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Abstract

A new approach for per f ormance-dr iven r outi ng i n

hi ghly congest ed hi gh s peed MCMs and PCBs i s pr e-

s ent ed. Gl obal r out i ng i s empl oyed t o manage del ay,

s i gnal i nt egr i t y and conges t i on s i mul t aneous l y. Int er -

connect per f ormance pr edi ct i on model s ar e gener at ed

t hr ough s i mul at i ons . The gl obal r out i ng r es ul t s and

per f ormance pr edi ct i on model s ar e us ed t o gener at e

bounds on t he net l engt hs whi ch can be us ed by a

det ai l ed r out er t o s at i s f y cons t r ai nt s on i nt er connect

per f ormance .

1 Introduction

In this paper, we addr es s t he pr oblem of i nt er connect

r out i ng on a Pr i nt ed Ci r cui t Boar d (PCB) or Mul t i Chi p

Modul e (MCM) under t i ght t i mi ng and noi s e ( `s i gnal i n-

t egr i t y') cons t r ai nt s . The de l ay and noi s e char act er i s t i c s

of t he i nt er connect ar e ver y s ens i t i ve t o t he i nt er connect

t opol ogy and l engt h of i nt er connect s egment s . Hence ,

i n or der t o meet t he t i mi ng and noi s e cons t r ai nt s , ac -

cur at e cons t r ai nt s on t opol ogy and wi r e l engt h ( ` wi r i ng

r ul e s ' ) mus t be pr oduced f or each net . Good anal yt i cal

pr edi c t or s , r e l at i ng i nt er connect t opol ogy and net l engt h

t o de l ay and noi s e par amet er s , ar e , i n gener al not avai l -

abl e ( Some pr ogr es s has been made f or poi nt t o poi nt

net mode l i ng i n [4]) . Hence t he i nt er connect mus t be

eval uat ed us i ng c i r cui t s i mul at i on t o accur at e l y pr edi c t

t he s i gnal de l ay and noi s e . Thi s i mpl i e s t hat t he t as k of

gener at i ng cons t r ai nt s on net t opol ogy and wi r e l engt h

i s qui t e di �cul t .

Mos t cur r ent commer c i al t ool s r equi r e us er s t o s pec -

i f y t he phys i cal cons t r ai nt s up- f r ont f or each br anch of

each net and t hen us e a pos t - r out i ng s i mul at or t o adjus t

t he cons t r ai nt s as neces s ar y. Thi s i t e r at i ve appr oach i s

t oo t i me cons umi ng and di �cul t i n des i gns wher e t her e
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ar e many e l ect r i c al cons t r ai nt s . Davi ds on & Kat opi s [ 1]

s ugges t a t echni que i n whi ch pol ynomi al equat i ons ar e

�t t ed t o s i mul at i on r es ul t s t o pr edi c t i nt er connect de -

l ay. I n addi t i on, t he des i gner s pec i �es t he net t opol ogy

and t he wi r e l engt h l i mi t s i n or der t o manage s i gnal i n-

t egr i t y cons t r ai nt s . They poi nt out t he i mpor t ance of

us i ng cons t r ai ned net t opol ogi e s ( Fi gur e 1) t o cont r ol r e -


ect i on noi s e . I t i s i mpor t ant t o not e t hat a St e i ner t r ee

i s not one of t hes e al l owed t opol ogi e s . A s i mi l ar appr oach

i s al s o us ed i n [ ?] . Lee et . al . [ 7] des cr i be a t echni que i

whi ch wi r i ng r ul e s ar e gener at ed by conduct i ng a smal l

number of s i mul at i ons ar ound a nomi nal des i gn poi nt ,

dur i ng des i gn. An equat i on i s �t t ed t o t hes e s i mul at i ons

and us ed t o gener at e bounds f or accept abl e e l ec t r i cal be -

havi or . Such ` on- l i ne ' s i mul at i on t echni ques r equi r e t he

us e of t he s i mpl es t dr i ver mode l s and l os s l e s s l i nes t o

achi eve manageabl e s i mul at i on t i mes . Wi t h mor e com-

pl ex mode l s , on- l i ne s i mul at i on becomes pr ohi bi t i ve .

I n t hi s paper , we pr es ent a newt echni que t o accur at e l y

t r ans f ormt i mi ng and noi s e cons t r ai nt s i nt o phys i cal con-

s t r ai nt s ( ` wi r i ng r ul e s ' ) . As i mul at i on bas ed c i r cui t char

act er i zat i on t echni que i s us ed t o obt ai n eas y t o eval uat e

mode l s of i nt er connect per f ormance . Such mode l s ar e

gener at ed a pri ori f or each uni que net t opol ogy i n t he

des i gn. Agl obal r out i ng s t r at egy i s empl oyed t o i dent i f y

good r out i ng t r ees f or each net s uch t hat wi r i ng conges -

t i on i s manageabl e and t he e l ec t r i cal cons t r ai nt s ar e l i ke l y

t o be s at i s �ed. Wi r e l engt h bounds ar e t hen gener at ed

f or t hes e r out i ng t r ees t o meet t he e l ec t r i c al cons t r ai nt s

Thes e bounds may be us ed by a det ai l ed r out er even i f

t he det ai l ed r out er can not f ol l ow t he pat hs s ugges t ed

by t he gl obal r out e . We begi n wi t h a di s cus s i on on t he

gl obal r out i ng t echni que .

2 Global Routi ng

The gl obal r out i ng pr obl em i s t hat of �ndi ng appr ox-

i mat e pat hs f or each net i n t he des i gn, s uch t hat t he

pat hs ar e non- i nt er s ect i ng and s at i s f y t he e l ec t r i c al con-

s t r ai nt s . The r out i ng i s per f ormed on a channel i nt er-

sect i on graph. The edges i n t he gr aph cor r es pond t o

wi r i ng channe l s , and t he nodes cor r es pond t o i nt er s ec -

t i on of channe l s and e l ect r i cal pi ns . Si nce i n PCBs and

MCMs , t he chi p s i ze s and pi n l ocat i ons ar e �xed, s uch a
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Fi gur e 1: Net Topol ogi e s

gr aph can al ways be cons t r uct ed. The edges i n t he gr aph

have a wi r i ng capac i t y as s oc i at ed wi t h t hem, whi ch det er -

mi nes t he maxi mumnumber of wi r e s t hat can be r out ed

t hr ough t he cor r es pondi ng wi r i ng channe l i n t he gi ven

t echnol ogy. Edge l engt hs i n t he r out i ng gr aph ar e det er -

mi ned by Manhat t an or Euc l i dean di s t ances .

Once t he r out i ng gr aph i s det ermi ned, t he gl obal r out -

i ng pr obl emcan be f ormal i zed as f ol l ows [ 8] : An i ns t ance

of t he gl obal r out i ng pr obl emcons i s t s of a r out i ng gr aph

G = (V;E) , wi t h vert i ces V and edges E, and a s et of su-

pernet s N , wher e each s uper - net i s a s ubs et of V . A

s uper net i s a col l ec t i on of i dent i cal net s ( s ame t ermi -

nal nodes ) t hat ar e t r eat ed as a s i ngl e net wi t h mul t i pl e

wi r e s . Each edge i s l abe l ed wi t h a capac i t y c : E! R+

and edge l engt h l : E ! R+. Net i has a mul t i pl i c i t y

di � 1. For each s uper net i 2 N, t her e i s a s et of admi s -

s i bl e r out es , or t rees T1
i
; : : : ; TiL

i
. As ol ut i on t o t he gl obal

r out i ng pr obl emi s a s et of admi s s i bl e t r ees , one or mor e

f or each net , s uch t hat t he capac i t y c ( e) on each edge i s

not exceeded by t he t ra c on t hat edge . The t ra c on

an edge i s de�ned by t he we i ght ed s umof al l t he r out es

t hat cont ai n edge e :

U ( e ) =

i2N;t2iL;e2T
t

i

y( i ; t) ( 1)

The we i ght s y ( i ; t ) denot e t he number of wi r e s i n

s uper - net i t hat ar e r out ed us i ng t r ee t . The obj ect i ve

f unct i on mi ni mi zed over al l s uch f eas i bl e s ol ut i ons var i e s ,

dependi ng on t he des i gn pr obl em. Some f ormul at i ons

t r y t o mi ni mi ze wi r e l engt h, or t he maxi mumr at i o of t he

t r a�c on an edge t o i t s capac i t y. The gl obal r out i ng ob-

j ect i ve i n t hi s paper i s t o s at i s f y as many of t he e l ec t r i cal

cons t r ai nt s as pos s i bl e , s ubj ect t o t he wi r i ng capac i t y

cons t r ai nt s . To do t hi s , a bene�t f unct i on b : T ! R i s

as s oc i at ed wi t h each t r ee . b ( i ; ) r e
ect s t he l i ke l i hood of

s at i s f yi ng t he e l ec t r i cal cons t r ai nt s as s oc i at ed wi t h net i

when r out ed us i ng t r ee T
j

i
. Hence t he obj ect i ve of t he

gl obal r out i ng i s t o maxi mi ze (T ) :

(T ) = i2N;j2i l
b ( i ; ) ( 2)

The gl obal r out i ng pr obl emi s opt i mal l y s ol ved by �nd-

i ng a s et of r out i ng t r ees f or each net i n t he des i gn wi t h

hi gh pr obabi l i t y of meet i ng t he e l ec t r i cal cons t r ai nt s , and

t hen maxi mi z i ng t he r out i ng obj ect i ve f unct i on whi l e s at -

i s f yi ng t he edge capac i t y cons t r ai nt s .

. te er ro ra i or latio

The r out i ng gr aph de�ni t i on, t he net s , r out i ng t r ees f or

each net , and t he as s oc i at ed bene�t f unct i on f ul l y s pec i f y

a gl obal r out i ng pr obl em. The r out i ng pr obl emcan be

f ormul at ed as an i nt eger pr ogr am, by as s oc i at i ng an i n-

t eger var i abl e yij wi t h t r ee T
j

i
. yij i s t he number of wi r e s

i n s uper net r out ed wi t h t r ee i . Then t he gl obal r out i ng

pr obl emi s gi ven by t he f ol l owi ng i nt eger pr ogr am:

Maxi mi ze
N

i=1
iL

j=1 b ( i ; ) yij

s ubj ect t o
iL

j=1 yij =d i i =1; : : : ; N
N

i=1
iL

j=1 a
k

ij
yij ck =1; : : : ;

i nt eger yij � 0

Her e N i s t o t ot al number of s uper - net s , di i s t he

number of wi r e s i n net i , iL i s t he number of r out i ng

t r ees f or net i , i s t he number of edges i n t he gr aph,

and ak
ij

i s a ( 0; 1) mat r i x t hat s pec i �e s whet her or not

t r ee T
j

i
us es t he edge .

. ol ti o et o s

I nt eger pr ogr ammi ng i s , i n gener al , NP- Har d. Ther e ar e

numer ous ways of s ol vi ng i nt eger pr ogr ams , e . g. cut t i ng

pl ane al gor i t hms and br anch and bound [ 8] . One met hod

t hat has been s hown t o be ver y e ect i ve f or s ol vi ng t he

gl obal r out i ng pr obl emi s a r andomi zed r oundi ng appl i ed

t o t he l i near r e l axat i on of t he i nt eger pr ogr am[ 12] . The

bas i c i dea i s t o r e l ax t he i nt eger cons t r ai nt i n t he f ormu-

l at i on, whi ch makes i t a l i near pr ogr am, and t o s ol ve t he

l i near pr ogr ammi ng pr obl em. I f t he s ol ut i on of t he l i n-

ear pr ogr ami s i nt egr al , t hen we have an opt i mal gl obal

r out i ng. I f not , t hen we need t o t r ans f ormi t i nt o an i nt e -

ger s ol ut i on by r oundi ng t he non- i nt egr al val ues . I n our

exper i ence , al mos t al l s ol ut i ons t ur ned out t o be i nt eger

af t e r s ol vi ng t he l i near r e l axat i on. Thi s i s pr i mar i l y due

t o t he hi gh mul t i pl i c i t y of t he net s . Hence t her e was us u-

al l y no need t o r ound t o an i nt eger s ol ut i on. I n t he f ew

cas es wi t h non- i nt eger s ol ut i ons , a s i mpl e r oundi ng l ed

t o ver y f ew cons t r ai nt vi ol at i ons , al t hough t he obj ect i ve

f unct i on mi ght be s ub- opt i mal .

i rcui t aract ri ati on

The gl obal r out i ng met hodol ogy depends cr i t i cal l y on

havi ng accur at e meas ur es of t he i nt er connect per f or -

mance t hat can be qui ckl y eval uat ed at des i gn t i me. A

nove l s i mul at i on bas ed c i r cui t char act er i zat i on t echni que



i s empl oyed f or t hi s pur pos e . A s epar at e char act er i za-

t i on i s per f ormed f or each uni que c i r cui t t opol ogy. The

obj ect i ve of t he char act er i zat i on i s t o obt ai n a predi ct or

unct i on t hat can be us ed t o accur at e l y and qui ckl y ob-

t ai n c i r cui t r e s pons es of i nt er es t ( e . g. de l ay and r e
ect i on

noi s e ) of a gener al i ze d i nt er connect c i r cui t t opol ogy, over

a r ange of cer t ai n desi gn vari abl es , s uch as net l engt h.

To obt ai n a char act er i zat i on, we conduct a comput er

exper i ment i n whi ch sa pl es ar e t aken at di e r ent poi nt s

i n t he ` des i gn s pace ' , t he di mens i ons of whi ch ar e t he de-

s i gn var i abl e s . Taki ng a s ampl e i s aki n t o per f ormi ng

a c i r cui t s i mul at i on. The s ampl i ng met hod i s a heur i s -

t i c , mul t i s t age exper i ment ( s ee Fi gur e 2) t hat us es Lat i n

Hyper cube Sampl i ng [ 9] i n each i t e r at i on. e s ampl i ng

af t e r t he �r s t i t e r at i on depends on t he eval uat i on of t he

pr edi c t i on er r or , meas ur ed by cross- val i dat i on.

The pr edi c t or f unct i on i s a dat a i nt er pol ant . I nt er po-

l at i on i s per f ormed us i ng Movi ng Leas t Squar e I nt er pol a-

t i on [ 6] , on t he s i mul at ed poi nt s . The pr edi c t or f unct i on

i s gi ven i n t he f ol l owi ng f orm:

(x) = n

j=1aj j(x) ; ( 3)

wher e x i s t he vect or of des i gn var i abl e s ,1(x) ; : : : ;n(x)

ar e n l i near l y i ndependent pol ynomi al s i n x s uppl i ed by

t he us er and t he aj ' s ar e cons t ant s t o be det ermi ned.

Whenever (x) i s eval uat ed, Movi ng Leas t Squar es ar e

us ed t o det ermi ne t he aj. The aj ' s ar e chos en s o t hat

a we i ght ed s umof t he er r or of pr edi c t i on at al l s ampl e

poi nt s i s mi ni mi zed, and t he pr edi c t or f unct i on exact l y

i nt er pol at es t he s ampl e poi nt s .

The 
owof t he mul t i s t age exper i ment i s gi ven i n �g-

ur e 2. Si mul at i ons ar e �r s t per f ormed f or a s pec i �ed

i ni t i al number of s ampl es . For each of t he i ni t i al l y s am-

pl ed poi nt s , pr edi c t i ve er r or i s cal cul at ed us i ng cross-

val i dat i on. The cr os s - val i dat i on er r or i s t he di e r ence

between t he act ual r e s pons e at a s ampl e poi nt xi, and

t he r es pons e pr edi c t ed by i nt er pol at i ng al l t he ot her s am-

pl e s at xi ( as s umi ng t he r es pons e at xi i s not known) . I f

t he er r or i s l ar ge , i t i mpl i e s t hat t he s ampl e poi nt s do

not pr edi c t at xi. Ther e f or e , i t i s des i r abl e t o s ampl e

mor e poi nt s near xi. Thes e er r or s can be aggr egat ed t o

i dent i f y r egi ons wher e mor e s ampl es ar e t o be dr awn. I n

t he s ubs equent s t eps of t he al gor i t hm, Lat i n Hyper cube

s ampl i ng i s car r i ed out f or al l t he r egi ons wher e t he er r or

i s l ar ger t han a s pec i �ed t hr es hol d.

. e e t ctio

The bene�t f unct i on des cr i bes t he l i ke l i hood of t he s i g-

nal i nt egr i t y cons t r ai nt s be i ng met by a cer t ai n r out i ng

t r ee of a gi ven net . Si nce t her e i s uncer t ai nt y i n bot h t he

l engt h es t i mat es f or t he r out i ng t r ees , as we l l as t he per -

f ormance es t i mat es , t he bene�t f unct i on s houl d account

f or t hes e uncer t ai nt i e s .
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Sampling Space
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   New
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Fi gur e 2: St eps i n s equent i al s ampl i ng.
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Fi gur e 3: Bene�t Funct i ons

The per f ormance can be pr edi c t ed us i ng Movi ng Leas t

Squar e I nt er pol at i on (MLSI ) on t he s et of s i mul at ed

poi nt s . Wi t h MLSI , t her e i s no es t i mat i on of t he pr e -

di c t i on er r or . The r es ampl i ng t hr es hol d can be us ed as a

meas ur e of t he uncer t ai nt y i n t he char act er i zat i on. The

expr es s i on f or t he bene�t f unct i on i s gi ven as :

(x) = n

i=1 ( i(x) ui; i(x) � li) ( 4)

The ( ) f unct i on can be de�ned as s hown i n Fi gur e 3.

The ( ) f unct i on l abe l ed ( a) i s :

i(x; u; l ) = ex (li� i(x)

ei
) i(x) li

= ex ( ui� i( x)

ei
) i(x) � ui

= 1 l i i(x) ui

( 5)

wher e ei i s t he er r or t hr es hol d i n char act er i z i ngi. The

( ) f unct i on l abe l ed ( b) i s :

i(x; u; l ) =
1: 0

1: 0 ex (li� i( x)

ei
)

1: 0

1: 0 ex ( i( x) �ui
ei

)

( 6)

s e of t he bene�t f unct i on r epr es ent ed i n Equat i on 6

wi l l r e s ul t i n mor e cons er vat i ve management of de l ay and

s i gnal i nt egr i t y t han t he us e of t he bene�t f unct i on i n

Equat i on 5.



r G n rati on

The �r s t s t ep i n s ol vi ng t he gl obal r out i ng pr obl em i s

t o �nd a s et of r out i ng t r ees f or each net t hat s at i s f y

t he e l ec t r i c al cons t r ai nt s . Ther e has been cons i der abl e

r e s ear ch on t r ee gener at i on al gor i t hms i n t he pas t , pr i -

mar i l y f ocus s ed on t he St ei ner t ree gener at i on pr obl em,

wi t h t he obj ect i ve of mi ni mi z i ng t ot al wi r e l engt h. e -

cent l y, t i mi ng dr i ven St e i ner t r ee gener at i on al gor i t hms

have s t ar t ed t o emer ge [ 15] . Thes e al gor i t hms mode l t he

de l ay of t he t r ee us i ng a di s t r i but ed Cmode l or t he El -

mor e de l ay mode l . Agai n, t hes e mode l s ar e i nadequat e

f or pr edi c t i ng t he de l ay f or MCMand PCB i nt er con-

nect , whi ch di s pl ay s i gni �cant i nduct i ve or t r ansmi s s i on

l i ne e ect s . I t i s qui t e di �cul t t o have anal yt i cal ex-

pr es s i ons r e l at i ng de l ay and noi s e t o t he t r ee t opol ogy

and wi r e l engt h, s i nce f r ee f ormr out i ng t r ees have unpr e -

di c t abl e char act er i s t i c i mpedance and di s c r e t e di s cont i -

nui t i e s . Even f or t he s i mpl e wi r e l e ngt h mi ni mi zat i on ob-

j ect i ve , t he opt i mal St e i ner t r ee cons t r uct i on pr obl emi s

ver y har d. Thes e two f act or s make t he opt i mal t r ee con-

s t r uct i on pr obl em t ot al l y i nt r act abl e . For t unat e l y, t he

nat ur e of t he pr obl em al l ows us t o do qui t e we l l wi t h

heur i s t i c s ol ut i ons . Fi r s t l y, compar ed t o on- chi p net s ,

net s on a PCB or MCMhave a smal l e r f anout . Sec -

ondl y, t he r out i ng r es our ce us e does not have t o be ab-

s ol ut e l y mi ni mi zed. Hence t he wi r e l engt h can be l onger

t han opt i mal wi t hout r es ul t i ng i n a dr amat i c i ncr eas e i n

r es our ce r equi r ement . Thi r dl y, t he noi s e and de l ay pr ob-

l ems ar e we l l cont r ol l ed i f net s ar e r out ed i n r es t r i c t ed

t opol ogi e s . I t t ur ns out t hat gener at i ng r out i ng t r ees

i n t hes e r es t r i c t ed t opol ogi e s i s cons i der abl y eas i e r f r om

a comput at i onal s t andpoi nt . Hence t he f r eedomal l owed

by r e l axi ng t he wi r e l engt h mi ni mi zat i on obj ect i ve , makes

t he t r ee gener at i on t as k comput at i onal l y t r act abl e . The

key t o cons t r uct i ng f eas i bl e r out i ng t r ees i s t hen t o gen-

er at e r out i ng t r ees i n cont r ol l ed t opol ogi e s wi t h smal l

wi r e l engt h. Thes e t r ees s houl d t hen be checked agai ns t

t he char act er i zat i ons of noi s e and de l ay t o ens ur e t hat

t hey meet t he e l ec t r i c al cons t r ai nt s .

For poi nt - t o- poi nt net s , t her e i s onl y one t opol ogi cal

way of cons t r uct i ng r out i ng t r ees . Hence t he s hor t es t

pat hs f r omt he dr i ver t o t he r ece i ver need t o be f ound.

For mul t i - poi nt net s , s ever al t opol ogi e s have been s hown

t o have good de l ay and noi s e char act er i s t i c s [ 1] as s hown

i n Fi gur e 1. Sever al opt i mal and heur i s t i c al gor i t hms

f or gener at i ng s hor t wi r e l engt h t r ees f or poi nt - t o- poi nt

and mul t i - poi nt net t opol ogi e s have been i nves t i gat ed.

The det ai l s of t hes e ar e not i nc l uded becaus e of s pace

l i mi t at i ons . For det ai l s , r e f e r t o [ 10] .

Rul Gn rati on

i ri ng Rul es ar e expl i c i t cons t r ai nt s on t he geomet r y

of t he net , f or exampl e , a maxi mumand mi ni mumcon-

s t r ai nt on each br anch i n t he r out i ng t r ee . I f t he e l ec -

t r i cal per f ormance can be capt ur ed i n a pi ece - wi s e l i near

f unct i on, t hen t he wi r i ng r ul e can be gener at ed di r ect l y

[ 13] . However , s uch a gl obal r ul e t ends t o be f ai r l y con-

s er vat i ve and does not l ead t o r out i ng compl et i on [ 14] .

The gl obal r out i ng s ol ut i on gi ves a good s t ar t i ng poi nt

f or wi r i ng r ul e gener at i on as i t gi ves a mi ni muml engt h

t hat i s hi ghl y l i ke l y t o pr oduce a f eas i bl e r out e . I f t he

gl obal r out e i s f eas i bl e , t hen a wi r i ng r ul e can be gen-

er at ed by expandi ng t he des i gn s pace ar ound t he gl obal

r out ed s ol ut i on.

Lee et . al . [ 7] have pr opos ed a nove l met hod f or gen-

er at i ng bounds on net l engt hs t o meet e l ec t r i cal con-

s t r ai nt s . The i r appr oach can be s ummar i zed as f ol l ows :

Fi r s t , f or al l e l ec t r i cal cons t r ai nt s , a f eas i bl e s ol ut i o

f ound us i ng s emi - empi r i c al f ormul as . Then a s i mul a-

t i on t echni que bas ed on AWE [ 11] i s us ed t o cal cul at e

t he s ens i t i vi t i e s of t he e l ec t r i cal per f ormance t o t he net

l engt hs . Then t he e l ec t r i cal per f ormance i s appr oxi mat ed

by a Tayl or s er i e s expans i on wher e i ni t i al val ues and t he

par t i al der i vat i ves wer e obt ai ned f r oms i mul at i on. The

l ar ges t val ue of t he net l engt hs i s s ol ved f or by l i near pr o-

gr ammi ng f or each per f ormance s epar at e l y, and t hen t he

s ol ut i on s paces ar e i nt er s ect ed t o det ermi ne t he i nt er val s

of cons i s t ency.

The mai n dr awback of t hi s t echni que i s t hat t he s i m-

pl e equat i ons cannot account f or compl ex dr i ver r ece i ver

mode l s , and t hus t he i ni t i al s ol ut i on may not be f eas i bl e .

The net l engt h bounds ar e gener at ed di s r egar di ng t he

cons t r ai nt s i nduced by t he boar d pl acement . Never t he -

l e s s , t he appr oach i s qui t e at t r act i ve and can be ext ended

t o over come t hes e s hor t comi ngs , us i ng t he gl obal r out i ng

des cr i bed ear l i e r t o ar r i ve at t he i ni t i al s ol ut i on.

Movi ng Leas t Squar e I nt er pol ant gi ves us a l ocal e s t i -

mat e of t he e l ec t r i cal per f ormance . ecal l t hat t he f orm

of t he I nt er pol ant i s :

(x) =

n

i=1

ai(x) i(x) ( 7)

wher e (x) i s t he pr edi c t ed val ue f or s ome e l ect r i cal per -

f ormance f or net l engt h vect or x andi' s ar e pol ynomi al

bas i s f unct i ons . I f t he bas i s f unct i ons ar e chos en t o be

l i near i n x, t hen t he f ormof (x) i s t hat of a l ocal l i near

appr oxi mat i on. By choos i ng x as t he gl obal r out ed net

l engt h, we have a l i near appr oxi mat i on of t he i nt er con-

nect per f ormance near t he l i ke l y des i gn poi nt . Not e t hat

any e l ect r i c al per f ormance can be appr oxi mat ed i n t hi s

manner . So t he mi ni mum l engt h cons t r ai nt s obt ai ned

f r omt he gl obal r out ed l engt h and t he cons t r ai nt s s pec i -

�ed by equat i ng t he l i near appr oxi mat i ons of t he per f or -

mance t o t he e l ec t r i cal cons t r ai nt s , des cr i be a pol yt ope

over t he s pace of net l engt hs . To obt ai n abs ol ut e bounds

on t he net l engt hs a l ar ges t hyper r ect angl e has t o be

�t t ed i n t hi s pol yt ope . Thi s can be achi eved by l i near



pr ogr ammi ng as pr es ent ed i n t he next s ect i on.

. or l atio

Suppos e t hat t he net i s des cr i bed by a vect or of ph si cal

desi gn vari abl es (x) =(x1; : : : ; xd) . Ther e ar e e l ec t r i -

cal per f ormances of i nt er es t1; : : : ;m, wi t h upper and

l ower bounds , gi ven by u1; : : : ; um and l1; : : : ; lm. The

gl obal r out ed s ol ut i on i s t he poi nt xc = (xc1 ; : : : ; xcd ) .

The e l ec t r i cal per f ormancesj i s appr oxi mat ed by t he

pr edi c t or f unct i onj =
d

i=0 aijxi wher e x0 =1. The

wi r i ng r ul e gener at i on pr obl emi s t o �t a maxi mal hyper -

cube i n t he pol yt ope de�ned by t he l i near i nequal i t i e s :

xi � xci i =1; : : : ; d
n

i=0 aijxi uj =1; : : : ;
n

i=0 aijxi � lj =1; : : : ;

The cons t r ai nt s boundi ng t he pol yt ope de�ne hyper -

pl anes i n Rd. The hyper pl ane cor r es pondi ng t o t he

t h cons t r ai nt i s denot edj . For exampl e t he hyper -

pl ane cor r es pondi ng t o t he cons t r ai nt
d

i=0 aijxi uj i s

j

d

i=1 aijxi =u j�a0 j. Nowt he pr obl emof �t t i ng a

maxi mal hyper cube i n t he pol yt ope de�ned by t he con-

s t r ai nt s i s gi ven as :

maxi mi ze r

x0; r

s ubj ect t o t he cons t r ai nt s

dn(x
0; j) � r ; =1; : : : ; d 2

Ther e ar e d 2 hyper pl anes cor r es pondi ng t o t he d

l ower bound cons t r ai nt s f r omgl obal r out i ng and up-

per bound per f ormance cons t r ai nt s and l ower bound

per f ormance cons t r ai nt s .

maxi mi ze r

x0; r

s ubj ect t o t he cons t r ai nt s

x0
i
� xci � r ; i =1; : : : ; d
d

i=1 aijx
0
i

r
d

i=1 aij uj � a0 j; =1; : : : ;
d

i=1 aijx
0
i
� r

d

i=1 aij � lj � a0 j; =1; : : : ;

I f t hi s pr ogr amhas a s ol ut i on, t he maxi mumand mi n-

i mumcons t r ai nt s on t he var i abl e xj ar e s i mpl y gi ven as :

xju = x 0
j

r

xjl = x 0
j
� r

Thi s pr obl emhas a s i mi l ar 
avor as t he des i gn cen-

t er i ng pr obl ems cons i der ed i n [ 2] . Hence a l ot of t he

ext ens i ons t her e i n, e . g. var i abl e s cal i ng, ar e appl i cabl e

t o our f ormul at i on.

R ul t

I n t hi s s ect i on, s ever al des i gn exampl es ar e gi ven t o s how

t he e ect i venes s of t he gl obal r out i ng pr ocedur e and t he

Fi gur e 4: Pl acement f or MCC1

wi r i ng r ul e gener at i on met hodol ogy. The net l i s t f or t wo

of t he des i gn exampl es wer e obt ai ned f r omMCC and

one f r omI nt e l Cor por at i on. Each of t hes e des i gns i s done

wi t h onl y two s i gnal wi r i ng l ayer s . Hence t he gl obal r out -

i ng pr ocedur e i s qui t e appl i cabl e t o t hes e des i gns . The

MCCdes i gn exampl es ar e f or MCMs and t he I nt e l exam-

pl e i s f or a PCB. The I nt e l des i gn has t i mi ng cons t r ai nt s

and al s o wi r i ng r ul e s gi ven i n [ 5] . Ther e ar e no avai l -

abl e t i mi ng cons t r ai nt s f or t he MCC des i gn exampl es .

Hence t hes e cons t r ai nt s wer e gener at ed us i ng s t at i s t i c al

ar gument s . The onl y i nf ormat i on avai l abl e about t hes e

des i gns i s t he pl acement and a net l i s t . Hence t he i nt er -

connect and dr i ver r ece i ver mode l s had t o be as s umed.

Si nce t he t i mi ng cons t r ai nt s wer e gener at ed bas ed on

t hes e s ame mode l s , t her e i s a f ai r bas i s f or eval uat i ng

howwel l t he gl obal r out i ng pr ocedur e i s abl e handl e per -

f ormance cons t r ai nt s .

. esi a l e

Thi s r out i ng exampl e has 37 gat e ar r ays chi ps and 18

hi gh dens i t y connect or s on a 6 x 6 i nch s ubs t r at e . The

net l i s t cont ai ns 7114 s i gnal net s and 14659 pi ns . Ther e

ar e two avai l abl e s i gnal l ayer s . The pl acement f or t hi s

exampl e i s s hown i n Fi gur e 4. Two gr aph mode l s wer e

gener at ed f or t hi s des i gn. The �r s t mapped each chi p

and edge connect or t o one ver t ex i n t he channe l gr aph,

and had 64 ver t i ce s , 112 edges and 307 s uper net s . The

s econd mode l maps each chi p edge t o a s epar at e ver t ex,

and each edge connect or t o one ver t ex i n t he channe l

gr aph. The r es ul t i ng gr aph has 332 ver t i ce s , 378 edges

and 1200 s uper net s .

Al mos t al l net s i n t hi s exampl es have onl y two or t hr ee

t ermi nal s . No i nf ormat i on about t he dr i ver r ece i ver

mode l s , package par as i t i c s or t he i nt er connect mode l s

was avai l abl e f or t hi s des i gn, and hence had t o be as -

s umed. The i nt er connect mode l was a bur i ed mi cr os t r i p

wi t h 50 ohms char act er i s t i c i mpedance . Set t l i ng de l ay

[ 3] t o wi t hi ng 8 of t he s uppl y vol t age was chos en as t he

per f ormance meas ur e . Two di er ent s et s of t i mi ng con-

s t r ai nt s wer e gener at ed. Set t l i ng de l ay f or t he two and

t hr ee t ermi nal net s was char act er i zed us i ng 75 and 150



s ampl es r e s pec t i ve l y. Sever al r out i ng exper i ment s wer e

r un by var yi ng t he gr aph mode l r out i ng t opol ogi e s , num-

ber of r out i ng t r ees , bene�t f unct i on (ABS i s t he f unct i on

s hown i n �gur e 3( a) and P OBi s t he one i n �gur e 3( b) ) ,

channe l capac i t i e s , and t he t i mi ng cons t r ai nt s ( Loos e or

Ti ght ) .

Tabl e 1 gi ves a des cr i pt i on and r es ul t s of s ever al s t ud-

i e s per f ormed f or t hi s des i gn. The s econd l as t col umn

gi ves t he val ue of t he obj ect i ve f unct i on. The gl obal

r out ed l engt hs f or each of t he net s was s i mul at ed and t he

s i mul at ed de l ay was compar ed agai ns t t he cons t r ai nt s .

The l as t col umn s hows t he number of net s f or whi ch t he

s i mul at ed de l ay met t he cons t r ai nt s . The t ot al number

of net s i s 7114.

Tabl e 1: out i ng Exper i ment s f or MCC1

o. o oo

oo

.

.

.

.

The r out i ng r es ul t s i ndi cat e t hat t he combi nat i on of

t he gl obal r out i ng and char act er i zat i on gi ves a ver y good

i ndi cat i on of s ucces s f ul des i gn compl et i on under s i gnal

i nt egr i t y and conges t i on cons t r ai nt s . I n t he wor s t - cas e

98. 5 of t he net s wer e s ucces s f ul l y r out ed.

. esi a l e

The s econd des i gn exampl e i s anot her MCMdes i gn f r om

MCC. I t cons i s t s of 6 chi ps , 765 I Opi ns and cont ai ns

799 s i gnal net s , t wo power and one gr ound net . Ther e

ar e 2496 pi ns t ot al , 2043 of whi ch ar e s i gnal pi ns . Ther e

ar e numer ous 3 t o 7 pi n net s . Ther e ar e two s i gnal l ayer s ,

and s epar at e power and gr ound l ayer s . Fi gur e 5 s hows

t he pl acement f or t hi s exampl e . The channe l gr aph has

a t ot al of 69 ver t i ce s and 78 edges . The number of s uper

net s i s 119. The r out i ng pr obl emi s par t i cul ar l y di �cul t

becaus e of t he mul t i - pi n net s i n t he des i gn. The i nt er -

connect , package and dr i ver r ece i ver mode l s us ed wer e

t he s ame as t hos e f or t he �r s t exampl e . Sever al r out i ng

exper i ment s wer e under t aken, as s ummar i zed i n t abl e 2

Fr omt he r out i ng r es ul t s , i t i s s een t hat t he des i gn

cons t r ai nt s wer e qui t e we l l s at i s �ed wi t h t he gl obal r out -

i ng pr ocedur e . I n t he wor s t cas e , 92. 2 of t he net s wer e

s ucces s f ul l y r out ed. Al s o not i ce , t hat t he r out i ng r es ul t s

i mpr ove cons i der abl y when s t ubs ar e i nt r oduced i n t he

r out i ng t r ees i n a cont r ol l ed manner . Ther e i s , however ,

a di r ect t r adeo pr es ent her e . St ubs do i mpr ove r out i ng

conges t i on, and cr eat e s hor t er r out i ng t r ees . However ,

t he t i me t aken f or char act er i zat i on i ncr eas es cons i der -

C448

C272

C448 C448

C448

C272

Fi gur e 5: Pl acement f or MCC2

Tabl e 2: out i ng Exper i ment s f or MCC2

o. oo

.

oo .

.

oo .

abl y, as each s t ub i nt r oduces an ext r a char act er i zat i on

var i abl e . The i mpor t ant f act i s t hat t he char act er i za-

t i ons ar e done a pri ori , and do not pr ol ong t he des i gn

t i me.

. tel e ti oar esi

The l as t des i gn exampl e i s of t he I nt e l Pent i umBoar d

Des i gn. Fi gur e 6 s hows t he component pl acement f or

t he PCI s et I SA ef er ence Des i gn PCB Layout , and �g-

ur e 7, t he cor r es pondi ng channe l gr aph. Onl y t he Pen-

t i umchi p, t he Local Bus Acce l e r at or chi ps ( LB s ) , t he

Cache S AMs and t he PCMC ar e s hown i n t hi s pl ace -

ment . Thi s i s t he onl y par t of t he l ayout t hat has t he

hi gh s peed ( 66 MHz) s i gnal s on i t .

Tabl e 3 s hows t he des i gn s pace f or each of t he net

c l as s e s , and t he maxi mums et t l i ng de l ay i n t hi s des i gn

s pace f r oms i mul at i on. Des i gn r ul e s wer e gener at ed f or

each net us i ng t he r ul e gener at i on met hodol ogy. 3 of

Pentium PCMC

LBX1

LBX2

C1 C2

C3 C4

Fi gur e 6: Pl acement f or I nt e l Pent i umBoar d
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t he net s i n t hi s des i gn have no r ul e s . Thi s i s becaus e t he

gl obal r out ed l engt h f or t hes e net s di d not meet t he de l ay

cons t r ai nt . The r eas on f or t hi s i s t hat t he edge l engt hs

i n t hi s gr aph wer e s uch t hat t hey may over es t i mat e t he

act ual r out ed l engt hs i n s ome cas es . The e�cacy of t he

des i gn r ul e s was meas ur ed by t he s af enes s coe�ci ent , as

des cr i bed i n [ 13] . Al mos t al l des i gn r ul e s wer e 100 s af e ,

wi t h t he wor s t coe�ci ent be i ng 72 . For mor e det ai l s ,

pl eas e s ee [ 10] .

Tabl e 3: Cons t r ai nt s f or I nt e l Pent i umDes i gn

- . . .

- . . .

- . . .

. 1 . .

. . .

. 1 . .

. . . .

. 1 . .

i uc i on

The s t r engt h of t he appr oach des cr i bed above l i e s i n

deve l opi ng mode l s of i nt er connect per f ormance o i ne .

The gl obal r out i ng and r ul e gener at i on pr ocedur es ar e

t ypi cal l y qui t e f as t . The t r ee gener at i on pr ocedur e was

t he mos t t i me cons umi ng, t aki ng about 10 CP mi n-

ut es f or t he l ar ges t r out i ng pr obl em di s cus s ed above .

The t i me t aken f or t he char act er i zat i on met hodol ogy de-

s c r i bed her e depends on t he nat ur e of t he r es pons e and

al s o t he number of des i gn var i abl e s . The l ar ges t net i n

t he exampl es above r equi r ed s ever al hundr ed s i mul at i ons

f or an accur at e mode l . Agai n, t he char act er i zat i on i s per -

f ormed bef or e det ai l ed des i gn, and can be r eus ed acr os s

s ever al des i gns .

I n conc l us i on, t he combi nat i on of gl obal r out i ng, c i r -

cui t char act er i zat i on and r ul e gener at i on des cr i bed her e ,

pr ovi des a compl et e s ol ut i on pat h f or meet i ng t i ght per -

f ormance cons t r ai nt s i n l ayout des i gn f or MCMs and hi gh

s peed PCBs .
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