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'_T'convent1ona1 m1n1mum spannlng tree global Tbuter, the new :

g 1about 4% fewer tracks. «'»7g _ _"?:f_.’i %

N

jThlS thes;s presents a global router for standard cell

.

ICs that is now part of ’ai standard—cell de51gn. system

develbped at thef Un1vers1ty of Alberta. The glqbal router

\g

-"#'1ncorporate5«a new approach to the global rout1ng problem 1n

b

standard cell 1ayout. Trad1tlonal approaches often transform

the problem 1nto a graph theoretxc otz‘and\ tend to 1gnore Y
mbch of the phy51cal 1nformat10n of he rout1ng env1ronment ‘
;°';~tq§t could be ga1nfully;’used to- obtaxn better rout1ng

‘solutrons. Based .én an. ana1y51s of net conf1guratlons Qf

o w ’

:7f@ standard cell c1rcu1ts, two sub problems that arise 1n the
N V.)~global routlng of the c1rcu1ts have been 1dqnt1f1ed Thefnew

qglbbal router adopts%a two phase approach that f?cusesi on

#these 'sub- problemsr~ and attempts | to deal -w1th them_}l

d \"_

\'-" —t

5*global router.global routes a set of 15 test c1rcu1tsr w;th,

B

it kY

Ca,

'd ‘effect1vely. Expertments 1nd1cate that .as comparedlwlth the ;ﬁ i
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Semlconductor _technology has evolved/Very rapzdly over

. j the last two decades. The number.of trans1stors that:can be

s

;.pieconom1cally 1ntegrated on a-: 51ngle Ehlp has,doubled e y }h”"

to two - years over this l perlod Thf pronected
"'jlmprovements fi fabf1cat1dnv technology w!il 'épke chlps\
i

.conta1n1ng several mll ioén’ tragszstors po§s1ble th1n-_the?jr

'_:nexto few years Wzth~ thxs_(Very h;ig\JScale Integratxon' :“,jﬁ

?(VLSIY of transxstors on a ch1p,1 enture sx;tems can now be

fabrlcated »on sangle ch1p.- In' order to cope w1th the3f~

' enormous~complex1t1es 1nvolved 1n the de31gn of such,‘ch1ps,;_'”
computer a1ded des1gn (thi tools are used at every step of k@'ﬂf

. ' ] i @ s . " - )
‘,vthe de51gn process.-_' IR 'f e .ﬂ :5-,g TR T
e ’ e e R - L Y
One step 13 the 1ntegrated c1ch1m (IC) desxgn processzrpzﬂ“

‘f.wh1ch uses CAD extens1vely\1s the layout of ‘the IC., Thef hfﬁ\

’1a¥out of ' c1rcu1t refers to the progess of plac1ng thef‘

7 . -

."components of the cxrcu1t on a ch1p an@/conﬂ\ct1ng them byfj ¥

,W1res ‘accordzng ,to a. ngen set of rules, celled desxgnf! h}f
L rules. The c1rcu1t layout phase "1s ‘ rmportant‘ because 1t »

u.deterﬂines the chxp qarea,-twhzch has a ma;or 1n£1uence on

hip cdsts.. . therefore commands a substantxil pbrtion of‘ ]f;;
fthe ch1p des1gn tzme. | f{fe;' ; fﬁf;‘hfff S ;'*VQV;l‘?.::;;f

‘5,'9,. a o‘»g;}nr ?‘,é °

C1rcu1t des1gn methodologies 1n current use .can he

}fbroadly class;f1ed 1nto \ng“\gategories:i tull-culton'and

AR L ;'%:




e outwelgh desxgn costs._.

'..standard “cell (also called polycell) ¥ gate array,; fandljﬁ

o styles.4¢ °

f.f 15 only used for circu1ts wh1ch are oroduced in. h1

.

f_isffspeoified “in terms *?of_ these7 cells and - the1rf'f

tlme. Because of the h1gh des1gn costs, a full custo

semx-cu%éﬁb.,Full-custom ICs are- des1gned and la1d out

s

manually at gp “‘trans;stor level W1th the full custom {,

approach a ae51gner can obta1n h1gh pack1ng dens1ty and =

hxgh performance at the cost of 1ncreased des1gn effort andﬂf

or where performance optlmlzatlon and area m1n1m1zat1on-

.A‘-v .

The alternatlve to full custom de51gn ,is sem1 customj

de51gn._ Sem1 custom ICs are ma1nly de51gned and 1a1d 1n thef”‘

cell based des1gn styles.,,Thev termv? cell'. refers ftov'ajji

,dgs;gng;

‘volume;v;

pre-defmed funct—1onal unit, ;such as a NAND gate..A de51gn""‘ ‘

‘?interconnections; k~'major advantage of us1ng cell based';_

],cdesignsfisi‘that;dt_e bAyout_ican be' produced by hlghlyfﬁ

an

S e

A

for sem1-custom ICs are lower than for fullrcustom ICs.? Thejnf

penalty pa1d _.loss of .flexrb;llty- and lower pack1ngifr

den51t1es.

‘”automated software. As a resalt, development t1me and costsﬂff

: There gjare,“ three major cell based des1gn style5°£}f

o

.’- !

g _’

general—cell $Qr¢ macro cell) Slnce thxs thes1s work deals;;;

‘w1th the standard-cell de31gn style, 1t 1s explalned in: some;ff

'4-deta11 followed by ta br1ef descr1ptlon of the other ton,5

'Tn term 'standard-cell was orxg1na11y an abbrevxatzomtf;

. <
. .

faf' standard he1ght cell" Each standard cell ;Aha;if



1;dfunct1ona1 unlt whxch has been- pfe—aeéig&éa and laxd

"»_--manua11y,_ he d’e“gnef ';'_'i prov1ded w1th a 11brary ‘:f._”:“

: sséjndard cells whlch contalns thejc“

the cells Tbeﬁzcells’ are of rectangular shape, geﬂzralf;j»

"wlth stan!ard he1ghts and varylng w1@ih§. The cell termlnals
e

‘11e along 1ts too and/or bottom sxdes.

”plete_ mask layout of;

ij Standard cell IC 155[

'*-lald cut by plac1ng the cells in. rows and runnxng 'thj cell“lb
‘ 4 v

4 -

“lnterconnect1ons in; the channels between the rows. Flgure:r'"

RS

shows a typlcal standard cell laygutw

A gate array 1s~ a regular array of 1dent1cal cells'

;*whxch has been pre fabrxcated on a Chlp uptOt but excLudlng' .

'gate array is. custemxzed to the user's needs ng spec1fy1ng"

;one or more layers of metal to 1nterconnect the vcells and;y{;

xthus 1mplement the c1rcu1t on the array ‘f’rﬁf'

> standard-celts

'eell-rq'WS o

”ipv'klgure&igibkfsrandar&-cell layout 0o
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o complex : functxons .}and pare'

P 3

S P

I

standard cells.AFurther, there‘

physzcal _s1ze 6‘

generally rectanguia:.'? gures 1. 2 (a) and (b) showv typ1caiﬁff

1s no. restr1ct1on ;on ‘the g

gate array *and general- ’%Tl layouts respectzvely N

Bach of the cell*ja%ed des1gn styles has its: advantages

lf,andf d1sadvantages. h,Ip__ the.‘ standard cell approach -

h1gh performance,

1mplemented by creatxng

In the general ceﬂl approach the cells 1mplement morejﬁv

phys1ca11y larger , than:p

r shape of a general cell though they aref‘ g

spec1al puroose vfunct1ons L can» vbe

ey . - -

- new standard cells Bédahse:celAST-

are used .more_ than'.once, 'the! txme_,spent ‘on ‘area and-

. ~peErformance optimization -wil

1 be,'amortized over many'

' designs:iUnlike gate-arEaQS.‘

.fabrication t1me, f%1nce ;the

. must be carrled out.

-~

Gate array

-4

,however, there 1s no. sav1ng

~omplete fabrxcat1on process

cell -rows

T TeT T

K‘TL~'

) _"L,"I"‘.I'v T T (

T Dchannels 3

i s e

1.

o (a) A-gate-array fayout =

Fignre lrszypical gatefarray,a d generalfceiiilayoutsi

(0) . A genaral-call layout

: calls s

channels .~

£g§y\on the other hand do -
'v’npt‘ dse‘ ch1p g%ea ‘as’ eff1c1entl as the other cell based_; f



”;-freserved fof w1r1ng ay not be able

'7¢_styles. Sometzmes, trans1stors w1th1n cells go unused or if}

B

ent1re cells $ema1n unused because the fxxed wxdth chanﬂi&so;ﬁ*

o1nterconnectlons requ1red Unl1ke -standard cells d'y :
"gate arrays, gene&al cells can 1mpl'ment muchP more complerff

_ffunctlohs.; However, as the functlons theyilmplement becomef\h

'Q_ more complex and specxal purpose, they lose the flex1b111ty" f

© in "’bemg able ‘to. be used many C'h'cu1ts. Also, the

——

accomodate all thealvf

automatic layout of general cell ICs 1s much more d1£f1cuIt.;yyg

f?All these

,'ctors 'must be con51dered before ch0051ng one;a ;
b7cell based s yle over the others._»;ﬁﬁle'§j5g*1

Durlng c1rcu1t layout, 11 the above desxgn styles

involve' ?f, optlmal placement of he -‘cells ~and .the”,f’

”'~1nterconnect1on,} or rout1ng,'of the cells to form the f1hall,

f‘7c1rcu1t The obJect1Ve of h placement procedure:;is;-torf'

\._a551gn* spec1f1c locatlons to the cells so that they can be,'fj

f1nterconnected 1n a compact fash1on 1n the rout1ng phase.f'

-

*%fTh rout1ng procedure determxnes the actual wirxng pathsf”

V"»fwh1ch w111 1nterconnect the cell term1nals in conformance‘*f

- Qw;th the. c1rcug; de51gn._ The obJectxve of rout1ng 13 to-f v

f_hcomplete the ‘requzred 1nterconnections 1n min1mum areau

,a.'w1thout vxolatzng any de51gn rules. Because of the inH‘rent::j"

‘

',f;complexxty of the rout1ng task it 1s sometxmes periormed 1n"ff,

ff]ftwo steps.‘ The fxrst step, called globel reuting, involveeiig;

:7the assxgnment of the wzrxng paths to the chennele.v Duringfj}r

";hef' secdnd step, called detaxled ronting, the exact»]77

l‘locat1ons of them w1r1ng paths v1th1n each channel °r°*Fﬁ'



e

o dedermined. -, T T

~”h1 1 TOPIC of’ the Thes;s FRRES o _a”vi ,'tltfft~" -

A standardfcell deszgn system 15 be1ng developed at the o

fon1ver51ty of Albeta,' to be used as a research tool £or ?ﬂ

‘develop1ng and tesflng 1ayout algorlthms. The system runs on”
. :Qw--&.

'pthe VAX~~11/780 computer under UNIX".' BSD and 15‘.

\ 1mplemented in the C programm1ng language w1th oveﬂ 25 000
"‘l1nes qu source code. There are four maJor c0mponents 1n
thIS system- a cell l1brary,.da¢ c1rcu1t ed;tor, placement
”1nprograms_ and routlng programs. Thls- thesis reports théj‘;7

”ffesearch' uork ,done 'on _then global ',rqut1ng B ;?35e 11.17”

—

% standard cell rout1ng. R _v_;m. »t\zv»

) ' The major result presented in this- the51s work ?2 a;i
”.global router that 1ncorporates a new approach to the ngbal A
eroutzng problem. Most of the ex1st1ng global routers 'use a
3.graph theoret1c approach One l1m1tat1on of th1s approach 1s
j?that the phys1cal 1nformation of the rout1ng env1ronment and
;i;the” restrlctlons .1mposed_by it -are not-adequately-made use
of. Based on-an analysis‘of: "t *configurations of actual |

:istandard cell c1rcu1ts, the proposed global Eputer adopts a—
':two phase approach Three: algorlthms are presented ;fof‘ the-'"”

,flrst phase.; A PPobabflfstic Hill Cllmbing algorlthm is .

.,.presented for the second phase. Exper1ments 1nd1cate that as’

compared wlth the conventzonal m1n1mum spann1ng tree global

n;router, the ‘new global router global routes a. ‘set of 15 test

-

- e e 4 =

'UNIX 1s a trademark of Bell Laboratorxes :

-
*,



if{rev1ew of the comﬁon approaches"USed by rout1ng systems. It

';fthen, proceeds to deScrlbe
- standard cell Ics ,_and,U th general ob]ect1ves of
>standard cell routlng system. Chapter ~3 focuses onf"theJV

~global rout1ng problem ini tandard-cell ICs prov1d1ng a

gthe rout1ng env1ronment ﬂ'inf/~‘

u‘prec1se defln1t1on of the problem and a crxtacal revxew ofjp:-

fstandard-cell global routers in current lxteraturev Chapter?ij;

-1.4 dzseusses the mot1vatzon for %he proposed approach to the':fp

standard cell global routxng problem and descrxbes the 50ur{,<}

zilalgor1thms that constltute the new global router. The globaldhf

":router has been 1mplemented and the results df exper1mentstﬁtx

‘Q’conducted to evaluate 1ts performance iare dzscussed 'inife;

1;_Chapter- 5; In' Chapter 6 we summarzze the maxn pomnts of"

t_1s research work and offer suggest1ons for future work



?fassoexated w1th the rout1ng of ICs xn general» The routlng_-;

. .standard cell ICs, we proceed o eiimlne rtheffl

. thel rout1ng envzronment and the general object1ve.of thefﬂ*
o .2 1 Rogtxng - some deflnltzons and terms '

ﬂc1rcu1t on the ch1p The rout1ng procgss 'then proceeds to"“

Hiformally establzsh "the ‘-wxrrng paths v necessary ;to-"
Thexklnterconnectlons between the components 1s spec1f1ed by_f'

'lya set of neﬁs, ;"_ -_' hvh_lﬁi'f-

‘lbetweeg/’the' termlnals “of components. A net therefore, is.

”i'spec1f1ed by a set of term1nals,'

.toutlng algorxthms,;

Chapter 2
xfﬁ<3fT ',’ ’_}";'}1‘lv Background f-ifg.F

N

routlng rev1ewed Slnce the th351s deals, w1th {outln

7requ1rements of standard-cell ICs 1n partlcular,_ dhscuss1ng

.
-

Rout1ng 1s the last sttp 1n the c1rcu1t 1ayout processh.‘

The placement procedure £1rst places the components of the’_’

‘gilnterconnect the componenbsa1n order to reallze the c1rcu1t.

N z.{nil nz' ' . <, nj}o ‘ ‘..' L o

[

V4

."‘ {\tlr tzr “'_' 'rtk}

) to be connected together. |

)

Chapter\z beg1ns by‘introduc1ng some concepts"kgd\termsjjl

: problem _is; then. def1ned and exlstlng methods for w1ref

' rcalled the net-list._ Each net. is .a set of _connections



. N e [
as =~ e >

wires "a‘re un is ‘az;

"-’. AR Cacg VBTN . : ’»‘ -
0o -t T A 3. . <)
governed by a set °ﬁa§?.t’g; T “.tau ,.:.1r1ng model

geheral' w1r1ng Paths Cé""be pxecewxse llnear .curves.fff
" however i%%hutomated routlng systems, cgres are usually

I

‘hstralne& 65 contaln horxzontal and vertlca i

\)__,-

; :Ere segment®
only ln 1mmed1ate consequence of th;s approach ﬁsfthats the

e ‘

:fgconvent1onal Euc111dean dlstance formula no longet applles. e

)

v_Thus 1n Fxgure 2 1 the m1n1mum w1re dxstahce between po1nts_j\{'

'ifA and B is (x+y) 51nce dzagonal runs are not perm1t ed ThlS

':ﬂdxstance measure is called ~the ;rectxlxnear og‘ Manhattan

*dastance; 'A‘-w1r1ng 'model most'-commoniy used Ln rout1ng
o : RO o
'standardrcell ICs is the Manhattan wxrxng.model Th1s .modela..4

»tassumes' :ect111neat, ‘wiring with _two layers.avallable;gpbd

T e e ST T

?interCOhQEQtiQns; ‘One laYeru?'s,«reserVedV for .Verticalf
on W |

segments and '?h?h other for- horxfontal segments. Where a:
vert1cal and horxzontal segment 1ntersect a contact cut
‘vxa may be 1ntroduced to 1nterconnect them. Fxgure 2 2 shows
ap: example of w1r1ng in the Manhattan Model The horazontal
f{jw;;e- segments (1nd1cated by dashed lxnes) are assxgnéd_to
,onejtsyefvandgthe"ve;tlcal 'segments ,are. ass;gned vto_ the_

. “ : E .~’,' _» | R -_ Eucludean ( 2) 1/2 | 2 ’

Manhauan: (x+ y) ERE '-\‘ i s

Figure 2.1 Euclidean/Manhattan distance . .



B {Figure 2.2 A two layer Mahhattan routing, — -

other layer

¥4

Frequently, 'th p051t10ns of termlnals and wxres 1n a

groutlng are restrxcted so that they 11e on. a gr1d conszstlng

fof‘ hor1zontal lxnes Called tracks and vert1cal llnes called

'columns.

The

m1anum seoaratlon between uthe_

(

grld l1nes

f.perm1tted ﬁby-'tHET fabr1cat1on technology 1s referred to as

the mxnxmum 1nter w1re spac1ng Each layer on

P

whlch w1r1ng

is perm1tted may have its own wlrxng grxd Flgure 2 3 shows

. an example of w1r1ng on’ a  grid.. Vertxcal segments.'are

- assxgned to Layer 1 and l1e along the vertlcal grxd lxnes.on

'xvthat layer.

—

Horlzontal segments lie' along the

N
horlzontal

. eentact

U

Layer 1- . o = ._‘L'a'ydr.YZ

Figure 2.3 Wiring on'a grid

-

-fjﬁiy“f’



;éd«gfid '41“35 hi Layer .f_ A' contact cut is 1ntroduce&|to 3ff?

.connect a vert1cal and hor1zonta1 segment.

Hav1ng defzned some terms assoclated w1th rout1ng of

.--. PN

SE 'a‘.

5;ICs, we now state the r?utlng probiem 1n '1ts ‘most generaljg;:'
'fj'fonm as follows-' GiVen -a placement of the components °£\P -

. cireuit - and -a, net- l1st,¢ realﬁﬁ;;jﬁahev_’1nterconnect1ons'

spec1f1ed by he. net Iist. ;f~”1m1ze a glven cost

';,funct1on. Typical cost fgnctlons are the area oc¢up1ed by=

j‘~_the routlng, and. the total wzre 1ength 'gr'fAE,, B
: : / .
Most wire rout1ng~\ problems,. except 'hlghly

restr1ctéa ones, are computatifnall ntractable. Some ofti
'Q@lthem have been shown to be NP-Complete [LapSO - Szy85 n
"iJoh82] This 1mp11es that there,;_”" probably
t‘computat1onally efftclent algor1thms that w111 gzve optxmaldh.f;
j'solutlons w1th respect to 'any reasonable cost functzbn.h“
‘ Almostk“all ,routlng algor1thms are therefore heur1stzc
‘ algomithms. whxch attempt to f1nd reasonably good solut1ons;y h;
t1n ‘an acceptable amount of computat1on' t1me., Several 7w1re”d"
'rout1ng problems and the1r complexxtxes are discussed 1n'ﬂ:
"-[EaPBQ]a The follow1ng sectlon p&eseﬁts a c1a581ficat1on and
'?}d1scussxon of the commonly used rout1ng algor1thms
‘<\ :’7f ,“..', 'Tf ST L A
h’fz 2 Routxng Algerxthms - -a clasSxfxcatzon and discussion

’ ere rout1ng algorxthms can be broadly classifyed asz

. Q
v

. Gr1d expans1on algorzthms or m&ze-routers"i;

@vv.;:u .

2. . Bﬁne expan51on or 'lzne-probe' algorithms.,f”
3

3. Chamnel algorithms. - #



The Lee router [Lee61] is perhaps the\most w1de1y used-ai

4

"'maze*router'. The router 1mposes S‘ rectangularj gr1d over.

;th éf'entlfr routlng area. Termlnals ‘are represented by the,fr

ﬁg&lls of the gr1d (1 e. gnld squares) in wh1ch they lie and/j

vw1res are represented by a sequence of adJacent cells. G1venv"*

t

a pa1r of termznals to be connected by a wlre, one of thei_.
term1na1 _cells is selected ‘as the startlng cell and the
':other as. the target cell Beg1nn1ng at ‘th start1ng cell
' the' mazezrouter. bulldS'fa» set of paths towards" the target:“;o

cell. At each step, the router extends alL the current paths*
:by one cell 1n all p0551ble d1rect1ons. Only cells whlch aref
lnot: 1de components or. whxch are not already paft o£ some -l ;
‘ppath may be used. Because Aone path may be extended in
several possxble darectlons fthe number of~4paths tends.J oa
'grow after each Saep. The path extend1ng process can beth

'_:v1ewed as a wave that beg1ns at_ the start1ng cell and:

gradually expands outwards"towards.]the; target cell The;'

a

' expandlng wavefront is c1rcular w1th the .startlng cell - at
AN

its center. The paths: to the, target - cell - f°116" :tﬁﬁ'

'wavefront as 1t propagates ‘on'_the 'rectangular gr1d. ’The"

«

o process contlnues unt1l e1ther all the paths become blocked,
3 or the target cell is reacHed The algorlthm 'guarantees "to

r

- flnd a path wlth a m1n1mum cost,41f ofre ex1sts, regardless

o

of how complxcated the path may be. Path cost 1s any measure ‘

3 dxstance, cross overs thh ex13t1ng w1res, penalt1es_ for,'
Venterxng congested areas, etc.

'rgthe user wxshes to m1n1m1ze and ‘may 1nc1ude rect111near o



ce oV

DR ~‘Maze—routersf-'remain‘-inﬂ”widesﬁread ,use because of

) the1r enormous flex1b111ty and ab111;y to route dense ch1ps

—n
I

o \fd they are even used w1th other routers to- flnxsh rodiznbs ’

that other routers have— fa1led to complete., The pr1mary

dlsadvantaga mof maze routers i lfthhtdfthey.areﬂslow'and

L . -a,

requlre a large amount fj‘memory Approaches to 1mp;ove

o N
.;& .

speeds by g1v1ng pr1or;x wgr1d expan51on 1n the d1rect1on

_Abf, the~’target pq1n 5;“3 ,»ﬁaveﬂ shown f-s1gn1f1cant
1mprovements.¢ | ‘ i _h “ “ : | . ‘. | _
.L1ne probe routersdfaigéQf'hiksd] are,fasterfandﬁmuch.
, more: eff1c1ent ag .compareddit the Lee type routers. Thg
."5 algorlthm ji [H1969] finds‘-a 'connectron . between _:;go.'
»term1nals_ by onsbtuctfng n'.'sequence of 11ne .segments::'f
emanat1ng from each termlnal ane segments agp cénstructedd
by ,start1ng from ,each;.of vthetvtuo termxnals and runn1ng
horlzontal or vert1cal 11nes touards the; other termxnal

Cons1dee, for 1nstance, that a vertxcal 11he 1s run«from ohe :

of the two termznals, say the source termxnal, towards' thez<;

:;Q other,< referred to here fasv the' target term1nal If thef.?i
vert1ca1 l;ne 1s blocked by some obstnuctxon,_ an escape

po1nt fis' found on, the .vertxcal lxner ﬂust short of the

—

obstruct1on. The vert1cal line segment up to the escape
p01nt is’, added to the sequence of lfne seémerts emanating
from the source term1nal A horxzontal lxne is now run from-;”'

thc escape po1nt towards the target termxnal and anotherfﬂf

\ ~ v

l1ne segment 1s selected to be added to the saquence._:A,rf

7i9.s;m1lar' sequence of 11ne segments 13 constructed wzth the



luroles of° the target term1nal and source term1nal reversed

-

g G4 .
.The process cont1nues untll the two sequences 1ntersect and_i

.q‘ path .- establlshed The above algor1thm_ does” notj”u.

guarantee a. conﬁﬁ;t1on even ?if 1one-' x1sts. 'Llne-probe

'i-routerg’ usually fazl complete routangswln compllcated

ewxrxng papblems. f";B D . j’f?h .
tAn approach' combinihgf the- line" expansiont and grid

?expans1on technlques &ﬁou78] has fthe advantages tof both

ffmethods.g Af' ig. than the Lee type router and

guarantees a connectlon 1£ there 1s one._ A llne search 1s_

f1rst d1rected towards the target When the llne search h1ts‘

<

;fan obstacle, an expans1on technlque typlcal of the Lee type

_ <,
‘valgor1thm is used ""bubble - around the obstacle. The.?

o)

‘l1ne search can then cont1nue towands the target.

-"T.hé third Categ°fY of routlng algorlthms, the ¢hanne]§ o

"algorxthms, were : flrst proposed by Hashlmoto and SteVens T

* [Hash71]. Channel algorlthms dﬁrk by f1rst partr§10n1ng the

-

rout1ng space 1nto smaller regzons ‘orr channels and then L

v,rout1ng all the connectlons w1th1n eacq‘channel separately

"A chhnnel 1s a contxnuous area between the cOmponents of the:

‘placed c1rcu1t Becaﬁse components usually have rect111nearf

ushapes, the routlng _space is* generally part1t10ned :1nto

"rectangular' channels., After channels have been determ1ned

'channel algorlthms* use a two-step approach, to .perform ’

'rout1ng._The two steps arei =

atopologlcal or loose {outlng), a rough w1r1ng path forgeach

-~

. R A
_(1) Global ‘routing "fifIn global rout1ng (also 1called‘,



e
'T‘L

' survey of channel routers appears 1n [Bur85]

Te

,net 1s determ1ned through the channels. The ob)ectxve ofi“

a

steps,_one of wh1ch 1s channel routzng ) ”,._'d#“

dlStleU%fs w1rlng congestxon between channels and ensures{°

" \ . > ..
that w1re5§pacit'ies are not exceeded in’ any reg1on of h o

4
Ch1p = e S o
S - oL s

’ thlS step is to come up Hlth a general w1r1ng strategg that,ubc

(2) Detalled ropting,e;_fAt‘*the' end of global rout1ng,.s«:

<

| 1nd1v§dual' »net-lists | are: generated .for; each channel,

spec1fy1ng the term1nals and thvgr 1nterconnect1ons in_tghe

channel Durlng deta;led routgng,‘ each channel thh 1ts '

connectlons is con51dered 1ndependantIy and the exact w1r1ng*k"

path lfor each connect1on w1th1n the channel 1s flnalxzed ;‘"

R5]

Detalled routlng‘of channels is also called channel rout&ng.f‘

general method of wire rout1ng, cons1st1ng of two majorw-

-7 _“

%

‘(Please _note the dustlnctxon between the terms channel:'”

ff-algor1thm and 'channel routlng . A channel algorxthm ,is';aﬂf;e

tChannel algorzthms have been-_used extens1vely for
Trouting;of ICs -for',many years because they ta;e; fast,7_

| eff1c1ent and 51m§le.; Slnce the f1rst {hannel router was]3;f

1ntroduced by Hash1moto and Stevens, the channel routing‘“

problem has been a:tens1ve1y StUdled and many channelt.

routers have been developed [YosBZ, .Rivezl An excg}lent"‘

since the focus of this thes1s work is on . the problem;fff

t35°£' routlng.:inf Standard-cell\\ICs. ?thcl followzng sect1onl7f'

examlnes f'the part;cular rout:ng *urequ;rements _vHO£_fif

standard-cell ICs. e L e S e



*"2 3£Standard-Ce11 Rout;ng fhf{fﬁff

'Qf s As mentloned‘earller, the layout f.fa"standard celll;fw

-:cfrcuxt?;,typlcally-.con51sts _of 1ndﬁv1dual cells placed'lﬁl
R RS o
"end‘tOJend , in _ horlzontal “_rows. Standard cells jhareﬁ"

o Co8 . o ., o

rectangular 'and normally have the same he1ght but varylng,-g_

,°°w1dths, encouraglng such a row w1se packlng of cells. ]ﬁff?ﬁFf"
Early standard cells were des1gned w1th termlnals on -

‘AM only one s1de of the cell Standard cells ’» current se
- N :

have termznals on_ two opp051te S1des such that palrs of p'

electrlcally equ1valent termlnals appear d1rectly oppos1te“>'

I

'"-one another on the top and bottom of the cell. We w1ll refer;vf§;

to cells wlth such a term1nal conf1gurat10n as double-entryd
cells.. s -
In general | net connecting"terminais' atp var1ous

locations ,on the ch1p may l1e ent1re1y w1th1n one row, span;.’*
‘? two adjacent rows, or 1t ‘may span several rows QIf a pa1r of.

term1nals oniﬂa net are' separated by a row that does notdfl

3

| conta1n a term1nal of that net then a spec1al 'feedthrough'

7_,.-:

,cell_vv:"lnserted 1nto that row._;A‘ feedthrough cell 1s

"

._“

'essentially.a u‘fe which allows the_net to pass through Aff

e

row.”;For; double entry cells,; equ1va1ent termznals can befi'
used to conven1ently connect nets that 'spani two channels
tthus reduc‘ng hef'need for feedthroughs as compared wlthfrdr
l_‘systems uszng 51ngle-entry cells. Flgure 2. 4 111ustrates the
tbause' of !icth‘equxvalent termlnals“and feedthrough cells, to
establlsh 1nter-channel connect1ons. |



- equ-vdenl letmmal

__I call row 2

o éh;n’n_‘e_l 2

[ . l { - 1 J ' l : l L Jcellrow 4:‘..

B U
""5/5'°-°d'h'°_ugh»ceu: .. T

I . ' 3 ] lcelfrowa

t'Eigﬁte 2;4uB§t§b115HingfinterfChannelgcqﬁnéﬁtionsf-’"

.

;/;\‘/;Phough the general object1ve of a standdfﬁ cell routxng

- X %

Ten

"system is - to ,perform théf‘lnterconnect1ons usxng m1n1mal:.,4

,}routlng area,_it'.is 11mperat1ve that -c1rcurt performance

<

:spec1f1catlons.! afen =met,,’ Durlng ‘.routlng, :fheﬁ'majof'f 

\" )

con51derat10n in ensurlng correct c1rcu1t performance;_arefg"

.the S1gna1 delays in the 1nterconnect1on wlres.nIn de51gns

'»:where s1gna1 delays 7afei cr1t1cal the‘ routlng proceduref;ﬁ‘

X

often 1ncorporates t1m1ng 51nformatlon to b1as the routlng’”'
process.v Most routers f:tj standard cell ICs n5§7w7£he;

"Manhat;an w1r1ng model Frequently,"fﬁh hor1zontal wxre: '

/

'7segments ing'a; channel .a:e-'constraxned 11e_- along

fhorxzontal grzd lines célied' tracks.' Because‘?outxng 1sfﬂf

restrlcted  t¢' ;h¢ channels,3 th general obJectxve,, Qf-

"_ reduc1ng the routxng area translates to m1n1m1zzng the tqtalﬁf,“

.xarea occupxed by the channels. Channel lengths are dxccated ;ﬁg

B -e



by the placement procedure, therefore, the obJect1ve o£ the

9

router 1s to m1n1mlze the sum of - the channel w1dths i.es the» ;Q

.‘ﬂtotal number of tracks used 1n the rout1ng.} o
A lower bound ‘on. the w1dth of a channel or the _number"_
|

.:off tracks 1n a channel 1s the channei den51ty. The channel

: den51ty is the maxlmum number of nets that are spl1t by yl

vertrcal- cu = of the channel A net 1s sp11t by a vertlcal

cut 1f there is at least one termlnal of the net ﬁ; either _5f

-51de of the cut. or on. the cut. In pra€t1ce, Ehénnel den51ty

.l_1s also a reasonable upper bound on the channel w1dth 51ncev'
//
most channel routers can route channels w1th1n one or two

: tracks‘Of' the' channel den51ty Therefore,- standard cell
R}

routers\ generally use the sum of the channel den51t1es for

[ %

all the channels .as - the cost funcfxon to be m1n1mlzed

Unl1ke rout1ng for gate arrays, local w1r1ng congestlon }

does ;not pose a problem in stand rd cell routlng- : nj'"

gate array layouts, channel cgpacxtles are iixed somet1mes
mak1ng a 100% completlon of routlng .1mp0551ble “to ach1eve,#
because of w1r1ng congestlon. By contrast in~ standard cell

: n“ : o
layouts, channel w1dths are alloved vary, so as,.toh

-

accomodate the needed rout:ng Eracks. - »
"va S1nce- standard cells re; laxd out _inl‘arous&__uith?h
| 1nterven1ng ' channels »'to‘%:gggtaxnl; the.:frOUting, mosth;g
e standard cell layout systems employ channel algor1thms 6

route them.' The rout1nq'procééds in two phases. Dur1ng the

global rout1ng phase nets are assxgnﬁd ‘to channels, uEgact.l g

o w‘1r1_n4g., ,pat_hs within: channels are -,determ'ined i}n‘_:’he’ detailed

. ».:’ - .
a . . d R C ok



o e

,,_"

'.'rodt1ng phase (by j channel router. Sance the a1m of thxsﬂfij

v research work 1s to develop better.'standard-cell globalfgf

routers, we.restr1ct our attent1on 1n sqpsequent chapters to“fq”

ﬁ'fgiobal routlng In the next chapter,; the globalf routxngjf';

E problem in® standard cell ICs w111 ‘be - formally deflned and an“tbf

; overv1ew of the llterature on thlS specxflc top1c w;ll be3”77

’Vt_presented



Chapter 3

HGlobal Routxng in- Standard-cell Layouts‘,

' . R . X -

SN S g ; : +

As d1scussed in the prev1ous chapter, _the qurpose of

.91°b31 rout1ng is o prov1de a loose 1n1t1al rout1ng of thepf”

E

&~

Jnets on a chxp aS'lto gu1de the subsequent detalled‘.'r

‘lwzrlng._ ThlS chapter focuses/on the global rout1ng problemi

1n standard cell ICs " The, problem 1s formulated 1n terms of;ggp

“:its f graph . theoret1c. model-.and : crxt;cal rev1ew of

Sl : 4 . :
: -standard cell global -routers- ‘in. current aliterature. is

.presented

}',3 1 Problem Formulatlon ‘ , .
d f; ”We: w1ll flrst brlefly dlscuss the layout modeI used byf
. the U..of A. standard cell des1gn system so that .;caﬁ
-dformulate the global rout1ng problem for thlS model : d‘
. The layout imodel used by e standard cell de51gn’€ .
:;system is shown .in Flgure 3.1, Standard-cells of unxformf’
lhezght-xand -vary1ng 'wldthsvvare arranged end to- end .”inf
.phor1zontal 'rowsx‘hy the placement phase, w1th 1nterveningl'

channels to contaxn the roﬁ%iné. Theu-placement algor1thm:

1. 1ntroduces ,feedthrough cells to connect term1nals of nets o

y‘lthat are separated by a row that does not contaxn a. term1nal

“lofr'the .net. Th1s ensures that, for the routlng phase, allp:d

" nets haVe termxnalsaon consecutzve rows. TheA system useS‘;f'

;pldouble entry cells, ‘thus increas1ngfﬂth ;;flex1p111ty,vip o
R : T R : T "i",h
20 :



Jcellrow 1
vch'ann_el Lo s ,‘:'VS,laﬁda(d-F9||,S L B

L = o l I : . _ cellrow2 \Y

-

: channel‘.zi I

'ﬁighre'BtﬁpStandard-oell,layout'model'_<"

e g_.;w/(,l?

oa551gn1ng nets to channels dur1ng the - routxng phase..:The5

”.7rout1ng phase' comprlses';of a global routlng followed by an

- detaxled routxng u51ng ‘a channel router. The routers 1n the‘- o

Y

'g;deszgn ,system use the Manhattan w1r1ng model descrlbed 10;9

ﬁlChapter 2 "h -r‘?wi*':‘?f}“LthVx',hfvf .f‘ﬁ,u[nflf

1y:therefore, routxng 1s restr1cted to the channels and is 'tﬁiﬂ'
';_Perm1tted beyond h“ celf‘ rows. We also assume that theff7h
s 3 e
*;Lground buses. whxch abut when the celrs are. placed 1n rows.o,ggv

;-used by ‘the: de51gn system, we w111 now formulate the globalf)Vj:

.fproutlng problem to the m°de¥§§~The 1rputs to the globahfff:

i B

A-TSWe' Hlll not cons13er the connect1ons to the I/O pads,'d:"

=,

Erout1ng of the power and ground 11nes has been taken care off::g

_‘)

gbecause standard cells' have; 1nternal horxzontal power andlzf;.

Hav1ng descrxbed the maxn features of the layout model['

0

“°““‘“9 Pf°b1em are a cell placemant'and a net lxst fk;Fhéf!“{




= fdetermlned.,;_ ) each

'f.~"

“circuit., As mentloned ear11erﬁ/ each net n 1s a set of;,77

: term1nals n = {t } to be connected together. Con51der a net;;ff

l

ﬂfdn to be routed in the placed cxrcu1t. From the placement of\fg'

fthe cells, the locaé&:n of TthA term1nals of “n- can “beghf‘

"hftermrnals of. n, de order the termlnals by the1r X p051t1on..“h

¢

-'Tdo termlnals, t,, t, € n, in a channel c, are sa1d toébeb'

v

channel that conta1ns at least two&fi"

adjacent *f : bY~ the orderlng, there tiSf‘no 1nterven1n9:fhf

hterm1na1 from5'n' in c. We will decompose n 1nto a set of,;”
. i N . . o

n gments 1n each channel that .contarns at least ﬁtwo
ermlnals of the net A net segment of n 1n a- channel c 153 ’

'7;def1ned by an ordered a1r of adjacent term1nals, (t;, ';).‘

*from n 1n C. The

.1zontal 1nterva1 1n the channel betweenilf”

‘the two adjacent term1nals hi called th':,Span of thefv7h

Hinet segment. Let S(n) be the set of all the net segments on‘f

| the chip: for net n. Jh-f~ "';lﬂﬁdf'_?*"-r A

~Eor‘l t n, .nea w111 now, 1ntroduce 1ts graph model.f

'<-Cons1der a graph G",- (V E) correspond1ng to thed net n,g

hEaCh vertex, V, e V corresponds to -a term1nal t, e n. A pa1r't;*

tgnof gert1ces vy and vk are connected by an edge in. E 1t} (t,,f’“f

lft ) e S(n) F1gure 3 2 shows a net and 1ts correspond1ng°ff*

4_graph representat1on. A pa1r of equ1valent p1ns on a. cell 1sﬂp"

.represented by -a 91ngle vertex. S1nce a graph w1th Ni'
-'vert1ces can always be connected by N ~\1 edges whxch form a'h
;spannxng tree ;cover1ng a11 the vert1ces of the graph an;'?
”‘N-termxnal net can» always be connected up by N -1

.net segmq\’s. A global routxng " of a standard-cell IC 1s,' ;'

\ \V"
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channelf'v

L : ,f" RN ) ‘ j celi row’ ] ,\ .

'v < mmmz’ s

R O R T ijcmumw 2, ™
channats

'.‘ﬁ-i { (22) (33) (§¢L“651.5f

T
"Figdre;3)? CQnstdetion;of graph;‘G;'f

- therefore, equ1valent to the spannan trees ,forr | graphi‘

f“'Gé.; for.:every ;l .n The edges whxch are on. the spannxng;ﬂu:

-

? trees defxne the net segments wh1ch make up 1th globalf;-'

4

”routxng It ‘a. net segment 1s par; of a. global rout1ng then{?
the pa1r of term1nals whlch deflne the net segment must,-be;'”

S N D . :
‘ connected 1n the segment s channel

Let D denote the den51ty of channel i after all ]ﬁhe[F

nets have' been connected .up by net segments. We can now”’fﬁ

L state the standard cell global routxng problem as follows'euym"

Glden “a cell p*acement and a net 115t of the cxrcuxt‘
p . .

3.fqr; eachu‘net'“n‘fin the net(11st determxne ~a'_sef
i'netrsegments-? whieh. form _a, spannxng tree coverxng n sf_;

terminals 50 3s: to m1n1mxze the “sum fof.fchannel denszt1es.V
- ’ ' . L‘“ : - -l'b St - B )
oﬁer all channels, ZD, 1 ;; :;» .'.H.if

e

4-"

To 1llustrate the global routxng problem, 5“9Ufes‘d313ifi'

‘fn(B}/ and (_)- shows 'two ways to toute net A and net B from

-

C e g S e i : o L . SR P TR
i g RA .- SV . S . B . -. . Y P ..



"%Flgure 3 3 (a) Selectxng the net segments of F1gure 3 3 (b)
.T'to} connect up nets AL and B -results in a: total channel

densxty of 4 wh1le selectlng the ;set of net segments »iﬁ'

A}

'F1gure';3,3 -(c)” results in a total of 2 _and.ls therefqﬁef

preferabie.f;",:' e o
Ll S ' ‘ 2 - -
A net€5égment can be tmplemented w1th one horlzontal*

o

'~w1re and two vert;cal wlres in a detalled rout1ng (F1gure1

"3.§); Dependlng on . wh1ch track the hor1zo tal w1re segmentA

 15 placed at the end of the detalled routlng,

’,3the tvo,,vert1cal vxre segments Ulll vary t Becausejthe-

)
i

°7pOSitions of the term1na15¢q;e,'§1xed;, t”e ‘fengthg.df “the .

. . o
. N

v

K .
g
ot
o
. 3. 4 s 1
. L
o W '
L s hd J
- B @ T .

vt

o 'nrol A s {1, 3, Ssﬂ' . oo ot kN '--‘; L
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Eigure,3}37hnfexample.o£ a'globadf10utingvprob}em,‘f'w'
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_«f_to two reasons.v(l) Early standard cells .were‘ des1gned asf.

ifzmplements a. net segment._

'hrOUt1ng has’ been dxrected at ga

S s .
A'__‘ o - . »
BT )
o ’
e g T
| 0
_?iguref3;4_Implementation of;a”net;s gment

. h

«_.. -

'are not concerned w1th the exact pos1t1ons of the wzres,:-it

D

3.2 Previous watk”

chh of the d15cuss1on in 'zbev'lzterature,; '~‘§loba1f'

'and general cell‘ICs [R1v82 K1m83] Few global routers ffor

.

'hor1zontal w1re segment-zs flxed S1nce 1n globaL/routxng w%h*J

_suff1ces to consxder only the hor1zonta1 w1re segment whxch’a

array ICs (A0583 Tlna3]e--'
_ standard cell ICs. have been reported Th1s can be 3ttr1buted;4w

"3.s1nqle entrY cells.“axth teT?1NBIS placed on one edge of . the o

‘"-,cell only W1th such cells,c the_ flexxbxlxty of a551gn1ng'

47fnets to dxfferent channels is l1m1ted and therefore not much5f”

.;emphasxs ﬂwa placed global : routxng (2) %ugn‘:réi;

fstandard cell layout, the channel w1dths can be 1ncreased sof

‘"as to be able to complébe the ;outxng ance a solut;on 1s' .

Ut e . AN /o.
‘.,aol“-" B PV e L B R

: g; ‘ ‘ >
ﬁ,galways % guaranteed although ijt; may _nota be the most-(
-_Jgétficient- a globql router is not mandatory Consequently, 'ﬁ



. S L T_”‘f;rh%j;:-x"i‘ G - e
’ vsome standard-cell layout systems do not. employ a global

router [Meh84] Instead a channel router 1s used'to'routef'”

PR

'the channels one at a tlme._W1th such ‘a channel at at t1me

approach 'the. quallty of the resultlng routlhg 1s very much_,

i dependant on the order 1n uhlch the channels are routed

- We WIll » fxrst rev1ew "some global routers'dfof”;,
lj‘standard cell ICs whxch,haVe been reported in the llteraturedw'
'and then dxscuss._in some detallua global router that is f
presently part of the standard cell d‘?lgn system atffthe;i
'Un1vers1ty of Alberta. o o | ,. e
The Se1mens 'Avesta"system (Kol77] USes s1ngle entryf
cells whlgh, ate \arranged in¢. rows plac@d back to- back asf '
: sh0wn_71n'bFlgure_ 3;5.1' wo parallel rows. i'Wlth thelrh
t.lnterconneotion‘dchannel- runnlng between them form ‘a block

L P ’ . /.
: Suoh'blocks are partxtloned by vertxcal 1ntem&onnect1on L

ohannels to form sub blocks. For nets Wlth segments 1n more

- than one_sub-block, a rectilinear Steiner tree _is' used to»'5

-

ISy sy
\ ) |- LA

T S - chafinel v e :
: o = _sub-oloc'-t .
My | iSSSssy] | J-
: /-.//(’//// ¢ I g LS AT

SRR NS B R SRR SN
/72/77///-[ .//7/14A>2 _

./..

Figure 3.5 A>standard*tell”layout!model '



1nterconnect the assoc1ated sub-block nodes. The edges of*”f{

the graph azg assxgned a wexght whlch 1s a £unct1on of thef'x

;, geometr1c length ?of' the 1nterconnectlon and the est;matedvm';

dens1ty of h channel After all ‘the nets have been:

_,‘

B re rout1ng selected nets. g:~77'

— a551gned the 1n1t1a1 solut1on is 1mproved by r1pp1ng up andrp‘V

».;»'Th szberwolfﬂhsystem [Sec84] uses dOUble—entry ceIlsg7ff

o w1€h termlnals onwboth the top and bottom edges of the cell

Each ' 1s modelled by a. graph w1th the edges weighted**i

’{ accord1ng to thelr(Manhattan length The global router £1ndsjlc

T

a m1n1mum length spannlng tree for each net 1n turn. It then>f“A

employs an 1terat1ve 1mprovement step based on 51mUlatedt77

annea11ng.‘ Th1s— step esseht1a11y exohanges segments whxch{j}

- arg 1nckuded in the spaamzng trees AL th those that 'are"”notf5f
‘ Y R e >
gn: . an attempt to reduce th?; total tracks used £or thel

'.‘gitlng. The global routers in both the 'Polyplxnt'* systemx
| [Anw851 and the "ALPSZ'f system; [Hsu85] take an approachfa
y ggﬁlmmlar to Tlmberwolf SR ' )

| Global routers for- gate—arrays ' be adapted to f,

tandard cell layouts because of the s1m11ar1t1es 1n the two" |

o~

'laxput stylest.,Examples; ot gate array global routers-thatfg"

suse,aflaYout7mode1 Verf'simiiari th: one dlscuseed

5, _Seotioh 2. 1 are [KanBO Ter82 Aoss3 W1e84] Since channel]?‘f

:_vw1dths are fzxed in’ gate-arrays, th objective of theeeffff

-i‘lgate array global routers 15 to minzmize the maxlmum channelufﬁh
..densxty. In contrast, the objectzve 1n stagdard-cell routing‘?v~

“fvxs to mxnzmxze the ‘sum of the channel densities. A;ﬁt



“ -

K !”"F»Somer defitienciesf of all global routers cons1dered[ff

',“above,vand most ex1st1ng global routers 1n general,‘are"f o

1;r_They se, -the graph theoretlc : approach ' almosthj

exclu51vely. Such an approach tends to 1gnore much ofr_j
. i - S
“the phy51ca1 tgfogmatlon ofl ther‘routlng env1ronmentg

. -_;\,/‘v. "

. B LY .
_wh1ch cou* b@ggga&nfully used iin. obta1n1ng better

. 5 5 e
"solutlons. Fo«- ‘,%mpxe,y some constralnts that -the N

‘e

rout1ng env1ronmeﬁ¥“ 1mpose5' could' be used to 1aﬁ~tf
'j" advantage in Jmprov1ng the qua11ty of.the routang.<»

/ ;
’ g~2;*;They operate in'a sequent1a1 fashxon, orderlng the nets

in ‘a part1cﬁ§ way and decomposmg them 1nto a set ofA'
‘1nterconnectlon . A readlly 1dent1f1able pfoblem w1thf
;;such a. sequent1a1 approach is that the“quallty of thev-
"‘solutlon depends on the order 'in;ewh1ch the nets; are-:
'processed. ' | : : *.;.

3. In :routlngf eachtgnetg _netésegments are selected for

PR

‘_incigsiqﬁ. in ‘the glohal routxng based ;p “'local' e,

“conditions 1n thelr 1mmed1ate ne1ghbourhood Because of. -

——

tHe global{n;ture of the routxng problem, such a .'local

opt1m1zatron :could affect the qua11ty of the rout1ng

A recent algorithm whlch attempted ‘to 0vercome some v0f,1-

‘the’ above problems ‘wa developed at fth ‘University of

v'Alberta The algorlthm 1s called the track f1111ng globall7

'tbuter [MaR85] ‘The: G\SCR f1111ng algor1thm cycles througha'“f

the uannels, bu11d1ng a track in each channel A:-track fis)e.

e.ﬁbu1lt? by add1ng net segments tolfit from left to r1ght.u

we Befé&e a segment is added to a track the algor1thm bu1lds a’

,z : ,- : . LA
& o . .



ﬂéf;.‘ - o -“g _'ﬂf'?j“'f
v set oﬁ mutually exclus1ve net Segments. Segments 1n fhzs set j;

'must -satlsfy {th followrng two cr1ter1a‘ (1) vhey lxepfl

2“] entxrely to the rxght of all the segments currently',u ” the;‘)

track and (2) thexr spans overlap one another. A segment 1s

/

selected from the mubually exclu51ve set for f1111ng a track

- on;lthe ba81si of a» cla551f1cat1on ang. rank1ng scheme forr
net segments. - o ‘ﬂ‘ 4
yone’ majqr drawback -of the track f1111ng approach 1s
that although the algorxthm has at 1ts dlspOSal a rank1ng o
scheme that 1s abiﬁ to adequately assess 8 net- segméht (over
all other net segments on the chlp) r"1nc1u51on in "therii
global routlng, n’t falls _onlnse. the scheme to 1ts full
potent1a1 When a trackg}s be1ng f1lled one segment from .a’dh
' mutually exclus1ve~set must be selected for 1nc1uszon in the

global rout1ng. Therefore, net segments 'are_ evaluated for

.

. selectlon only over segmehts in the 1mmed1ate ne1ghbourhood

"of the rlght most segment 1n the track belng £1lled.}

\"~ o

Because the: algorlthms proposed 1n th1s thesls work use--v

‘I‘"»_

the above menthned classzfxcat1on and rankzng scheme, 1t 15 '
descr1bed below.p The reader 1s referred to [MaR85] £or a.

Qé detalled dxscu531on of . the scheme.»*”

F1gure’ 3 6 111ustrates examples of net segments

N

helong1ng to the varzous classes. Net segments ere broadly

| class1f1ed 1nto tyo majgf categor:es-: cross-chennel and

f same-row net segments./A cross-channel net segment connects
two term1nals on ne1ghbour1ng rows of a channel.‘ sene row l-

N

net- segment eonnects two termlnels on the ° seme f roy..



>

’

" (a). c‘éo‘ss;th.'annel RN _(b‘)‘ same-row " "le). essential. {d) - non-essential .

* cross-channel " . .. cross-channel

" X . ] e A s

._.\_____ L T e T op é_hannef-'.

. R R SR o . f———— ' bottam channel -

B
T e, o R B . T . R

Yo

. (e) .. switchable (I ﬁon swutéf)able i} (g) 1op and bottom A

same-row .- ' ’same-row. ... '+ non-swifchable -
e o _ © 0 Tsame-iow.

Figure'3.6 Clpssificatibd'oflﬁet%§e6mepts

i
i

Qprossfchanhel_;netfsegmen:s_ are further classxfled 1nto two.w

ktybéS!;-fe#%Sentiala “'and . "non- essentpal - cross-channel. .

-

1_,net segments.ilf a cross channel net seoment in a ;hannel”is'

>

"the only cross- chapnel net‘segment £ r that net'-'n( that'

A

'channeJ thenv_itj 1s sald to be an essent1a1 cross channel

N A

'nEtfsegmenQ. It is ;e:med essentlal, g:ecause~.i§j mustﬂ,be;

L T T ; : - e D

-Nepart f the tree that connects the qet A cross-channel

net segment accom aniéd b other ‘cross-c hannel segments for
R v gments  fo

.the same net in a channel is not eSSen al;eddd is termed ‘as

L

T X LR

a - non—essen;iai' crosSfchannelce net-segment.a“ Same-row
oo : o E : P ‘ B S R



s - ' e 3 B . X

f[net segments are also classxf1ed 1nto two types' sw:tchableﬁ”?<

f.and non-sw1tchab1e vné%-segments. If the two term1nals of»

,‘”same-row net segment can be connected by another same rowfi”

4’;“9t SEQNEHt }.an adjacent channel then the two same-row A

'fusegments are termed as sw1tchab1e same row net segment54 and:

———

'

hlfthey form._ sw1tchable pa1r Often, the two te m}nals of ajﬁf

';same Tow. net segment connected by more [ thaﬂ 'QNQ;L{"

fdrnet segment 1n the adjacent channel (Flgure 3 6 (f)) Such a.f
- same= row segment~, termed .a non sthchable_ same row5
,.net segmentﬁ. When the' two teinlnals of a same- row segment,ff

'11e on e1ther the top or the bottom row,: they cangpt be~n

'f-connected nn an adjacent channel becau‘!‘the areas above the o

”top row and below the bottom row are. not used ff_' rout1pg.fs~:

Such same row' segments are therefﬁre also termed as'&;
- | \ s
<‘_non SWltChable net segments. Further, 1f ‘the two termlnals’

"‘of'gthe, non SW1tchable segment “lie ;onf thev top row thebi.r

. \, .
.-segment 1s termed as-a top non-sw:tchable net segment' 'f'y

;t the'htwo' termlnals ‘11e the bottom row, the segment 1sij

, 4
: termed as a bottom non-swztchable net segment. .

Before proceeding w1th the descrxpt1on of the rank1ngf;fﬂ

;scheme mentloned above,}some terms used 1n the descr1pt1on"'

'g;w111\‘£1rst be def1ned The local dens:ty at a part1cularf'”‘

'75horrzontal pos1t1on,.x 1n a channel 1s def1ned to be the:"

" .'number of nets v wh1ch must ctoss?or start, or stop at the’_*:j”}-‘

| NfHor1zonta1 posxtzon x 1n the ghannel The segment densxty ofdff;

.;,a net segment 1s the max1mum local densaty along the span ofgj,

vftnthe net-segment Ope measure used by the scheme to rank thef;;}



"net~segmentsTismhased“onhthe'hotion of fuilness.» The lo"

raffullness of a channel at a hor1zontal pos1t1on x 1s deflned

o local fullness at {[= local densxty at x/channel dens1t{
—\\lhe segment fullness‘of a’ net segment is deflned as ﬁ[ |
segment fullness % segment den51ty/channel den51ty
Slnce local den51ty < channel den51ty, 0 s fullness < 1. -dAn.il
'addltlonal . parameter 511ntroduced FMAX the nmax1mum':'
B allowable fullness.»FMAX is a number between 0 and l Any'c
‘ reglon' of a channel whose fullness 1s greater than or equal'
to the max1mum allowable fullness 15 con51dered full. h‘
o All net segments are ranked accordlng to the1r (1) type‘he
(2) fullness and, where appl1cable (3) the fullness "ofv_”_tih.e_ " -
o span of the net segment 1n an adjacent channel The ranklng;'

) scheme categorlzes %heﬁnet segments '1nto ~fhe, ten classes .

shown 1n F1gure 3 7 CLASS 1 1s ranked the h1ghest and CLASS .

10 the lowest. In Flgure 3. 7 F denotes the fuldness of 'the:'

net segment '.inV its:'current channel and fa the llness

over the span of “the net segment in an adjacent dhé?iel. ;A.
: net segment 1s pué\lnto CLASSes 1 to’ 9 only 1f 1t 15 located

rn*a—channel 1nterval whxch 1s not full (1 e._,F' <, FMAX)

/- !
CLASSes 1 to 3 conta1n the swztchable net segments. ‘They are,i'

ranked h1gher ‘than the other types of segments because: they',f

. j' IR
- can: be re*a551gned channels to effect a m1n1m1zat1on of ‘the o

o sum of channel den51t1es over all channels. S1nce essent1al'f=_’

net segments' must be selected eventually, they are rankedh-'v

next to the sw1tchable segments and are asszgned to CLASS 4 s
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'The non essentlal net- segments are ranked hxghér ‘than ﬁthef

:fnon sthchable segments based on the follow1ng observatlon
. . Y
'Fxgure 3 8 (a) shows a’ typlcal 51tuat10n 1n whlch there is a’
'choxce between £ uszng }a_ non essent1a1 Segment and .ab

non- sw1tchable one to connect up the termlnals 1, 2-and 3 of
gah net.~ The net confxguratlon of F1g 3 .8 (c) lS p:eferable'i

“‘to (b) because a- shorter total vire length used and ‘the

1oca1 dens1ty is '1ncreased in one channel only Among the'

- non?snftchablé ﬁ net—segmeﬁts the wtop iand"' bottdm.'
- nOn-switchable net segments re ranked h1gher than other

non- sthchable segments. ThlS is. because the term1nals of a: |

top/bottom non- sw1tchable segment cannot be connected 1n the. .

area above/below”the top/bottom channel ‘}whereas termlnals

fof ‘a’ normal non sthchable segment may be connected 1n anu

“ad]acent channel .

s v

-i;Weu have. d1scussed some of the; l1m1tat1ons of ex1st1ng*

globa jrouters."We uhaye }also expressed the v1ew zthat
:\'A. . v'«. . T L X . N o
: > ¥ I
R A : S
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Frgure 3 8 Ch0051ng be*ueen .a non- essentxal net segment and
~a non- Sultchable net segmént ' v
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- although ‘a global rout1ng phase’ can 'result | better jjf
“routing, not many global routers for standard-cell ICs have.%.'
B been reported ;u; the next chapter,{e,y present ?eﬁ}if

: standard-cell global router that 1ncorporates a. new approach‘ff:

to global routlng. The router avo1ds some of theLproblems of

Jeex13t1ng routers, deal1ng more effect1ve1y w1th the prlmary
. ’ .
task of SelECtlng net segments for inclu51on in :.h global

"-IOUtlng-_The follow1ng chapter dxscusses the proposed global

. rout1ng algorlthms. :.‘h_; ol _v_“_,='u=‘ ‘;pli" - “i;,:-

T




“3_th,p‘algor1thms.

- ‘ Chapter 4
Algorxthms for Global Rout1ng

Thls chapter presents thgﬁ\neﬁ"globai 'router. Thej:i

-

;xbchapter beglns by flrst establ1sh1ng the mot1vatlon for .the‘

:."approach taken by the new global router._An analys1s of net7§

f}_conflguratlons in-f typ1cal ' standard cell c1rcu1ts b‘is o

presented,: and based on the results of the ana1y51s, a two'~
o phase approach to global routxng is proposed Threeu

'bvalgorlthms are presented for;” h first phase. The ma1n

'b%ieatures of each of the three algorlthms are dellneated dv f

are descrlbed The chapter then proceeds to'

d1scuss the co s1deratxons 1n des1gn1ng an algorlthm for thert
"second phase and concludes w1th a deta1led d1scuss1on of thehu
"algor1thm.'i | | ! » - '
1:4 1 Motxvatxon for the Approach taken to the Problem ‘
‘ W1th h_‘-a1m 'of funderstandlng the global routing:

',,problem 'in standard—cells better, several standard celluf

'c1rcu1ts were exam1ned to obta1n stat1st1cs relat1ng ‘to :net'

bconfxgurat1ons fi . the . c1rcu1ts. Some of the c1rcu1ts used.*

'for ‘the purpose of the analys1s have been des1gned here, atp5f

'“‘the_ Un1vers1ty. Two c1rcu1t desxgns have been procured fromf“
5 1ndustr1es. A few c1rcu1t de51gns have been- extracted from'vo

[

-_fmxcroprocessor data books.
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The analyszs of net confxguratrons '”these:;cxrcu1tsn3;:}
;findxcated that 73% of the ngts were exther 2 or 3-termxna1;i{f
lftnets. The standard cell rout1ng envxronment constramnS’ ther'v
:_nnumber i.f pOSS1ble net conf14tratxons for these nets.,Thxsh

” 1s because net segments (wh1ch const1tute nets) connect only'ih'

'two adjacent termxnals of a net 1n a channel Therefore, thef

'5‘

‘lefferent ways fn thch he{ term1nals f'f a/’ et can' be'<'

f_connected up by ne'-segments 1s‘1¢.1ted Fxgures 4.1 and 4 2‘:'”

e

i 1llustrate all the posszble net conf1gurat1ons te%‘ 2 and'ih*

t'3 term1nal nets. ,For 2 term1na1 nets there is very 11tt1ehj”

5 Kﬁlex1b111ty 1n connectlng the nets.;v?hET net segment ffnii"
_ o - -

”'Fxgure'» l(a) would have ‘to be. connected as there is noV.h

"talternate cho1ce. We wlll refer.to 5uch a net segment as.fa?g‘.
,ehmandatory net segment (Equ1walent1y,kﬂ, nfh the? graph.
h.‘representatxon of-a net¢ an edge-1nc1dent,hon~han:vertex Uof
:?degree.gl_ céftesponds Jto:fah‘mandatory _net segment ) The
“;net segment 1g§§1gure 4, 1(b) connect1ng two termxnals on the

'hﬁsame rov. 1s a sw1tchable segment and can be routed exther 1n

'the channel }above Vthe"roﬁ_'or‘ibelow :th row.drThe-jtwo

ohannel 1. '

Gt T haneal s

"f,Figdref4.13Net»configﬁrationS"forf24terminaf*netsgfff



dt-sw1tchable segments ;i 'fngdre7“h“l(b’ form'daijair..ﬁorw

';3 teimlnal nets, the confxguratzOn in Fxgure 4. 2(a)’on1y has ;
:f'mandatory segments -wh11e. those_ 1n Flgures 4. 2(b7 and (¢) °
“greduce to choos1ng a channel for' the swltchable 'segments.7:
| Ebg ? the ‘*trxad ; of{ Fxgure 4 2(d) tno‘;of _thei three7;
Ad;net segments need to be selected Some further analys1s dwésf '
'conducted on- the net segments Of' nets”:thh'b4 or_moreh

"ntermlnals. It was found that 3on_gtheb average 74%_:05 the

'segments were e1ther mandatory or sthchable.,

. The above analy51s of .typxcal standardﬁcellﬂ'circnitsj

“brought out an 1mportant poxnt. Namely, it indicatedmthat a

large percentage of the nets were exther already 'trees or -

the' process ,of:'bu1ld1ng a tree amounted to select1ng one *

segment of a sw1tchable paxg or two of a tr1ad The_ results -

'f'of the analy51s formed the bas1s for the proposed approach

In;¢hapter 3» ‘some of the de‘xcxenc1es ' prev1ous,
,apprOaches- ﬂto ,the problem had been po1nted t. The
”seguentiai mxnlmum spann1ng tree type algor1thms- generater

-,‘routing-lsolut1ons which depend .on'the order,1n which the .+

\\L - » R N -

@ ey

LT e
'*,Figureg4;2 Ne't configurations tor‘3cterminal.net5®}7"
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x_fnets are processed. Also, because they deal wlth only one.ld?
'Det} at a tlme. they attempt to’eptlmlze the flgure of merzt?ffl

Q

B for that net only. These algor1thms select net segmepts-

'~jthe-y ba51s ofz‘rw1r1ng congestlon jcin"]the 1mmed1ate'd
: : . E

/‘:’.v

Lnelghbourhood of }the, segment ,i questlon:* Téoﬂgh é.,*

ﬂ.;'track f1111ng algorlthm tr1es_ to overcome some of the

: above problems,'1t Stlll resorf% to evaluatzng net segmentsf,;

5

v 4 e
)‘for, selectlon only zovera segments 1n the v1c1n1ty of the
'”;rrght most segment in the trackae1ng leled

| The maxn qotlvatron beh1nd the proposed approach wasé}fx

-

,;the observat1on made that a major1ty of the nets were ,not_fg

) ”

'1jthat ggmpllcated.f Because “nee segments connect only two’ﬁﬂh
'gadjacent termlnals of fa_:net._in _“ cha

.

'.1ntf°dUC1"9 Uﬂne"eSS¥?y feedthroughs 1s
. number of possrble spannlng trees for a net re’c ]
'-_;vAdvantage ‘can bi t‘aken of thlS observat1on 1n develop1 g a
'?;heur1st1c for the g{obal routxng problem,, 51nce,, tdt‘ each’df‘

vrfnet the qh01ce between net segments 1s rather 11m1ted 1t 135

',hfelt that wherever a cho1ce has to be made, 1t could be madegig

E WIth ﬁa more global view of w1r1ng congestion on the chip‘~3'

. rather _than "mdlwdua‘lly for * each net.' Th:.s w111 :f.be,""‘,_

”:Iaccomplishedv by buxld1ng more than One spannxng tree at
L e N

~‘time;_Such an approach can not »only address some of he E

brproblems outl1ned above but can also t:ke advantage of theoif

'

: ;1nteract1on between nets as net segments ere selected. Each

'f_net segment 1s selected for 1nclusron 1n a global rout:ng by

-;dcomparrng 1t w1th all the net segments on the chip that heve



) : ad

'.not yet been selected Also, some attempt is made to_ select*'
"net segments by cons1der1ng the1r effect ‘on the real f1gure'
*mdof merléngD rather than on the bas1s of local condltlons'

. ,w1th1n the1r respect1ve channels. M_*'

Qs

The overall strategy adopted by the proposed algor1thms¢j¥
A

s to focus ~on n-the‘ ﬁwo sub problem5°} (1) ch0051ng one:

3 .

segment of a- sw1tchable pa1r and (2) choos1ng~ tw0' segmentsv
of 7a?g tr1ad _ Slnce rth : algorlthms attempt a - globali;

o opt1m1zat1on' in making the ch01ce,-1t is ant1c1pated that
. % | | ‘ ‘
@g'they would result ina better global routlng. SN

RS

‘.uv.,’,r\,

4 2 A Two-Phase approach to. Standard Cell Global Routxng ‘
| | Global routlng proceeds in two phises. Phase I, or the."
:i: Net segment Selectlon Phase, r:sults ins the selectzon _otj
net segments to form” a spannlng tree for each net._However,f

| -where a swltchable segment‘is' selected he cholce Of' a-

channel hforiiit'_is' relegated ‘to Phase II. Ph se 11 deals:'
;f_soleiy t"ith ch0051ng one segment trom each/ . pa;r .of.
i*swi€¢hegle"5§9ments,h or, }Statedn:éiternatiQeiy,'dwith'the‘i
f'assigning ot‘ switchable' segments”’foppchannels; The imaia"'
ob3ect1ve behind usxng -a}'separate }phase ”;or assfénihgjua
sw1tchable segments to channels is that for. large U&iroﬁits';
they const1tute- between 40' to 60 percent of the totalzd
net segments. It is" thus felt that some benefxt could accruefé
g from try1ng to asszgn them opt:mally. Therefore, Phase.?l-(i
a351gns these segments to channels consxder1ng the1r 'effect E
"_;onffthe}_ult1mate objectxve functxon, ZD, rather than the"“
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"-f1nd1v1dua1 channel densxtres. Sectzons 4. 1 and. 4 2.2 below,hf

rjdlscuss,;the' algorlthms fdr*“ *»?a“af Phase f:flf;7

' respectlvely.

.[.4 3 Algor1thms for Net segment Selectlon _ y v
: Three algor1thms have been propbsed for Phi:e I. They
: fare Algorrthm A Algor1thm B and the Seleet-Raght

The ma1n objectrve of each of these algor1thm5 1s to buzld a

N

lgorlthm.,‘"

':'spann1ng tree for each 'net, proce551ng several nets inj.Q'

T

'vparallel 'Thls ¢i N ach1eved by f1rst bu11d1ng for each
jchannel the set of all net- segments :i the~ channel All

_ : '
these a ,or1thms then prdceed to select net- segments, each

~

' is evaluated for select1on based on the ‘ranklng
=scheme dzscussed in Chapter 3. The rank1ng prov1des a ba81s

for asse551ng (1) the relat1ve 1mportance of the net segment

;-'fto the spann1ng tree and (2) 1ts su1tab111ty for selection

fQVer net segments from other nets, not necessar11y _j7itsﬁ'f
:nezghbourhood._ Net segments' ranked ha%her are con51dered
more. 'de51rab1e for selectzon than those lower ranL@d. Bach

efd(the, three algorrthms 1§. desqr;bed‘f1n..detar1_1n~the -

following sﬁb*sectrons.;"’a\ T
',ff4 3. 1 Algorxthm A hf:”' o ["-‘f’ ,:_'f .f*fl oo

| Algorzthm A selects net segments for. 1nc1usron 'in'-the°

.'global , rout1ng i based ien;;ﬁtwo cr:berxa.:y{(f& their ;ﬁ

B h'des1jab1l1ty as assessed by the rankzng scheme and (2)

"w1r1ng congest1on on the chxp..By select1ng segments first

.\ B
R S
Cooagh. b

K el

I BT



B ] R g
in the least congested areas and then gradnally extend1ng to

s the more congested reg1ons,..thl -algor1thm attempt54 to
'r'dlstr1bute w1r1ng congest1on between channels. The algonxthm‘
'-'1s g1ven 1n F1gure 4 3' This algorathm flrst bu1lds for eachpf
o channel set, S, of all«the net segments in- the channel...\
;'and cla551f1es\them 1nto one~of the four types de£1ned 1nq!9
r"the prev1ous chapter, v12 (1) essentlal cross-channel (2)
noﬁ-essentral cross channel (3) sw1tdhable same row _(4} 2

S ST 25 S
nonésﬁ%tcﬁable _same-row. It then computes the*%en51t1es of

LN A

_'all the channelsl For each c annel i, the Local den51t1es”
I3 ; . Za

along “the f channel are computed con51der1ng. all"the’f
. net- segments in. 5,. The channel den51ty, D, is the 'maklmum
' local -den51tyaover.the channel.jThe channels are OrdeF%d'bfi:
lndreasing_compnted densitles;h:Itviis" expected. -that::this 3
orderlng ﬁill' enable the select1on of net segments in less
congested channels flrst and 'could result in a better
d1str1butlon of w1r1ng congest1oﬁ\between channels.u. | :”
| The parameter FMAX is used to control the net segmenth;.
j'selectzon, iuﬁ algorzthm A. As d1scnssed in Chapter 3, FMﬁX
the max1mum allowable fullness is a number between 0 and 1.
Any regxon of a channel whose fullness 1s greater than FMAXih]
'ls conszdered full and the algor1thm will’ not' select | -
o net- segments 1n full reglons. The followlng paragraph g1ves»b

~a brief explanatlon of how FMMX is used to' permlt the_r

algorlthm._to'~select segments, inV less congested regions,"
first. v, o

e . : - -
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Algorxthm A = for net segment selectxon

s

-

'FBu1ld a.set of net- segments S; for each channel
' ~and: cla551fy them accordxng Lo the1n type,-

fggFer each channel 1n1t1aluze T. to'empty'”

_CompUte the dens1ty of each channel D, 5g;‘ﬁiv Gt,f
'Order the channels by 1ncrea51ng densxtles“##

:FDAX @he 1n1t1al spec;fled allowable maxxmum fullne55° h
while not all Si's are empty do f ff__e-” i o

begxn ':'; ..;f _”‘:;_~¢, “f _.} h‘ h',. g' §1

u,; Rank the. net segmentsyln S, for each channel .

' ‘forRANK:l’Qdo S
'begln o R ‘_ - .‘{v» ‘_'h
B for each channel i';,"“j“,\’t?'lS.<5.rb't:'e‘d""ot‘.deridc’:»

begln.

-+ Select a net- segment from S, with S
B ¢ ‘_ with rank = RANK 0 R

S

o e . Add the net- segment to 7., the set of f_ﬁ'f'
e - selected segments for the channel

Delete the net segment from S
Remove»redundant'net-segments:

.'71:‘  end; BN
end; jn;, - ?b'wv'xx

» FMAh FMAX t 0 o . : L '

end"," - - . ' o L .

a3

4 9‘5




» Start1ng w1th some 1n1t1al spec1f1ed value of FMMX the

ly;algorlthm proceeds to- select net segments from- non full
‘reg1ons.}‘vThe}* algor1thm ,‘cycles through the channels,{tf
.7select1ng segments in 1ncrea51ng order of the1r Class. (Itiy
,bto be noted that 51nce Class 1 1; the h1ghest ranked and .

?Class 10 the lowest the selectlon' proceeds “in‘ decreas1ng

E ;order' of the1r 'de51rab1L1ty ) FMAX is- 1ncrepented by 0.1

o

=f:after every cycle thr ugh he’ channels.i Therefore,,’some'qf
hreg1ons whlch were prev1ously con51dered full are’ now not%
.'fullsand segments 'in, thesevireglons become‘ enabled f rfg;
v. selectlon.} Thls allows the . algor1thm to select segme t'
’reglons w1th gradually 1ncrea51ng fullnessu | /ﬁ/ﬂ
: ‘rfhs segments-j,red selected nr less congestedfieglons
first, . they 'may help to make unselected segments ’f{ﬁvh.
"fcongested reglons redundant. An unselected segment is sald
f‘t¢o be redundant 1f 1ts two term1nals are already connected
~by selected segments, fl there is already a 51gnal path
: between 1ts two termlnals.then an. unselected segment 1n S‘=
’;becomes reddndant,, 1t ;is deleted from S.. Detectlon of
: ‘red ant segments 1s fac111tated by us1ng ngbal -subnets
. Z;:

f“segments are selected In1t1ally, each term1nal 1s ass1gned

] ~to record what termlnals of a. net are connected as

'cvto ra separate global subnet. Let G(t ) be the global subnet
bﬁthat termlnal t belongs to and G(t ) that to wm1ch termlnal
'.t, belongs. When a"%et segment (t., t ). 1s selected the';7

'subnets G(t ) and G(t ) are merged 1nto a 51ngle subnet. Anfg:

‘-unselectedvgsegment,v1n_3Sp sbecomesAgredundantgl1£- 1t5gtwo-



termlnals belong to the same global subnet._ilf*ff DRSO

As the algor1thm cycles through the channels =§1é¢£iﬂ§'37"

_‘/f

”75e9ment5r’_it bu1lds Spann1ng trees for all. the nets. Eachfﬁf?

" net- segment ,fis_' selected by consxder1ng S all~- otherfn_f

tlinet segments that ‘have not yet been selected The algor1thm}'5:

. N , i
;atermlnates when there are no segments rema1n1ng n; any .of:‘ >
: R T SR LR L
- the sets S.., : A
: ‘ . r

ﬂl'4 3 2. Algor1thm B . = _ o
g Algorlthm B .iéf~a; sllghtly less ;restricted form ofg-i'

”fAlgorlthm A. The algorzthm 1s g1ven 1n F1gure \4 4. Wzthoutf“

:f us1ng the' control parameter FMAX to fac111tate select1on of .

‘,:segments in; less congested reglons,g-the' algorzthm v"is_f'
- permltted to select segments st:1ctly on;the rank1ng scheme.~f°'

‘}Essent1a11y, s1nce FMAX 1s glven an’ 1n1t1a1 value sl1ghtly{f,

"'_h1gher than*d],i all the net segments over the entlre ch1p.ff-

ifbecome enabled for select1on Then as the algox1thm cyclesbfff

‘ﬁthrough the channels, 1t selects net segments only on; thefxfb

basis ot?thelr ranks.vThe 1ntent10n hof experxment1ng w1thf_jf

fthls form of algorxthm is to determ1ne.ff“g”f{h}yf%“

h 1(1) the effect of always select1ng sw1tchab1e segments overffgf

'ffnet segments of other types, wherever such a ch01ce eklsts.;gff

bifBecause sw1tchable segments are ranked-the hxgheét, tE*B

‘..

| jessentxally what the alQOflthm w111 do. Sance swztchableffd’

b lsegments allow some f1ex1b111ty }iﬁdt managfng channelfir:

>~;jdensxt1es, the algorlthm should yexld better solutxons.g

:3(g) theveffect‘qf always selectxng non-essent1a1 segmentsn;“f

i
L.,



'“Algorithm'ﬁ,fqur'netfseément“selection'f.

'begxn"

Bulld a set of net- segments, S for each: channel
' and class1fy them accordlng to 'their type,"

»For each channel _1n1t1a112e T to empty, iy
QCompute the dens1ty of each channel D :'.
'hFMAX = 1}, | R
ey

fRan all the net- segments in S, fbrfeach‘Channelj

V‘Order the channels by 1ncrea51ng;den51t1es,'
-f'whxle not all S 's are‘empty do’
begnn | o

f. RANK = RANK + 1:-

o for each channel in the sorted order do

i, B

begln_

Select a net segment from S
thh rank RANK--
Add the net- segment to T, the Set of o
‘v)’ selected segments for the channel

‘7the net segment from S.,

Remove redwndaﬁg net segments
| e . * TR \ .
_end:"vf o ‘}). SR

./ . Figure 4.4 Algorithm B - ililn

ﬂ5@t45%



~over~'non sw1tchable ones, wherever 'such a choicevex1stsﬁfﬁv~

Th1s w111 result 1n always sefegt1ng for the trzad of Fxgpréifi;

“p "1-.

8.2 15) é, two non essent1al segments rather than af}”“

- non- essent1aI segment and a noﬂ SWltchable one. As statedf}f:

ear11er,, the advantage.

S to connect up the te rmlnals of a trlad ,lsl*that as shorterﬁ"

f us1ng two non essent1al segmentsff;ﬂ

total wire length is’ used and local densxtles are lncreased t

;1n one channel _only. Thereﬁore,j. 1gnor1ng 'fany' otherj?'.

x~cons1derat10ns,_ could the strategy of always selectlng the}j

two non essent1al segments of a tr1ad he a good one? o
'~fn‘y nce, Algorlthm B ‘selects‘ as many sthchahle;;i:

sefments as 1t can and connects up all trlads usxng bt oi'v

" B ot el
Lo . SRR .

no -essentlal segments for each’ trlad

[N

B e .‘

4:.3.3 The Select-mght Algorxthm ey e
. The. central _1dea behlnd the Select R1ght algorzthmfls .
to dlstrlbute w1r1ng congest1on between channels across ‘aff‘

= - o
'-sect1on "f the ch1p wh11e tnaversxng the oh1p ftom left to f»

s

r1ght..The process can be v1ewed as af vertxcal 'scan 11ne
‘7 mOV1ng across the; ch1p from left to right and selecting
o net sdgments in];its‘-wake. Slnce the‘ densxtieé ‘the 3gi

channels at a horlzontal pos1tzon Just pr%or to the cnrrent -

'\f'“-

pos1t1on of the scan : are known, 1t ys ant1c1pated that

thas strategy ‘cou .:come up w1th a reasonebly good

assxgnment of sthcha- ‘segments between the channels.“fﬂﬂ'

g1ven fxn Fxgure 4 5 The alqﬁ(&thm*is
fzrst buxlds a set conta1n1ng all the net-segments on the;;.r

. ;_;”’ The algor1thm is,

S~

oex
< 2} L R L
R

.
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S

The Select nght Algorxthm;— for net segment seleftxon ‘ s

: ¢ Lo — - ) o o . ‘ LI o . .
begxn R e IR 1,;~‘ffj

"dfu1ld a list of all the" termxnals of all nets
on” éhe chip ordered by thelr horlzontal

pos1t1on on the chlp,,
'thxle not end of the term1na1 llSt do Qr,‘ -
BRI Y Select'net7segments incident on the terminal- frbm:
v the rlght accordxng to the rules 1n F1gure 4. 6
}.f'f? -Add the net segments to. the set of selected
S ' segments for thq@r respectlve channels'
L Update the dens1t1es of the chahnels to whlch
“~-- - net= segments have been addédd above; . :
. RemOVe redundapt net segmgnts- o
AR I O _ N R T
= ']xend T L U R S .
. end; f\'
o {..'e S Fxgung 4 3 ?he Select nght algorlthm
“; ) ‘ .,“' | . 1 l"v‘: L i . -.‘." .... ',.. ' v
chlp and a lxst $gf alk the termxnals ordered by the1r
h&%gzcntal posxt1on ;bh‘ thelﬁ n1p startlng from the left.'
i _ﬁhen, tha:algorlehm proceeds down the term1nal l1st and atﬂ h
‘ eachr termxnal selects net—segnents that are 1nc1dent upon
bo L .
v the termxnal fcom 1ts rrght. The selectlon .of net segments-
.t‘ .

L Mis governed by a 51mple, greedv Heu*lstlc consxstlng of Ah
-hvset of rules glven 1n fﬁgure';4;6. dThe flgure ,1llustratgs_
four p0551ble cases that cqnid arxse at a teranal .ehd;'.
’ spec;f es wh1ch}$seq9ents eteh.selected .inhZ eech ~hcaee.
o , - . -

Essentlally, the”algorithm ensures that the current terminal
. .,‘.&:. '



"'J,.

- ’Select the netlsegn\ent

. Casellt: "

Select the nel-sagment wnh
‘ the smallest segmenl densuy

o

U

"

* * Seldct both the ‘nat-segmets .

' .
\ Da

‘ Select lhe net-segmenl wﬂh

the smallest segmen( denslty
o SR TR N _A" SERITR
‘Figure 4.6 RuLes”ﬁo:;nettsegment selec;;ongu'

;‘of a net is cohnected up to at least one Cermxnal of the net.né

“that

 'term1nates,'spann1ng trees ere bu11t for

>,T‘ch1p.,..

'fs to 1ts rxght

Channels

-

‘fftne

»t specxflcally

Th1s se txon dxscusses the alg;éxthm for Phase::

new glgBAI router

WIbh the

e . o N
'4 4 An Algorxthm for Assxgnxng

.’

Thzs ensu:cs tha; when the algorxthm

’_.

2
B,

watchable

. u‘ :

As mentxoned earlxer,

problem

Net Segments

assxgnxng

?}l the nets on the :L

=t§:

-

1ief
Phase II deals

sthchable '




'ﬁsegments\to channels. The sectlon 1s organ1zed'vas follow

d%l“Flrst, the Problem 1s stated as a comb1nator1al opt1m1zat1onvff€~
.lv‘fproblem..A currently popular approach for thlS class 3ofﬁff*
l‘{dproblems,l called S;mulated Anneal1ng, 1s then examlned 1nvb,3
E;lsome detall Some of the drawbacks- of thlS fapproach are%d
fh‘po1nted out followed by a d1scuss1on of how the preposed:.
.:’i*algorlthm attempts to overcome some/mf these problems. Thee 7?n
ﬁ:_sectlon then moves }o to outl1n1ng the features that theispxu
.;"proposed algor1thm should 1ncorporate, and concludes wlth ‘a fll
r_:deta1led descr1pt1on of the—algor1thm.f'f ”~' .‘ " R
"h The problem of ass1gnmen€’ fu channels Qto sw1tchabﬂ§§g
"pnet segments -lSﬂ a comb1nator1a1 opt1m1zat10n problem not- 3
':;ﬂunlzke many problems that arlse 1n CAD It can be statedu as?é o

'follows G1venca set of n sw1tchable net segments determlne-]'7'

'f%r each net segment,'rwhether'f'he. net segMent i - to . be'

routed in. the chennel aboveu@#,belowwthéﬁ”ffrcontalnl""

""’ . #E o e e
, two tegémmals, so as to mln%&mg the '-ﬂ‘lgP ok t%%
8% e

ﬁf“den51t1es_ over all -channels. An exhaust?Ve fearch ﬁo§& heii

.opt1mum solut1on 1s 1n£eas1ble s1nce there are 2“ p0551b1t« g

solutlons. One;of the goals of thzs research was to develop

",a heur1st1c algorlthm to obta1n a: good solut1on to the above ff'

ﬂ’ problem G e e T .°$L g
. . P R ) ¢ L -. . .'__:" . | ‘ . SRS ;P
S . . St ‘ SRS ‘ : " : f. . Q»,f'":" 43(0, b“ %

»_4 4 1 Motxvat1on for the Desxgn of*the Algorxthm

N

l

ln recent l:terature,vthere have been numerous papers«f"'

breport1ng s1gn1f1cant 5uccess in’ us1ng Slmulated Anneallng

A . ¥ W

pfori;a'“var;ety- of opt1m1zat1on problems that ar1se in QAD L
L L , , : . o S :

N



Clst

el

[Vec83 Fle85 LeoBS] S1mulated Anpeal1ng was proposed by;fg;ﬂf

o _,»~"

~erkpatr1ck [Kir83] as an effect1ve method «£§~f obtaxnlng\*f?fi
i opt1mal or near optlmal solut1ons to comb1nator1a1 problémslﬂ}}d
'”-slnvolv1ng many degrees of freedom. the“ method p"anﬂ‘ﬁ(;%

fextens1on ,:ofev,theg Metropolis method LMet53] :used 1tof:fy~'

-

\ —

1,h1nvest1gate propert1es of f?f collect1on:;;of atoms *fihﬁiff
v”:;equ111br1um at “a g1ven temperature. The Metfopol1s methodpﬁi'
'fprov1de§"a—g€heralxzat1on of a procedure f l;v1ncorporat1ngj:'
’_controlled uphxll steps in the search for a better. solut1odidf'
':.fto the ‘optxmlzatxon problem.’ Our 1nterestfffb slmulatestu:{
:bt:fAnnealing arose because of the Tlmberwolf Package [SecBG].f{vWJ
jiI Tlmberwolf S1mulated Annea11ng was used to obta1nfth:'<
.v;-solutlons to some layout problems,v1nclud1ng the ass1gnment»55c'
f{kof sw1tchable segments to channels, Sat1sfactory resultshﬁji'
' were reported. Wlsh1ng to accqu1re a better understandxng ofhp;y
: the capab111t1es and 11m1tat1ons of the method of S1mu1ated'
ﬁ.Annealxmg‘. v attemptlng to develop a better algor1thm forlk:{f
;"thedproblemfat hand the method was stud1ed 1n some deta:l
;v‘4 4. .2 Sxmulated Annealxng* tffﬁ:h: ffed“~i;‘;_{v_’if"}ff%ggd
' "_ Most opt1m1zat1on problems that ar1se in the CAD areaﬁfh?f
be formulated as state space searches. The states are'
'7.;correct or fg251b1e solutxons but n05 necessarxly opt1malf”ﬂ:
‘psolutxons. Assoc1ated w1th each state 1s a coat function:;fff
'wh1ch measures the qual1ty of the solutlonriThe ob]ective ofpf
_ahf opt1m1zatlon 1s to f1nd the siate u1th the l’west cost.fﬁig;

‘5'fThe S1mulated Annea11ng method [K1r83] 1s sugges ed by an;d:“d




3

’

'd' algqy1thm proceeds by staré%ng ‘?heﬂ system at some hlg.;,

analogy between the search for a stbte w1th the lowest costf

1n a comb1nator1al opt1m1£at1o7 problem.and the process ofy
Q .

f1nd1ng low energy states 1ﬁ c‘mplex phys1cal systems.. An:J

effectxve method for flndlng' ow energy states 1n a th51calev-;;
system, such as sollds,°1s to heat the system up to somef'jk
hlgh temperature and theh cool '1t‘slowly ThlS process, L

called anneallng, lets the system settle 1nto a low energy”y

-state,;w1thout gett1pg trapped 1nlhlgher ly1ng local m1n1ma. J

R

In abstract1ng thlS process to opt1m1zat1on problems, _the:
cost funct1on of the system to be opt1m1zed is 1dent1f1edf"

W1th the energy in the phy81cal problem._ Perturbatlons br""?

new states of the system are gemerated by apply1ng a set of ‘*,

L7 2

: moves 'to the system,_ and accept1ng or rejectlng ~thé,i

perturbatlons based on. ‘the Metropol1s cr1ter10n°

If A £ s 0 - ac ept ‘the pertprbatlon 2;hkf S .
-II A E.>.0~ ac;Fpt the perturbat;on w1th a'_ » R |

A E/T

probab111ty P(A E) vwhere- A"E is the 'resultlng -

change 1n the energy of the system due to the move and T is:

i the temperature oi the»syste@ '.'?

i As' these perturbatlons are acczpted or: rejected at a - _
fi'xed" value of T, v the system ‘ tends o toyélw thermal R
A ty 1ca%§ganhea "

equ111br1um ‘at-l that temperature

y\‘

&7 w
temperature. The system is allowed to approach egqlllbrlum jév&

v

: at that temperature. The temperature 1s then reduced and the

system allowed ta equ111brate aqaxn, and so’ on..The process~"

is stopped at a. temperature low enougp that no more useﬁui

P . '



i ;system i known as the annea11ng schedule. The annealzng e

cvff1mprovement can be expected The scheme used for coolxng thejfﬁf”

”_sch dule lzsts the sequence of decrea51ng temperatures and’i"'

'_,theA de51red number_'of accepted moves at each temperature.rfcdd

'The a51c S1mulated Annealzng algorlthm 1s g1veni 1n,.F1gurei}”’

' The parametgrs To, a, thﬁ 1nner loop cr1terzon’ 'bnddi'.
the stopp1ng ctﬁterlon' Wg determ1ned by the anneal1ng‘§'h'

».schedule._;T53 1s,-the in1t1al temperature at wh1ch the“f.

= -procedure' starts. Th parameter a dec1des the sequence ofp.:-ﬁ

. decrea51ng temperatures._iThéV cr1ter1on fo' determ1n1ng;f:"
“'whether- 'th : process» has‘ equzlxbrated at a. . partzcuiarh.~
' temperature 1s spec1f1ed by the 1nner loop cr1ter1on"jand”

generally g1ven as Ehe de51red number of accepted moves”h

utf.at the temperature. Thev stopplng crxter1on spec1f1es when"?'

.’;the process 1s to be termxnated Thxs could be e1ther at the"‘

. 4.4.3 SOme Observat1ons |

N,

‘end of a speczfled temperature schedule ' j when‘ not much}-

11mprovement can be expected from contxnuxng the process.

8 A S1mulated ‘nnealmg algorxthm 51m11ar to‘:t‘he;ne‘j:' {

'f*pdescrxbed 1n [Sec84] was 1mp1emented f ’f the problemo'offh

r§a551gnment of channels)to swltchque net segments. Detazlsutpl_
';of thq.‘zmplemented algor1thm are g1ven ‘1n§ Appendix ;I..fff
»‘Exper1ence w1th the algor1thm 1ndicated,some major dra‘becksgff:;
“tw1th the method. Some of these haw&’also been po1nted~9ut 1nw

[NahBS] for% generated 1nstances of the linear ordering ;;fﬁ



The Slmulated Annea11ng Algorxthm '

begxn | v

Sni 1n1t1a1 state /* any.feasftiesétateit/:
'CIS} #lcost funct1on assoc1ated w1th State S
f_f'= TQ,_ /* the :;1t1al t__perature */

- while-,stopp1ng crrterlon 1s not satlsfxed do

‘begin. - . Lo J' ;,' »v'

" while 'inner loop criterion' not: satisfied do. -

: , v Y
”'.;begln.-

generate a new state S"
CiE (gxs ) < C(S)) or
(ran&om <‘e

then S S"

end;

. Tea s T e

& ' N

end; .o AT N @

‘Note: - The parapeters To) a, the”'inner'loop criterion'

| @EtOpping crlter;on- are spec1f1ed by 'the“”annealing
, . ‘ _ o e

L

Figure 4t7~The'basic Simulated Annealing_alédrithm-.

. o

-(as \ CS)IIIT.

L /* random is a unlformly generated
' pseudo random number in the range (0.

1y */

-

&
. RI%] el

tan&ltne

A S
_schedule;



"’ﬁg\.‘l S

T problem., (The lmear o’tdering problem consasts §f~ obtammg

;a l1near"order1ng %off3th g1ven n c1rcu1t ﬂlements that

e’jvmlnxmlzes the number of nets that cross between any pa1r of'

felements ad]acent 1n th1s order1ng ) Flrst, the choxce of an o

'Vagheal1ng schedule has a S1gn1f1cant 1mpact ‘on. the qual1ty7'

annealang schedule. are ~prov;ded 'in [Wh184] However,:

fﬁdeterm1ﬁtng 'an. opt1mal choiée 1s “not - feas1ble s;nce it

’.—

i depends not only on. the partxcular problem b81ng Solved but;'“

:

: also 'on the partlcular 1nstance ‘of the probIQh Also, large' g

pamounts of;computatlon t1me are requ1red especxally at lowa"

-

”ftemperatures because many moves are rejected before each e

?]Algorlthms tha

'}_gfthey accept'i

"p‘mové"tofa different state.'

3 dﬁgtg@ﬁ Znneal1ng ‘is ]USt one part1cular 1nstance of_,

a- w1der class of Probab1lxst1c H11Kf; Clxmb1ng | (PHC)'f

_allowj'"hlll c11mb1ng moves [Rom84],A1 e.i

th a certa1n probab111t§,¢states,that do {not“”

d N ’\)
s "

?_cost function ‘in’ order to cl1mb out of local :

5f1mpr0ve the

¥

’m1n1ma in, the:search for a, lobal m1n1ma. i} [Nah85]

x

;t,perf mance of Slmulated Annealxng was compared thh that of.'f

'than qgmula B

. desxgn1ng an

. 'problem, ;the”;

FURS G -
'other alg;?ithms belonglng to the PHC class, >for§‘1nstancesif

:of{ the ;near orderzng problem.llt was reported t@ag on: a_ft

""

'set of randomly generated 1nstances of the lxnear orderxng

\

her -PHC algor1thms often performed better‘l;
nealing.- The maln % motzvatxon " behind;'f

& gor1thm fo the problem at hand w?s t0515

Cy -9,

'ﬂexper1ment thh 51mp1e PHC algorithms’ along_»the:;lines _ot,;?

;'a”_the SOlUthDS produced Some gu1de11nes on sdlect1ng am-



uthoséi i [Nah85] and develop one that could fperformg
comparably,,v perhaps better,‘ and avo1d Asome of thesﬁ’
v7prob1ems oE~51mulated Anneallng. Based on “the results of the-*
V7:ﬁstudy n [Nah85] and ,theﬂ»experlence _w1th the 51mulated'fﬁ
"'anneallng aigorlthm,' some features that :yther proposedp
J”‘algorlthm should 1ncorporate were 1dent1f1ed They are:
.bdf."The algor1thm should ma1nta1n the approach taken earller“
| of order 1ndependancy in routlng nets ,i{e;f w1thout*
orderlng the' nets and then process1ng them 1n that
-order.-' . S . | | '
2. hS1nce the algorlthm should be much's1mpler to duse ‘than _
sﬁmulated Annealxng, w1th fewer parameters to select,

-

;the algorlthm should accept uphzll moves only if 1t has"K

N

- beenA\unable over a. sequence of attempts to f1nd a good

'Qperturbatlon.' .
Lo o SN '
3, G1ven, in- general, the- constra1nt ,on_ computat1onal

-liresources andv in v1ew of the large amount of comput1ng
"tlme that needs to be spent tOg,obta}n' solu21ons w1th
, Slmulated Anneallng, it should be poss1ble to stop the~
i,]algor1thm after a f1xed amount of comput1ng t1me.‘ _
4, /S¥nce PHC algor1thms depend a great deal ~on ,the"c05t.'5
'vgifunct1on, 'the proposed algor1thm .should use 4a'cost ‘
'funct1on that is a good approx1mat1on of ‘the real
objecttve 1. e. to- m1n1m1ze the sum, of channé& dens1t1es

e—— . -

'over all channels.-



;jjs“ The algor1thm 1s~g1ven 1n F&gure 4 8. ,Thei algor1thmtfg*ﬁ

wlll --wn aIl future referencés to -i be called as thev

--Slmple Hall Cl1mb1ng ﬂeurlstlc (SHCH) Algorxthm. - Theftf;.

vfunct1ons and procedures ﬁsed 1n the algor1thm qfe_“escnxbed

Ve

:»fbelow.,

-

'1d§ﬂf“,Th SHCH Algor1thm starts w1th the 1n1t1al solutlon

o’

_'_obta1ned after Phase I or the Net Segment Selectxon PhSSe‘;A,fff

o new state or perturbatzon 1s generated by randqpiy select:ng
: 9

J;va sthchable net segment and routxng 1t on the oppos1te szde

o

?hof the row from 1tS’current p051t1on. If the perturbatlon zs,”ff

.

: determlned to be a good perturbatlon (we explaln below th?, o

;cr1ter1a for dec1d1ng a perturbat1on to be a good one) then

R . /'_”‘7.1
‘ 1t~rs accepted. 0therw1se, it 1s rejected and the algor1thm S

K

: iyproduces another perturbat1on._If the algor1thm-1s unable to;J

find a good perturbat1on over a sequence of attempts, 1t "is{f.f

presumedv that- a’ local m1n1ma has been reached, and the Q_f

\

| algorlthm cl1mhs out by acceptlng a bad-perturbatxon. The'fig

‘rallowed length of the sequence of bad perturbatxons before ; ‘

{one 1s accepted, is spec1£1ed as an 1nput‘parameter thef,’”
.algorlthm :.:7" v o

The procedure foérdeterm1n1ng whether a perturbatxon is

\a good one is 1llustrated w1th Fxgures 4. 9 and & 10.pA new‘;,}

perturbatlon is generated by sw1tch1ng net segment s from

1ts current posztxon 1n channel C, to channel C;. Let D, and

Dz be the channel densztzes 6f C, and C; /;espectxvely.w Let

=

Ty o




’T:_ 1”3[“‘.w'

Algorxthm for Assxgnment of Channels ‘to Sw;tchable :
Loeae T Net= Segments - the saca Algonthm

va ?ooT
N ; 1n1t1a1 state- /* anv fea51ble state */

'L-; allowed length of ‘a sequence of bad =
' perturbatvons- B
length = 0 /* the current length of the sequence

. of bagd perturbatxons, f/

whxle not out’ of computlng t1me de ‘

_beg1n P o :x. ,!i
ger*te a new state S""

if (accept(S )‘# YES)

¢

then 'S :VSf; .1(~-} ) ‘_1> e

/* accept returns YES if an’ acceptance

criterion has. been satisfied and

. . ~returns NO otherwxse t/
“end; : s

: "end;'

begxn .
if it is‘a good perturbatlow
o then i : S :
. 1
: 'length = 0 : ‘ .
oo . Jai o update” the best solutxon t0und so far'-
e ':eturn(YES) : :

' accept(s S ) Hh“" 4fe;'_ fc';'n' o ;? - .'_,7’—'

: R _ EP RREALE S v
3 length = length ol
_ , ~if (length > L) I L
LS . then _ " o ol e
e e . . R
: length =05 - S
‘ return(YES), B SRR
}.

enise. - . . : ) . " Ca ,5
R S return(NO) ‘ ; ' R

.. Figure 4.7 The SHCH Algorithm - for. Phase I1



: ) S P h
i : CZL— h i ,a o

-,?igﬁ}e;4?9vGeneratingfavperturbationf

.

:'d be the segment den51ty of the net segment when 1n C. : ;df;.

“dz when 1n Cz. One of the four cases 111ustrated Ln F1gure"':

R ¥

B

10 WIll arlse. Pe;turbatlons that result in Case"I ‘ei,”'

@

;{deemed gdod perturbat1ons and are always accepted Althoughﬁ7~ﬁ

esuch a. perturbat1on may not alwqys result_ﬁinf reduc1ng the

EN

cost: functlon, ZD .1t does e11m1nate one of the factors that:,f

' keeps D, at 1ts current value.‘jA future pertubatlon thenj_;

couid result An reduc1ng Dl. Perturbat1ons that result 1n3w1”

,a'».

‘Cases 19¢ to Iv are accepted only 1f there has been no goodff

‘-AQ‘perturbat1on over a ser1es of attempts. ﬂfhf'p' s el

The algorxthm cont1nues to search the solutlon space by i::

':generat1ng new states and accept1ng or re]ect1ng them Adn

._accordance w1th the acceptance cr1ter1on descrrbed._abqve,77'!

"untll it_fis out of comput1ng tlme.baecause ‘the amount off

_comoutatxon 1nvolved 1n evaluatlng each state for acceptandh&.'

o
-

uxs small 1t allows the algorxthm to con51der a large numbfrjff

RS
¢ - . . A : ’.

3
_gof states before termxnatlng

We have dlscussed above the ob]ectxves 1n des1gn1ng the[ B

Two Phase Global Router, and ea&ﬁ of fotr algor“thmsdf

'.°.that constxtute f'h global router, along WIth reaSonshwhyJ[f]

¥~f$\, - .'“f O AT S L L e ‘yﬁz“,f'@r-“



. Cas '_I.

Ry ,J: ¢hé per;ucbataon coula resulf 1n reducn&g
(R 'Dl‘pyvl'w1thout 1nCrea51ng Dz.-, e
Cask 11 "ufiff5j35-<f;{f' A

Se K]

d‘ < D. and d;jf Dz

. :batlon does not affe D1 énq/, ' .-

','L‘ o The‘pert
' D,;;xt 15 therefore deemed unnecefpary &

e a
v

. s -
Nt

d‘.<‘ Dql _vand dz =

B The perturbau1on 1ncreases Da by 1;;"'y@ﬁ§, IR :
V“.f“&t”does not af@act D,. : . S T,

o S T

V'

i .f_,f;fegigure‘4.10 Results5bfiaupergufbatibnt 4 Al

g

better global :cutlngs are ant1c1pated u51ng the router. The‘

:*globai rouﬂer has been 1mp1emented' and the rexperlments

"



Chapter 5

Experxments and Evaluatxon_f'

"n, Thls chapter d1scusses the exper1ments performed on the p}ﬂ
Two Phase Global: Router and the results of the exper;ments.,_f
; ﬁ\rn 'objectzve of the exper1mentat1on was to evaluate.

i B

the performance of each of the two phases seperately and 'offdf

h global router ‘as ‘a- whole. Sectxon 5 1 descr1bes the.i’

} general env1ronment for evaluat1ng the global router as‘ﬁellﬁ_;

the test c1rcu1ts used for ‘the purpose. Sectlons 5: 2 and51ji

. Y

5, 3 dlscuss the exper1ments conducted Wlth the Phase I,;andLi;g

~Phase j; algor1thms respectlvely Each of the sub sectxonslfwf

*® 1

dlSCUSS deta1ls of the exper1ment conducted along w1th ,
':f results ofj_the exper1ment ,and some observatlons én ther;a%
1 jresults obtalned Ilvf | ;Hf.-lf-afi 'd;fv:ﬂj‘c”:h{ ”l'”";
‘ 5'1 Implementat;on and Envxronment £or Evaluatxon _
. “The algor1thms descr1bed 1n the prevxous, chapter. have
been 1mp1emented in the c programm1ng language and presently
,.ﬁ forﬂ?part of the U. of A..standard-cell des1gn system.‘ The
o system ‘rTuns-on a: VAX 11/78 computer un&er UNIX' 4. 3 ggb and
”.i cons1sts of over 25 000 11ne vof source code. ;he input to

~the global router*1s a lee

1 oduced by a plaqement progrem.;f;
The f1le descr1bes the relat1ve poS1t1ons of the cells '

the rows. The global router accesses the circuxt databese to

"UNIX’1s a trademark of Bell Laboratorxes g'f?_ e
R Y ﬂﬂ»ﬁ"ﬁg_ 61 p;h,f.'JfﬂL'fVJ'f”ﬁﬁ'ATAT"’”



get the net llSt of the c1rcu1t and the term1nal p051t1ons. |
:=_* The global router generates a f11e qh?éh contalns 1nd1v1dua1”;‘
:;netdlzsts for each thannel Th1s f11e 1s then used as 1nputr :
*fto the deta1led router [MaRBS] Both the placement programj-f
ftand the detalled router are already part ot,.the\ de51gn |
ﬂjsystem..;' - o | :'_ h |

‘ The global router wasftested,on 15" c1rcu1ts nlth siées
7:ﬂ}rang1ng from about 100 cells to 1800 cells. Table 5. 1 g1ves
"d“the statlst1cs of the c1rcu1ts.v‘C1rcu1ts 10 and _ arev
'“f:commerc1al c1rcu1ts procured frdﬁ 1ndustr1es The rest have ";
A eztber been de51gned here at the Unlver51ty or fa' des1gnsv
“extracted from m1croprocessor data bookg Thz;c1rcu1ts range';;

from 51mp1e decoder, sh1ft reglster and

,Ci_c1rcu1ts to. the more complex CRT controller c1rcu1t (C1rcu1t

der/subtracter,’f

13) and the processor for float1ng p01nt operatlons (Czrcuxt..

15) 1 S1nce the objectlve of a global router 1s‘to mlnlmlzeA”

- the total channer densnty, D, we: w1ll use ZD to evaluate]f.

v

' the gual1ty of the solut1ons. The follow1ng sect1ons dlscusslr
;’g the exper1ments conducted with the algor1thms ffo:7 each offV
fhé two phases and then those conducted to evaluate the :

overall performance of the Two ehase Global Router.

RN

'Ni»'
5 2 Experiments wzth the Phase l Algorxthms

a7

Three algor1thms were’ presented "fo‘ the 'netésegment hf

selectzon phase (Phase cI)é AlgorlthP@_Aﬁf'lgorithnﬂﬁjandVﬁ

Select R1ght Exper1ments were condui}vd;“y.fiamlne' whetheri

N R :
any 'One' of the three gave con51stently bette£ results. 0ne~17

\



tﬁ{ialn; 1n des1gn1ng the algor1thms uas tcﬁfestr1ct the numberlij;
~.:}¢fe panameters used 1n4 the algorxthms andri avo1d thelf":
hn.1nev1table 'tunlng of the algorlthm to the parameters._Thei;hﬁ
f.“onlyetuo parameters that have _been vused are FMAX and a?_t
"!channel orderlng.gﬁ Somef’gxperlments were 'conducted toj'f
ﬁkdeterhlne how these parameters should be used to yelld thefjil
'hbest results. 'fp” .?”Tlf'['%y _'57' i

o ) [ G
.

n

SR

*jl5§;;1 Performance Compar1song of ;theii Aléorithmsjf‘forﬂlr

Net-segment Selectxon

;Each of the 15 czrcu1ts'¢§as global routed w1th the =

- -Two-Phase Global Router us1ng each of the three algorxthms“

,’;[was adopted for the allotment of computer tzme. Circuxts

‘ for net segment selectlon. The channels -were prqcessed |
”51ncreas1ng order of the1r est1mated den51t1es For Algor1thnifi
AlA we need to 1nput the value of FNAX, the '1n1t1a1 maxxmumj&ﬁ
l allowable fullness. We assume that on the average'ht~leastfar

‘half of the net segments 1n each channel w1ll be selétted to:fﬁ
7

. be routed that channel §$'¥h¢f°f°re 33519n to FMAX an;fr
'ﬁai.xnltlal value of 0 5 | ﬁ e 1'”,fof“7**{*ﬁ‘if f*ltf:”.
Sty the algonthm for phas, “,’wwhxch will be

referred to as the SHCH algor1thm, needs to know the emountiif
| hiof"comput1ng t1me avazlable to xt,'the followlng strategy;ci
-.' 8 ff‘: "

”_Tsxze upto 400 cells were each allotted 2 minutes of CP
v',t1me. C1rcu1ts of sxze upto \poo cells were allotted 5

. : e
;;m1nutes each and those larger than 800 cells were given upto'“
10 mrnutes each of CPU txme. For most o£ the circuits i

Uuﬂi




”V;*?i;??;ﬁﬁ{~‘ Ca ' 'Tﬁén:;:
f:each of the three. eategorles-.mentxoned ahove" the'.fxna157{i
[result 'va , obtaxned lint less than half the allotted t1me.5bff
’{chlso, the decrease 1n the total channel dens1ty, \io;‘-wasf.=m
imostr151gn161cant si'v the f1rst m1nute of the run However
the tlmes were dec1ded‘upon by observ1ng the rate at"whxch;JL{
the values of ZD fell The t1me was allotted on the basxs of‘ml‘:
:: the maxlmum tlme that the ZD of a ;1rcu1t iha partlcularf?;:
B Q‘ategory dlsplayed a reasonable 1mprovement rate |

| ' The results of the experlment are presented ;ih, Table
m?siz They 1nd1cate that 1n terms of the flnal total channel"J.
1 }dehsxtles 'Tsl1ghtly bettéL_ results are iobtaxned when;:
';'Algor1thm B lS used for net- segment selectlon. A p01nt worth»:h
;f notlng is that although the'total channel den51t1es for . all. o
‘the - three' strategles ;arei comparable after .Phase I{-th.ﬁ"'
resultxng 1mprovement after Phase II 1s more 1n the case;ghf;”j
2:Algor}thm -B as compared to the other two.-We attrlbute thlsft

' to AIgor1thm B always selectlng non- essentlal cross channel ff?

) . L Ng
‘4 _‘ ; 1 '
. T L »p
T
R
13
unL ’v
Y

B Fxgure 5. 1 Choos1ng between a non- essent1a1 net segment and
: e . “a non= sw1tchable net= segment.: ' .



{3gure 5 1 shows that such a selectlon leaves

fV1der 'holesf.:ln the _tracks than if:}onef non- eSSent1al;ff

et~ segment and one . non- swztchable one (Flgure 5 1 (b)) were?af

‘used,lThfve w1der 'holes can be used more e£f1c1ently to;ff
/,/mcve fi ble net segments between channels during Phase:f

if II;:result1ng in smaller total channel den51t1es._”f' :
” ""_The' runn1ng trmes for ‘each of the three algorlthms forj:
f'Phase 1is small compared to the t1me allotted for Phase II
‘Q}nfe_'th t1me }ﬁor; Phase II in the exper1ments conducted;~1
‘a‘above 1s the same for the three algorzthms, and - depends onft"
"the 51ze - of -th c1rcu1t, runn1ng t1mes vfd'_galllﬁhfﬁﬁllh

‘ ”falgor1thms can be cons1dered comparable.a;

;géor each of the three algor1thms, the processzng tzmeii
}or a net segment depends on a number gff factors, notablyslﬂ
,}(1lh the type of the net segment (2) 1ts rank (3) the length‘P“
fff;of the net segment (4) the number of net segments 1n 1ts neth“
'hdfand (5) the number of net segments 1n the channel in wh1ch2fﬁ
”1 it‘ lies.‘hAn analysxs of the algorzthms s_ therefore*v
'h d1ff;cu1t and w111 't provzde a realxstlc 1nd1cat1on of7
:,-fthelr factual runn1ng “tlmes.'f Therefore, thexr ' time.v
{f?:complex1t1es were empxr1cally determxned by noting v :
l";{'f‘.amount of computmg txme used ’y each algorithm
fft:global route the 15 test c1rcu1ts. By plotting loaao(totalj;f

RS A ."; . L
,.numbe; of net segments) aga1nst loa1o(t1me) and calculatiﬂg;ﬁ}




':ﬂfabout U(E’ ‘) and that of Algor1thm B to be O(E' i%, where Eg

©ois the total number of net-segments. Slnce the Select R1ghtfj,
"_algorithm performs global 'routlng by prucess1ng each}f”
.term1na1 of hth term1nal list .f1ts t1me complexlty wast
hf51m1larly determlned by plottlng Iog,o(total number ’of:

"ﬁfterm1nals) aga1nst 70910(t1m3) (F1gure S. 4). and found to be |

rfﬁa%out O(T' 5), where T 1s the total number of termlnals.ee

P

5 2. 2 Exper:ments thh Channel Orderxng and FMAX
For Algor1thm A and B, -itf was proposed that thev
; o S
,?channels be processed in 1ncrea51ng order of thelr eomputed'f*

o den51tres. It was ant1c1pated that thls would fac1l1tate the o

. d

e

. selectlon of segments in less congested reglons flrst andf;l

5 hence result 1n better solutlons. Experlments were conducted,
to. séé' 1f results supported th1s conjecture- channels were
processed in ascend1ng and descendlng ordér of their 1n1t1al

computed dens1t1es.b} Table 5.3 summar1 es the resultsv

_obtalned for the 15 c1rcu1ts. e

-

There AS no. 51gn1f1cant dlfference between the results:t

T obta1ned by the two order1ng methods. Over: the 15 c1rcu1ts,31:
lnexther Amethod gave con51stently'better results Though on'sf
}"fthe average over: the 15 c1rcu1t§? esults appear to supp:rtf:f
hldth proposed channel order1ng scheme Cin :theﬁ'case Qéf;?h

A

tdAlgorithm B, ;f Algorxthm A process1ng channels '5@h ‘

E RS

' descendxng order seems to ‘be better.n

- 6}-""‘.

- To 1nvestxgate how FMAX 1nfluences ZD in 'fhe, case of

)

.cglgor;thm A, exper1ments were conducted by varylng the



“*g n1t1al-value of FMAX between 0. 1 and 1 0 Results 1nd1cated

) some small varzatlon 1n ZD ;forr the dlfferent FMAA« : The

'?'eSSent1a11y used »Lto* select ,net segments w1th smaller‘;**

.»

"'1'dev1at1ons' 1n ZD were of the order of 0. 1% or Less and d1d .
L not follow any pattern, tberefore, tabﬁlated res ults °f¢'the A

~exper1ment have not been presented

As explazned :¢Chapter.'43. thef parameter FMAX

. we1ghts , Therefore, when FMAX is ass1gned an 1n1t1al valueﬁ;t"

~."¢/_
5

- 'bf 0 1 and then_“1ncreased to 0. 2 0. 3 :...; net segments’?m“

S

. w1th welghts less than FMAX get selected On “the other hand

) when FMAX 1s ass;gned an 1ngt1al valuebof 1 0, net segments,;gh

"vpjare not selected .on the bas1s of the1r wezghts. The abovej

.'results 1nd1cate that ZD .h¢t9 sen51t1ve to FMWX and;g

f»that the standard-cell routlng env1ronment

.:,number of poss1ble spann1ng treest for a net. The Ch01ce;"ﬁ“

”Y.Ltherefore to the wexghts of the net segments. Th1s can be -

e

attrlbuted to the observat1on, made earr\\; in Chapter 4, _;‘

onstrains thev*
3‘: o

cv~between net segments to bu1ld a span @g tree for,a éti»1965 -

fﬁ*therefore rather 11m1ted A bhé

A
-’)‘ o . ; T o R ST A

/_',

5? u51ng a separate phase for ass1gn1ng chanf, .;' sthchableﬁft‘

net- segments was that they const1tuted a 14

'the net segments. It was ant1c1pated that 'better solutxonsﬂ;f{
ﬁcould be obta1ned by expendzng spec1a1 effort to asszgn themjgf{

_‘optlmally. An examxnatlon of the results of Table 5 2 showfff;

ercentage offt.ﬂ



an xmprovement of upto 1}% 1n the values of . 'ZD" w1th an//’

average of 15 1mprovemedt -over the' 15 c1rcu1ts.l Th1s
1ﬂ%emonstrates the effect1reness of Phase II in: reduclng ZD

The mot1vat1on fox the de51gn of the the SHCH algorlthm.nip

nas- to develop a PHC valgorlthm . that f could , performJ

comparably, .or perhaps better than S1mulated Anneallng and'yhf

~avoid some of 'the problems - of Slmulated . Anneallng._h.:

‘Therefore, ' a ,mulated Anneallng algorlthm was 1mplementedd‘

';so as to compare its performance w;th vthat‘.of the “SHCH
‘;algor1thm. _»;f,v S un:; R ':i.i: nf'.;;f;l;;?:f'\

3

“The S1mulated vAnneallng ;aigorithm' imblementeddllwas'“'
similar to ‘that reported in [Sec84] Extens{ve experiments'
awere performed 1n arr1v1ng at }anv nnea11ng seheduie that
gave -the best results ‘for the problem at hand The major
'*-rcomponents of an anneallng schedule 'are_-:the' initial
'temperature,- TQ, the parameter a that decxdes the sequence;
of " decrea51n§ temperatures the 1nner loop .cr1ter1on" ando..
‘the . stopplng ‘crlterxon‘ Fxndxng opt1ma1 values of thesef'
'parameters was t1me consum1ng. A dev1at10n of up to 8% ,in;_
the results was obtalned w1th dlfferent combxnatlons of the-i'
parametersu The results appeared most sens1t1ve ‘to’ a (Whlch
in_ the exper1ments, was var1ed between 0 5 and 0. 9) and To.'
Ta "was_ varxed between 0. 6 and 10 resu1t1ng _in 'uthep
probab111ty of 1n1t1ally accept1ng uph111 steps varyzngjnjﬁ
between 0.2 and 0.9. It appeared 1mpract1cal to determ1ne -
the .best combxnat1on ‘of the' values of the four parameters>

for eadh,c1rcu1t,.-A' sxgn1f1cant %effort was requ1red -in

©



'ar-r*iwiing‘at"va compromlse value 1"{%

' .experrmental

.

B Nt E PR RS
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gparameters for the 15 c1rcu§ts. Detalls of the 1m
‘/ SR Q"f"'

To compare the'ggiformance of'theﬁghcﬂ algor1thm .w1th

that of the S1mulated Annea11ng algor1thm, each of g>e two

e algorlthms weremgfed in: turn as the PhaSe II. algorzthm to

15 c1rcu1ts. In other words, one set of

;;results ' as generated by routlng »the:ﬁ 15
cxrcu1ts ‘nith each f'_the[ three algorlthms for Phase 1
7followed by the Slmulated Anneallng algorlthm.- Another ';eéég

'wast obta1ned by substltutlng the Srmulated Annealing

. algorlthm w1th the SHCH algorlthm for Phase II. The second
; set of results was . therefore generated by global routxng the fei

_ a8 e S
15 c1rcu1ts¢w1th ‘each of the three algorithms for. Phase 1

‘followed by the SHCH algorlthm for Phase II To obtaxn a -

gfaif

;compar1son,'nthe SHCH algorlthm and the S1mulated
‘th iﬁng* algorlthm were g1ven an equal amount of computing

*t1me. The strategy for allottlng t1me was the same as used

"j1n ear11er ‘exper1mentat1on, the allowed~t1me depend1ng on

_the size of the c1rcu1t. hh 'fcf o A";73_‘3' '?f,

hg The 1results of the exper1ment are g1ven in Table 5 4.;.n

: The solut1ons obta1ned by the SHCH algor1thm for each of the

15 -c1rcu1tsv are- better than> those obtaxned with the

3S1mu1ated Anneallng algor1thm.

;w\v Because lof~ the str1ct txme allotment used in the

experlment the S1mu1ated Annea11ng algorzthm determined a s



&

-'w.,r

normal tenm1nat1on of the a?gd?@ihﬁl or amgfhe end of the R

allotted tzme, wh1chever cameffzrst. A natural huestlon to
R S e '

. asknuls, ‘1n 1nstances wher@'hhe term1nat10n was not gormalt.
could bether resﬁlts be obtalned by lettlng- the—'algor1thm'

,run'iﬁts' full course.‘Th1s formed the ba51s of ‘the' next-set

VA enl

wﬂl -

*the phase ;:‘ algor1thm, solutlons were o?ta1ned for- eachi,
. ) " . 7’"‘ e
1nstance at the end of the anneal1ng schedule,‘ Table 5 5

N

“a I

g1ves »the results for each of the above three sets of data

and the CPU tlme taken for each 1nstance. Reeults show fhat

the7 SHCH algor1thm nges better‘,results desp1te haV1ngf

C N

10 mlnﬁtes., Running tlmes for the larger c1rcu1ts w1th the

Slmulated Annea11ng algorithm vary from 1/2 hour to up to 2.

hours.

[Se084] In [Nah85],‘ th authors_ had observed that {forii;

;nstances 'Aof ‘the 11near order1ng problem, s1mp1e PHC f

algorlthms often perfdrmed better than S1mulated Anneal1ng.

'The results of the above experlments w1th 1nstances of the

global rout1ng problem appear to be in cOnsensus ,wlth th1s,-ax

observatlon.

i The SHCH algorlthm can also be used to improve' global

"l routrng solutlons produced by any other global router. In an'

exper1ment usrng*the SHCH *algor1thm to 1mprove solutlons

generated by - the 'Track- f1111ng B algorxthm [MaR85]

. digcussed jntchapterfi3,:van, merovement of over 2% w

ST ' I ¢
K IR . .,

ifRunn1ng times u.‘s order were also reported in

:solutlon elther attthe end e 'tme annearﬁng §chedule (1 e. af;f

. of exper1ments.~Usmng the S1mulated Annealrng algor1%§ﬁ '35":'

restrlcted the t1me allowed to thq algor1thm to a maxlmum off'v



L

!

5.4 Evaldation of the Two-Phase 'Global-= Router |

obserwed on.the average;"“ﬂh ‘{,_‘ BRI

To. evaluate ”:the Two Phase | Global '~Router,' ”the.f.

I

performance ~9f_ the global router was Compared W1th that o L
other global rout1ng algor1thms. The. aigor1thms used fof:“

performance_ comparlson ar 3lready part of the U. of A.5_~"

~,standard cell deszgn system and are d1$cussed in [MaRBS]

N

f Each of: the heur1st1cs is’ brzefly descrlbed below. ;'7'

P

generate ‘a’ m1n1mum spannlng tree fon each net 1n sequence,

the pe*formance of the Two—Phase Global Router was compared'

w1th such a’ mlnlmum spannlng tree alqorlthm. Deta:ls of the

' edge.»

algor1thm are g1wen in Append1x II wh1cht;sﬂ;epkoduced from

- .

[MaRBS] ' Essentlally, the algorlthm ;orders 1theﬁ nets 1n 3

1ncrea51ng order of ‘the: number of termlnals 1n the nets( and

f1nds«.for ‘each net’ a m1n1mum weight spann1ng tree.. The edge

ki

0 S
werght 1s\a funct1on of the maxxmum local dens1ty along 3tﬁ§nﬁjf‘

oL channel//lnterval between the two term1nals connected by the

i

<

The \second heurlstxc used for performance comparison

"; 1ncorporates a method sxmllar to:the- 'left edge algorzthm

[Hash71] to select net segments for 1nchm81on 1n the global

. routxng. The algor1thm processes the channels one at ‘a time,

bu11d1ng tracks 1n each channel A track 18 f111ed from“ieft

to r1ght selectzng always the left—most net- segment of all

S1nce the approach taken by . most global routers 1s to

e

- net segments not yet assxgned to tracks., »;fgﬂ_éf’.f‘f*ﬁjpﬁ-"‘



\

7j channeLs one at a t1me from top . to. bottom.

‘7Vden51tiesrar0 presenQed 1n Table 5 6 For thejiexper1ment

. In Chapter 3 :r had« discuSSedE'in_ detall 1ajt -

Sl \\ _A . i
'track f1111ng global router [MaR85] wh1ch q;een i;,g“
developed as part 'ff the cont1nu1ng research here at the o

Un1ver51ty of Alberta. Exper1ments :w1th h track—{1111ng

algorlthm demonstrated good results. The research descrlbed

...-3”"%@&:‘ \,J _
'1n thzs the51s began by dlsput1ng the reasons f 1ts good

erformance.f~1t was because of th1s that an analys1s of net e

conf1gurat10ns in standard cell c1rcu1ts was begun and "thé*ﬁ?

Two-Phase '_ Global | Router evehtually , proposed. iThe73

track f1111ng algor1thm has_ thereque,_ naturally, - been’

—

h¥1ncluded amoﬂg the" heur1st1cs for compar1son.-‘f,l," _L"“hfl;?"

RN IS
cae

As a matter of 1nterest, one experlment s conducted

to demonstrate the effect1Veness of a global rout1ng phase

~in. 1mprov1ng:f1nal routlng results. The c1rcu1ts were routed

.vn

,w1thout global rout1ng, u51ng a detalled router tQ route the

b ]

‘.. i

';ﬂhek exper1mental results 1n terms of the total channel

(

lnthat total channel den51t1es are ovor ‘12% hlgher 'than .if:

_performed w1thou§zﬁpsxng global 1rout1ng, results 1nd1cate "

7g10ba1 rout1ng 1s used The total channel dens1t1es produced

't'5w1th the 'left edge methbd were about 7% h1gher than those

_l;produced .w1th the Two Phase Global Router. Compared to the

’"ﬁgM1n1mum Spann1ng Tree algorxthm, the Two Phase Global Router

'1i'results ‘1n smaller ZD for each of the 15 c1rcu1ts, w1th an

:o,f ‘the ‘perf

v

Iaverage 1mprove:fnt qf 4% over the 15 cﬁrcu1ts o The 41ntent

rmance. comparlson wath th Track flllzng

0 o o - L
' [ : L R "
AR EEEEI Sl AP

. w :



B 3

"-igs d1str1buted falrlij

' at-sw1tchab1e pa1r ‘and that of selectlng t#'

"that the OVerall performance of the Two Phase Globalhﬂ

””egg1ad would lead to comparable results. Tablefi&ﬁjindlcat”shrlf

uter;iff‘

'17515 sl1ghtly better than that of the Track f1111ng algor1thm.;g??

It was 1nd1cated earller that the Phase II algorlthm offi»f

h_ithe Two-Phase Global Router was allowed to run for a maxxmumjﬁfs

v

-_of 10 m1nutes for :'. la;ger c1rcu1ts.,These run—t1messff“

'dﬁ'appear hlgher than those reported for the Track fill;ng and;f'-

M1n1mum ’Spann;ng Tree algorlthms, whxch vary between 4 andihﬂ

j244 seconds of VAx 11/780 CPU txme HoweVer, for most of the-:,ﬁ

d

.%{CerUItSp.,th f1nal }result was’ obtalned'ln Iess than half’i .

EATTRC B tF L SR LR TR
A ,the allotted tzme. »Qcﬂ ﬁ;H~;_“~h; Eﬁf‘ﬁ‘ﬂf."f h-zj'1;~ ;_.:

- !

-

A plot of h den51ty profxles for one of the testi_;

.fclrcu1ts, before and aft%; global rout1ng 15 glven 1n Flgure”ﬂ*'

“i 5 5 The flgure shows that the fxnal dens1t¥ prolee 15 more;¢¥ﬁ

:~<:;flat than the 1n1t1al one, 1nd1catxng that wxrlng congestroni;ﬁ?

&

evenly between the channels. F1guregQWH

"h5 6 glves the denslty prqfxles after Phase I and LI. 1f293

'fﬁﬁseen that, for; thef top and bottom channels, the densityff”“

',@pro£1les 3£ter PhaSe II follow the pro£1les after ‘Phase 1'1}15

mfnghls ig perhaps becaUSe the net segments that connectaéfg

’ﬂ~;term1nals on the top and bottom rows cannot be connected i;ifj

alternate; channel 'h profiles for the othef"threef‘w-

L

:Vﬁhchannels 1ndxcate that w1r1ng congestlon ‘?s distribudf;g o

i.,idfalrly well over the channels after Phase LJO,Jﬁ:ltfﬁ,‘ﬁ‘




The ma1n objectlve 1n de51gn1ng the Two Phase Global];;f

2

“.selectlon of one segment ofi'a' sw1tchable pa1r and thefﬁ'
nselectlon 3} ’; segments ;af;ja; tr;ad, Resﬁlts of thef;f
1f»exper1menta§ha&%reported in th1s gthES;J-show. that 'the;fW;

'ﬁﬁTwo-Phase Global Router meets' thié obJectlve. ffn the'

o follow1ng chapteér, we summarize this ‘research work and

f'present'conclusions."’

‘f;}Router was to show that better global rout:ngs could be @»L
V°‘;obta1ned by focu51ng on the two sub problems that arlse 1n»5.5
:“ﬁjfthe global rout1ng of standard cell ICs and deallng wlth{l_.

.‘351them effect1vely. ;Theg “two’ sub problems 1dent1f1ed are the;f
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_'Table 5 2 Exper1menta1 results obtalned af_

il' US1ng Select nght

'.Phase I algorlthm for the;Two Phase Global Router

. fetal 2712 -2567

C1rcu1t Select R1ght

| f,jPhase IPhase II
.

l, Algorlthm A

- .zo‘

q

ZD.il Hzof'ifﬁ

Algorlthm Bl,’

A
a Co
o]

— E

62 57
97 92

©.

LR IR = S V- IR RN B NN BN S TR SR A4
R

W O

- R RS

18]

w

~J

—b

o
o
Fr-3
0
o

50
58 54

ez
'l129“>;a;117fs'
1e7 4;;'i65;- 
b 157'>'l}15§-

a1

SN
N
(P8 ]

185

. 543

91 .90

‘250

”,5491}ﬂ*"£8;t3*’ﬁ
"t127'fll.‘31fﬁ.
‘°g;66h;51' T

» ez 98

56 0 61

-

e

| ”5 " oA 1§
165 V’.ljés g
i‘,1.,.5;"1"'."':-;1'53-‘
__‘1551;[;'1925
'ﬂgxéiej'}htg42 |
 fé8é”_ “301. -

- .488 {584

363 411

T

Algorlthm A and Algorithm B as the O

Phase I Phase II Phase 1 Phase-II-:‘
ZD',-"“

Cis2 v

" 158

Lores -

' 89“ .

231

365

2718

- 2536 2712

285 o

2525+



.:.x
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Table S 6 Exper1mental results obtalned w1th ";h‘ Two-Phase
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‘Figure 5.5 Initial and final density profiles
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'; the globaL rout1ng problem.a‘ 1;)..

: \
».1average,,about 12% hrﬁher than 1f global rout1ng is used.ﬂv

The’ work presented xn ~th1$ the51s part of the_?'

on gozng research here AY the Unlverslty of Alberta, 1nto
8§

deveLop1ng eff1c1enj;ﬂalgor1thms ,for standard cell layout.

,J_ 3,

The major contr1but1on of thlS the51s 1s a global router for j

standard cell layouts that 1ncorporates a new approach to

. '..v‘l&.’“

' routlng phase could result 1n a better routlng.h Results of

r.

'*demonstrate the ef;ectxvenessV'on_a global proutlng phasef

.

t&

Early n - our'- research work »we“Vnoted;_tbat}'few',’
' N\ L
standard cell layout systems employed a :global- touter-jin
"outxng hthe c1rcu1ts.," ‘ ‘felt that 1ntroduc1ng a global?,nv
U .

'4ftexper1meﬁts‘ conducted j,in.:_th;s_a the51s _wvork clearly'"

prlor to deta1led routlng.' Over the 15 circuits used for5 -

P F)

- performance comﬁ%rlson, tcfal channel densltxes were, on the'

g

Our nn1t1a1 analys1s on net «conf1gurat1ons of actual L

happioach from the more convent1ona1 seqd!nt1al m1n1mum;ﬁ

s

_,1nd1cated that most of the nets were e1ther already trees orax'

!

'”_the chozce was 11m1ted to selectxng e1ther one segment of a"‘
_swltchable pa1r or two of a trlad The approach we haveJQv

'"followed in. our mwo Phase Glopal Router 1s that wherever a

~.

'standard cell’ c1rcu1ts_ suggested that ‘a rather d1££erent.f-'

‘,spannxng tree type 910521 rputers was needed The analyszs-'f'



;‘fchdlce is to be made b een net- segments for a net f.'iS.fL
t~ made w1th global ‘v1ew of w1r1ng congestlon'on the chi plj“

>

fﬁrathér than 1nd1v1duallf'for each net As a consequence, the'V

P

nﬁset}“of' net segments_ t flhallx connect up each net 1s:;f

vy

N obtalned ﬂroce551ng nets 1n parallel We,_ therefore, avozd';}

-the{ 'net _orderlng problem 1nherent in global routers that

hp,ﬁcess n&ts sequentlally. Results of experlments conducted’ -

’l.to evaluate the performance of our global router show thatr

:for each of the 15 c1rcu1ts used for performance compar1son,

tour/ router resulted 1n smaller total channel d

5.

'compared to a. spann1ng tree type algorlthm, w1th aA

s1t1es as,

- 1mprovement of 4% over the 15 c1rcu1ts.,;«
o

approach to'ithe global rout1ng prcblem 1n standard-cell__“

: ‘ . . -
"_ layouts. We have not however, been able to explore xsome;
! s

r1ssues ,to our full sat1sfact10n. Results of our experlments?'

-

1mprovements ' cani b obtalned by t;ylngf_tov_optima11y~

re- ass1gn }-swztchable net segments to,‘ channels;, “The
< v 7 - v

averagef“

-ﬂ—_We have shown in th1s thes1s an alternatlve and v1able"

-”"with the -Phase --ff algorlthm .1nd1cate that..s;gnlfrcantlh"

,v ._

p0531b111ty jofl 1mprovements' resultlng from relegatlng the

selectlon of net- segments of a tr1ad to Phase fI or perhaps

later phase haS' not adequately been 1nvest1gated The ;f

\

selectlon ,frules. : (F) select1ng the two' nonfessentral
; cross-channﬁl net s@gments or,.(2) selectlng h . best two

Segments.' However,' the' 'best' ,1s declded upon by 'lo@hl'

condltaons in therr respectzve channels. ‘Perhapsv Phase_gII' _'

. ’ B \

AR > .v“

present algor1thm 11m1ts :1tself to onelﬂof two possxble;w

4



<N ‘?%]*U['Tf*&._;t? s P S

.,1~MDU1d‘not JUSt concentraté on.the problem of assxgnment Of?m'

. . / °

u,channels “to swltchables but aISOIJhe selectlon of segmentsff,

"“_;from a tr1ad to 1mprove rout1ng solutxons. ;

Onew'fexten51on that merlts .some further work

}1ncorporat1ng 1Qto Phase II“or perhaps ‘a- later phase,j-the

’,'mov1ng of- noh Switchable net segments between channels{ Each{;_

.;such move could be baSed on a cost functlon that representsf:'

”the _ benef1k of such a move‘ waéthng a non sthchablegxf

R

segment to an adJacent channel 1nvolves the addxtxon.of oneh

v

’rhfeed through cell 1n a. row Fzgure 6 shows an example otfﬁ

v 4

'such a SWltCh The non- sw1tchable net- segment bf _tf-3' is

'1,moyed to. channel 1 thereby regmcxng the channel dens1ty of’

'channel 2 from 2 to 1 If such-a swltch could reduce: the7

- vnumber 95 track‘s,j what would be "f'esultlng 1ncrease in

v_the length of . _the- g WS and could 'itf result win;;éf netf.i

- reduct1on 1n ch1p area’ L e

The Select R1ght algorlthm 'weﬁfeel,ihasfpotential”:foth”

Lo .
- e

further -deyelopment.ﬁThe algorxthm'incorporateS'One'pass_of s

LN

v

leedthrough ce" [ I 5 SURIRENAN, T LR
‘ 3

3. 4

B SRR 'ﬁﬁj"xVA'_ .'fy ;'3, S
Tea e Eigure;é.i‘Movingpa;non-switchable‘net-segment

L4 . °
-~ - L

oo S T L S e

v l———————— . channel2” - "
I S SO S o
R S S -



e

.segnénts;‘AIso;{it need; nodj7be— lxmxted ti wthe ad)acentL
thannels if 1mprovements can~result from the detourlng Fors
lthe S§stem presented in [Ter82] tne__ detourxng ".ggb“
: :net segments i performed manually*&o 1mprove the solutlon'
generated by the router.vIntroduc1ng a: second pass vrn; thel3
Select nght algor1thm ‘cculd enable such a detourlng to Be‘

{vnet Segments 1“ 1t5 path R second pass could be 1ntroducedf'7

~to pep&osm_avngour1ng of net segments (ord sectlons iofﬂ a

i.

AR T

0

RIS

1?prove the routlngcsolutlon F1gure 6 2 shows an example of"ﬂ

R \ - 5 Ty

-

such .a detourxng Sw1tch1ng ﬁ swltchable -net—segmentsf7

-

between channels is a paxt;cular case of detpurlng However

such__a sw1tch1ng need not be re%trlcted to sw1tthable

performed w1thout manual 1ntervent10n and fac111tate better"

- \/ ) o L .
track ut111zat10n in the shennels. 2%4;«: o -
_ B AN & . -
R T ‘ R -

- 1. | .
el '\"_—-"_'-'f-_"'———
8 - : ¢

{d) non-detoured net-segment. ) -.‘-detoo'redvnel-segmenl

-

‘FiQUrevé,Z'Detouﬂing ofra‘h§$Lsegment“'
‘ . : y A:‘k’gg_ T

a cursor across‘the ch1p from left’_t >, r\gpt -and selectsg<7

.Jnet~segment) 'mov1ng ’them aw?y ﬁrom congested raglons tofi*



S
T ety
BAASSY

 Tanves]

o ‘L;[Y@”‘

T
PR

1Hash71]

~

'IHigsal

- L

"443 447

[Joh82]

 [BurBs] - M

 the 1985 IEEE. I nter'naf: ional Conf-’er'ence on- Computer'
]foesign, 1985, pp, 203~205. L SN LT

‘[HsuaSJ,i-

‘;4, 1982,

‘ Bibliography . \ \,' : r _. B -

Lo -

“H, Anway, G. Farnham, 3R Reld,' "Pkant Layout

' System for. VLSI. Chips", PFoceedings of ithe - 22nd ©.
Des ign Automat ron €onfer'ence, 1985 PP

4.4%ar*52--_~

4<‘\‘. . 8 . 4 -,»'

. _K Aoshxma, E. S. »Kuh "Mu1t1 Channel thimlzatzonif*ﬁ
. ine Gate‘Array ESI Layout", Proceedings.of ;the 1983\ .
- .- IEEE IMternational Symposium On Ctr'cuits _and :
: ,_'Systems 1983 ‘pp -4005 1008 = -

Burstein,' "Channel Routxng , IQM Reseapch f”i

~Report 10973 1985~ s

..
4 - :

H;_.Fle1sher, /J. Glraldz, ;_ "B Martzn, et al 7f \
"Simulated Anneal1ng as  -a. tool ~for. - Lo 1c.fﬂg
AOpt1mlzat10n in:a CAD Environment",’ PFoceedIng of <

Sien

A Hashﬁpoto J Stevens, "ere Bout1ng by Optlmal ? ;ﬂ

-.-Channel:’ Assignment . Within ‘Large:. = Apertureg", .

| ppoceedings of ‘the Bth Design Automat ion Workshop, o
Lo 4971, pp. 155<168. '

L) o “. B
-,q.- : o S

E D W H1ghtower, "A Solutron to th§ ane Rout;ngA.V
.Problem ‘on' ‘the Continuous Blan

'-Ehe 6th De§fgn Automatlon MIor‘ffsho 1969 S pp..
CA-24. o | o

Proceed | ngs - of -

R A . S PR STy
. S . . ! o S [, v e

C;} P.- Hsu, B N, T1en R Chow, R. ' ‘A, Perry, gt

... al, "ALPS2, A" Standard Cell . Layout .System for: .. -
H.;Double-Layer Metal, Technology", Proceedings of . the.j; .
©.22nd Deslgrr 'Au?matim Confenence, 1985, . pp..-

t) iS-' ’ nson, ‘"The NP-Completeness Column. an ;Qf
Ongoing §u1de our'nal of Algor'lthms, Vol 3, No. -
pp 381 395 ERGRE _ e

St




e

ﬂ'f?fflf>fﬁ'?ffiitif S - S v.f j7'j?&¥;1}pfifl-f;%'f;zi::' --ﬁ;1“f;vif
",vﬁﬁjg":i~i7'“:ﬂ,::  3, (’;: E;.“ e ;fvwi' ”; v' i?
if[kahaﬁ]"“ﬁJi- Kanada, K. Okazaki, - al “"Channel-Order

PR ‘Router, A’ New‘Routlng Techn1que for a Mastersllce
7 LsIn, dour'nal\df Digital Systems, Vol 4 1980
RO pp 427 441 o _

‘

e

miif{kihﬁ?] S K1mura, N. Kubo, -, Ch1ba,’\ . N1sh10ka,u An,f*

W R ~Automatic Rout:ng Scheme ~For General Cell LSI",
oo IEEET Tr'ansactlons ~on. Computen-Alded " Design - Df

Integnated Circuits and Systems, Vol CAD 2, No. ="

4 Oct.v1983 pp..285 292.n _

'.‘ [Kir82j-,vs K1rkpatr1ck C. D. Gelatt d;., M. P. vkcch1,

: ' "Opt1m1zat1on by - Slmulated Anneallng ' Sc:ence,
. Vol 220, May 1983, pp. 671 680 .

—

-:-{‘Kb””'; X, piw K°1err Uy La‘uther, : "The Slemens AVESTA- .
.oy .

- System . for Computer Aided-Design of MOS- -Standard

B A Cell Circuits” Proceedings. of the. 14th Desfgn
Automatlon Confer'ence. &97 7 pp 153 157
; . v : - e . ‘v'i‘. '

"'*fxtﬂgsjﬁ';a. 'B; Kruska%‘ Jr, "On~ethe $horte§t Spann1ng

Subtree of. a Graph and . the - Traveling Salesman.

VoI.'7, No. 1, 1956, pp. 148-50.

ifLa?BO]s A, S LaPaugh "Algor1thms for Integrated ,gxrcu1t

_ ;“f MIT Lab. Computer Sc1ence, Nov 1980
[LeeSI];' C. Y. Lee, "An Algor1thm For Path Connect1on amd
7. . its Applications®, IRE TranSactIons on Electnonic
Computens, Vol, EC 10 1961 pp. 346 365. .

§ £ ..
Simulated-Annealing Channel - Router", Pnoceedfngs

: . of . the 1985 IEEE -International Conference on.
- Computen Design, 1985 pp. 226 228:,

ﬂ"'

- [MaR85) R.. Ma, @Standard Cell Rout1ng , MSc,”,Thesis,""
. . X . ) X . o )‘.

/"

Unlver51ty of" Albecta, 1985

. Porblem",. Proc. . American Mathemat:cal Soctety,/ :

Y

‘[LepBSI, H.' W. Leong, D. Fi wOné C}}fﬂt;"'biu, A

¥ A‘;" K

Layout: An Analytic Approach™, ‘Ph.D. Drssertatlon, ”:;



[Méh84]   S. M‘hta, B Klrk ‘M. Nq

[Mets3] . N.  Mbtropolis, K.

‘f[n;kéal.- K. Mxk%m1, K Tgbuchlk** ; N‘

"f ~fRiv82].’ Ra: Ls \R1vest “*E 3

:[qu84]ix"FQi Romeo, “C, Sechen

:tSe¢84] ;

" 7[59u78] g “MBouk75}! o

b
1
3

; _*_‘..Compl CO:rQ;thby Const'
.7 .Routi g System - Proceed i
2 ,,;;CUSt ] IC.COnfenenqeg=

_3'..

-Telleg "Equétlon o{

< ORI
v | N
G e .

}Optlmal gp :
.,r».:1475 \478 \ﬂ;,:;; et

'+ R

2

;.[NahBSJn‘ S:, Nahar, s;i'gévggwgl"”

~with Simulated Anneads

e Design Automat ion Ginrerane

_W_w»*

- Roéuter™, “Procee !
.‘.‘-cdnference, 1 8

- ) §J\ ; k ’

: %

"Résearch ,on-. Slmula
\*'Pnoceedlngs " of
Confenence on Com
> Lol

-tf Be:kely

652 657.

N

P

By

~ N S R }fﬂﬂify i , R
[Rub74]) - F, Rubln,_"The Lee Conpeat ion-, Alg ithm" ~—IEEE
: .. Transact ions on° Cb ) V6
1907-914. " |

..:§éﬁt§11i,'*f"whe
outiing i . Package",

T1th$érﬂoff oﬁ% ‘t‘! . |
' “IC‘Cbnference,

R Proceedfnas ¢ L
S ‘»f1984 pp. 532«‘,¢

o 1szh*>agf G A
\100 1 x d £

’?ntemnatlonalv?'



[szy85] -
| .. Design of Integrated Circuits -and: Systems, Vol.
:fCKD~4 No.FI; Jan.v1985 pp..i; 41

. [Ters2)"
S ;,g_Consxderatlon 'of. the Number o?’Horliontal Grids
" . used in Routing a Masterslice Layout",

- {rTing3l

- .

. L - ,:)‘6
e ‘."‘.x,:v,:.. Yy
Yy, [Vec83]

N s
SRR L TR
o ciwiﬁﬂ4j .

X W=«ua¥“ppoceedings of the 1984 ~ IEEE’ - International ,
. SYmposium on Clncu1ts and- Systems, = 1984, pp..
“444 428, | | o

o . o sy LA
NN TN - )
NN P NN
R R
Lo N | \\,
NI
..,'\,

e

 ‘Computer-Aided Desi

T G Szymanskl, "Dogleg

ﬁfhaznel Rout1ng i
NP-Complete”, IEEE. Tnansactip :

Cbmputen‘Aided~ 

e
R

M~ Tere1,‘ H. K nada, K._ Sato Yahara,= "A

Pnoceedings-" 

- .Of . the 19th Des:gn Automatlon Confenence 1982 T
,’pp, 121-128 c | RREEEN s o

-,

B. Su T1ng, B N T1en,v "Routlng Technxques forv'.

Gate-Arrays",  IEEE Transact.ions on Computer-Aided. -

Design of Integnated Circuits and SyStems, vai

' CAD 2.y No. 4 Oct. 1983 pp.,301 312

_' ..
[t

ﬁiM:=3VéCChi} s. K1rkpatr1ck "Global W1r1ng by

Simulated Annealin IEEE - Transactions ~ on -
35 of Integrated Circuits and .
Systems, Vol. 'CAD-2, No. 4 .Oct. 83, pp. 215-222; -

o

egs. Wﬁite, '"C ’cebte 'of'_lécal&.vfiﬁh"51muiated'
“:Annealing", ‘oceedings of - the [ 1984 IEEE . °

Internat ional Conference on Cbmputen Desrgn,,1984
Pp. 646-651. . 8 - R

\ R e -~;} v

. "‘ . ) v J . ) . . * : ) B
M. W1esel . "Loose Rout1ng For Gate . Arrays",

-

‘¥Q§h1mura, E. S. Kuh "Efficient Algorithms For

'\_6hannel ‘Routing”, IEEE  Transactions: on
\Cbmpuﬁen~AIded Deszgn of Integnated Circuits and

‘yst  s, Vol CAD 1, No.~\,,Jan._1982,Appﬁ 25-35, -




v J- L ..‘. T - .4.._ L : : “y d ‘
= "Kppen61§’J ,A 51nn1ated Annoalxng Algorxthm for Assxgnxng

‘ihﬁf'p 5w1tchpb1e Net- segments to Channels L

0

-
-

e khe basic Simuﬁated Anneallng algorzbhm 1s ngen inFiﬂ

- 5Flgure 4 7. In ‘,daptzng it to- the problem of asszgnzng

-fsw1tchable net-se ents to channels,. the algorlthm starts

“ffw1th the. solutxon obta1ned after the Net segment Selectxon

"Phase ‘as’ the 1n1t1a1 state, S. The channel dens1t1es of all

‘the channels are determ1ned. The' sum of. jthe” cﬂannel .

Tvden51t1es over all: channels, ZD; is: the 1n1t1a1 valie of-th€

 cost - functxon, .C(S) h new state,» S"’I‘ generated by
-randomly selecting a sw1tchable net segment and rout1ng 1t
on 'the oppos1te 51de of the row from 1ts current pos1t1on.
1'ﬁAThe cdst functlon, C(S ) is evaluated for the new state. v ;
}v,Let A ¢ ; C(st) - C(S) As a result of the ne@ state, the
~r‘ cost functlon ezther 1ncreases by 1,; decreases by J, 4otf"
remains. the' same, i. e. A C 1; —};‘or 0 respectzvely. %ew-
‘“states w1th A C -ifor 0=are.a1nays accepted._ For -states

f.w1th ‘A C the parameter, T determ1nes whether they will ]

. be accepted The states are accepted 1f

-1/T

"random < e . where random 1s a unlformly generated numberu

'1n the range [0 ] In1t1ally, T = To. o o .";:g - h
,Aftér'Aexperlment1ng w1th values of }o beuwee: 0.6 and .
'10 (result1ng 1n the probab111ty ff 1n1t1a11y accept1ng~
vuph1ll _steps .vary1ng’;betWeen' 0c2 and 0.9), To was seﬂ ta
,,t"'o 621, withe e w2, 0 Ll e
_' The"lnner loop crxterzon' 1s 1mplemented by spec1fy1n£i h

the number of new states to. be generated tbr each stage of
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3 R
the anneal1ng process. Th1s number._i' specxfled s-a

'y T,

multlple of the number of sw1tchable netmsegmentsA. ,-1n tq.

élrcu1t under con51deratlon. It has been a551gned a value of -

‘u

30 EN, - R A

T . - S
‘\\;ggi stopplng cr1terlon is- 1mp1emented by spec1fy1ng

the number- of stages,'or temperatures to be consxdered

(—j-

'the"<,annea11ng process. After experlmentlng with a 6

. S ) '

temgerature schedule was,dec1ded on. ' .

The parameter, a whlch determlnes the 'sequence of

decrea51ng temperatures, has been ass1gmgﬂ'a value of 0 5, .

after some exper1mentat1on w1th values of a- ranglng be&ween B

)

05and09. | A

S

L4

| temperature schedule and' 10. temperature one, .a 6



weabpendix-fj - a,uinimﬁm:Spgnning4Ttee[GIobe§fﬁodtetj
:Th tree~type global routlng algor1thm we 1mplemented
‘.;1sﬁis1m11ar to 'th “‘algor1thms fo [A0583] [Sec84] and.:,t

_'[W1e84]- . Ba51ca11y,. the: algor1thm orders fthe, nets byﬂ,J

i__qncreasxng number of term1nals in: the nets. :Ingeﬁh sorted;in

af:order, 7the ‘algot1thm f1nds,_for each net, a m1n1mum we1ght"

Y

~ \ SR
- spannlng tree of canonﬁcal w1re segments whlch connect the

cinet. The edge welght is: 1/(2*CiD d)) where3 ;“ﬂennel"r
e 3 PR 4

“,‘tdenszty, arfd d=max1mum &ocal den51ty along the channel:f'

;1nterval between the two. term1nals connected by the . edge. g
~ The" m1n1mum s;annzng tree 1s* found u51ng Kruskal s'A
‘7;'algor1thm [KquG%r Kruskal s algbrlthm takes O(nlog,n) timef'_
”Vto ﬁ;nd the mlnqmum spann1ng tree for a graph w1th n edges.f.
‘Let N-number f nets, E—total number ;of“canon1ca1 w;red’
: segments;. e-avezhge number'LQf segments peri?qet, - e.,l'.
cé:E/N=aVerage. numberv-of‘ edges 1n the graph for each net.

Therefore,,on average, the time requ1red to compute ther

"ﬂ:mlnxmum ;spagp1ng tree’ for N nets each w1th e edges is about}

| O(Nelogze) O(Elogae) sznce Ne=E sl . .
. o T :
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