o m e  tr ap pe d in a local  m in i m u m .

T h e  e x t e n d e d  goal -d irected  s che du le  resembles  H u a n g ’s s c h e d u le  when th e  va lue  

of (i is I, / . i . ,  no t e m p e r a tu r e  increases  are a llowed.

We s u rm is e  that  in terms of  the  average  terminal  conf igur at ion  cost  and  th e  least-  

c o s t  terminal  conf igurat ion  cost ,  the  e x t e n d e d  go al -d ire cted  s c h e d u l e  will perform at  

least, as well  as H u a n g ’s schedule .  We  also sur mi se  tha t  th e  larger th e  va lue  of  <7 , the  

greater  the  c ha nc e  ! hat the  e x te n d e d  goal -d irected  schedub-  will perform be t te r  than  

H u a n g ’s schedule .  In both cases,  it is l ikely that  th e  e x t e n d e d  g o al -d i rec te d  s ch ed u le  

will e x a m i n e  more  conf igurat ions  than SA  using H u a n g ’s schedule .

T e m p e r a tu r e  in the e x te n d e d  goal -d irected  s c h e d u l e  can increase  011 up to <7 o c c a ­

s ions .  In t erms of th e  n um ber  of  conf igurat ions  e x a m i n e d ,  a p e n a l t y  is incurred ea ch  

t i m e  the t e m p e r a t u r e  is increased.  T h e  larger the  va lu e  o f  q,  the  m o r e  p o te n t ia l  there  

is for incurring mul t ip l e  instance's o f  this  penalty.  For SS,  the  ini tial  t e m p e r a t u r e  is 

set to 1 ) w he re  the  target cost. Ej  is the  largest, target, cost  less than or equa l  to C(.s*,). 

Therefore ,  t e m p e r a t u r e  can increase  on (q — j )  oc ca s io ns .  T h i s  results  in a reduct ion  

in the  potent ia l  o f  incurring mult ip le  inst ances  o f  th e  a b o v e  penal ty .  C o n s e q u e n t ly ,  

the  larger th e  value  of  </, the  more' l ikely it is tha t  SS us ing  the  e x t e n d e d  go al -d ir ec te d  

sc he du le  will e x a m i n e  a smal ler  n u m b e r  of  conf igu rat ions  th a n  SA  us ing t h e  e x t e n d e d  

goal -d ir ec ted  sche du le  g iven a su i ta bl e  heurist ic  for SS.

Based on our e x pe r ie nc e  wi th the  e x t e n d e d  g o a l -d ir ec ted  s c he du le ,  we  r e c o m m e n d  

th e  use o! SS  over SA when th e  value  of  q exceeds  20. 'Phis is b e c a u s e  we  can e x p e c t  

a s igni f icant  decrease  in t h e  c o m p u t a t i o n  Limes of  SS re lative  to  the  c o m p u t a t i o n  

t im e s  of S A  when the  va lue  of  q is large.  If th e  value' o f  q is greater  that 5,  then
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w c r e c o m m en d  us in g  the  e x t e n d e d  goal -d irectcd  schedule  in I ho ho pe  it will yield a 

q ua l i t y  terminal  conf igurat ion  and with  the know ledge  that its compi i l  at iona! ell'ort 

will most 1 ikc'ly he  greater  than that ol H u a n g ’s schedule .  If the  value of  (/ is less 

t h a t  5 the n we r e c o m m e n d  Hua ng' s  schedule  he  used in preference to the  e x t e n d e d  

g o a l - d ir ec ted  schedul e .

T o  su p p o r t  t h e  a h o v e  r e c o m m en d a t io n s ,  we  point to the  heuchm ark resul ts  m 

C ha pt ers  4,  5 and 6 . In C h a p t e r  1, we  sh ow ed that for the  5 ■ r> and 11) * It) S A P  proi> 

leins,  the  e x t e n d e d  go al - d i ree l ed  s c h e d u l e  consist cut ly ou tp er fo rm ed  11 uang's  sche du le  

in terms o f  the  qu a l i fy  of  th e  average  terminal  conf igurat ion.  The 5 - 5  and It) « 10 

HAP pro bl em s us in g  Siarry's net  list have  typica l  </ values  of  HI and Id respect ive ly.  

For the  1 0 x 1 0  S A P  problem using  SA with the  ex ten d ed  goal  directed s< hedule ,  a 

typica l  n u m b e r  of  t e m p e r a tu r e  increases  is It).

In C h a p t e r  0, we  sh owed that for the  l loorplanning pro ble m,  the e x t e n d e d  goal  

directed  s c h e d u l e  had a s imilar  performance  to H u a n g ’s s ch ed u le  in terms of the  

qu al i ty  of  t h e  a v e r a g e  terminal  conligural ion. For t he ( loorplanning  problem,  a typi< al 

va lu e  of  q is 0 .

From a  users p o in t  of  v iew,  the  qua l i f y  of  the least,cost,  terminal  < onl igural ion 

is more  i m p o r t a n t  than the  qual i ty  of  the average terminal  conligural  ion. With  

regard to th e  5 x 5  and 1 0 x 10  S A P  problems,  t he e x t e n d e d  goal  directed s che dul e  

also  ou tp e r fo r m e d  H u a n g ’s s ch ed u le  in terms of  the qual i fy  of  I lie least cost  fermi  

nal conf igurat ion .  T h i s  is evident,  from I lie somewhat,  higher pe rc e n ta g e  of  terminal  

co nf ig ur a t io ns  wh ich were opt imal .

W it h  regard to  the  s tandard-ce l l  p la cem en t  problems,  wc  did not perform enoug h  

trials  to s a y  wh ich  sc hedu le  performed bet ter  on average.  However ,  we can say  that 

t h e  e x t e n d e d  goa l -d irected  s ch ed u le  performed al least, as well as I luang/s  schedul e  

in terms o f  t erm in al  conf igurat ion quality.  In fact, in all but one  of our H exa m



C I I A r ' I E H  7. C O K C I . U D I N C  I t l ' l M A H K S 137

pie c ircui ts ,  the  e x te n d e d  goal d irected s ch ed u le  y ie lded a super ior  qu a l i t y  terminal  

conf igurat ion.

In C h ap ter  b, wc d e m o n s tr a te d  the  e f fect iveness  of  the  e x t e n d e d  goal-d irected  

s c h e d u l e  for SS.  For the  1 0 x 1 0  S A P  probl em  using S i a rry ’s net -I ist ,  a  typical  value  

for (j is 115. W h e n  SA us ing Huang's  sc h e d u le  is used as  the  heuris tic  for SS,  a typical  

initial  t e m p e r a t u r e  is 7 ’ir,. C on se q u en t l y ,  the  po te nt ia l  for t e m p e r a t u r e  increases  is 

reduced resul t ing  in a decrease  in the  n u m b e r  o f  conf igu rat ions  e x a m i n e d  as co m p a r e d  

to  SA us ing the  e x t e n d e d  goal -d ir ec ted  sche du le .  In our  e xp er i en ce ,  th is  reduct ion  in 

po te nt ia l  for t e m p e r a t u r e  increases is not suf ficient ly  large to result in a  decrease  in 

the  qua l i t y  of  the  average  terminal  conf igurat ion .

N o t e  that for the s l .andard-eeli  c ircui ts  in C h a p t e r  (j, t h e  va lue o f  q for all but  

circui ts  1 and 2 is greater  than 20.  C o n se q u e n t ly ,  wo did n ot  con s id er  SA us ing  the  

e x t e n d e d  goal -d ir ec ted  sche du le  011 a n y  of  th ese  problems.

W e e m p h a s i z e  that, t he r e c o m m e n d a t i o n s  c o n ta in e d  in t h e  p r o c e e d in g  paragraphs  

are based on ins ight  and exper ience .  No  def in i t ive  s t a t e m e n t  can be  m a d e  a b o u t  the  

value  o f  (/. T h i s  is the case  s in ce  q is a funct ion  of  A C  and th e  cost o f  an o pt im al  

conf igurat ion .  We  e s t i m a t e  A C  and we most, l ikely will a lso h a v e  to e s t i m a t e  t h e  cost  

ol an o p t im a l  conf igurat ion .  C o n s e q u e n t ly ,  we  can e x p e c t  s o m e  var iat ion in th e  value  

of  </ for mu lt i p l e  trials o f  a g iven prob lem instance .

7.2 D issertation  Sum m ary

In C h a p t e r  2, we  introduced a framework for d i sc us s i ng  o p t i m i z a t i o n .  W it h in  that  

framework,  i tera t iv e  i m p r o v e m e n t  was  e x a m i n e d  and ev a lu a t e d .

SA  was  introdu ced in C h a p t e r  15. In th e  past ,  the  sa l ient  features  o f  S A  ha ve  been
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descr ibed re lat ive  to their coun terpa rt s  in phys ica l  anneal ing .  W e  took a dilfereut  

approach a n d  in trodu ced an abstract model  for SA.  T hi s  model  is an ex ten s io n  of  (he  

m o d e l  pro posed by  d r o v e r  [9]. W it h in  the co nt ex t  of this  mod el ,  we  ga ve  the  readei  

an apprec iat ion  for SA  and how it works.

In C h a p t e r  3,  w e  also described a general  cool ing  sc hed ule  whic h we referred to 

as the  classica l  coo l i n g  schedule .  W e  d e m o n st r a te d  the  main d r a w b a c k  with this  

sched ul e ,  n a m e l y  t h e  need to perform para meter  a s s ig nm ent .  W e  also rev iewed and  

eva lu at ed  a  more  e l a b o ra te  cool ing  sc he du le  calk'd H u a n g ’s sche dul e .

In C h a p t e r  4,  w e  introduced the  goal -d irec ted  (Doling .schedule and th e  e x t e n d e d  

go al -d ir ec te d  s che du le .  Both  are based on the  cost ol an o p t im a l  so lut ion  to a prob  

l e m  instance .  T h e  lat ter  schedule  is the  only  schedule  we  are aw a r e  of  that p ermi ts  

increases  in th e  v a lu e  of  the  control  par am eter ,  temperatur e .  W e  co m p a r e d  the per 

formanc e  o f  the  e x t e n d e d  goal -d irected  sc he du le s  with Huang's  sc h e d u le  on the  b .» b 

a n d  1 0 x 1 0  S A P  problem s.  With  regard to the  b - b and 10 < 10 S A P  pr obl em s,  we  

d e m o n s t r a t e d  tha t  t h e  im pr ovem ent  in (pialil.y of  the  average  terminal  conf igurat ion  

a chie ved by  the  e x t e n d e d  goal -d irec ted  s c h e d u l e  over H u a n g ’s s c h e d u l e  is s t a t i s t ic a l ly  

s igni f icant .

One o f  th e  s h o r t c o m in g s  of  the  e x t e n d e d  g o a l d i r e c t e d  s c h e d u l e  is its long torn 

p o t a t io n  t im es .  In C h ap ter  b, we addre ssed  this problem by us in g  SS. We  sh owed  

h o w  the  e x t e n d e d  goal -d ir ec ted  sc h e d u le  can be  used as a general  (Dol ing  s ch ed u le  

for SS. In d o in g  so ,  w e  achieved our goal o f  reducing  I lie comput  al ion t l ines repaired  

b y  SA us ing  the  e x t e n d e d  goal -d irected  schedule .  In terms of  t h e  b / b  and 1 0 / 1 0  

S A P  pr obl em s,  this  reduct ion in c o m p u t a t i o n  t imes  did not result in a de( reuse in 

t h e  qual i ty of  the  average  t e r  inal conf igurat ion.

In C h a p t e r  G, we  descr ibed two VLSI phys ica l  design s ty les  na m ely ,  s t an d ard  (ell  

an d m a c r o / c u s t o m .  We d e m o n s tr a te d  p lacement  p n e e d u i e s  loi both  st yles.
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Wil l i  regard to s ian dar d-ce l l  des ign ,  wo integrated onr s tan da rd cell p la ce m ent  

p roc edu re  using  the  e x t e n d e d  goa l -d ir ec ted  sc h e d u le  into the  Oas is  [2] logic synt he s is  

s y s t e m .  We  ev a lu a te d  our  procedure  on d e x a m p l e  circuits .  T h e  results sh ow  tha t  

in terms of ' l ayou t  area,  our procedure  performs bet ter  than the  p la cem en t  procedure  

disl r ibuled  with Oas is .

W it h  regard to f loorplanning ,  we c o m p a r e d  the  pe rformanc e  o f  H u a n g ’s s che du le  

and the  e x t e n d e d  goal -d ir ec ted  s che du le  on  an e x a m p l e  f l oor planning  problem.  T h e  

resul ts  sh ow  that  in terms of  average' te rm ina l  conf igurat ion  qual ity,  H u a n g ’s sche du le  

and tiie e x t e n d e d  goal -d irec ted  performed in a s imilar  man ne r .  W e  s tress  tha t  this  

is not,  a n e g a t iv e  result.  On the  contrary ,  we  view it as a p o s i t iv e  result  s ince  it 

s u p p o r t s  our c ont ent io n  that, the perform an ce  of  the e x t e n d e d  go a l -d i rect ed  sche du le  

is a (unction  ofr/ ,  the  n u m b e r  of  t e m p e r a t u r e  values  i.e. ,  pr obl em s with high ./ values  

are m ore  a m e n a b l e  to  o p t im iz a t io n  by S A  us in g  the  e x t e n d e d  g o a l - d i rec ted  sche du le  

than by Huang's  s c he du le .

In this ch ap ter ,  w e  d is cussed cool ing  sc h e d u le  se lect ion .  W e  g a v e  gui de l in es  on  

w he n to use the  e x t e n d e d  goal -d irected  s c h e d u l e  based on q,  th e  n u m b e r  o f  t e m p e r a ­

ture  values.

In the  next  se c t i o n ,  we  out l in e  several  areas o f  pos s ib le  future  work.

T.o Future Work

7.3.1 O p tim al-C onf igu rat ion  C ost  E s t im at ion

I b s e n l l v ,  Sastr y  [2(i] d e m o n s t r a t e d  that  t h e  locat ion  pa ram ete r  of  the  Weibul l  di str i­

bu t ion  can be used to e s t i m a t e  the  cost o f  an o p t i m a l  so l ut ion  to  s o m e  C O  problems.
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S a st ry  con ten d s  ll iat th e  t vpe  '■] ( Wei bull) ext  reme value  dist rilnil ion provides an e \  

cel lent model  for th e  d is tr ibut ion  of  local m in im a  in a CO ; ; 1 I 'in. Couse(| i iei i l  ly. 

t h e  locat ion  p ar am eter  of  the  Weibull  can be  used to  ’s t i m u l e  the  cost of  an opt imal  

so lu t ion .

Es t im a t io n  of all three  parameters  of  th e  YVeibull d is tr ibut ion  < an be achieved  

us in g  the  m e th o d  of  m o m e n t s  or I lie met hod of  m a x i m u m  l ikel ihood j I], Wit h regard 

to  the  YVeibull d i s t r ib ut io n ,  th e  m eth od  of  m a x i m u m  likel ihood requires  the  iterative  

so lu t ion  of  two non - l inear  eq ua t io ns .  Sastry  takes  a simpl if ied a p pr oach.  Nonetheless ,  

it requires the  i tera t iv e  so l ut ion  of  non l inear eq u a t io n s .

Our first o b j e c t i v e  was to gain expe r ie n c e  in probabi l i st ic  e s t i m a t i o n  usi iq1, I lie 

YVeibull model .  C o n se q u e n t ly ,  we  took the eas ier r o u te  of  paramel er e s t i m a t i o n  11 i 11 e.

* be m e t h o d  of m o m e n t s .  In part icular,  we  used the  e s t im a t io n  formulae  g iven by Aug  

['!]■

S a m p l e  mean ,  s a m p l e  var iance and s a m p l e  s k e w n e s s  are required to est im ate  all 

t h r e e  YVeibull para.met.ers us ing  the  m e t h o d  of m o m e n t s .  In our  ex pe r ie nc e ,  there  was  

a. con s id erabl e  f luc tua t ion  in s a m p le  s k e w n e ss  d e p e n d i n g  on the  d a ta  s am pl e .  This  

led to an u n a c c e p ta b le  var iance  in the  local ion para,meter e s t im a te .  YVe e xp er im ent ed  

witl i  several  s a m p le  g a t h e r in g  techniques  U nf or tu na te ly ,  we  were un ab le  to i c d i u e  

t h e  f luctuat ion  in the  s a m p l e  skewness .  C o n s e q u e n t l y ,  we a b a n d o n e d  Aug 's  method  

of  m o m e n t s  e s t i m a t i o n  formulae  and plan to i n v e s t ig a te  the  m e t h o d  of m a x i m u m  

l ike l ihood in future* work.

For the  s tan dar d-c e l l  placement,  and f lo orpla nni ng  problems,  we  crudely  e s t im at ed  

th e  cost  o f  an o p t i m a l  conf igurat ion .  By de s i g n ,  th ose  e s t i m a t e s  were  more  t ban hlmly 

less than the  actual  cost, o f  an op t im al  c o nf ig ur at io n .  In future work we intend to 

i n v e s t ig a t e  the  affect, o f  a poor  target cost est i m a l e  on the p er fo rm am e of  I In- ext end ed  

go al - d i rected  sche dul e .

4
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7.3 .2  Initial T em p era tu re  Value for S im ulated  S intering

In C h a p te r  5, wc sh o w e d  how lo r a l n i l a l e  I lie initial te m p e r a tu r e  for SS us ing the  

e x t e n d e d  g o a l  directed schedule .  I here is every  reason to su sp ec t  tha t  the  s a m e  initial  

temporal  ure can he used for SS regardless of  t he s ch ed u le  used.  In future  work, we  

in te n d  to inves t iga te  how our  ca lculat ion  of  th e  initial  t e m p e r a tu r e  can b e  used to  

turn ( o o l i n g  sche du les  for SA into  cool ing  s c h e d u le s  for SS.

7.3 .3  T im b er  W olf

Timber-Wolf  [27] is o n e  of I lie best known s tanda rd-ce l l  p lac em ent  pr ocedu res  based on 

the  SA paradigm.  In future work,  we  intend to c o m p a r e  our  s tan dar d-c e l l  p la cem ent  

procedu re  to that  of  T im b e r W o lf .  Wo note  t h a t  Suaris  [31] co m p a r e d  qu adr ise ct ion  

and T i m b e r W o l f  on a nu mber  o f  e x a m p l e  circui ts .  T h e  results  indi ca ted  t h a t  in terms  

of  layout  quali ty ,  qua drisec t ion  and T i m b e r W o l f  had a s imilar  per fo rm anc e .  In terms  

of  e x e c u t io n  t ime,  T i m b e r W o l f  was  at least an order o f  m a g n i t u d e  s lower .  N o t e  tha t  

for our  eight e x a m p l e  circui ts ,  our  s tanda rd-ce l l  p la cem en t  p ro cedu re  p ro d u ced  la y ­

o u t s  which were  on av er ag e  10% smal ler  than the  lay ou ts  produced bv  quadr isec t ion .  

'This is not to say that our proce dur e  will p rod u ce  la yo ut s  10% smal ler  th a n  T i m b e r ­

Wolf .  Non ethe le ss ,  it is an indicat ion  that  in t erms of  terminal conf ig ur a t io n  quality,  

our  procedure  can likely c o m p e t e  wi th T i m b e r W o lf .  T h i s  issue can o n ly  be  set t led  

by an evaluat ion  of  b o th  procedures  on the  s a m e  e x a m p l e  circuits.

7.3 .4  M ult i -G oa l  C ost  Functions  for S im ulated  A n n ea l in g

R ecen t ly ,  C p to n  [32] introd uced a SA cool ing  sc h e d u le  with two i n d e p e n d e n t  control  

pa rameters ,  l i e  c o n ten d ed  that such an appr oach  remove d the  proble m o f  ha ving  to
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weight- wire  length re lat ive to area in Hum plann ing  problems i.t he used one  control  

p a r a m e t e r  lor area and the  othe r  lor wire length.  We  incorporated this approai  h 

in to  the  goa l -d irec ted  sc h e d u le  and called it a two goal  sc he du le  In terms of ter 

m in a l  conf igu rat ion  quali ty,  the  two-goal  s ch ed u le  performed very well on idealized  

f l c o r p la n n in g  problems.  However ,  for the  l loorpla mi iug  problem descr ibed in Chapter  

(i, i ts  p er form anc e  in terms o f  terminal  conl igural  ion qual i ty  was inferior (approxi  

m a t e l y  20% ) to that  of  the  e x t e n d e d  goal  d irected  schedule .  Based on th e  idealized  

f l oorp lan n in g  resul ts ,  we  believe* the  t w o  goal s c h e d u le  has promise.  ( 'onsequent  Iv, 

we  plan to investigate'  mult i -goa l  s c h e d u le s  for SA in future work

7.3 .5  S im u la ted  E volut ion

S i m u l a t e d  Involution (SK)  is a n o th e r  general  p u rp ose  M o n t e  Carlo com bi na to r ia l  op  

t i m i z a t i o u  t e c h n iq u e  [HI], ( l i v e n  a current conl igural  ion,  SI*', generates  I lie next ion  

f igurat ion by  mu t a t i n g  the  current  conf igurat ion o r . ,  s o m e  c o m p o n e n t s  ol I lie current  

c o nf ig ur at ion  are ra n d o m ly  rearranged.  Non o p t i m a l  conf iguration c o m p o n e n t s  an* 

t h e n  e l i m i n a t e d  from th e  m u t a t e d  conf igurat ion  y i e ld in g  a partial so lu t ion .  T h e  d i m  

in a te d  c o m p o n e n t s  are a dd ed back into th e  partial  so lut ion  using  appl i ca t ion  spe< iln 

he uri s t ic s  an d  cost, func t io ns  to d e t e r m i n e  their pos i t ion  a n d / o r  c o m p o s i t io n .  I In.  

y ie ld s  a c o m p l e t e  so lut ion  or new conf igurat ion.  1 lie ent ire  proiesx  is r epeate d until  

th e  initial  conf igurat ion  ev ol ves  into  an o p t i m a l  or near opt imal < o i i l igm at ion

by et  at. [3] have  co m p a r e d  the  performance o f  SA and SK using  th e  schedul ing  

pr ob le m  in high- leve l  syn th es i s .  T h e y  c i te  two reasons  w h y  SK should out perfm in 

S A .  T h e  first reason co nc erns  th e  probabi l i ty  of a c c e p t i n g  a new < o i i l igm al ion. I lie 

pr ob ab i l i t y  o f  a c c e p t in g  a new conf igurat ion  in SA  is a function ol l lm overal l  <on 

f igurat ion cost .  In SK, e l i m in a t e d  conf igurat ion  c o m p o n e n t s  are added back into the



C I I M ' T E H  7. ( ' O N C I A I D I N C  K K M A H K S

partial  solid icjii using appiic al.ifjii specif ic heuris tics  arid cost funct ion s  to  d e t e r m in e  

their posi t ion a n d / o r  co m p o si t io n .  SA m ay  be  forced to m a k e  gross tradeoffs  b e c a u s e  

of  its m on ol i th i c  ' \ , st  function whereas  SK is free to ap pl y  speci f ic  heuris t ic s  and cost  

fmu l ions to conf igurat ion c o m p o n e n t s .  T h i s  a r g u m e n t  is s o m e w h a t  null if ied by  us ing  

a mult i  goal  cost, function in SA.  YVe propose  inv es t iga t ing  m u lt i -go al  cost, fu nc t ion s  

with the  intent of  com par ing  and con trast in g  SA and SK.

7.3.G F ie ld -P rogram m able  G ate  Arrays

Field P r o g r a m m a b l e  ( l a t e  Arrays  ( F P ( l A s )  ha ve  ( 'merged as an a t t r a c t i v e  m e a n s  of  

im p l e m e n t i n g  logic circui ts  prov iding  instant, m a n u fa c tu r in g  tu rn ar ou n d  and ne gl ig i ­

ble p r o t o t y p e  costs .  T h e y  hold the  promise  of  replacing  m u c h  of t h e  VL SI  marke t  

now held by M a s k -P r o g r a m m e d  ( l a t e  Arrays  [7].

T h e  un der ly i ng  s t ructure  of  a Sy m m e tr ic a l - A rr a y  F P ( 1 A  is a s q u a r e  array. T h e  

n u m b e r  of  cells in a I•'P (1A is typica l ly  in flm low hundreds .  ( 'ons equent ly ,  th e  pro bl em  

of  placement , in S y m m etr ic a l - A rr ay  KPClAs maps  to the  S A P  pro bl em  di sc us se d in 

this  d isse rta t ion  both in terms of  the  nu mber  of  cell involved and t h e  un d er ly in g  

phys ica l  s tructure .  Based on our  results wi th the  S A P  pro ble m,  there is e v i d e n c e  to  

suggest  that SS using the  e x t e n d e d  goal -d irected s ch ed u le  could yield q u a l i ty  FPC1A 

pl a cem en ts .  O n e  further a t t r ib u t e  that makes  the e x t e n d e d  g o a l - d i rec ted  s c h e d u le  

su i t a b le  for F P ( ! A  placement,  is we  can accura te ly  e s t i m a t e  th e  total  n e t - le n g t h  for 

an opt imized F P (  1A p la cem ent  us ing  procedures  gi veil by Sochen [27]. In future  work,  

we pr opo se  an invest igat ion  of  S y m m et r i ca l -A rr ay FP( .!A p la c e m e n t  u s in g  SS a n d  the  

e x t e n d e d  goal  d irected schedule .
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7.4 E pilogue

II has be en  said t h a t  SA is an o p t i m i z a t i o n  terhniepu' which should he inc luded in 

eve ryone 's  h a g  of  c o m p u t i n g  tricks. T h e  techniqu e  it sel f  is only a. good as I lie cool ing  

sc he du le  w h i c h  co nt ro ls  it.

T o  d a t e ,  no o n e  cool in g  s ch ed u le  has  proven su i ta bl e  for all problem instan ces .  In 

our  v iew,  n o  such cool ing  schedule'  ex is ts .

In this d i s s e r t a t io n ,  we  h a v e  d e v e lo p e d  a new general  coo l in g  schedule  cal led the  

e x t e n d e d  g o a l - d ir e c t e d  schedule'.  W e  have1 atte' inpo'd lei ident ify (In' type1 of  problem  

be st  suite'd to o p t i m i z a t i o n  by  SA an d SS us ing  the e x t e n d e d  goal  directed schedu l e .  

W e  belie"'e tha t  the* ewtenele’el goal-elire'eteel sedie'elule is a useful  extens i on to  the  so 

called hag o f  c o m p u t i n g  tricks.
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procedure  SA ( >oal(in .s0 ; out s ;,);

( + S imula ted  Annea l ing  Coal -Direc ted  Scliedi .!<• *) 

const
A’ij- 0.99; 
A V  0.01;

var
■m,.s;j,-s,,\r, /y:<*<iiilif^ur;i 1 ion;
A ' o ,  K r  A C (I,  </. I , A', I ; 

r/:inloger;

( 1 .sn initial configurat ion
■s;, t e rmina l  <•<mlip;uration 
A current  configurat ion 
s selected neighbour  configurat ion
I I  best conf igurat ion

A C  e  average  A C  
( '  --- average  C
A' equi l ib rium conl iguia t ion  cost
A’o ss init ial  A
Ar/ = filial (opt im<i.| conf igura tion c o s t )
!i the A mult ipl ier

A’ -- p robabi l i ty  of accept ing  a cost - increasing move of  A C
A’o init ial  A’
A l( final A"
<1 t lie A' mult ipl ier
</ n u m b e r  of  t e m p e r a tu r e  de c re m e n ts
A t e m p e r a t u r e  *)

begin 
A : sot
A C ’: -get verageAC ( ' :=ge( A verageC
A’o: C; A,’, , := g e tO p t i m a l (  ’o s t ;

ionni l ( ex p ( In ( L J  A’o ) ) /  Inf A,,/( A,; +  A C ) ) ) ;
</: e \p( ( (  In( A',,/A'„))/</); <y:=exp((( ln( A, , /A0 ))/r/);

A’: Au;
A: A'o;
IS: A:



A P P E N D I X  A.  C O A L  P O P  S A

while ("'(II) > do
begin
7 ’ : =  ( ~ S ( ' )  + I i i (  l \  ); 

while* ( ' {II)  /■ do
begin
so led .s; (* . s t  ( ,'( V ) ' )  
if J~( A I ) I lii'ii

begin
A' -  ,s
i f r ( A ' )  <  ( '( II) I h e n  

H: =  A';

if ( ( ' (  A") -  ( ' ( I) ) ) /  A ( ' < r;i iidoin[(), I ) I hen 
improve! A’ )

end
end:

/<;:= P*</: 
end;

- = P
end;
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p rocedure  SAKgonl(in out  ,s(1);

{ * S i m u la te d  Annea l ing  Kxtended ( loal  Directed Si hedule *)

const
/v‘o =  0.99;
A \ , = ( ) . ( ) l ;

var
•so-spi's --V, /Aeon ligu ra t ion,

A'o,  E , , , A ( ' ,  (I, (/, / ’, A’, /'Areal;
S a i t ,  / ’nt ,  r/, ,sm m :integer;
/ »c:booloa 11;

( *
.s(J = ini t i al  configurat ion
s p = t (M-n «i na 1 configura t ion
Q  = probli ' in ins tauc i '  size
X  — c u r r e n t  conf igura t ion
,s =  selected n e ig h b o u r  configurat ion
13 =  bes t  conf igura t ion found so far
C n l  =  n u m b e r  of  conf igura t ions  e x am in ed  at a pa r t icu la r  t e m p e r a t u r e  value 
•Sucir =  worst  cos t  ove r  all conf igura t ions  accepted  at a pa r t i cu la r  t e m p e r .P u re  value 
fi„un =  best, cost, over  all conf igura t ions  accepted  at a pa r t ic u l a r  l e m p e i a l u r e  value 
S c n l  =  n u m b e r  of  occas ions  t e m p e r a t u r e  is decreased without  de tec t ing  e , ' b rium and

( ' S n o /  ~ ^  N (

I n c  -  a  t rue  va lue  indica tes t h a t  t e m p e r a t u r e  may increase

A ( '  -  ave ra ge  A ( '
( '  =  a v e r a g e / '
E  =  target configuration cost 
/v’o = initial E

= final E  (o p t im a l  conf igurat ion cost)  
fl = the  E  mul t ip l ie r

E  = p ro bab i l i ty  of  accep t ing  a co s t • increasing  move of A / '
A’o -  ini t ial  A ’
E n -  final E  
(I =  the  E  mul t ip l ie r  
q — n u m b e r  of  t e m p e r a t u r e  dec re m e n t s  
T  =  t e m p e r a t u r e  

*)

73
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begin
•V : .s0;
C v l :  0:
S a i l :  !);
I nr: f a l s e ;

.s =  M AX R LA I,;
A ( ': ■ f*,f11A verageAC f  := get  AverageC
A'(): ( A’,;:=got( )pl , imal( 'ost ; 
i/: mund(exp((ln( A’,,/A',,))/ ln( 1C,, +  AC..'))));
<1: exp(((ln( A\,/  A'o))/'/)); u : = e x p ( ( (!n(K ,,/ Eu))/</)):

A': A0;
A’: A„; 
li: X:

while ( ' ( II) • A’,; do 
begin
/ ’: ( -  A C )  »• ln( A’);

'C 1 C'(II) > E  do 
begin
select .s; (* .« g C( A') *)
( ' i i l : ~ ( ' n t i  I;
iT J T ( A ' , . s , 7 ’ ) t h o u  

begin 
A := ,s
il’ f '( A’ ) < ( ' ( II)  then 

begin 
II : X : 
inipi'ove( A') 
end 

end;

if (not //»e) and ( Cu t  > (AOO * o,))) then
(* I)K( 'R HAS K IF, MI’. -  equilibrium n o t  delected*):  
begin

i f  ( , s i t n u '  " ^  h i  i n )  ^ A C  then
begin
Sni t :  = Srnt { -  1; 
if S r u t = Q  then

E t, : = ( ' ( l l ) ( *  Q U I T  * )
end

else

99
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Scnl:  I)
A': A* (A

T : ~ -  ( A (  ’ ) t In, A’ );

ii j • • d «
•s m i » : ~  M A X R I ! A I,;
C u t :  A)
<Mi (I;

if [ I n r )  and ( ( 'nl  > (1000 * )) I Ihmi
(* INCH KASK T K M I ’. s la l . al i / c *);
begin
A’ : - A',,:

/ • ; : =

while A’ > ( ' ( H)  do 
ix-gin 
A’:= A' * (/;

A': -  E*!/
( M i d ;

=  { - £ ( ' )  * ln( A ' );
/ /?r: = false;
, s fnn.r • - - 0 ,

■Sunr-MA X H Id A I.;
( ' nl :  = 0 
S r v l :  -0
( M i d ; 

(Mid ;

( *  D K C R K A S K  T K M I ’ <■ , A ' ‘ . l e d  *) ;  
A’:=  EDI:
A’:= ED/:
inr:~-{ n i e ;

i1' ii in ./■ - — 0 ,
.sm i l l : =  M A X H K A I . :
C'n /: =  ();
S rn t - . A )
( M i d ;

mp :=I)
(M i d ;

^^396769
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procedure SSKgonl(in ,s0 .t,b out ,s;,);

(* Simulated Sintering Kxtended ( loal Directed Schedule *)

c on.si
/ i o=0.99;
A',=0.01;

var
.lfo, .Sp,.v\\  /hconfiguration;
/‘.’o, F,n A t  <1, y , 10 /'.'.real;
S n i S  ( 'nt , q, f imiury N,„,„:inleger;
/ neiboolean;

( *

*0 = initial configuration
.Sp = terminal configuration
Q  = problem instance size
A’ = current configuration
•S’ = selected neighbour configuration
D = best configuration found so far
C n t =  number of  configurations examined at a pa.rt irular temporal ure v.i 1 lie
•Suri.r = wc rst cost over all configurations accepled at a particular Imiipm. 11 lire value

= best cost overal l  configurations accepted at a particular temperature value
Sent =  number of  occasions temperature is decreased without detect ing c■< 111iI)b ri u111

( *'rnax ^  AC
fl ic --  a true value' indicates that temperature may increase

A C  --  average A C
C  = average C
E  = target configuration cost
A’o = initial E
/•;„ = final F (optimal configuration cost)

.t/ = the K multiplier

K  =  probability of accept ing a rosl increasing move of A t '
K q =  initial l\
K tj — final K  
d -  the K  multiplier
q =  number of temperature decrements
T  =  temperature

*)
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Infill
.V
( ' v l :  0; 
S m l :  0;

A (  ' :~get.AverageA<''
*mi„: =  MAXRKAL:  
(A ^ go tA vorageC; 
A’7:=get,Opt.imalCost;

r / : rtfj1111cI((■ x | j { ( 111( A 7/ A „ ) ) /  Inf K , , / ( K „  + AC) ) ) ) ;  
r/:-exp((( l i i (  K  ,,/!<»))/<!)); </:=exp(((ln( A’,,/ A’0 ))/•/));

wliil(> A' • (' (IL)  then (* adjust, paramelers  for sintering *) 
begin
K /•: + //;
l <  A' . f/
a n d ;

while ( '( II) :> A7 do 
begin
7 ’:-- ( -AC ’) + Inf A');

!.■' ' <"(//) > /•; do
begin
select, .s; ( * ,s g  (, ' (  \  ) * )

( ' i l l : -  (  ’ l i t  -| I ; 

if 1F (  .V, .s,  / ' )  t lien 
begi n 
A' .s
i l ' t ' f A)  • f ( l ! )  ilien 

begin 
I L ~ . \ ;  
improvef .V)
(Mid

e n d ;

if (not I nc)  and ( ( ' » / >  (500 * Q) )  then
(* DKC’KKASK TKMP.  -  equilibrium n o t  detected*);  
begin

if ('Smu -  *>„,><) < A ( '  then
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I >t'u;i ii
S c n l .  S c n l  t I ; 

if S e n t  Q  t Ikmi

< ’( H)  I ' Q l ’ I T M
( ' l i d

('1st'

S e n t :  0; 

fc':= A 'V;
( -  A f ') * ln( l\ );

MAXRKAI, ;
( 'ill: ■ 0 
e n d ;

i f  [ I t i c )  <ni(l ( ( ' i l l  • ( 1000 t Q  )) I lien

( *  IN( H I ASi:  T K M I ’. s t n l i a l i / c  *);

lic^ill

A : An:
A : ~ Ad;
\ v I i i I (> A' • C ( H )  d o  

Ix'kin 

A’: A’ * <1;
A': A ' 1-/ 

c u d ;

7 ’: -  ( -  A f ') t lu( A’ );
/ » r :  false;

,s m a r  ' * d ,

•'mm -  M A X H KA L;
C n l ^ - i )

S c n l :  0 

e n d ;

e n d ;

( + DKCRKASI '  r i , \ l  I’. e< | n i I i I > l i  HIM d e l e i  l e d  * ) ;

A : l\' *il.
E:  A *■ //;
I ;tr:--l,rue;

•s til a j- • — 0,
■smiri: MAX R KA I,;
Cnl : - - .  0:

S c n l : - ( )
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