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ÀBSTRÅ.CT

The rnuting problem for both printed cir-L:uit hoards snd VL-ìl

are ¡¡ldressed in the thesis. [tif f erent routing algorithrns applirsble tcr

printed circuit hoards ere discuss*Ed srrd e!'Bluated Using o printed

circuit br'ard cnmputer-aided design snf tware parl,:arte, [tptlmrte"', thÉ

relatir-rni+hi¡r between the routing historg arid the r¡utrng perf on-ntntg

is iriuestigat-erJ bg experirnerrts. Results shrrw thot ¡ i:ertsin tgpe of

rc¡uting histnrg cfln gÉnErate better rrruting results. ErnFiricsl f orrriulse

are developed f or pred'iitirig routshiìitg based on the inf crrrn¡t-inri giveri

hg s plarement crrnf igurat'ion. Fertr nent exrrnpies slrnw thst the

f rrmulBe Êõn predict ruutahili tg v*e'lì.

A nelv channeì ruuter is develuperl part'irul¡rlg suitahle f or

VLgl ìagout. The new router cun generate optirnum results fnr nne

class 0f prohìems v+hosH lorver bound nf track nurnher neerJed is

deterniined bg the maxirnum ordering nunrber rather than the mtximum

dens'itg rrumbÉr. lt is sl'r0!vÌl that crther channel ruul.ing aìgrrrittlnls

usuallg cannrt generate optimum results f or the clËss c0r'rsidererJ. This

thesis documents routing results from thirteen exanrples. ten of which

prnduce optimum results. The algorithm is coded in PÅ5tAL. Enth the

PIE and VLSI results were obtained on an Apollo trN66t.
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ABBREVI AT I ONS ÅHD DEFINITIONS

Blind Via

Ëuried Via

C.1D

CAE

l--urnponent Pad

Component Lager

The definitions provided here are based crn the wûrk done in [2].

A trlind via is a vie penetrating at least two lagers.

including trre and (urrlg one) outer lager. {5ee Lager,

ûuter Lager and Via.)

A buried vis is a v'ia penetrating at lesst tvru inner

lagers and nû outer ìagers. Euried vias Ere not

accessible frorn the outer lagers on s FtB tr 0n 8n

5118, thus it is verg difficult to test them. (5ee

lnner Lager, Lager, ûuter Loger and Viu.)

Computer Aided Design.

fornputer Aided Engineering.

A component pad is the phgsical representatiun of a

terminal on a net. Fcrr a FCE, the cúnrponent psd is

lcrcated ûn the snlder lager, and for ¡n 5l'18, the

romponent pad is located on tlie ctmptnent loger.

(See t'let and Terrninaì.)

A coffiptnent lager is the outer lager u¡here

components are pìaced. A FÜB has one component

lager. An 5t1B mag have either tne tr two component

lagers. (See Lager and 0uter Lager.)

A connection is what makes dif f erent terrninals on s

net eìectricalìg rjDrnm0n. iSee Net and Terminsl.)

Connecti on

-x-



DNR graph

E\,tHR

Feed-through

Directed Net Relatinn graph.

Efficient V¡riable-cost llaze Router.

À feed-through is a hole passing through all the

lagers of u P[8. Feed-throughs enabìe the

rornpünÉnts ta be inserted into them ond fixed on

the bosrd. Everg feed-through is att¡che'J to õ

cûmponent pad located 0n onlg 0nÉ ìager of the

bs¡rd. This is in cnntrast to a vio which hns traces

attached to it 0n at leost two logers. lf the

ccrmponBnt Fad is not attached to a trace locaterj on

t-he si'lder lager, then the feed-through must also be

attoched tcr thot trace located sn another loger. ln

this cose. the feed-t-hrough olso pìags the role of o

via. {5ee Trace and Via.)

Feed-through Void

H feed-through void is the ËrBË 0n a PIB nr an 5[18

where feed-through and viar are forbidden. Traces,

Irolever, mag be allcrwed there. iAlso see Routlng

t/oid.)

6A Eate Arrag.

Gat-e Arrog Design

Ëate arrag design methodologg is brsed on a reguìor

size of transistr-rr cluster {cell} containing logir:

gates CIr components that ere predefined uF to the

final stages of wafer processing. Gate ËrrËU

includes digital, anolog and ntixed digitlì/onalog

-xi-



Horizontal ond

rt

lnner Loger

Lager

Leod

L5l

ftt^t
t,tts t

ci rcui ts.

Vertic¡l Directiûn on the Lnger

For PIE rauting, ä cúmmon approoch is to give each

ìager a preferehle direction parolleì to the hnard

sides. The lager with horizontol {vertic¡l}

preferahle direction is called the horiznntol

{vertir:al} loger ond the mrjoritg of contiectinns on

that lsUer ûre hnri¿ûntaìlg {verticaìlg} routed. i5ee

Lager.)

lntegrated tircuit.

An inner lager is the lager enclosed hg two outer

logers. {See Lager ond üuter Lager.}

A lager is a plane 0n which connecf-ions côn he

routed tLr make dif f erent termitlals electricnlìg

equivalent onrl to form wires {defined os sets nf

c0mtr0Ìrent pads, troces, and vias). Traces uu

different ìogers are connected through vias. (Also

see 0uter Loger, lnner lager, Component Lager, ond

Solder Lager.)

A ìead is usuollg referred to as the point where o

wire is ottsched to a passive component such as s

resistor or copacitor, or an lË with a lead packoge.

iAlso see Pin.)

Large Scale lntegration.

¡' *^+ i^ ^ ^^+ ^l l+.-qina!¡ ^*¡ t!r¡ ^^n^^^li^"^¡{ i¡et ¡s ti ÞHL ui LHilliiÍi0¡s oaiu tilË 
.LUllllËL.Llul15

which make those terminsls electricallu comlr0n.

-xii -



Pin

[uter Lager

üverflsw

PIB

Pl acernent

Rats nest

RI

Routi ng

According to the function of the net, we calì thetn

the power net, sìgnal net, etc. A net is realized as a

wire through the FroËess of routing. {Aìs0 see Wire.}

Net={Termi rral s, [onnecti nns].

An outer lager of o PIB 0r tn 5l1B is the lager

accessible f rom outside nf the hoord. i'4lso see lnner

Lager.)

An overflow is a connection which can nat be routed

under the given cnnstraints

Prjnted tircuit Ënard, also c¡lled Printed îliring

Eoord (PWE).

A pin is usuallg referred to as the pnint where a

wire is attached to an lll chip (AlËct see Lead.)

Placement is the prütess af orranging oll the

cnmponents within a two-dimensinnnl treõ such

that the conf iguration of the placement will

facilitate the routing Frotess.

A rots nest is s set of lines iabstrsct ccrnnections)

and the terminoìs connected bg those lines. A rots

nest is converted into o set of wires bg the prscess

of routing. {Also see Net.)

Routahil itg lndicstsr.

Routjng is the F¡rocess of cnnverting the intended

connections iusualìg represented bg rats nest) into

wires within a two-¡iitnensional multiìager regirln,

Frovided that certain mechanicol and electrical

- xiii -



Ruuting Void

L't'
çJ L.

5l'18

5o'lder Lager

Stnndard Cell

Vio

constraints ore sotisfied.

A rout.ing vcrid is the õreú 0n u PIE 0r 8n 5t1B where

the traces are not permitted to be pìaced.

Standord Cell.

Surface I'lount Eoard.

A snìder lager is the nuter lager where pin's nf

ctrmponents are soìdered to the compllnent parJs' Far

a Pf,E, the solder lager is located crptrosite ts the

c0mponent ìager, ond f or an 5l'18, the solder lager is

on the $8mÉ side as the contponent lfl-Uer.

Desi gn

Stondarr1 cell design methodologg is based Lìn ü

tihrorg of prerJesigned {in shope nn'J :rizei functionsl

cells, collerJ standord cells, thnt mog he equivalent

to stsndard 551 ond l15l ìogic f otniìies {f rntn É

singìe inuerter tr-r Ët] ALU and more). ¿4 full mu¡k r:et

i s required to mtnuf octure ctiips barerl rln the

stondsrd cell methndologg. StardoerJ ceìl inclurjes

digital, 6nalog and mixed dig'ital/analog circuits'

A via is a p[gsica] hnìe passing through a PtE 0F Ën

Slf É or an l[. vias make connections between troces

on at least two different logers, thus contributing

to the creation of wires. Since vias do not carrg ang

mechnnicol loads, theg mog be smsller thsn the

f eed-th¡'ut¡gh5. {Åisn seÊ Eiind Via aäd üui-i'ied Vio.)

-XIV-



Termin¡l

Trace

VLSI

þiire

A terminal is the end puint rf Ê connection. 0n o

p[gsic¡l hoard, it is represented bg o component pad.

iAlso see f,ompr:nent Pad.)

A troce is the p[gsical representation of õ

connection which maþ;es dif f erent points in ¡ cirruit

electricaìlg ccrmmon 0n a single lager. Traces.

detined on lagers, together with viss onrJ cnmponent

pads cnnstitute wires. {Also see [:nnnection.]

!¡erg Lorge Scole lntegrltion.

A wire is the figtiraì realization of o net which

mokes different points in a circuit eìectricalìg

Ë0mm0n. A ,¡¡ire includes at least nne trace and twcr

c0mprlnerrt pads. lf the traces üre ìcrc¿ted 0n

different ìagers, the wire olso includes ¡t least one

uis. For a PCB, the cnmponent pad is ottrrherl to u

feed-through. iAlso see Net.)

Wire=iCnmpnnent Pads, Traces, ViasÌ

-HV-



CHÂPTER I

I NTRODUCT I ON

The design of Ênu electrün'ic circuit invslves two ma j 0r

phases: narnelg, eìectronic design arrd phgsicaì lugout. ln the electrctnic

design phase, the designer deueìops the circuit which ls able ts

complete the desi red f unctions bg using abetract f utictional blocl'le

isuch as NAtqû and/or NúR gates, registers, ûnd lotches). The first

phase usuaìlg results in a schemetic diagram. The phgsical lagcrut

phase csn then tre accomplished either manuallg or with the help of a

conrputer. ln the cornputer-aided lagout method, the first step requires

s pr0rese called schematic capture to convert the schernatic diagram

ints a cornputer readable furm. The schernatic capture stage is

follolved bg the conversiun crf the electricaì representation of the

circuit intrr the phgsical represent¡tion 0f the circuit. The conuersion

msg crnsider phgsical coristraints such as ringing. crosstalþl Il] and

hest dissipation. The phgsical representation msU have different

frrms, including the printed circuit board (FtB), surf ace-mount board

{5tl8), gate-arraU (64), starrdord cell (5C), and full custom [2].

-1



in ciici¡i-r desìEä, ihei-e js t he con-riiîuû,js iha jìenûe ní

incre¿sing circuit densitg. The increasing densitg of circuits ma[,:es

the circuit ìagout Qlrnost impr-rssible to be drne bg a human without the

aid of o comFuter. The prnblem is cnmpr:und*d hg the requirement nf

uerg-high qunlitg circuit ìngurut which cannot be realhed hg huntan

rJesigners, eithrr. Thus, o lrrqe arnnunt nf effnrt has heeti de'¡oted tr-r

prov'iding computer nids to ossist. the human desiqner vr'ith the lagout

prnbìem t3l. Surh aids foll into the categories of computer-aided

design tLìAt,) and cnmputer-nided engineering (CAE).

l.l Portitioning of Phgsical Circuit Desig¡

The ìagnui prrrhìÉftl rlôn be descrihed as f nlluws: t.1ang mnduìes

{cnm['nnetits) are tri be plai:er1 in a git¡'Ën ürsa so that- theg dr-r not

nuerlap (placement), while at the sõme tirne, certain paints icallerJ

terminals) must he connected hg mutualìg noninl-erfering wires

{routinq). llsre preciseìg, for a given circuit anrl phgsical size of oìl

modules, the placement Frocess arrõnges all the modules within B

g'irren two-dimensior¡ol oren in such ü \YöU thot the lucotions of the

placed rnodules facil'itate the subsequent routing trr0ress. For a given



Ëircuit ond plocement conf igurotion, the routin$ pFr-rr-:e5s converts the

intended electrical connections {ususllg represented bg a rats nest)

intn phgsical connections {such os the hori¿ontol and vertical traces in

P[Esi withjn o two-dimensional rnultiìager region, provided that

certoi¡ constroints öre sotisfied. Since the module Fl¿cetnent

significantlg affects the perforntance of routing, idealìg the

pìucement and routing Fr0cesses shautd be done simultaneouslg in

nrder to achieve optimum reËuìts. Ëut due ts the cnniplexitg of each

step, it is olmost imtrnssible to dn so at the present. Thus, the twn

Frocesses Ëre cûmmonlU treated iterotiveìg. That is' if it is found

that it is uerg difiicult to achiBì/Ê reösünable completeness nf routing,

it would he necessôrU tn go bact< to repeat the plscement prr-rcess, and

then do the routing ogain, bnsed on the new placement of modules.

l-2 Clossification of Routing Algorithms

llang routing oìgorithms hsve been developed in the post three

decades. The first recognized aìgnrithm was deveìoped bg Lee [4] in

19Ê1. The oìgorithm tËn find ön optintum path cnnnecting trvo

different Foints on a pìËne, ôccording to o certoin cost function. S'ince
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then, müng other oìgorithrns bosed on

developed in order tn ochieve better

requirement. time, or routing patterns.

the Lee olgorithtn hove been

resuìts in terms of memoru

All of those olgnrithms are

cl¡ssified os moze rnuting ¡lgorithms. ln this thesis, müze ruuting is

addressed in detsil because of its applicobilitg to printed circuit

br-rürd fls¡rign.

Another class of routing elgorithms is the line routing

alg,-rrithm deueltped originaìl¡1 bg Hightower [5]. The line routing

algorithm takes less time than the Lee aìgnrithrn hut it mag not find a

solution which sctuaì1g exists. üther simiìar algirrithms lre descrihed

in [6] and [7]. lt shouìd be noted that since boi-h the môze ond line

routing oìgcr-ithms troce the connecting paths one at n tinte, theg are

u:alled Sequential.

ln recent Ueürs, ¡nother class of rnuting aìgorithnts hos been

develnped. These algorithms Êre cl¡ssif ied Êe channel routittg

rlgorjthms, End are widelg used, especiaììg in LSI and VLSI circuit

design [81. f nis kind of router requires tlo steps to cotnplete its

ûFerËtion. ln the first stÊF, the rauter divide¡- the avsiloble routing
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ûreË int0 münU rectðngulËr sub-routing öreBS colled channels. Then it

der:ideo which chnnneìs should he used fur routing each net. Since this

is a globsl routing procedure, the routing densitg cõn be evenltl

distributed to increase the routabilitg. The ser:orld step is to rnute

localìg with'in the channel to determine the detaiìed Fcrsition of ench

çcr¡¡sr-:tinn within a ch¡nnel. This mag result in the reductinn of bûth

t-hÉ tTlemûrg needed and the time cnnsumed for routing. For these

reËErcrns, chonnel routlng aìgorithms constitute the second major topic

nf th'is thesis.

Still ünLlther class of tìgorithms is ernerging [9- I I ]. These

rlgnrithms use c:rlncBpts f ronr artif ici¡t {cnmputatic'nnl} intelligence,

such as the expert sgstem concept, which consider the historg r:f the

prorless itself ur the histories of mËnlJ trrü[esses frum the past, and

heuristics based 0n the Früress historg. The algorithtns with the

heuristics are designed to produce lagouts better th¡n tt'rnse withnut

them. The heuristics can be applied to both the sequential imsze and

line) and glohal (channel) routers. For thjs reË50n, theg can be csìled

routing aìgorithms with historg.
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Aìthnugh mütlg routing atgorithms were first developed for

printed circuit bosrd desiqn, it has been shown that these aìgorithms

can also be used successfullg in LSI and VLSI circuit design using

gote-arrag and stondord-cell circuit design method¡lngies. The Lee

olgnrithm is still the ntnst common algnrithm irnplemented in DAtt

lagout tools becouse it can olwogs find a connection path, if such a

pai-h exists. This is especioììg true fcrr Frinted circuit board rlesign.

According tn Ë surveg of Frinted circuit boarrl [At sgstems [ 1 2],

ãmnng 2Ë sgstems frcrm 22 venüors,21 sgstems empìog Lee's routing

algnrithm or its variotions.

With the emergence of VLSl, reseôrchers started designing and

building special purpo:re chips. A hardtq,are rcruter descrihed in [13] and

t I 4] sÈt-ves Ês fln exrmpìe of such a kind of chip. lI¡st uf th¡se

li¡rdn,are routers are h¡sed crn the Lee algorithm. To find Ë Lrtnnection,

the moze hardwore router requires time ü(d), where d is the ìength of

the connection, while the software implementotion of the mnze rnuter

usuollg tokes time tidz),
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I-3 Ubiectives of the Thesis

The ohjectiues of this ressürËh work are:

o) To sur\te_H nnd evtluate the e:ci:+tinq möze ¿nd r:he nnel

rrrut'ing nlgnrithms;

bi Tn find o relotinnship between the rnuting histories and

rnuting results: nbt¡ined f rom Ë ËúÍÌlmerciallg atiailahle PIB tAE

scrf tware;

c) Tn find a rel¡tionship between the pìncentent and routing

prrlrH:ìsE5 thrnugh o studg of how rc'utahiìitg ir infìuenced bg different

plocernent cr-rnf igurot-ions ond to f ind a pn-;sible rnutabilitg indicator;

and

di Tu deuelop o ne\t¿ channel routing aìgnrithttl in order tn

ochieue optimum results for at least one class nl circuit ìagout

problems.

l-4 Structure of the Thesis

The first Fsrt of the thesis rJeals tryith the rr-rutlng prnhìem oi
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Frinted circuit bonrds anr1 the second port deaìs with the prohlem af

the LSI and VLSI lagout. ln the first part, [hoFter ll describes and

evaluates the existing routing algorithms for printed circuit bsards.

For an improved version of Lee's ruuting algorithm, the effects of

different routing histories 0n rout'ing results ûre discussed in

f,hapter lll. Then, in thapter lV the routahiìitg problem is arlr1ressed

anú a method of Fredicting routahiìitg hased on the placentent results

is introduced.

The second part of the thesis addresses the chunnel r¡uting

algorithm which is the mr-r:+t commttn routing strotegg for LSI anrl VLSI

lagnut. A ne\\, aìgorithm for chsnnel routing is then presented in

f,hapter V. thapter Vl presents the experimentol results on the nel

track ossignment aìgorithm as well ¡s the discussiürl 0n the results. ln

t:hapter Vll, its perf ormance 0n o certoin class of prnblems 'is

cornpored with the performonce of other chonneì routing oìgorithtns

and the rersrns for its superior results over others are discusserJ.

fonclusions for both the printed circuit board routing prnblem and the

LSI and VLSI routing protrlem 6re drarryn and suggestìons for further

studies ôre given in the last chapter of the thesis.
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CHå.PTER II

LEE'S ROUTING ALËORITHH ÅND ITS YARIATIONS

2.1 Lee's Path Connection Àlgorithm

As stated in Chapter l, Lee's algorithm [4] is the rnost cümrncrn

routing algorithm for printerJ circuit bosrds (PCEs). The algorithrn is

designed to solve the follovting probìem: Hüw to find an optirnurn ptth,

connecting tt+ o dif f erent poirrts ún a plane def ined bg the FllE

boundarg, acrording to a certain cost function. The cust function

includes the length of a path, crossovers with euisting Faths (if

perrnitted), distance to other paths, and the tiurnLrer of corners.

Lee's aìgorithm has

finds a path if one exists, a

minimunr possible cost.

Lee's algorithm c6n work

funct'ion (s múnstanic furrction is a

folìowing properties: (i) lt alwags

(ii) The path it finds alwsgs has the

with snu rnorrotoni c Path cost

functinn vrhnse first derivative

the

nd
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does nnt chonge its sign).

of msnotonic f unctions, F,,

Such o monotonic f uncti0rl ctn sìso be o set

reprÊsented bg a uectûr p=[Fr,F2......Fr,].

Assume that s routing ürÊË is divided into a finite numher, f*1,

oi subareas caììed cells lsbeìled Ë,. Further sssume tliat the ceìls

where routing is forbidden ore tagged to prevent them frr-rm being userl

in the rrruting protess. The remaining cells can be used tn build up a

poth tn connect ttrys Farticuìar celìs. The size nf the cells is

determined bg computational and manufocturing consider¡tions. An

example of the routable cells and routing vuids is illustrated in Fig. 1.

tach ceìl hos an ossc'cioted cc'st. The cost of s ceìl is o numher

representing either a single quontitg or a comhinstion of quantitiet

such as the distance betvreen the ceìl and its sdiacent ceìls and the

directions in which the cell is entered and e:tited. The cúst of a cell C.

is denoted bg f(C.,). The cost functiun of a path is denoteO bg F{R),

where p is the path which consists of the starting ceìl 5 and a set of

cells f ,, Cz, ..., Ënd [n which are adjacent to sne another. The cost

- t0-



llE I IHEt]Fi tELL tr, r-1fl55 '!

i{E lt:iHEûH IELL tr:, l]LRg5 2

ETHFIT II{G

CELL 5

RI:IUT IflLì

Uü ltl

THHüTT

rJELL T

Fig. l. A ruuting exônltrìE ïiit-h rlell 5 to be rltnneritÈri tn tellT

FiIIUT I11ü RHEH

BTILIT IHI] TELL

-1t-



functinn is defined Ës the sum of the cost c'f

and con be expressed as

Ìl

¡4p¡=E r([.,]
i=l

each cell on the path,

Q.lj

f irr n pntli def ined hg the f ull0wing set of (n+ I i cells

F={5, f,.t, f,2, ..., f,n} Q.2J

lf t-wr parl.icular cells are trr be cnnnected, it is de:rirable to

knov,¿ whether ang possible Fath exists t-o connect them. lf it esists,

can the path which hrs the minimum ccrst be found? The Lee algorithm

cÉrr Ëns\À/Ér the two questions.

Let us fii'st inti'ndui:e sÊuËi-El definiticns. iläe rf the cells tr

be connected is selected as the starting cell, ond the c'ther ee the

target cell. The process of finding the trath between tl're starting anrJ

target cells requires labelling cells into non-visiterJ and visited ones.

A routable cell is ìabelled as nûn-visited if it hss not heerr userj in

generating the minimurn cost path connecting the starting and targel-
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ceìls. A rr:utable cell is lebeìled os visited if it has alrea'Jg been ured

in genernting the mitlimum cust Foth connecting the starting and

tnrget cells.

Furtherrnore, 6nU routable cell Ç hss at lesst ûtrÊ nÉighbor cell

Co, defined as the cell adjacent tu the cell C.,. For exatnple, Fig I

shr:ws tln clüg-qes of arjjacent cells: {ii the neoreÊ't neighbors along

the hnrizontal atid vert-jcal directiotls, marked l, and {ii} tne neighbors

aìong the diugunal directions, rrrarked 2. lf the class 1 neighhors are

considered in the rlgnrithm, the resulting poths have crnìg 9{t-deqrÊe

r0rners olong the horizcrnt¡l and verticsl directions, without un,.,

45-rJegree r0rners. This def initian r-rf cell neighborhnod emptio':izes the

local (cell-wise) nature of the Lee trrLlcedure rather than o global

al gori thm

5ìnce the prncess of finding o minitnum cost path r-rr-:curs in

stoges, one ceìì is sdded to the Froth st ¡ time. The most recent ceìl

found aìnng the minimum cost path is calìed the frunt'ier celì. and it

remains the frnntier cell until all of its ne'ighhors are lobeììed os
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vi si ted.

Finellg, let us define tu¡o cell lists: L and 1.,. The lists are

uori¡hle in length frcrm one stoge of the path-finding Frocedure to

¡nnther. The ceìl list L contains f rontier cell{s} located alr-rng the

rninimum cost path. The ptth finding process begins with L contoining

the starting cell ûnlg. The ceìl lisi L., cont-airrs the cellFi which are

a¡ljacent tn the cells in the cell list L and are lahelled nnn-uisited.

When the path is restricted to the horizontaì and verticsl d'irecticrns

with 9û-rlÈgree corners, the arljacent- cells beìong to closs 1;tthen the

prth is aìlnwed to haue 45-rJegree cnrners, tlie adjacent celis include

the cell'-: of hotli class 1 and cl¡ss 2.

Eased 0r1 the above def initions, the princitrol steps of the

olgnrithm csn be stoted os f ollows:

[Lee Algorithml:

Step I) lnitialization: L={stsrting cell}; L'=Ø; label alì cells

nan-visited ttr indicate that theg can he used in generating

- 14-



the minimum cost poth.

Step 2) For each ceìl t, in the list L. dtr the following:

Add each non-visiteú neighbor Cu. of the cell C.' into the list

1'. Celculate the cost function ûf the path containing this

ceìl Co.

Step 3) Among all the new path cost functions, find the one {itr

ones) n hich ha:r {harrei the minjmurn value. Then, the cellts)

in tist Lt which result(s) in this function vslue can be

identified. Add those cells to the list L, lobel them visited,

and record the directinn in which theg are entered. lf ang 0f

those cell:: in L is the target celì, the poth finding protesrì

is compìeted.

Step 4) Delete frorn L ang celìs whose neighhore have all been

visited, and clear L.'.

Step 5) lf L is emptg, no poth exists. 0therwise repeat from steF 2.

D

lf the iteration exits at SteFr 3, then a path vr'ith the minimum
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cost hús been found. Trocing bock the poth con be dnne bg storting from

the target ceìl and foìlowing the directic'ns retorded for eoch cell tn

the starting cell. .

As shcrwn in Fig. l, ð connection hetween 5 and T needs to be

fnund. For simplicitg, cr-rnsider the psth lengt-h a:+ the rurst of the path.

That is, each cell has a unit cost {except for the cells jn routing vnìds

rvh'ich hove inf inite costs). Accnrdìng to the algorithm, the f our

neighhor cells {morked 1 in Fig. Z-ai of the starting cell are expanded

rnd ìaheìled visited during thr first expansion stage, and theg ore the

cells in the ceìl list L ¡fter the first expansion stoge. Furthermnre,

the dotted cells in Fig 2-Ê are the cells in the cell list L., during the

second expansion stage. Similorìg, the cells marked 2 in Fig.2-b ore

the cells in the cell list L after the second exponsion stuge, and the

dotted cells in Fig. 2-b are the cells in the cell list L., during the third

exponsion stoge. At the end of the Fath-finding Prtcess, the cells are

labelìed os shot*i,n in Fig.2-c, where the mnrked cells naw represent

the three equivalent minimum length connection Faths. lf one chonses

the minimum number crf corners on the path, then the path shown in

- tñ-
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Fig. 2-d is the optimum connection poth.

The order of element cost funu:tions in the function vector F

rJetermines the priorities of the corresponding criterio. 50, the

criterirn represented bg F., in vector F hss the highest prioritg and F,

has the next highest prioritg, ond st 0n.

Lee's algnrithm uses a rsther modest amount of storage. At ong

giuen time snlg the ceìls orr the ìist L and L, are stsred, alung with the

informati0n concerning whether a cell has been visited and what

minimum-cost predÈces-c0r had heen--the direct'ion from which

cell is visited {this is called n cell mat'}.

Lee's olgorithrn has several littlitations. The verg important

condition is thnt the vector F must be mnnotonic. Fortunotelg, the

lagout prsblems considered cËn oìwags satisf g this ccrndition. The

oìgorithm is verg time-consunting because it can onlg route one path

at- a time. Als0,once o poth is routed, it hecotnes an obstacle for poths

to be routed later. Thus the routing order seems to be verg important.

its

the
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Since publ i coti on of Lee's ol gori thm,

this algorithm h¡ve been made- Sone trf

discusserJ in the f ollowing sections.

mong mndificotions of

the modif icsticrns Ëre

2.2

\{hen Lee's olgnrithm is aFpìied to a circuit boord, the number

of cells müU be extremelg ìarge, depending 0rl the smallest

recognizable feoture on the hoard, such as the trace iryidth. Therefore,

it is desirable tn minimjze the omount of storage needed fnr each celì.

The minimum infurmation'in the cell map must include: {i) o meons of

distinguishing between ohstacle cells (which cantlot be used t0

generate Ë neï1¿ pothi and routahle cells iwhich cun be used to generate

Ë nBw poth), ond iiii a means of retrocing the cnnnection path frtrm the

target celì back to the starting cell.

Akers[15]presentedgmethodtaencodethece]ìsbgusing

bits for each ceìì:

00=routabl e

0l=Feached, with troce bit 1
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l0=reached, with trace bit 2

I 1 =obstacle

lf the shortest path between two points I an¡lT is desired {see

Fig. l), with the cost- of the path being equnl tn the numher of cells in

thot path, the fsllowing procedure csn be used (see Fig. 3). A "1" is

entered in eoch routoble celì which is the neighhor of the starting celì

tS), a second "l" is now entered in each rr-rutshle cell which is the

neighbor of the cell contoining une of these "1". f'lext, a "2" is entered

into ear-:h routable neighbor cell which has the second "l", ond so 0n

unti'l the target cell is reached {the poth length can be counted bg a

single counter). Fc'r back-tracing the puth, if the target cell T is

reached hg a 2 preceeded bg onother 2 tas tf're example shot'r'n in Fig.3i,

then it is tracerl back bg folloiving the sequence 2(T),2, 1,1,2,2, 1,

...,5 istarting cell). lf, in the back-tracing process, there ore severaì

ceììs eìigible to be the next cell to be added to the path, then the one

which can keep the direction sf the path unchanged shouìd he seìected.

Akers' methnd canncrt, holever, be used ' 
i f the cost

-21 -
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cell önd F is the torget cell. lt is naw impossible to teìl whether f, or E

is the prodecessctr of F (it should be E). This example shows that

Alcers'methnd is limited to the case where the cost function is the

length ot-the path. Since the rauting length is õ uerg important

criterion in the routing probìem, it is stilì a verg povterful strategg

fnr implementing Lee's aìgorithm. For ö generÊl cost functiotl, e 5-bit

celì cod'ing nrethod has been 'introduced bg Ruh'in [16].

2-3 lm@g the Areo Expindetl

Since Lee's algnrithm (snü its uariations) examines msnU r-ì8ll:r

rryhich ore nut an the wrg to the target, its speed is limited. All cells

reachable with o cnst less thon the cnst of reoching the target celì

have been expanded, incìuding thnse direr-:tlU swsu frnm the tnrget ceìl

ln [16], Ruhin presented three methods which oim of reducing

the number of cells exponded. lt con be shown th¡t for Lee's originoì

o'lgorithm with the tlsnhsttsn distonce of rl between the starting and

torget cells, the number of expnnded celìs is ahout 2d netore the

target cell is reached bg expanding from the starting ceì.l. (tlanhsttan
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distance betlveen two points (x.,, U¡) arrd iÞ, h) is meagured bg the

surn uf the absolute values sf (x.,-xr) arrd i-H.,-Uz).)

Pcrhì [16] develcrped o two-ended proce¡Jure for rerJuclng the

number of ceìls expanded. The main strategg of this rriethod is tcr

erpond bnth the starting ceìl and tlie target cell such th¡t these twn

expansinns ctn be ternt'inated when theg meet in mid wËU. The

exFanrled cell number wjll be reduced tu 2+(2+id/|F)=d?. That is haìf

nf whot the originaì Lee algorithnr rreeds. There is a drattback af this

procedure. lt is neressËrg in this procedure to distinguish between the

cells expanded from the starting cell ond those expanded from the

torget cell. Then, when a cell which hos been previnuslg visited is

encountered, it is possibìe tn determirre whether this is o Fath

doubìing back u¡rtn itseìf or the completion of the search. Thus,

storoge for eoch cell Triìì be increosed bg one bit. Figure 5 gives

the exponding result of this searching strotegg.
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,Another method of speeding up the originol Lee slgorithm to

reduce number of cells expanded is to chanse one endpoint, which is

neürer to one of the four corners 0f the nvailsbìe routing õree, as the

starting Ëeìl to be expanded [2]. Then, pntentiallg fetter cells directìg

ËwðU from the target cell will be expanded because nf the hlr-rcksqe of

the natural erJges of the routing regi0n. The expanrJing resuìt rrf this

method is shawn in Fig. 6.

Since the tlanhattan distonce gi'aes the exact rneürìure of how

far apart two given ceìls mog be in a rectanguìar grid, Rubin [16]

intrúduced a Fredicted Feth cost function H, which could guide the

expansion direction.

Let rq, represent the llanhattan distance from celì C.' to cell

C' and d.', the distence from cell C, to C, along the rninirnurn cost trsth.

Clearlg, corrdition d'r:m¡¡ Eluiags holds true. Assume that the path cost

functi0n F=[F,{p}, F2(p}, ..., Fr(p)] has components of the form

Fn(F) = g¡{p}*ao*d=., aurû

- 2ã-
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where g¡,(R) is a rnonotonic path f uncti¡n. d .

the sterting cell C, and the cell C, which is

is the distance betu¡een

sdded to the path mcrst

recentlU, 1 is Ë nonnegstive constant, and not all 1 are zero. Since in

routing, the path length'is usuallg considered ôs ün imptrtant factor,

i-he poth cost function F can slwörqs satisfg the above conditions. The

predicted path cost function is cnnstructed as

Ho(u)=Foil)*bo*m'* borao (2 4i

where rn.,* is the tlonhattan distance hetween the current cell t-,, ond

the torget cell C*,and I is ö n0nnegative cntistant. lt rËn be

shown [16] thst the slgorithm with the predicted t¡ath cost function

csn alwaus firrd a path whose F cost is minirnurn wheneuer such e path

exists. lt has alsu been shúurn |61 thst the set of cells expanded with

a predictor is a subset of the cellg expanded without the predictor.

Figure 7 shsws the expanded srea for the example sholvn in Fig. l.
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Since there mog be rnöng suntn-Hmüus celìs {sgnangns) of eqitol

Ëost 0f the torget cell in each path routing prncess, arld with the use

of the predictor'function, the nurrrtrer of SUnonUmS cÊll incrense

cûnsider¡hlg. Thus, some kind of order for the expansion of sgncrngmg

can be expected ta reduce the number of celìs expanded considerahlg.

Suppose that after expandìng the starting cell, üne of its

neighhors neôrer tü the target is chnsen. This defines a rlirectinn

ton,ards the target. lf this cell is expanded next, then its neighhOrs

con be generoted in sn order so thst the next cell t¡ be considered is

the neighbor in the sEme direction towords the target. This Frcrcerlure

con be continued until the oppnsite boundarg nf the primurg rectongle

{Þrimarg rectangle is the rectangle whose one pair of opposite ccrrner

are the starting ond target cells resper-:tivelg) is reoched. lf the nrder

for chnosìng the next cell to be expanded requires tl'rot all neiglihors of

the lost-exponded cell ore checked first, then of this point the single

neighbor which is neËrer tcr the target celì rryill be chosen, whir-:h

estahlishes the pref erred direction f or the remaining cells. lt wa:r

shnwrr in t I 6l that this s0 called depth-f irst search will f ind

minimum-cost paths.
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Eg using the depth-first seorch strategg, the fcrllatting

aìgnrithm can be f ormuìated:

lDepth-first Searching Algorithml:

Step l) Place the starting ceì1{s} on the cell list. Set t-he dirertinn

entered to (] and the cnst threshnld to t.

Step 2i Finrl the last cell t in the cell list such th¡t the cost nf

the path r¡hirli includes the new cell f, equals the thre:rht¡ld.

5t.ep 3) ll nr-rne. set the threshnld tn the least c¡st Lrf ttie poth

rvhich crrnt¡in:ì tne nf the cells on the ceìl list. arirl repeat

Sl.ep 2.

Step 4i lf Ll i:; the target celì, gr: to Step 11.

Step 5i lf I is labe]led as visited, go to Step É.

Step 6i [t-herwise, let d he the directinn from tryhir-:h the cel] wns

entered ivisited), ond consider its neighbnrs in directions

d* 1, d*2, rJ*3, d+4 {token modt4}).

ai lf the neighbor wås previousìg visited, 0r it is En

obst¡cle, skip it.

bi ütherwise reuord its predicted cnct and directinn

entered at the end of the ceìl list.

-3û-



Step 7) Recor¡J the direction of cell I in which it wss visited, snd

lohel it as visited.

Step Ë) Delete t from the ceìl list.

Step 9) lf ang other cells exist in the ìist, repeat frorn Step 2.

Step l0)No path exists.5tott.

Step lllTrace back olong the path trl its st¡rting ceil. Exit.

It should be nnticed that if the neighbors nf cell C haue the

satre cost, then the neighbnr entered bg the sõme directi0n ts C was

entered wilì be exptnrJed. This is because the ì¡st admissible neighhor

of r-:ell I has the direction d+4 which is the some as t's direction d due

to the muduìn 4. Therefore, the aìgnrithnr alwags tries to expand the

least cost cell which con preserve the direction of the expansion,'if it

is possible. The expansion resuìt is shotryn in Fig. Ê.

Thus the major olgorithms proposed iti order to reduce the

number of cells expanded hove been presented. Toble I presents ö

comparison of the number of cells expnnded hg the above-described

tr
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TAELE I

Eomparison of number of cells
exprnded bU different methods

Expanding llethods
Number of cells

expanded

Lee's original
al gori thm t7l

Two-ended expansion
al gori thm r0l

f,orner-ended
expansion algorithm r l6

Rubin's expansion
al gori thm t2t

Depth-first function
guided exponsion
al gori thm

IB
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methûds for the routirrg prohlem shown in Fig. L lt is seen that the

deFth-fjrst function guided expËnsj0n method produces the fewest

numbÈr of celìs expanded.

It hos been shnwn in [17] thot bg using Ruhin's strategu, if

there is ä smüll hloctlnge near the torget cell, the whole routing ËrÉü

could he fiìled {see Fig. 9, where 5 and T ore the starting and torget

Ëells, respentiuelg).50 in [17], Karn intruduced nnnther methnd ta get

Ën even smoller number of celìs expanded bg sscrificing the guarantee

of the peth hnving the minimal cost. Being different from Ruhin's

method, the Ef f icient Variable-cust l1s¿e Router {EV|'1R) cnnstructs the

t,redicerJ Fath cost function bg weighting the ditt¡nue from the ttrget

cell more heovilg thnn the distance from the stnrting cell. Thot'is, in

a predicted path cost function:

Ho(R)=Fo{R}*b'r*ffiit b'r.)ör. { in Rut'in's method borou) {2.5}

where tt is the same as in 8q.2.4. Figures I snd 10 shaw the results

of routing the sEme exampìe bU using Rubin's method and EVl1R.

rÊîFrectiveì9. The reduction in the numher 0f t:ells expanded is obvinus.
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It is shr:wn in [17] thot the octuol poth cast is ¡t or neor the minimum

despite the overpult (Korn calls bntuo ss CIverpull). The Path cost is

just one direction-chonge cost msre than the ffiinimaì cost in the

exümFìe.

Another strategg for reducing the enpanding ares is due to

Hnel IlÊ]. ln his FrðFer, a stack is entploged to store the cells in the

cell list. (The süme cell list as in depth-first searching algorithm.)

The propertg of last-in-first-out of the stack has e simiìar effect to

trking modulo 4 of the direction in the depth-first seurching

algorithm.

2.4 Routing with Variable Senrching Sru.

tne keg f actor thot makes Lee's routing olgorithm slnrryer than

other routers is the large searching sre¡ fnr finding the pntentiol Fath.

Even though the seaching oreo can be greatìg rerJuced bg using the

strategies introduced in the last section, it is still desirable to reduce

t-he sesrching area further. The follawing three methods con be adopted
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to serve this ptlrpose.

2.4.1 Sinqle Rectsnquìar Frotne Technique[2]

Though it is t¡ossible for a trath connecting tvin points on the

bnard to lie angwhere on the board outside the rectangle ¡Jefined bg the

two troints tn he cnnnected, the rectangle is the tlost lit<eìg regian

where the path can tre found [2]. Tfie rectongìe is defined bg the two

points either exoctlg {these two pnints serve as either the uFFrer ìeft

and lo\Àiier right corner:ì 0r UFFÉr right and lcrwer left cnrners of the

rectnngle) or it is sìighttg ìarger than the smollest rer-:tangle. Fnr

example, tssllÌne the two points tn be connected haue the tlanhattan

{2 60)

(2 6h)

where ö, b, c, d, ð, and ß are

un'it of grid length in the x and

distance (x*g), then the rectangle Ereü for searching the path can be

defined as the one shown in Fig. 11 with Årq, ÀU being defined ö5:

Ax=müx{x/a, g/b, à}

Âg=müx{x/c, g/d, ß}

pre-defined positive integers tryith the

g direction:;. The positiue integers à nnd
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gI

+l+_ H _-_+l

Fig. I l. Singìe rectan¡¡ulur f rame

Fig. I 2. Undesirahle patfi pattern
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ß represent the minimum distances between the edges of the

rectangular frame and the edges nf the sniallest rectongìe

passing through the endpnints 5 and T. Thus, the mËze router is

constrained to search the Fsth connerting 5 and T within the rectnngle

defined ahove. lf the rsuter fails to find out the path, the rectangle can

be enlarged hg changing ö ond ß. Within the larger öreü, the router

tries to search for the connection path again. This interactiue st-rategg

gieìrjs new f,AE design oPtinns.

?.4.? trouhle Rectangul¡r Frame Technique[Z]

The shnve met-hod is simple and effective, but it mng result in

finding ô verg undesirshle path as shü\ryn in Fig. 12. Fortunate'lg, one

ìmproved version of the rectangular frame techniqllÊ Êôn be used tn

avoid such a zigzog troce. lt is called the dnuble rectangular frame

technique t2l. This technique provides not onlg an outer-rectongle tn

prevent the router from searching the areo outside it but also örl

inner-rectangle to prevent the router from searching the srea inside it

{Fig. l3). 0bviousìg, this strategg not nnlg avoids the undesirable

zigzag path hut reduces the searching area as well. Ûf course. if the
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Fig. 13. D0uble rectanguler f r¡tïe

Fig. 14. L-shape rnuting sreff
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rc'uter fnils to find the path within the ores defined, n lorger öreõ rlÉrl

be define¡J ond the router con trg tn find the poth within this üreË.

2.4.3 V¡riahle Sesrchitig Are¡ Rustriction Technique

Since the path most likelg lies in one L-shape of the doutrle

rectangulÉr ËreË, it is pnssible to reduce the searching area further.

ln IlF], Tada et al. introduced a fast müze router with iterative u5É 0f

a vgriable searching area restriction. Tlie algnrithnr hos the foìlowing

strotegg:

ii) The establiuhment nf nlacro Eo.!h: Tn restrict the searching

rreË, ö "mücro path"'is estahìished. lt is denoted bg an L-shaped frame

surrounded with solid or dntted lines os shov¡n in Fig. I 4. The choice of

solid or dotted ìines is made b¡¡ considering previousìg routerl ìine

densitg within each f rome.

iii) lterat'ive use of router with varging mncro pilhjryidlh,

The aìgnrithm reoìizing the ahove strategg can be described as

f ollows:
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lVariahle Seorching Areo Algorithml:

Step l) During the first triol, oll pairs of Foints ore tried with o

nflrFo\å¡ JrËtrü Fath width, sú that a sirnple path mog be

succÊssfullg established with shnrt machine time. futnplex

pnLhs which rvill requìre wider path width mag f oil. This

fa'-rt is an imtrLrrtËnt feature to redure computntir-rn time

ond achjeve Ë high completion rstjo because nf simple plths

tnking less space.

5te¡,2i During the ::ÊËcrud trial, alì cr-rrtnection:r th¡t faiìrd in the

ahove prcrtess ore attempted ogoin v¡ith a tt'ider motro plth

width.

step 3) ln the sötre mtnuer öË

eupanding the mocro path

iterotions, where r can

prrrgrËm.

tnentioned ãhrti'8, surcessit¡eìl-l

width, the router is used for r

be controlled outside nf the

n

Experimentsl results of this method together with the single

rectangular frame technique method are given in tl9l. lt hns been seen

that the routing completeness incre¡ses frcrm Bl.5ß {ior the single
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reËtöngulör frõme technique) to 97.48, and ¡t the sËme titne the

computatìon t'ime of this ntethod is onlg one quarter of the time

required bg the singìe rectangular frotne technique. The test board is a

printed circuit board with a routing Ëreü of 7.9x7.1 inches i2-36x213

cells), üû integrated circilits ilts), 4 discret-e cornpt,nents ond 6ff6

required connections. The hoord hos two lagers for routing.

2.5 tther Routing Algorithms

Apnrt f rorn the algnrithms introduced nhove, münU sther

strategies have sl su heen rleveloperJ f or the printed circuit bo¿rd

routing. Amnng them ore the Efficient Shortest Path Finding aìgnrithm

[2û], Parametric Pat-tern Router [21], Sstursted Zone Router [22], ond

Topographic Router [25]. The Ef f icient Shortest Putti FinrJing rnuter ir

hased on Lee's aìgorithm f or linding interconnections betweeti Fttrints

on dìfferent lagers of the hoord. The Parametric Pattern Rnuter ojtns

at overcorning the prnblem of undesirable path shapes produced hg

Lee's router bg using pre-defined path potterns in certain order until a

path is found to cnnnnect the starting and target points. The Saturoted

Zone Router initiaìlg partitions the hoard into reginns called sutursted
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zgnes \ryithin which all connectjons are completed. These saturated

zorres ore suhsequentìg merged into lÉrger and lsrger saturoted zûnes

until the finaì combination gields a routing for the entire board. The

merging of zones is done trg routing the diseonnections betleen z0ne3.

{A disconnection is where a poth is needed to connect points whicli

shnuld be electrical'lg equivalent.) The Topograptiic Router uses Ë

topngroph simulatinn strategg; that is. the rnuter first assigns the

obstacle cells a verg high cost ond a lower cost to the routahle ceììs

near to them and so 0n. Thus, the minimum cost path founrl bg this

router must he awog from other Faths routed. This con reduce the

Êrlrss-trlk between rryires as well ss h¡l¡nce the distribution of the

rnuting densitg.

Still other ôlgürithms beserl irn the Lee algûrithm Lìan he f¡und

in t?al and [25]. To reduce the number nf vias used during rnuting

prüreSs, sÊìme via reductìon techniques lvere olsn deuelotred [26, 27].

(A v'io is o ploted-through hole connecting traces on different ìagers.

Also see ABËREVlATltNg ond DEFlNlTltlNS.)

As discussed in this chopter, the techniques hosed on Lee's
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algnrithm have tn'n fundomental limitations: iii just one poth c¡n he

routed of n time ond {ii) it is difficult ta rc'ute multi-terrninol nets. To

ûverc0tne these ìimitttions. another strategg has been developed fnr

routing ntultiìager printed circuit- hoards [2ff-4Û]. The first step of

this methorj is the via assignment. Adding t/iËs 0n board mal<es those

terminrls to be connecterl become possihìe to be connerteri bg vertical

¡ndior horizontal Fottis on different lauers. Thus, tl're nhjective crf via

assignment is to convert the original connection prnhlern into simpler

cnnnection problems, thst is, the problems tf connecting paints ìging

on the single rü\ry bg poths on a single lfllJer. Since an increase in the

number Of viËS 0n the board rerults in a larger, llrore expeneit¡e. otld

less reliable board, the optinlum vi¡ ossìgnment is the one which uses

the f ewest v'ios. This vio ossignment is f ollotryed bg o single rc\Y

routing which is a prouedure to route the paths to connnect terminrls

and/or vias which lie on a single line. The objective of s'ingìe rt\ry

rnuting is to use the smollest are¡ possible an both sides (or one side)

of the row to route oìl paths required for connections.
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2-6 Summarg

ln this chapter, Lee-tgpe routing olgr-rrithms hove heen

invest-igated extensiveìg. Lee's originaì algorithm cnn guarantee the

optimum solution prouided the c0st f unÊtiun vector is mctncrtonic. ltn

the ather hrnd, Lee's aìgorithm hecomes less ¡rar:ticnl as the size nf

the problem incresses. Scr, other olgorithmr oiming at reducing the

storage requirement ond computution time wet e discussed. Strategies

which cnuìd avoid the generstion of undesired ptth patterns were aìso

presented. tlost of the algorithms presented Ëre baserl 0n Lee's

tl gori thnt.
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CHÅ,PTER III

EFFECTS ÛF ROUTING HISTORY ON HAZE ROUTING

The previous chepter Fresented different routing aìgorithnts

and their routing perfonnänce. The routing results can be effected bg

rnang factors, even thûugh we use the sünre routing aìgorithm and the

sÊme rúrnFûnerrt placetnent. Theref ore, ws hsve investiguted the

relatisnship between different sets of porameters on the process of

routing, bU using a working üFTl[1ATE'" software poct<oge. Since the

routing process is seldorn cûmpleted with just one set of routing

pararneters, we define the gsquence of usirrg difT'erent sets of routing

pararneters for rsuting a board as the rcruting histûrg for that l¡ûard.

ûPTll"lATE'n' is Ë printed circuit board schematic cspture and

lagout suftware sgstem develcrped bg Secmai (France) and distributed

bg ûptima Technoìogg lnc. (USA) 12, 4ll. lt protrides s graphical

interactive softlvare psckage for the etlt'ire printed circuit b0srd

phgsical design proress, with interfaces t0 standsrd manufacturing

services. The software provides multi-lager routing with a unif orrn
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distribution of interconnections over the logers.

The sof twËre uses möng routing control porameters, including

c0sts fr--ir hcrrizontõl and verticol routing paths on different lagers,

crrsts for 4S-degree routing, costs fur using ViüS, maximum numher nf

vias to be used for 0ne conneçtion, moximum connection lenqth,

windnn definition, etc.. Some detsils of tt,indow definition are as

fullols: we can control routing Êreü fsr each connection bg using

window def initjon, we can def ine singìe rectongulsr window nr double

rectangulËr frõme and we can elsa specifg the size of each rectanguìor

f rame.

5.1 Experimentnl Results for Smoll Routing Rectnngle

Four boards have been used in the test. tne nf theni iexomple

fc'ur) is a surface-mount board and the rest ore Frinted circuit bnnrds.

The sizes of the printed circuit boards Ëre in the rünge of

I l.tx4.2 inch to ll.8xñ.7 inch and the size of the surface-mount board

is 6.8x5.3 inch. The ratio between the bsarrj size and the number of lts

on the board is 1.24 inch2/chip tcr 2.25 inchz/chit' f or the Frinted
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circuit bonrds snd l.l4 inc#/chip for the surface-mount hnard. The

tntoì numbers of connections to be routed ore 354, 342,425, and 432

fnr exutnple one, ttryo, three, attd fotlr, respectiveìg. All of the boords

were designed for practicrl purposes at the tlicroelectronics f,entre.

To ar¡oirl crsss-eff ects crf other paranteters in ¡ur tests, onlg

t_wo maj0r pñrËmeters are allowerl to change and all ctther porameters

¡re fixed. The twn parameters alloled to change are the m¡ximunt

number of vias allowed for each connection and the size of the

rectarrgul ar rnuti ng õreü.

For convenience of description, let the set of rnuting

poranteters

{ivl, 51), {vz, 52i, ..., tv,,, 5n}}

denote the routing historg, where Vn represents the maximtlm number

one Êonnection, ond 5n is the si¡e of the singìe

{3 1}

of vias allowed for

rectangular routing

routr ng pôrtmeters

should t<eep in mind that the set of

applied immediateìg before the set

wirrdcrw. We

(v*, 5*) is
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{Vn,*1, Sm+l}. !{e shûuld alsu keep 'in mind that the rrurnber ìndicatirrg

the size nf the rect-angle i5 ilr-rt the ¡ctu¡l size but just equivalentIÊ

to the /ix

equit'aìent

and ag of Fig. ll (,lx=ag=Sm grir1 step, orre step isgri d

to 25 mils).5r: the octu¡l rectangular rnuting úrBä is ttie

rer:tarigle wti¡se four sides are c,)
fñ

grirl steps 8\À¡Ëg frum the sides of

the inner rectangìe. The outermnst two pcrints of t-hÊ net- t-n he

connected serr/e ns either tlie utrFer leit anrJ lntter right cErrners 0r

utrEÈr right attd ìrrr¡er lef t cornerr nf the innur rer-:tongle.

Fnr erch hnord tested, $¿e ÊFF lU the f allcrwing sets nf

pararneters tn rnute the bnsrd iall other ptrameters flrÈ kept

constatiti:

Hr ={i2,tj, {2.1f ). {2,Iüj, i2.3û)}

H,={i3.û}, (3,1!), (3.Íüi, (3,3û)}

Hs={(4,6}, {4.12), {4,2ü). (4,3Û)}

{3 24}

i3 !b)

i5 2c)

¡ 1 ',rrl I

(3 2e1

H+={{5,6}, (5,12),

Hs={(6,6}, {6,12),

(5,2û), (5,3û)]

(6,2ü), iû,3i))]

¡nd
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Hr={(2,3û), (3.3û), i4,3[ì), (5,3Ûi, (6,3Û)] {3.3)

The rcruting reeults ûf rüuting histnrg H, ,:re t-hen com ltarerl

with ths,re crf r¡uting hìstorq ot H, to H=. The cornpsrjson is trased on

the fc'llLr\\,ing results: (ii the nunrLrer nf succ'esrfuì connertinnr, iii)

tlie overoge number of vins used fnr ench successful contiectiorr, ond

(iii) the tversgE routing length of each successful connection {for H=

and H, onlg).

The selEritirrn trf t-¡uting hiFji-r:rr!,.1 H* a'; E rEfErEnre fnr lht:rre

fnur test b¡srd:r has the fnllot,inq sdriöntãges DVer using other rnuting

hirt¡:ries: {i) the numher nf successful ccrnnections is increar-;erJ hg up

tn 3 percent, iii) the number of uias for each successfuì cnnnectinn

used is reduced bg 3 to I percent. The rsuting histtrg of I resuìts iti a

sl ight 'increment {trne percent at the mnsti nf the ouerage rrruting

ìength f or eoch successf ul cr-rnnection, which is undesirõhls, compnred

with using the routing hìstorg H=. The routinq results for the four test

hrrard:+ are slrnwn in Table I l. For each exampìe in Tahìe I l, the f irrt
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three colurnns are the results of ruuting historìes frürn H., to H=, the

second three colunitls are the results of rcruting historg Ft, and the

Irst- three uolurnns tre cnmplrisr-rns hetween rriuting re:;ult:: nf

diiierent rcruting hirt-¡ries. Fnr the fir::t three çrlltlffitls, ench rctl*l

Ësrresponds tu s rúuting tiietorg frurrr H., to H=. The resulte irr each rct+

¡re tlie nurrib*r nf cumpìeterl ronnectinrrs, th'r ¡verlg* number of vi¡r

ured for e¡ch ¡ucce'¡¡ful cc'nnection ¡nd the arrerage ri'uting ìength lor

e¡r-:h sucçe-ãsful cnnnertinn. Fnr the seconrl three r;lrltttnrrs. t-he la:rt ruw

indicateg tl're f insl routing resuìts of routing historg Hr.

The laFjt tliree rr:rìumns are the iticretrieni- nf tl're tlumher r:ri

cnnrpleted cnnner-:tinns. the incrernent nf tiie ü"¡'Êrûqs nutrlher ¡i t¡i¡r

ullBd frtr e¡ch suçcei:¡iul cnntiect-itrt1. üt¡d t-he irlr-tt-ËtriHnt- Lrf t-h* ovr-¡r¡rle

routing ìength f ¡r elch surcessf uì cotlner:tinrr, re:1FreÈtiti elq. The

f nrrriul¡e f nr colculatitir¡ them örÉ ãÊ f ollows:

{ # of comp. conn. usinq Hn} - i o of comtr. conn. using t'li}
Ii.4]Ëonrp. conn. lncr.:

# ofcomp. cnnn. using Hi
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(# ofr¡iss/cunn. using H¿]-(* ofviüs/ cor¡n. usinq Hi)
Viss lncr.= f15r

# ofviae/conrr. using Hi

{Arrer. leng./conn. usi ng HËi - {Aver. leng/conn. uri ng Hl}
Leng. lncr.= (3 6)' 

A,¡er. leng./cnnn. using Hi

It is ssen frurn T¡rble ll that ths suuüÉssful cunrrectiur¡s

(l'lires] Ére distributed nrrr e evenlU ún the board il ttie rûut ing

rectEnqle is alìor*¡ed to be reËsgnüblg laroe lrorn the [regi nnino.

Furtherrngre. the rguter !ïill select the solutitns t/ith fewer vius if

fewer Viüs ¡3re allüwed to tre used lsr complete t0nnerlticrns.

Consequentì9, the routing of ËûnnÉctiûns beÉüffies essier. uie'lrJirrg t

higl'rer r¡uting cornpletion r+ ith f ewer viss. Üf Éüurse. thË routitig

length rnug increBsÉ Lrecause crf the lsrger ruuting rectangle and fe,¿"er

allo r+ ed v i ts, but the resul ts shotr that thi s incrernent is tltlt

ri gni fi cant.

For tlie l¿gt surfsce-rncrutit bûard i511E). the routing historg of

H6 produces resuìtr that Êre hetter in tìmnrt everU aspect Ës

cnrnpared with the ¡ther routing histtrrieii 0f H., tn H=.
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3.2 Experimentol Results ge Routing Rectongle

The fc'lìowing routing histcrries l1'ere applied tn s PfE and on

5Ì'1Ë:

anrJ

Hr'={(i.6). (2,1 2J, (2,zrJJ. (2,3ü}, (':,4ü}}

Hz'={(3,6), {3,1!}, (3,2úi, {3,3û), i3,4ÜJ}

H¡'={i4,6), t4,12}. (¿1,2ûJ, {4,3ú}, i4,4üJ}

H+'={(5,6), (5,12}, i5.2Û). (5.3Ùi, (5,4tr)i

Hs'={{6,6i, (6,12), (É,2t), (É,3Ü}. {É,4iti}

Ha'={i?,4u), (3,4Ü}, (4,4r,t¡. {5,4Ü). i6,4Ü}}

(J. i úJ

(3.7b)

(3 Tc)

(3 Td)

t 1 Jt:¡l

/z ,tr1
lJ.Ur'

f'l¡tite th¡t Eqs. i3.?i and i3.7) öre sim'ilar except f or t-he new

paratneter set in,4iti oppstring'in Eq i3.7i. The size c¡f the rauting

rectangìe constitutes the dif f erence hetleen Eqs. t3.3i ¡nd (1.Ë).

The results of these tests are shown in Table lll. Theg ore

consjstent with thcrse nf Tahle ll. lt is seen th¡t th* time needed tr:l
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f i nd aoìut'ions f or ccrnttecti ons

the rnuting üreË, ös eHFected.

are n¡t- much bett-er th¡n thnse

size is nut re[ümrrrendÉd.

inçreoses v¡ith the increosing size of

Hü\ryer¡Êr, sinr-:e the results of Toble lll

of T¡['le l l, the ìtrge rr-rut ing rect angle

5-5 Summnr

As r^¡e haue seen f rnm the elrperirnent¡l rerultç. f gcl-Lrrs Lrther

than rnut-ing algnrithrir con stllì affect ttie perfnrmûnt:Ê nf roul.ing to

a large eytent. Iif f erent ruuting hisl.ories learJ ttr dif f erent rout-ing

rerults euen tli'-ruqh tlri fin¡l sets of routing trËrÉmBters fnr different

rnutirig histories ËrÉ irJenticsl. The ËrrcrFer selectinn of routing hirttnrg

crn imprave th¡ final routrng results. l-1f ËcrLrrsE. nrürË exteniiue studg

of the ef f ects of nther routing hist ories shr:uld rì:ir-r he rlnne tu

improve the routing result:: a5 much os possihìe.
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EFFECTS

CHAPTER IY

PLÅCEHENT ON IIAZE RTUTABILITY

As we stated in the preuious chapters, the FrrÜÉesses Ûl

Flscement and rcruting arÊ usuallg done seperatelg in successjon.

although theg are heauilg dependent crn eËch other. This approach often

cüuses the folìowing trrüblern: Sinue we do not haïe En.q abiectiue

evaluation of the Flacement until routing is done, we rnsU not reslize

thet it is e'ither irnpossible sr verg difficult to route a bosrd based un

a given placement configuration. ln ûther lvords. onlg after huuing

spent a relative'lg long time and c0nsidersble effort on routing, we cür1

realize thet the placenrent needs to be ìrnproved in orúer to achieve

reasonablg good routing results. Therefore, it is desirable to find an

irrdicator capoble of Fredicting the routabiìitg bssed 0n a given

placement result. lt is also desirable to find súrÌ1e criteria which

would make it poss'ible to compsre dif f erent pìacement conf iguratir:ns

fcrr the same circuit in terms of routabilitg. This approsch is usuallg

called s pre-rtuting analgsis.

OF
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Foster I42l presented 0ne strategg for the pre-routing

onalgsis. ln his pËpÊr, he claimed that the ret50n for the pre-routing

analgsis, üs ô figu.re of merit for plocement, mog'in the long run be the

most importont. Here, we present o verg sirnple methodnìogg which can

evaluate different pìanement configurntinns for the some circuit ond

Frredict the routohilitg of the given hnord. Thr-rugh Foster's ntethod mog

he a good indicator of the pre-routittg onalgsis, the method introduced

here is simpìer, ond we will shcr$'that it is reasonahlg relioble bg

performing experiments with the test hoards. Eg using this methtd, we

Ëre able tn predict the routahilitg based 0n the given plar-:etnent

confi gurati ons.

4-l A Pre-Routin

f,omponent placement within a printed circuit board 0r

surfoce-mount hoard produces o rats nest. The rots nest contsins all

the information needed to camplete rnuting of oll the connections.

Fnster I42l suggested a method to gather the raw dota for the

pre-routing anaìgsis os foìlows: First, subdivide the boord into m

vertical strips; then for everg connectiûu, ö cnunter for a t¡ertir-:sl

-59-



strip is incremented whenever the connection rrosees the verticol

strip, signifging thot o hc'ri¿ontCIl trock r-¡ill be needed sometryhere in

th¡t vertir-:al strip. Ttie f in¡l vÉlue of the counter is cslled the

cunnertinn densitg of th¡t currespcrnrJing si rip' lt inrjicote¡ the

minimum horizontal trackr required t-o cornplete t-he rtruting in that

vertic¡l stritr. Similarlg, the bonrd is alsn subrJividerl inl-u n horì¿nntal

strips, ond r counter fur e¡rh hnriznntrl strit' is incremented

whenever a connection r:r¡sses the horizontal strip, thus signiigìtig

thnt ¡ vertiral tr¡ct< will ütrFreÐr in that hrrriznnt¡l strip. The iinnì

uaiue of t_he counter is the ËünnÊt:T.ion densitg nf that ccrrrespnnding

horiz¡ntol strip. The nunrher of verticel strips m and the nun¡ber nl

hariznntol strip:; r1 run be chosen nccr-rrding to tlre bnnrd slze ¡nd tlie

cnrnputntinnrì comple;citu. With lurger m anrJ n, rrrcrre det¡iled d¡to can

be gnthrrred.

We emplnq the stme method tu get the densiti es of t he

connections irr hnriznntal and vertical ìagers. Tlie bonrd is first

diuided intrr vertical strips with the width resnìuti¡n nt û.25 inch Fer

strip. We then count the numher r-rf connections vi'hich cross the

individu¿l strip, anrJ the resulting numtrer indirttes the mìnimurri

-6û-



numbÉr of horizontaì trrcks needed to route those connections within

that strip. Sirniìarlg, the hnard is divided into horizontol strips with

the snme resolution, and the nurnher nf connectisÌ1s which cross ench

hori¡ontal striF is ohtained.

f'lext, vre nrrmöìize the densities hg colculoting the densitg of

strips per unit length {inch). Thot is, if the densitg fnr o verticol strip

is f¿ and the length oî the verticol strip is d, then the nornialized

densitg is fi/d. Eased on the ahnve data, we Êün calculate the mean

vaìue ond vsriance of all the ncrrmolized horizont¡l strip dettsities and

verticnl strip densities as follows:

vnt=( I /(t-th- I ))*: (ç)hi-Hh)Z

Nh

r
¿
i=l

Hh

i=l

Nv

Hr,=( l/Nhi* tthi {4 li

(4 2)

llu=( l/l',lu)*I tlu,

- 6l -

i=1

(4.3)



Hv

u.4j

hnrizontol ond verticoìwhere l1n and l1u nre the

nnrmaiizerJ densit iss, Vr2

v,,.2=( I /(Nu- I ))*: {tJui-Hu)z
i=l

meôn r¡olues nf the

horiznntal strips and t'ertical

nr:rmalized densities f r:r the

respecti vel g.

ftr,i snd fiut ore the

and Vuz are the r¡arionçes of the horizontnl

and vertical nnrmalized densities, t'ln and Nu are the numhers of the

strips, ond

hori zunt¡l snd vertical strip i,

From a statist'ical point of uie'+¡, v+e knovu that the mÊËu value

is the best representation o1-all the srmples, snr1 the variance is the

rneasurement of the validitg of the rTlËEn value Ês the best

representation of the sanrples. Thue, we should expect that the larger

the mean value of the connection densitg, the denser the board, and the

more difficult the routing. Also, for the same mean densit¡1, but a

larger vsrisnce, v{e crn conclude thst the connections are distributed

more unevenìg on the board, and that the routing of the board wilì be

more difficult than the routing of a brrard with t smaller varianre.
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Notice that the sgmmetrg of bus-oriented circuits mng not ccrmplg

with the ahcrve principles. Such circuits are rr-ruted in zones.

4.2 A Pre-Routing Analgsis of f,onnection Length

Another critical parameter we should cnnsider is the length 0f

a connection. Here connection refers to the connection bet-ween ÊnU

two pins in the rats nest. lt is well known that to rnute a shorter

ccrnnection is easier than tn route a longer one. The size of availsble

routing sFraDÊ also affects the routabilitg of the circuit. Therefore, tte

shall use the Éverflge connection length per unit area of a hoard to

represent the effects of the cunnection ìength and the routing spece. lt

is expected that for the sûme densitg distributinn, rnuting t¡n a hotrd

rvith a shorter ËverÊge ìength per unit area is ess'ier than routing with

o longer sversge length per unit areo.

It should be noted that olthough the length sf s connection in

the rots nest is the Euclidenn distance hetween the two c0rre-.-pctuding

terrninals (Euclidesrr distance between two points (x.,, g.,) and (x' Ur)
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is measured bg the square root of the sum of (x.,-xr)2 and (g.,-Ur)z), the

minimum distance of a cnnnection between the terminols routed bg an

orthognnal router on the baard is the llanhattsn distance. We prefer to

urre llanhatton distance between the tvro Froints to represent the ìength

of the r¡ts nest.

4-3 Rnutnbilitg lndicntnr

Four test hoards were investigoted in regard to the rnutohiìitg

predictictn based on the given plncement conf iguratinn. We gathered the

ran, deta sf the connection distrihutions of these four bnards. Eased on

the discussion of sections 4.1 and 4.?, we develoFed the fnlìowing

expressions to calculate the routabi litg indicator {Rli:

Rlt =
(4.5)

ì o g { ( 11 h 
* V h * l'1 v * V v ) 

* (T o t a I -l e n g t h / 5 i z e-o f-b o s rd ) )

Rlz= L4.bl
ì o g ( ( 11 h + I"l v ) 

* ( V h + V v ) 
* (T o t a I -l e n g t h / 5 i z e-o f -b o a rd ) )

where Kr arrd lQ are cúnstants, 11 and V are given bg Eqs.4.l

l{r

Kz
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Tstaì-length is the total length of the rats nest, ËItd Size-of-board

represents the routing Ël-et. These two f ormulae ref ìect the

relationship hetween the routabilitg and the factors offecting the

routabilitg which \qere discusserJ in secti0ns 4.1 anrl 4.2, the selectinn

of the functions in th'is formuloe wÊs made bg t:urve fitting. The

selectian of the ctnstüntË Kt and I'z depends 0n Ë subset of optimum

rnuting t'õrömeters used. For example, the cnnstants l{t ond K¿ are

11.77 and 12.46, respectivelU, fr-rr the Hanh¡ttan distrnce representing

the Total-length, the routing historg l{,ut given bU Eq.3.3, snd the

fixed suhset of rr-ruting ptrümeters os descrihed in [72]. Due to time

limitation, the cottstants $¡ere contputed onlg once from o test hoard

thot had 1ûûg completion of routing (Example 2). For the stme

Exampìe 2 and the Eclidean distançe, Kt = I l.5E and R2=12-27.

It should oìso be noticed that the size of the bsord ntog not be

identicol tn the ovoilohle routing Ëret for thot board, but the rotin of

the ovailable routing ürea and the size of the hoard is o constant for 0

given schematic diagram regardless of the pìacement configurotinn,

provided thst the size of the elements on the hoard has not been
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chonged. The eize of the boord con still represent foirlg well the

ovailable routing ÊreË, while the measurement of the size of the bonrd

is much eosier thon the measurement of the ovailable routing ËreË.

T¡hles lV-A and lV-E present the routabilitg indicotors

calculated frorn fnur bnards with pìaced contponents, using the

llanhattan {with Kr=11.77 snd Kz=12.46} and Euclirjesn iwith Kl=11.58

and Ya=12.27J distance, respectivelg. Since Exampìe 2 hos lOûffi

compìetion of routing, it serves as the hasis for the calculation of Kr

and ä2. These constants !rÈre then used to calculate Rh anrl Rlz for the

other three boards. lt cün be seen thot the routabiìitg indicators

predict the octuaì routing contpletion well. Further work should

improve the Frediction accurËcg.

4.4 Experimental Results f or Routabilitg

We routed the some four test bnords os described in [hnpter

lll, using 0PTlÌ1ATt'" software with the same rauting historg. The

routing completion percentage and the calculating results of the above

f c'rmulae for these boards are summarized in Toble lV.
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FromTsble lV, we Êön see thot the routshilitg ittdicatnr, Rl, is

not identicol to the actual routing compìetion percentage. This is

partiallg due to the fact that the second-urder ststistics do not

contain all the information in the rats nest. Annther reËson is thot we

use the boord size ts represent the ¡va'ilable rc'uting ñrÊü hec¡use uf

the reason stated hefore, but the ratios between them sre nbuiouslg

different for different boards, ond this ftiËU introduce s0me errcrrs in

our experiments.

Thaugh the moet valid method of evaluoting n placement

cnnfiguration is to actuallg route it, a good indicator ntag sove time

and eflort of doing routing bU just dninq strme simple cslculations.

Thnugh Table lV Ê0mpsres the results betn,een four different

exampìes, vt'e could ËompÊre results for the snme board with dillerent

pìocement configurations. The later 0ne is more attractive snd

importont. We mag also be oble to find out the threshold vslue of the

Rl in order to reoch a certoin percentnge of routing completion fnr o

particuìar routing softwore and the routing ptrtmeters. Also, based on

the values of Rl for different plocement configurotiotts, we could

select the best placement configurotion to continue the routing
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pr0cess.

4.5 Summarg

ln this chapter, we reìated the pìacement and ruuting hU using

inf ormatinn cnntoined in the pìocement cnnf iguraticrn to predict the

routabilitg of the board. A methurd to gather the information frnrn a

pìacement configuration \,yfls introduced. The relationship hetween

dats obtained from a given pltcernent configuration and the

correspnnding routing w8s anaìgzed. Two empiricol formulse for

colculating routahilitg \yere deueloped and their validitg YrËs

denrnnstroted bg exompìes. The aduantoges for pre-rauting anaìgsis

yvere anolgzed. ond we concluded thnt the most valuable fenture of the

routab'iìitg indicator is in its ahilitg to giue a fairlg gond indicotion oi

hon good a placenrent is for the routing to be done on 'it. Thus olloling

us tn select the plocement configuration which cnn be routed with s

higher routobilitg percentage.
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CHAPTER V

A NEI{ CHÂNNEL ROUTER

5. I lntrsduction

The fundamentaì methods presentlg used to route printed

circuit bnards (P[tss] and surfaue-rnount bourdg {511Es} are the lla¡e

routing. Line routing and fhanrrel routing ntethods. Üf these three

classes af algorithms onlg one h¡s suitaL¡le characterst'ics for LSI and

VLSt integrated circuit (lt) design using gate arrag and stsndard cell

methodûlogies. The method of channel routing is suitatrle for

high-densitg chip lagout because it utilizes a sirnultaneous

modularized scheme. Bg splitting the routirrg Frocess intct two steps of

topologicrì routing and track assignment, the channel router alìows

iteratiue crptimizatisn sf the rsuting at a lolver overslì cust thsn thp

crther tu¿o nrethc,ds.

ln chapter ll, we discussed rnsnu routing algorithms of Lee's

tupe. Though theg are different in mang aspects. one thing remains the
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srme. Thnt- is, theg all con route one path nt t tinie. llnr-:e õ cLrÌrrrÈctinn

path is routed, it becomes sn ohstacle tn other contlectiorrs tû be

rruted. Theoretico'llg, those ËonnÊctions hlncking otlier connectioni

crn be remnried ond be re-ruuted ìater, but- there is no gurrunter that

theg cnn be successfuìlg r¡uted at o l¿ter time bec¡ure there ürÉ rrrrlre

ccrnnectinns existing on the board. Altn, remn','ing Ëofre rjúnrtËrlt-jr-rn5

nnd re-routing them I s Ver-H time-consuntirrg. The di:;iurrì¡n:-r trr

re-rnuting cËn he found in Ia]] and [44].

5-2 Urdering in llnze Rauting Algorithms

It seems ta he verg inrportarit to der:ide r-rn ttie urdxr in whicfi

the nets shnulrJ be routed. Unfortunntel¡1. there is ntr simple criterinn

orcnrding tn n,lrirh we sh¡uld make such a rleci:-rir-rn. ln prlrtice. ttt¡

orrJering methrrdË Ëre used: (ii in the arretiding orrler ol th* ìetigth nf

the net anrl {ii) in ths desceriding order of the letigth of the net. The

argunient for the first method is th¡t rnuting af n shnrt-letigth

connecticrn rÊu$es ferryer nhstrcìes which prevent the ccrrnpleteness ¡i

t-he loter routing. Also it is easjer to route o ìonqer ìength connertion

oround a shc'rter one thnn vice verso. The rrgurnent fr-rr the nther
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methr-rd is that since rout-ing of a long-lengtti conriection is rr-rrrre

dif T icult than routing a short-length conriection. it is mcrre der-rirahle

tn route the longeF orre first in order tcr increuse the r-:nrÌlFrleteness of

the ruruting. Eut arcnrding to Aheì [45], the perlorrnarrt:B 0f ü ffraze

rnuter is indeFendent rrl the order iri which cnnnection:; are attemFteú

if the minirnum length of conneutiuns ';ucresrif uìlg cnrnpletr:d is used

a:r the reasnnrhlÊ ntrm.

Even thcrugh t-here is n¡t mucli difference hetween the two

nrdering mei-hnrJ:r based on the length of the nel. in the sense stated

fr['0'''8, it is cle¡r th¡t one method ntag lre m']rÉ desirable th¿n the

other under certain circun¡:;tsnces. For e¡rampìe, if the propogntian

time delsq ffn the wires is criticol to the operat'ion of the cirtuit, the

lengi-h nf t-he v¡ire ¡hould he sr shnrt as pr-'ssihle. and the methnd of

routing the longe::t conner:tions f irst niog be prefer¡ble. Tl're re¡snti is

th¡t the rnuter can trace the ìong-length poth cnntier:tinn nìong Ë m0rÊ

direct ìine because f ewer obstacles {previouslg routerJ poths) exist on

the bnard; anrJ the shr:rt-length path cûnnection mËU hove sìightìg

longer troces because of the other oLrstncles alreadg existing on the

hoard. Enth factr'rs wìll make cnntributinn tu the bolance ol the length
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of the routed Fath.

Kulkarni nnd Jagakumar Ia6] presented another ordering

strotegg in which the order rrf nets tn be rauted is based on a criterion

other than the ìength of the net. This methnd ïrüs shov¡n t4hl tn

perfcrrnr better than the methsds of ordering bosed on the the length of

the net for thirteen r-rf the sixteen test printed circuit hoard:..

Lee's {maze} routing algorithm hss another prohìem: that is, in

order to trace the shortest possible wires, the router mag moke ffiËnU

connectinns through a congested ürÉË. This tends¡1¡:g mürq resuìt in {ii

ön urleven densitg of wires on the board (vrire clusters), nnd iii) the

need for rng hìocking connections tr-r be rrruterJ at a lster time.

5.3 The Channel Routing Strotegg

To overcome the obove

channeì routing strotegg [a7-491.

consists of the folìowing two

rsuting) and {ii) tracf assignrnent

þrabìems, ûne solution is to use ú

ln this strategg, the routing pr0cess

steps: (i) gìabaì routing (or loose

ior chonnel routing).
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5.3.1 Glrrbal Routing

The gìcrbal.router [5ti-54] iirst bre¡ks the rnuting area intn

rectangulnr regionr, v¡hich örÉ c¡lled chrtitieìs, het r¡eeri the

rlrrmFonerrts or rncrduìes tr-r he intercnnnected. Then the gìutbal rcruter

decidr::: thraugh which charrnels indiuiduol connecticrr¡-q \*iilì run.5ince

the gìobtl rnuting is rather sirnple, it rnag iter¡te sr-=uersl tirner in

nrder tn diminish 0r eliminote nuerf lntl's (¿n orierf lirtry rnnditir:n

0rlcurg v¡hen the nutn[rer ¡f trscks within a rliunnel exnee¡Js the

maxirnuni nuÌTher nî tracl¿s that the rhannel çan fi¡r¡e.) Tlte iterutive

prlrreEs mrg or:hieve higher rr-rutabilitg.

5.3.2 Lncsl Rtruting

h¡hen the gìnhol routing is camplet-ed, the dettile'l connectiLrn

poths of nets ore determinerl bg using a ìocal routing õtrF'rrröch. This

locaì rouf-ing is called trect< Êssigrrment {nr chonneì routing} [55-Ê7],

which we n,ill discuss extensivelg in the foìlotting twn chapters.

Since the trock arsignment cnnsiders onlg o pnrtinn of the routing

areÉ, and the track assignment for difierent ch¡nnels c¡n be rJone
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independentlg, not onìg the memorU needed to perform routing con he

reduced significontlg, hut also the totaì time needed moq be reduced.

5.4 Channel Routi ng åp-plj-ËqÞililU

Due to the regular shape of mudules in LSI and ULSI lCs, using

gate ËrrõU 0r stand¡rd cell methodnlogies, the module placement

ìeaves rectangulsr spðces between the modules tn be interconnected.

Since such rectangular spdces ürB Êxar-:tig what the chonnel rüuter

needs ta nperate 0n, channeì routing is verg suit¡hle for gate-urrÉU

and standard-ceìì LSI and VLSI lagout.

The muin goaì of channel rcruting is tn use the smallest numher

of tracks in order to route all the ccrnnections. That is, the optimum

reolizotion of a channel routing problem is the realization of the

problem with the minimum number of trocks. The following sections

ore dedicated tn a ner.r,algorithm for channel routing. The algorithm is

simple hut is shown to be verg efficient through exampies. Eefore we

introduce the algorithm, the pertinent concepts and definitions ore

'intrnduned in the next sectinn.
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5.5 Definitions

We shall descritre {i} horv o channeì rnuting probletn con be

represented using graphical ond mttrix forms, {ii} hovi a directed net

relation (tÍ-'lE) graph crn be constructed tc' shol trhicli pairs of nets

shnuìd be exchanged tn ovoid ang pntentitl c'uerlop of traces in the

verticol track;s, {t ii} hc'\y to construct a ¡Jist¡nce mstrix used to

resulve ðnU Fratential or¡erlaF of traces in the horiz¡ntal tracks, and

iiv) hnn,i.o find the lLl\t,er ond upper bounds on the nilmher nf trorks

required tc¡ reali¡e the channel rnuting prahlem.

5.5.1 The Ihonnel Routing Probleni and its RepresBlfl-tti0[

As shown inFig. 15, a chonnel rnuting pruhìemis defined on a

rectnnguìar öreÊ colled ¿ chsnnel. Eoch channel hos two rrrYúS of

terminsls olong i ts top end bottum sides. Tracing r-rf al I the

connections r-rithin the chonnel is done 0Ì'l twr-r logers, whir-:h üre

electricaìlg isolated f rom each other. We össuÌTe thot the hnrizantnl

trocks are located on one loger, and the verticsì trocks nn the other.

f,onnections ËrÊ routed with'in trocks. Since horizontal tractcs ürÉ
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Fig. 15. Net list ol Ë chünnEl rr:ruting FrrúhletTl

TERN II1ffL NUNEEE

r?315

ñl tr I 2 2 1 Ú Ü u u tl u Ü

-lt -t 2 ? 7 t-l ü ü ü ú ü Ü

= 3 tr -t z -t tr tr û ü tr ir rl r:J

ãq r rr .t z ? ? ? z t tr ü ú

35 ú 0-l l-1 tt tt ú tJ tt ü tJ

É, ü tl ü 0 ü I-l ü u il ü Ü

7 tl tt tt tt ü tt I 3 i ? -l Ü

I 0 tt tt 0 ú tJ ü-l l-l 0 0

g 0 0 ü tt 0 tr tI tl -l I 2 -l
Ì1 tt t 0 û û ü tt tt 0 tt CI I 1

Fig 1 6. llat rix reFresÊntoticrn 0f chotineì rnuti ng probìÈnt crf Fig l 5
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isr-rluted f rom vertical tr¡rks, the conner:tions hetween thetn ¡re rn¡de

through vias.

The chnnnel tr-ruting prohlem is expresserl bg a graphical net

list ¡s iìhtrvt'n in Fig. 15. Thi-q reFrÉserii.ation is referred tr-r ss grflB-hl!-EL

reE_re=g-ntÉtiLr.[. For cornputrtir-rnnl purp0se5, the pr¡b]rim Lrün aliú be

representerl bg n matris A with dimensions tlxt"l

¿ = [Ë.¡¡]

t,liere ti is the nutriher of nets in the

terrriinsìg orr one side ctt the chatinel.

inllowing f ornt:

prohlem and t1 is the nurn[ter of

The n¡atrix elements 4,, hstte the

(5 1)

8..=* I if net i is connected tu the terminal j on
u

the top_ side

of the channel;

8..=-1 if net iis connecterJ tu the terrninsl jun the bûttom
rJ

side of ttie channel;
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d..=L
rJ

u,j=t

if net i crosges the vertical traclt j, but is nst

cnnnrcted tn the termin¡ls within the trnck; nnd

otherwise.

Such o trratrix regÊÉ_Entflttû[ of the prr-rblern is shurt¡i I'r in Fig. 1É. lt- is

re¡diìg seen that esL:h crrlurnn of tlie m¡triir h¡u nnlg I single pnritive

1 i*l) and/nr a::ingle neqtiue 1 i-l). The numlr*r of 2s c¡ti he gre':ter

tli¡n nne. The moximum nutrtrer crf nûnzÉr-ü eletrrents in nrie cnlunln is

the mrximurrr net densitg nf the ch¡nnel rnut-ing prohletn. Í''lntir-:e th¡t.

oìt.hnugh the grnph'ir:ol reprerentttinn dnei not c¡lì f or ËnU net

nurnbering, the niotri:c represent¡tiotl requires Ë net numhering lnr

their plocement in the m¡tri;t. Th* net nutnbering mn¡1 he ¡rbitrarg, ns

shûï,ri in Fig. 15.

ln tlie realì¿atinn nf t he probletrr, such ü5 th¡t shr-rÌvFr in

F'ig 17, we Ëssume that the horiznrit¡l segnrent of esch net can t'c:c:utrq

ncr more thsn sne track ii.e., nc' sn called drrgìÊgs sre nllov¡edi. þ/ith

this restriction, a prnbìem Êün be gurrnnt-e'=d tr-r be snl'¡¡ble ii tnrl crnìg

if the chsnnel rcruting prohlem daes ricrt htve nng cgclic conflict, ts

shor*¡n in Fig. 1 Ê. Such a cgclic conf lir-:t cnnnot be resnìved hecsuse
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Fig. 1 7. A realization for the channel routing problem of Fig. 1 5.

Fig. 18. An exomple with cgclic confì i ct
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\fhen the left vert'icoì trock I hos nn overlapping verticaì segments of

nets I ond 2, the verticol segments of nets I ond 2 must overlnp'in

t-he uertical track.3. tln the other hand, if we interchatlge the order of

the nets (net 1 at the htrttom, ond net 2 at t'he top) then the conflict

ocrurs in the left vertical track l.

I'lotice that ang non-cgr-:lic trtce confìict that mËU ÊpFear in

the chsnnel routing representation {either graphical or nl¡trix) can be

resolved bu usinq prrpEr Frcrcedures. For exampìe, the vertical trace

r-:rrnflict hetween nets Ê and 7 shown in the uertical trock 7 of Fig. 15

can be scrlued with the use of a directed net relation {DNR) graph

{Section 5.5.2), ond the horizontal tr¡ce conflict between nets 4 ond 7

can be resolved bg the use of a distance matrix {Section 5.5.-3).

5.5.2 Directed Net Rel¡tion iDNR)_GrsFh

Recoll that a solvoble probìem côn he reoli¿ed when no overlop

betrryeen two nets 0ccur within s verticaì track. Furthermore, n0

dogleg {a jump of the horizontal net segment hetween the horizontal

tracks) is ollowed, resulting in onlg one horizontaì segment per
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cgnnecti0n. With these ossumptions, it is cleor thot the horizsntol

segment of a net iconnecting to the top terminal j {in the vertical

trrck j) must he ploced ohnve the hnrizontuì segment of another net k

cnnnecting to the bottom terminaì j {in the sãme uertical tr¡ck ji. Tfris

condition results in on ordered mstrix reprËsentð1j-0n whsse columns

contoin single poirs of +l trnd -1, with the propertg thst the +l is in o

row öhtrve the row w'ith the -1. There are various algorithnts used to

re-nrder the motrix in order to resolve ¡ìl the vertical trace cnnflicts.

1{e shall accontplish the re-ordering bU using a directed net

relatinn iûf'lRi_grsÊ!. The DNR graph ref lects the relationshìp bettteen

nets of ¡ chrnnel routing pralrìem Ës follows: As shown in Fig. l9-0,

e¡ch vertex'i in DNR graph represents a net i in the chonnel routing

Froblem. The graph contains o directed edge ii,k;i from vertex i ta

vertex k if and onlg if net i is ts be placed in a horizontrì track ohnve

the trsck with the net k in order to avoid the verticol trace conflict.

For o solvable prohlem, the compìete graph shouìd nnt hot"e ËnU

directed cgcles representing cgclic confilcts as shown in Fig. I 9-b.

Next, we assign ôn orrjering number to each vertex according t0
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O IRECTET}

REPRESEHT I NG

{a)

UERTEX I
FEPRESENT ING I'IET

B IEECTET]
EEGE ( t,3)

(c)

Fig. 19. The directed net relat'ion (DNR) graph
{a} Nomenclsture (b} [gclic conflict

(c) Exampìe corresponding to Fig. l5
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its categorg. As shc,tryn in Fig. I g-c, the vertices f ¿lì into tliree

cotegories: il) the vertices v¡ith nt' edges etnanoting from thetn,

repreeenting the nets lncat-ed clnse tn the bnt-tnrn nf the channel, {2i

the vertices with sinqle erJger enrunatinq f r¡trr thetn, representing

pairs of nets tn lre exchanged, and {l} the vertices r¡iÌ-h mnre th¡n nrie

edge emnnating frum thern, representing thr: tiet-r tn be e:rr:h¡tig*d mnre

thon once. The procedure for thr urdering tiumhur ¡rsignmenl- is ¡:¡

fnlloivs: First, ang vertex of ciass I is n:¡:-ilgned the nrdering numl'er

L Then. e¡ch sur:cessiue verte:i k of clü4.5 2, tryith ¡ directed edgrr frnrri

k tn i, is assigned an nrdering nutnher q+1 if vertex i h¡s heen assiqnrd

the ordering numher q. lf the vertex k crf cl¡ss 3 hor alread¡_1 heen

assigned on ordering nunther, we muit cl'mpüre the ordering numtrer

rìrearlg ass'ignerJ rryith the one tn be r:;signed, and ii the newìg

assrgnerl number is larger tiian the nld nne, the r:ld rrrderinrl nuffihe|is

reploced bg the ne\\¿ ûne; otherwise it remsins unr-:h¡ttlled. This

procedure continues untiì everg vertex is ossigned th* prûPer ardering

number.

Figure l9-c shows Én exEmple sf the ttt-lR groph, corresponrJing

to the Errohlem of Fig. 15. To construct the graph, we entpiog a scnn of
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oll the nets in the chonnel from thr left verticoì traçk to the rigtit.

F'irst, net 2 is conçidere'J, ond t r,'ertex is placed with the

çorrespûnding net num['er 2 in ìt. Since nets I ond 3 apperr in tl're

verticai tracl< 2, vertices 1 and 3 are pìaced. Since nel- t hsr to he

placerJ in a tr¡ck ohnve thÊ 0nÊ for net 3. ¡ direrted edge {1,3} ir

odded hetrryeen vertices I ond 3. This prLruedLtre continue¡., utitiì the

lrr:t verT-ical trrr-:k ¡5 ¡¿5u:hEd. Usuallg, the initioì furrn of the graph

dnes nat resemhle ttint nf Fig. I 9-c. Fiqure I S-c is Ûht¡i ned bg Ë

re-ürrüngernent of the trrsitinns oi its vertices, in L-ìrdÈr tcr resemhle

t-tie f inal tr¿ck assignment in the channel. Finaìlg, we assign Ú

c0rresFcrnrjing ordering number tn euch uerte¡l in the grnph'

From the grnph, \t¡E sËe that uertex 2 dnes nol. haue otig edges

em¡n¡ting from it, t¡hich rne¡ns th¡t net 2 d':':s nnt h¡'¡e to be pìnred

in s hariztrnt¡l track ¡hnve a track fur ang other nÉts. 50, atl ordertng

numLrer 1 {shown outside the circle) is tssigned tn it. Sinte 6 directerl

edge front,,¡ertlces 6 to 2 exisl¡:, üll orrlering numher ? iequ¡ì to l*li

'is ossigned tn r¡erterc 6' This assignment cnrrtinues utr to vertex 10 ¡s

well ss all the other vertices. t'iote thot sinËÊ there are directed edger*

{1,5i and {5,3i in the trt-lR graph, the ardering number af vertex I
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should he 3 insterd of 2 which wouìd otherv¡ise result frntn the

edge { l, 3}.

5.5.3 The Distnnce tlatrix

The directed net relstion (DNR) graph reflects the constraint

in the trock assignment due ts the overlaps in the verticsl tracks.

f,leorlg, it is not enough to just avoid the overlaps in the verticol

trocks. üverlapping in the hnrizontal trsck;s must nìsn be avoided. For

exarnpìe, \r¡e cannot Flsce nets 2 and 3 in the sörTls harizontsì track

euen though there öre n0 sverìops in önU vertical tracks isee Fig l5).

Thu:r, s motrix called the distonce mntrix is creoted to reflect the

crrnstr¡int imposed hg the overlops in the horizontol trscks. The f{xttl

sgmmetric rnatrix is denoted bg

D = [dr] (5 2)

where N is the number of the nets in a channel routing problem. Each

indicates the horizontal distsnce betweenelernent d.'n of the matrix
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nets i snd k. The distonce hetween two nets is the number af verticoì

tracks teft between them pìus one if theg are pìaced in the seme

horiznnt¡l track. lf the two nets are overlspped whetl theg are placed

in the sËme horizontal tr¡ck, the dìstance betr¿een thetrr is equaì to

zerû. For esampìe, d,,l=dzl =2, dre=del = I , 8nd dl s=dst =t are all elements

of the distance matrix f or the channel routing prohlem shott'n in

Fig. 15.

5.5.4 Lnwer and Up_ uired

Though effort has been devcrted to findinq the necesstrg and

sufficient conditiorrs fcrr the numher of tracks needed tr-r reaìi¿e o

given channel prohlem [É6, Ê9], no such ccrnditions have heen developed

f nr s generaì ch¡rinel routing probìem. llore preciselg, otilg tlie

nurnher of horizontaì trocks is urf interest, beuause the number of

vertic¡l tracks is determl ned hg the number of terminols in the

probleni. Without providing ong detailed discussiün 0n this topiLì herÉ,

it mag be observed thot the maximum net den¡*itg is the sbvious lower

bound for the number of horizontol trncks required in o chonnel tn
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reülize õ gi?en pr0blem, hÊcüLrse evÈrU net rirûssin't the uerticrl truck

where the rr¡xirnuni net denrii-r1 nccuru requrreî r:rne hrrriznntol trsck.

The maxirnum ordering numErer ¡r;sigried tr-r the vertices in Dl'lR groph is

alsa onotlier lnu,er hnund for tiie tiutnber r-rf hori¿onttrl tr¡r-:k:; required,

since the vertic¡l ctrnstrrint of the nel- intpìies tti¡t ÈverU net

repres*nterJ in the lunge::t- ch¿in of tfie DI-'lE grtph h¡r t¡ L¡r in different

hnriznnt¡l trocks. The nurnhrr of the tnt¡l nets in ¡ qit¡eti trruhlÊm, tÌl

the otlier hond, is an ut'trÊr hc'und rrf the rrunihËr c'f tr¡ck;s required tn

reol ize t lie prnblem.

5.6 The I'lew Track Assignrnent Algorithm

The e5ËenGe nf the ne\{ tr¡cþ; asrignment algnrithnt is ta

¡s:riqn prrrtrEr nets. tn tiie hr-rri¡r-rntal tr¡uks su that the rrumber rrf

track:: requirerl tr-r re¡l i¡e the prnhlent is rninirriized. The tr¡r:k;

nssignment it dnne ¡cccrrding tn a prinritg number idef ined lnteri. The

algorithrn is as f crìlon's.
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5.6.1 The New Track Assignmetlt Algorithm

[t{ew Track Assignment Algorithml:

Step 0) lnitioljzatinn.

Step

Step

Step 3)

t)

2j

0RDERINGNUI'1EER=highest ordering number in the Df{R

gruph;

SET(r=iall nets to be rsutedl; //set of nets to he rnuted//

SET I =Ø; //set of nets routed//

TRAtKNUIlBER=û;

TRAIKt'lUI"IEER=TRA[F.NUtlBER+ I ;

Are there ang nets in SETû with nrdering number equal to

tIRDERINËNUNEER? lf Ues, choose 0ne of these nets ts

lltlTHER NET A ond goto SteFr 3; otherwise,

üRDER lt-lEf'lUl"lBER=tRtrER ll'¡GNUtlEER- I , gotn Step 2.

f,reate a set READYNETS with respect tn l"ltlTHER NET A.

READYNTTS includes the nets which hove non-¿er-o distonce

with net A ond whose correspünding vertices in the current

DNR groph have no edges directed to them. Notice that the

selection rules f or the nets in READYNETS impìU thot each

net in READYNETS, together with net A, con be routed itt one
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trrck, n,itlirrut- vinl¡tinq ünu hnri¿r¡ni.nl tnd verticol tr¡ck

catistr¡ints.

Step 4) Chuose s prûper subrjet 5o of nets in FIEADïI'IETS such th¿t

iii oil the nets in the subset. trrgether r¡ith net A. c¡n be

ns:rigried t¡ one traclt, and iiii the ü:ì:ìignrrHnt nf tli¡se riets

in the curretit trsck; rnau le¡d tn the miriirnjz¡tjnn nl tlie

tr-rtal rlurnbBr of tr¡cþ;s requirerl Assìgn these nuts otid net

A i.n tr¡r:k TRAIHI-¡UtlEEE

Step 5) [te]ete those nets irr 5o r:nd net A frorn SETü.

Add thnse net:. snd net A into SETl.

f onsirlering the Ûf'lE graph li, delete tho:re irertirer i¡nd

their aricrci¡ted orderinq number] n'liich ccrrrespnnrl t-n thr

nets assiqtied tr-r track: TRAL:fif'¡Ul"lËER. Also delete ¡ll ttie

edges ernanatinq frcrm thnse uertices.

Step 6) H¡vr oìl the nets heen os:rigned ? itliut is, if set 5tTr3 equnl

to null set?i lf ge:r, exit; otherwise grrtn Step 1.
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5.6.2 f'let Pricrritg Function

ln order to d*cide wliich netisi in the set REAtr't'1-IETS shr-ruìd be

routerl in the sËmÈ 1¡6r-:k rvith tlt--ITHER t'lET A, first we e:;t¡hlish a

f unction ref erred tn as p¡19¡1-!¡1 f unction P{i'lET,A}. This f utict-lon sh¡uld

reflect the priuritg of o net l-lET to ['e seletted ftrr rnuting in the s¡nie

tr¿r-:l'; rryhere net A irr lrrt¡t-ed. An err:rnpìe of ¡ suitsble funr-:tian is

qit,en hH:

P{tiET,A) = l{len*Lenl¡th

*Kdi l.* il'1di r-[,i stonce)

+Kurd*llrdet 
-number ts t)

wher* l,ilen, KrJis, arid iqnrd tre weight fnctnrs ftrr Lerrqth, [¡lstatire. ¡n,J

0rrjering number, rBsprjr::tiue'lg; Ildis is the muximum djst¡nce flll'ir.:ng

the rlistances lretween the net A and the nets in REÀtrYt'lET5; Leti¡¡tl'r is

the length of net NET, lìrder-number is the ordering nurnber of net ['lET,

Distance is the distance between net f''lET and A.
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5.b.3 Selection of on ûptirrrum Suhret nf I'leis f nr Tr¡ck Rrrut-ing

Tlre overoìl trock assignmetit proce:-:Ë crccurs in staqes, 0uE

sttge inr e¡rh trock. Since inÌTe nf the nets from the tntol set- of netrj

elìgibìe fnr rnuting ürH assiqned tr-r the current track, the til,lR nrrph

muit- tre redu¡-:ed rf ter enrh st-age.

The critirrl step in the new trrck o:¡:¡ignment oìgorithm is

Step 4. :ìince there ¡¡i¡r1 tre s0rnÊ hnrjznrit¡ì tror:k cnnf ìir,ts betweeti

the nets ìn the set REAtr\'[iET5, nr-rt al] thern cun he a'':signeü to one

tr¡cl: simultoneourlg. ïhus, the prohlem is hnw to prnperìu selert the

net{s} fr¡rn READ'T'f,tET5 so th¡t ncrt crnlg tf're sr:lected neti:ri trrgether

r¡ith net A could he õ::sig¡*¡ to the $flme t-r¡ck, but ¿lsr-r their

assignment cnuld resuìt in sn crptinrum realizatinn.

Notice thot of the end oi eoch track nssignment stage, the

maxirnum ordering numher in the current reduced DI'lR gruph indir-:ates

the lower bound of tlie number nf tracks requirerJ to cnmpìete the tr¡r-:þ:

ossignment. Thus, a smnller maximum ordering numher in the current

reduced itl,'lR groph indicotes that fen,er track;s are required tr-r tesign

-ql



the rest of the nets. [onsequentlg, the nets with s lõrger ordering

numher should he ossigned first in order to ohtain a reduced DNR grnph

with a smaìler maximum 0rdering numher.0n the other hond, in order

to m'inimize the numher of tracks used in the channel, wÊ should

utilize the current routing trock ss rnuch cs possible. This can be

achieved bg assigning nets with the stn¡ìlest distattce hetween them

{The distsnce is defined in Section 5.5.3.). For example, two long nets

with short horizontal distance utilize the trocl< better than three

shart nets with large distances.

It should alsn be nuticed thot the ahove discussinn relstes tu a

class of probìems for which the rnoximum densitg number is nnt

greater than the maximum ordering number. ln nther wLrrds, the lower

bsund on the number of the hnriznntal tracks required is determined bg

the maximum ordering numher rather thsn the maximum densitg

number.

For conuettience, let us define an eligib'le subset Sr of the set

READYNETS as s suhset in which all the nets, togetherwith net A, cnn
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he rnuted sÍmultnneouslq in one trark. or

with aìi the nets in the set READÏNETS

equirirìerrtìg, r:;

hrving ntrn-Zero

su[rset-s 5.,, %.

o suhset

di rtsnie

...,5.,, ïtir:between them. Not-ice that f0r all elirtible

hnr¡e:

5r U 52 U......U F.lEAtrti NETS (5 4i

iSjngj is riot neuessarilg equal to rrull f ¡r ¡ll i and l)

\,,ie úrln tlu,,,,,,/ rlefine üÌt ûFrtifilurr sUhËÈ! !ì., a-q lullrr,,*rj: Åri npt-imurri

suhset 5o is an eligihle suhset of nets v+liosB sum nt-the prir-rritg

nurnhers nf ¡ll the rnernher nets in this sul¡set is the tiigherrt anrong tlì

eìigitrle subsets. Thus, tlie nets iti the opt-imum su[¡set 5o snd the net A

cari tre routed in the tracl.: TRÅtl{Nl-lllEEF:.

The lasl- rernaining questinn is hcrvr'tn lind the t¡irtitnurn sutrseî.

5ú. ln general, the prrrblem nf generating t-he optirrtunt sutrset 5o is

equi'la'lent to finding a suhset of vertiLre:ì in a tryeighted graph G* surli

C-*rl -
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thot there öre no edges between vertices in thst subset, and the sum

of the weights ossocioted with the vertices in the subset is

msximized. The weighted grtph G* consists of vertices and edges

correspúnding to the nets in READïNETS. Each vertex in % corresponds

tn n net in RE,ADÌ/IIETS, and the weight associsted with each vertex is

the prioritg numher for the corresponding net. An edge betleen two

vertices exists if and onlg if those two correspond'ing nets haue

hnrizontal overlapping ond, consequentlU, cön not be routed in the sErTle

trsck.

Since the "suhset" problem

unlikelg an ef f ic'ient olgorìthm exists

is NP-compìete, so it is veru

thot could generate an nptimum

v+eighted graph GR. ln tursubset of vertices for a given

implementation of the routing algorithnt, a sub-oFrtimum alternative

approach is used. A description of the impìententotion of the oppronch

is given in Atrpendix A. The corresptnding progratr listing in Pascaì is

included in Appendix B. The listing refers to the lotest versian af the

Frogrôm extensivelg tested on an Apollo DN66Û s,orkstation. The first

versi0n wÊÊ deueloFed and tested on Amdahl 58(r/5t5û computer.
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5.7 Eff iciencg of the Hew Algorithm

Tn,o exunrples Ére seler,te'J tu illustr¡te the ef f iciencg of the

nelry trock as'¡ri gnment aì gcrri thm.

5.7..l Exarnt'le A

The net ìist nf the first extmple is slru\t'n in Fig. 15. The

cûrrÉst,rrrding DFIR grnph is shntryti in Fig.2t3-u. The prioritp iunction

Pit-lET, Ai of Eq.5.3 is er¡slunted using l{leri=1. fidir:=1, õnd l,inl-rl=5.

\{e shall n¡*,r, dem¡nstrute the prrir:edure hg elieuutiti¡1 til ttie

steps crf the algnrithm oI'Secti¡rr 5.ñ.1. The prrtinì ¡¡;iults are also

dÈmnn:.rtroterl in Fig. 2û.

Step û) 0RDER lt'lüt'IUIlEER=4

SETit=i 1,2,3,4,5,6,7,8,9, I rJl.

SET 1 =8

TRAIKNUt1ËER=ü.

Step 1] TRAIKI'¡UIIEER= 1

Step 2) lrlet lû is selerted Ës net A; 5ET0={1,2,3,4,5,Ë,7,8,9}.
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Step 3) REAITYNETS={4, l}.

Step 4] P{4, lti=25; P{ l, lg)= lff

C -f /'tì.J0_ \5J.

Assign nÉt 4 tr-r tr¡ck 1 ¡nd net lû tn track: L For hretiitU,

\À/e use the f ¡llowinq nrrtotion:

Net 4->track I ; net lti->tr¡ck l.

Step 5i SETû={ 
.l,2,3,5,tì,7,F,r-ti.

Reduced [tNR grnpti is sliar.¡n in Fig. ?û-h

Step 6i Gntu Step l.

step li TRAL:HI'¡UIIEER=2.

Step 2) üRDER llrltil'IUIlFEP=5

Step 2i Net 7 is chosen as net A; 5ET[]={1,2,i.5.6,ü,9}.

Step 3i REAt!NETS=i7i.

St efr 4i Pi?, 1 i= 1 fr.

c -f:1ì.J0- ¡. r J.

Net 7->trar-:k 2; net 1->trtck 2.

Step 5) 5ETû={2,3,5,6,Ë,9}.

Reduced Df'lR graph is shawn in Fig. ?(r-c.

Step 6) Ënto Step 1.

-gB



Step li TRAtKt'lUl"lFEE=3.

Step 2i ttEDER I f''lLìt'lUt{EER=2.

Step 2i t-'let B is selected ¡s net ,4; :ìETû={2,3,5,6,8}.

Step 3i REAIr\IÍ-IETS={5, 6}.

Step 4) P{5, $i='12; Piñ. 9}= 13.

f. fE ÉlJn= 1J ¿U J.

I'let 5-:troc:k 3; net ñ->trock 3; tiet 9->trür-'k 3.

5tet, 5) SETti={2,1,Ë}.

Rerlured DtlR grapti is shnwti in Fig. 2ti-d

Step 6) Ëotn SteF l.

Step 1] TRA[:KNU[{EER=4

Step 2) üRDERlt'iGt'IUIlEER= l.

Step 2) f iet 2 is selected ös rrÊt A; SETti--i?.1,ËI

Step 3i REAtl\JI'lET5={Ë}.

Step 4) P{8, 2)=7.

t-. fc'ìJ0=\ur.

f,let E->tracl'; 4; net 2->trar-:l'; 4.

St ep 5i 5ETû={3i.

Redur-red itt-lR graph is slinv¡n in Fig 2tì-Ê
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:ìteFr 6) Gnto Step l.

Stetr l) TRA[KNU[1EER=5.

Step 2) trlet 3 is selected as net A; SETt=Ef.

Step 3i RE,4trVNETS=8.

Step 4) 5o=6.

t'let 3->track 5.

Str:p 5) SETû=fl.

Redur-:ed DI'IR graph is a nulì graph.

Step ñi Exit.

E

The final track o:-rsiqnrnent result is shr-rwn in Fig.2l isimiiar to thst

of Fig. l7i. The reolizeti0n cön be ensilg verified tri be an optirnum one

bec¿use the number of hnrizontnl trar-:ks used is equrì tn the mrximuni

densitg nurnher.

5.7.2 Erq¡nlgls F

Annther exarnpìe is the pro[rìem witti the net list shov¡n iri

Fig. 22. The carrespnnding DNR groph is shon,n in Fig 23.
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Fig.2l.The realization of Example A bg using the new atgorithm

LÆ-f Lret

Fig.22. The net list for Example E
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Fig. 23. The directed net relstion (DNR) graph for Example B
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The parameters in the prioritg function of Eq.5.3 ore the sflrne ös

those f or the f irst exatnple.

First, trye select net I as net I1ûTHER NET A, thus READïÍ'IETE

={7, lr), 17, 18, 19,2{.ri.The prioritg numbers of nets 7, 1fJ, 17, lE, lg,

and ZtJ ¡re 63, lt, 35,22, 16, and 49, respectivelg. The optimum

subset So is Sc,={7}. This process of seleution is Ê['¡utq,n in the first ru,'v

of Tsble V. Eauh bold net'in each rr-rlv of Tahìe V is an elemerrt 0f the fr

with respect to each ll0THER NET A shnwn in the left-mr-rst column.

The realization of the exarntrle atcording t0 the results 01 this

algnrithrn is sh¡r,r,n in Fig. 24.0bviouslg, it is an otrtirnurn 0ne becsuse

the rrumber of the hori¿ontal traclqs used is equaì t0 the rnaximum

densitg number.

5.6 Summarg

ln this chapter, we discussed the channeì routing problem,

which äpFears to be the most irnportant probìem in LSI and VLSI

lauout. Since LSI and VLSI circuits ärp more cnrnnlex than PtB

- t04-
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Fig.24. The realization of Example B bg using aìgorithnt
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circuits, ond since the moze routing ond line rnuting algorithrns lock

the obilitg to consider the rnuting gìohollg, these aìgorithms ore not

:ruitsbìe for the LSI ond VLSl circuit lagout. A rnuting strotegg

suitable for LSI snd VLSI lI logout is channe] routing. The objective of

a channel router is tn route oll the nets within n ch¡nnel hg us'ing the

fewest horizontol tracks. A nel traËk ossignment olgnrithrn has heen

deveìoped to solve th'is problem, especioììg for the kind of probìems

whose lower bc'und of the solutinn is determined bg the m¡ximum

ordering number in a trliE graph rother than the maximutrr densitg

numher. The efficiencg of this aìgorithm ìrrÊs'illustrated bU twn

exomples.
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THAPTER V¡

EHPERIHEI'ITAL RESULTS AND DISCUSSION

6.1 Experiment with Restricted Ì1ÜTHER lìlET Selection Stretegg

The nÉ\rr tractl arsignrnent al gorithm is irnp lemented iti

FiiStr\L code. A fluw-ctiart and the e:rpìsnatiori of tl're irnplementatiun

cari be found in AFrtredix A, the s0urúË progrEm is in AFpediH E. Thirteen

euampìes Ere used to test the fiÊvt' cf'rsrlnel rcrutìng algrrritl'rrn. Seuen

exemples {Examples 5. 6, ?, g, lÛ, ll, snd l2J sre t¿h.en frurn the

eHistinq Fsper [71]. The enperinrental results uf the thirteen exurnplee

are shrrwrr in colut'nn f uur crf Tsbìe Vl.

The prioritg function used in tIre prúgrsrn is slig]itlg dif f erent

f rom the one sho'+¡n in Sectioti 5.6:

F(l*.lET,A) = Klen*Letigth

+Kdi s*(l1di s-Di stance)

+K o rd + û rd e r-n u rn b er¡' ü u rr-cr rrj er

- lCtË-
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wherÈ Length i s the ì ength af the net ÍiET, tldis is the mnxinlurri

distarice üm0ng the dist¡nce:¡ between Bt/ÈrU nei- in REAIIYI'¡ETS and tlie

lltlTHER NET A, DistõncÊ is the dist¡rrce between net NET ond A,

ürder-nunrLrer is the ordering nurnher nf tlie net I'IET, [:urr-order is the

currenl. m¡xirnurn r-rrrjerinrl numher ¡¡ t-he ttt-tP grapir. üud Fllen, Kdis, and

l'rord ¡re tire iryeight frrtors uf Length, dist¡tice. ¡nd Ùrdering nuntLrer,

respectiveì11 and theg ürH nssr gned the t¡aìue of I , I , ¡nd 5 in

experiments. To c¡lcul¡te th* Friorities nf the net:r with different

orderitig nunr[rers, the ìnst term uses the rotio hetween tlie c'rderinr¡

numher ni the net NET and the Lrurrent msxitnum orrlering number

inste¡d uf the nrdering numher itself . Thi:r tpprntch equrlirer the

cnntrihution c¡f the orrjering nurnLrers of tlie nets tr: the pricrritie:: of

the nets thrrughout tlie tr¡ck assigntnent proredure.

Sectinn 5.6.f, 6ss¡:ribes the prnt:edure fnr the seleutinn nf on

optimum subset So fr-rr prrllrlËrtr€: \tr¿it-h the maximutrl densit-g tiuntber

being not greËter thsn t-he rnsximum rlrúÉring numbÉr. Für trruhlEms

with the rnätìirnum densitg nurnber larger th¡n the malqimum 0rdering

nurnher in the DNR grrph, vr¡É tïâU miss the net t'rricri crnsses the

- r09-



Vertir:öl trtrk where tlie rnsrimutri densitg octurS. Theref nre, WË

shoulrJ tn¡riifg the definition of the optirnum sil['';et 5o as ft:llov'rs:

An npltüg-m s.uhs.e.! 5n is an elig'ible suh:;et nf RE*ii\tl"lETE

such thnt (ij r'rie sf the nets in i1- rh¡ulú rrul--;t tlre uertir-¡ì trurl: where

the rnaxiftlurn net densitg euists, if ir. is pniiìhle (thi'i criterion is

calle¡l in-rJensitg-r:hectll; nrid 1i¡J t-he surri nl the t¡rirlrì1.¡¡ nurirberi 0f

all the nets in this suhÍet etiould h¡r¡e the ltrgest u¡lue lrrinng nll

çubsets l,¡hicl.r set_islg conditicrn {i}.

The nets in the nett opf.imum subset 50, tngettier with t.1ÜTHEH

NET A. ¡re routed in urie track. The results are the ssnie as thuse

shuwn in the f ourtti colurnr¡ of Tsble V l. Ttist i5, ttie

in-densitg-chectling does not irnprrrve the trerf oFrtrEhcÉ of the router

5û. tl¡e prioritg nurriber irf each net fairìg vreìl reflects its prioritg in

routing it in the currerrt track.

- t1û-



Exampl es
M¿xirnunr
0rderinq
lrlumber

l-laximum
Densitg
J{umber

Tr¡ck rrumber
Required bu aìoarithms 0ptimum

Traek
l.lumber

ReEtrict l"loth-
npl qelpnlinn

lel¿xed l'4oth-
npf qplp¡,tinn

I 4 5 LJ ÊJ J

2 2 4 4 4 4

? 5 7
J

2
J 4 3

4 5 5 EJ 6 EJ

E
J 6 lË tg lË l8

6 23 t9 3t 3û 28

7 3 20 20 2t 2t
ü 7 l2 t2 12 l2
q l7IJ t7 t8 t8 t7

1û 7 t2 t2 12 12

tl 4 t5 t6 15 l5

12 q t7 t8 IG
ILJ t7

13 5 5 5 5 E
J

TAELE Vl- Track assignment results-

-lti-



tn

6-2 Experiment trith Relaxed IIUTHER HET Selectisn Strntegg

Next, trye modifg the aìgnrithtn Lrg relnxing the condition f or

selec:ting fI[THEE t{ET frorn

c u rre n t r-r rd e r- tr rd e rn u rn I t1'-r t h e r-n e t J': I th.lJ

c urrent o rd *r- ordr rrium I Pl ¡ t he r-tie t ].: 2 t E.-1J

Tli¡t i';, \rÉ dr-r Frr-rf. re:-¡trir-rt the selertir-rn nf tlie ÌlttTHEE NET tn those

nets rryht:ie vertices in the turrent DNR Oroph haue the maxìmum

nrderinq numbrer. The results for the thirteeti exatripìei{ örË shntt'n in

the fifth column nf Table Vl. \{e ÇÊn see that trry¡ rTlúre exnrnples itiie

exanrpìes 5 and ll) get the nptimum reolizot-ions lnd fnr huth of th*m

t-he moxitTrutlr densitg number is murtr lorger than ma¡litnutrr trrderinq

number.

For aìl the tLr0'''e thirteen exttrtples, the best realiz¡ticrns

producerJ hg the new channel routing aìgnrithnt úre shû\t'n in

Fig 25-17.
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6-5 Discussion

ln this sectiDn, \fÊ discusr the resuits shown in the fourth and

fìfth colurnns in det-ailr. When the muximum or'Jering numher is lËr.qer

thnn {r-rr equnl tu) the nl¡ximunr densit-r1 nurnher. the ttl¡:iirnum nrrJering

nunrhrr hecomes the lurryer bnund of the number of tr¡r-:ks requit-ed fnr

the re¡liz¡tion. Thu-ã, tu guarnntee ttiat earh tr¡rk h¡:: nne nf the net-s

in the longest ch¡in nf the trt'lR grrph is essentioì for the rerìi¡otinn ttr

be optirnurrt ior the nurnher af trocks used reeches the lo$¡er LrnunrJ ol

the trrck number requirerJ). This is whg we should select tli-tTHER NET

onìg frnm those unnssigned nets rvhich horte the highest ordering

number in the DtiR grtph, if the maximum ordering nurnher is larger ior

equrl tn) the maximum densitg nuntber r-rf the prc'b'leni. This wEs proved

h¡1 the resuitr of Exunrpìe 3 rnd E:iample 4 irnnl cnlumns fr-rur ond fit'e.

þ/hen we restrict the router tn select the lf0THER NET onlg frnm thr-rËE

un¡:;signed nets y¡fi¡rie nrdering numher is the ìargest in the current

Dt'lR grrplr, it produced the optinrum resuìti for the:¡e two exotrtpìes.

Both of these two exampìes have the lower hound nf the requirerl

number of tr¡rks determinerl bg the maxitnum urrderirrg nulïlber. Eut if

we relaxed the HIITHER t'lET selection conditir¡n from Eq.6.2 tn Eq. t'.5,

- il3-



the reslizotions produced üre n0 ìonger the sFtimum ctnes.

ün the other hand, when the mnxitnum densitg number is ìörger

than the msximum ordering numher, the tninirnum nurnber of tracks is

determjned bg the moximum densitg nuntber. lt is mtre important to

use the current tr¡r:k efficientìg rather thsn to ü:ìsign the nets tryith

current highest ordering number. We sti'll give higher prioritg to the

nets having the higher rlrdering nttmber, s0 we carr minimize the

possibilitg of the csse that m0Fe trst:ks are required at the final stage

of the track assignment because of the vertical constraint. Thus, we

do not restrict ourselves to select l1[THER t'lET onlg from unassigned

nets with current highest ordering numher in this ÊËse. The

irnprovement of realizations of Examples 5 ond ll shows this clearlg.

Fnr hoth of them, the maximum densitg number is much ìorger than the

maximum ordering numher. The relaxed t1ÜTHER NET seìection

condition resuìts in m0re efficient usage of the trocks and thereiore,

the track number required is reduced ond the optimum realizations ore

reoched.

ExamFrte 6 (the so-called difficult example) shows that the

- I l4-



minimum requirenìent of the number of the hnrizontoì trocks is eqttoì

to neither the moximunt densitg number nor the rnõEimum ordering

number for example 6. This mËU be the reason whg the reloxed lltTHER

NET selectiun condition prnduces better reslization. lt is alsa worthg

of mention thnt the realization of Exarnple 6 requires 29 tracks if the

relaxed fl0THER I,IET seìection condition is used ¡nd the weight fuctor

for the ordering number is changed from 5 tn 10. This indicates the

netessitg of finding the optimum set{s} of the weight factors fnr the

prioritg function of Eqs 5.1 and 6. l.

6.4 Summorg

Thirteen exomples \Yere tested, using the netir chonnel routinq

olgorithm. The experimental results show that the nel algorithnt has

verg good performonce 0n these exampìeS, esFeciallg for sne class of

problems whose lower bound sf trock numher required ore

determined bg the moximum ordering number. This is hecouse of the

nsture of this olgorithm. The aìgorithm considers the ordering number

crf each net and gives the higher prioriti*, to those nets having higher

ordering numher in the procedure of ossigning nets to tracks. To cnpe

- l15-



lvith the exnmple:. whnse lnwer boutlds

required rre deterrnined bg thr m¡;lirnum

ll0THER I-'IET seìectian strotegg wns ¡ìso

i mprovemetit of the results f or ttii s

úemonstrated tlirough two exatriples.

of the nutnher of tr':c[,::'

densitg numher, a relaxed

int-rnduced rnd te'ited. The

tqind nT- prnhlem:: \À/úr;

- llÉ'-



Fig. 25. Exomple 1

Fig. 26. Example 2
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Fig. 27. Exampe 3

Fig.28. Example 4
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CH.å.PTER VII

CTIIPARISTN HITH

OTHER CHANNEL RTUTING ALËTRITHI'{S

ln l-.hatrT-er I,/, \n/e rJeveluperl a new cti¡titiel rr:utìn.q al¡¡nrithtti

catrahle ¡l iinrling optirnum realizatintis 1r-rr u rl¡ss nf cti¡tinel ruutin¡1

prr:hlems. Ttie ruuting prnErlerns: ni th¡t cl¡ss ha',,e ttie lni'¡er haunrl trt

the required l.raclt nurnber determined bg t-hÉ rn¡rirnuni nrderirrg

nurnber rather than tl're usual maxirnum densitg number. ln order to

dernorrçtrrte the adtisnt,gqeç of tl're ng\¡r' alllnrithrn, ttiis chapter

describeç tiryo rrf.her t*g1¡-[inr-r\iiti chanrrel rrruting algorit-lim:l: {i} the

Lef t-Edge Ereerlg AlgnriT.hm, Ênd {ii) the Zone-Eosed Al¡¡crriT-hrn. 0ne

eirarnple ii used to illustral-e their inabilitg 1-n .qenerar-e rlFtimuril

realizations for this clasr ot trrobìernç. Finaìlg, we adrlress the rÉEstrn

whg the nerv chsnnel rnuting 0ìgnrithrn can produce results hel.I-er th¡n

the other alqorithms.
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7-l The Left-Edge Greedg f,hnnnel Routing Algsrithm

The lefi-ed¡_¡e greerJg chanriel router w¡s first intrtrrluced bU

H¡shitnnto oti¡J Stevens [7Ûj. \t/e present tliis ¡lqorit-hm here tn sho$'

th¡t it- cunnot genernte ün 0Frtirrruilr .*u1¡-6lir-rn fc'r ür1 exnmple

heìrrnginq l.¡ the cl¡';s dis;criL¡ed ¡bnve.

Suppnse th¡t the net-r tn be nssigned tcr tr¡r-:ks Ere ÊLlrrtöined in

the set tlET5. To simplifg tlie dernriptinn of the ìeft-edge uìgr-rrithm,

we d*fine the left arid right ed¡¡es of a net; that is the ìeft- edge nf a

net coinr-:ides with the leftmrrst vertic¡l tr¡ck spannerJ ¡tid t-he riqht

edge of the net cnincider with the righttno:rt ',¡erticul track t:ìerrlg.

fcrr the routing to be re¡lizthle, llt ttl,o nets must crr,'erlap in 6 5i¡ql8

hnriznnt¡ì tr¡ck. This crn be rsEured bg the requiretletit t-h¡t the right-

edge nf crne net is located on the left side nf the left edqr r-rf nrir:ther

net. A sirnpìe sorting hU the ìeft edge of all the netr in NETS resolve¡

onU harizontoì troce cnnf ìict::, while minirrii¡ing ttie distntice t¡etween

adjncent nets in the same track. Ttiis greedg strttegg mÉU resuìt in

over-utilization of the f irst trork, thus prnducìng trir-rcksqes f or nets

in the sulrrequent tracks.

- 129-



The eìgorithm con then be stoted os f olìows:

[Left-Edge Greedg f,hannel Routerl

Step 1i Snrt the nets in t-he set I'IETS bg the ìeft edge of each net.

Thus, after snrting, the first net in the set I''IETE has ¿

rtrrrnHction u¡ jth i-he lef trrinst terml naì.

Step 2i A:r.e'ign the fir:t net tu the nert track ¡nd delete tliis net-

St-ep 3)

Step 4)

Step 5)

from ttie set t{Eïþ.

Finrj the first net in t-lETS so thot ìi.:r ìeft edqe il tn the

right of the right edge nf the l¡::t net seler:terJ. A:;rigti this

net trr the current track; and delete this net lrorn sst t''lET5

Repert Step 3 unt.il nn nets cati he assigned to the track.

lf the set t''IETS is nnt emFt-9, gotn Step 2; atherttise e;lit.

D

7.1.1 Exarn@ge Ëreedg '4lqnrithrr

The ercample shown in Fig. SEi h¡s ten nets to be assignerl tn

tracks. Enth the maxit'num urdering number in the L1ürresp0nding Df iR

graph and the maximum densitg number are 5.50. the ma;timurn

- 1ïfì -
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ordÊrinB numtrer deterrninee the ìower lrrrund on tlre ttumber of trorll';s

rËqu'ired. The aìgnrithrr h¡ndle-s the exnntpìe o¡ f olìows:

Step 1] Sr¡rt the rrets in I'IETS hg their left edg,:. Tlie sarting result

is shnn'n in F'ig. f,B-¡.

Step 2) Ass'ign net 1 tr-r trock 1.

Step 3) Assigti net 5 tn tr¿cli 1.

Step 4) lt|L-r trthEr nets cati he nssiqne'J tt' tr¡ck; 1 I'en¡use nf tl're

verti cal cnri:ri-r¡i nt_.

Step 5i Goin Step 2.

Step 2) r4ssign net 2 ta tr¡*tt 2

Step 3i Assìgn net 6 to tror-:k 2.

Step 4i I'lo nther nets c¡rr he nr:.igned ta tr¡r-:þ; 2 her:¡use ni the

verticol constr¡int.

Step 5) Enf.o Step 2.

Step 2i As:.ign net 3 tu tr¡ck' l.

Step 4) I-lo other nets csrl be assigned to track 3 beu:ause of the

vert-i cal crrnstrai nt.

Step 5) Gntn Step 2.

Step 2i Assirln net 4 to trock 4.

Step 4) t'lú nther nets r-:an bË assigned to trsrl'; 4 heiaure nf the
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F--l-J
l-'?, l

.3,

F____r_1
F___e_l

F----" I

Érr.--it
(a)

{b)

Fig.39. Left-edge greedg channel routing algorithm

(a).Sorted resuìt bg left edge
(b). Reaìization using left-eclge greeclg algorithm
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verti coì ccrrrstt-oi nt.

Step 5) Gnto Step 2.

Step 2) Assìgri net 7 to trnck 5.

9t':p 4) t'lu r:ther nets can he ussi¡nerl ta track 5 bec¡use crf the

r¡ert-i cal constrai nt.

Step 5j Ërltn Stetr 2.

Step 2) A:rrign net Ê trr trurk Ë.

Step 4) lrlo nt]ier riets c¡n be ¡çslgnerl to tr¡ck É hec¡use crf the

uertic¡ì constrsint.

Step 5) Ëutrr Step 2.

Step 2i As:ii[n net I to trsck 7.

gtep 4i N¡ nther nets can tre ¡¡sign*d to tr¡r'þ. 7 hec¡u::r ni the

verti caì conitrsi tit-.

St*p 5) Eutn Step 2.

Step 2i A:riiqn net 1ii tn t-rsck -cl.

Stsp 5i All nets have beeri ar::igned. Exit.

D

Figure 39-h is the reulizatir'n af Exnmple [. lt ìs seen that the ten nets

õÌ-E routed within Ë trorkt, rothir th¡ti the trlinimum of 5 trocþ;s,

resulting f rnm the netry ch¡ntirl routing aìgorit.hm isee Lìeltiln 7.3i.
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7-2 The Zane-Bnsed f,hnnnel Routing Ålgorithm

Tg,n ef f icìent aìgrrrithniç iur channel ¡6xt in¡l v,/erÊ f irst

intrr-rduced lrg t'rrshitnur¡ atid l{uii [71]. Aìgorithrtr ü2 i:¡ ati imprnved

ver::ir:ri nf Aìgnritlirn $1. We prererrt- Aìgrrrithm s2 here tu shuw th¡t ìt

r-rrnnnt generrie Érr opi.irnum re¡li¡rtinn f r-rr thE e:mtrrple shnwn in

Fig Io. either. Ttie algurii.lirn is ¡ìsn c¡lierJ f-iie z¡ne-h¡seri r-i'rútrtrEl

r-urLrl-i nn rì gori tirtii,

First, wr= intrndure tv¡n definition¡- u¡-Bd iti the ¡¡:rie-h¡sed

¡lqorithrn: iiJ tfre zrtrre reFresent¡tion of harizntit¡l segment-s. ¡rid iiii

ttie bipartite graph \. Ttre zone reprËsentütiûn 0f hú gments

r-:¡n he deiined ¡:i ir:ìlcrws: Tlie ronr:ept of ¡ vertir:¡l tr¡rk nriginntei

frorrl t-he lúrai zone ¡ssociated v¡ith a terrnin¡l in the ch¡nneì. ¡nü

i-heref nre c¡nnr-rt cËÌ-r U ininrrn¡tion ¡br¡ut- qrüutrl trf nets th¡t rnue t be

pìur:erJ in differerit hr-irizont-ul tr¡il,;:r due tc¡ their inherent hr-rrizont¡l

or¡erltp.t/r_rihirrturE ¡nrJ Huh intrndur-:ed the ccrnr-:eFt oi ¡ z¡ne Lrtrtitüitling

sucli ¡ grr:'up r'f netr thut murt- be pl¡r-:r:rl in septrnte t-rrrrizontol tr¡ck:..

Thur, znning of ¡ chonnel portition:: the r:hunnel ruuting problern intn
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smoller Fr-rblems. A $gstemËtiu methr-rd Lrf ¿ttje creotion rÌltu be bnsed

ûn the concept of locel net densitg Sij)and a lúcal ma:tirnum set Srn(j).

Let 5{j) be the set of nets n,liuse liirrì¡orrtsl segments interser-:t s

verticol tr¡ck j n:rsncinted with terminuì j. A set sii) is r¡id tu h¡ thr

ìnrnl nrn;iirnurrr if it is nirt tlie prr-rper suhiet al the r:djucerit ret Sij-i)

and 5i¡+1). Ttie rierticsl tracli with the locsl nrar,:imum 5Et, 5m(j),

t ugetlier with oll the vertic¡ì tr¡r:[<s asstrci¡ted w'ith ttie Pr0trHr

subsets of Sr,.iji conutitutes E ¿trrrË. Fìgure 4ú stiu',#s the züninq ¡f a

channeì routing prohlern of Fig. 3Ë. lt is ';een thtt zr-rne 1 itir-:lude::

vertir¡l tr¡rk:¡ frorn 1 trr 5. t'lutr th¡t tlie loc¡l m¡ximurri is sprend

r-rrier tr¡rþ,s f, ond 4. Alsr: nntice th¡t the l¡¡-:õì mrxitlum slir-rv¡:i where

t-he rnaxirnum net densìtU or-:cur:r rryithin the ¡nne iTfre ìtrr:¡l net den::itrl

is the nunrber oi elenrent in the set 5iiii. Ttie EiFiül-tl-Grüph Ë'iU E)

is a grspti defined as fuilows: Eacl'r r¡erteri I in \ corresponds tu e rret.

nnd an edge {i, ki betleen vertices i tnd k; exist-s if ¡nd onlu if net-¡ i

arid k can he assigned tn the ¡*úrrÉ tr¿c[< witii¡ut hauitig h¡rizunta]

trark; n',¡erlapping.
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The ¿one-bo:¡ed ol g'-rri thtn ç6¡ l-hen be stated os f ollows:

lZone-Based f,hünnel Rnuterl

Step 0) lnit i¡li¿¡ticrn: Set i= I .

Step l) For e¡ch net rrt zcrrrÉ Ii, add the

side ul ttie biFsrtite

terrninotirrg at

fll to the leftcrlrrespündi ng uertelr

grapir Gn.

Step t) For eËch net ft, vrhiclr begins at zulle Z,*, , add the

ËûrÌ esFûrrding ',rerteþì rþ tu the rigtit side sf the bipartite

gruph Gn. sttd add edges betl¡eeri the vertetl n, and a verte:':

ün the lef t side, if tlieg cün be nterged (it rTlËün:i nü

hc'rizont¡l overlrppi ng [rettc,eeti the cnrrespc'nding netsi;

then, tind a m¡nimunl nr¡tcliing tntuliimurn matchitig rnH,tlls

that the nunitrer af p¡irs of vertirËe ùn the left nnd righf

sideç of the hipnrtite grtph v¡hirh rlün br: merged is

moximized).

Step 3i theck if the mergirrq hnserJ trn the current tratr:hinrl

satisfies the vertirat cirnrtrsints {\¡ertiral constraintF
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ref er to the vertiroì trsce nr¡erlepping). lf not, nrc'dif g tlie

motching sr:r thot n': verticsì cnrrstrsints sre '¡isloted.

Step 4) Fûr each nÉt nt terminetirig at Z'*.,.lrrËrqe the corresponding

verteli n,, in the blptrtite gruph wìth the r¡ertelt n. speciîierJ

bu the rrittchirrg an qrepti $. Tlien repìuce tfrs ïer-teä r¡,

with tlie rnerged verte,\: l-rirr-rli on tt're lef t side uf Gr.

Step 5J lncrernetit the zone úûulrt i=i+1. lf Zi is not the lagt zune,

then repeot frorn Step l.

Step É,) Eijsed on the fitisl lripartite grapti 4,, aesirln nets t¡ tlie

Frotrer trsck;s hg tut:ing tli* vertii:¡l ruristr¡itit:. intn

r:onsiderotion. Tlie numher of r¡ertices ìs the tiutnber r-rf

tr¡cks required f r-rr tlie re¡li¡ation ¡f the prnhìem. The

vertices merrted as a singìe vertex in tlie fin¡l hipartite

grupli Gn irnplg ttiat their túrresFründing nete ûccuFrtl trne

track in the realization of the problem.

tr
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7.2.1 Exom garithm

",*ie nnw slinw th¡t the znne-b¡¡ed rharinel routinQ ñlqnrjthm

c¿n not generute mi c'ptirlunl realiz¡tian f or the exnmple stir:tryn in

Fjfl 3ñ, eji.her. Tl're rlgcrrithtn pr'-rqresîrjii ori the exatttple ¡r fr-rìlnwi:

St-ep Ii fut uertices fr-1Ì nets 1 ond ? tn thË left side r-rf tire

Step li

F;t cn

f;t en

1t

4i

bipartite grrph G''

¡rdd uertires for nets 5, 6, ¡nd ? to the right- ride rrf grapli

G,. and add edges [rettnleen',tertires y.¡hich can be rnerged, I

m¡xirnunr mntching is l-5 ¡n'J ?-6 iThr tn¡tcliiti¡1 is sh¡-rtryn

bg thir-:ker lines in Fig. ¿ I -¡.i.

Tti': mat ching rtt iif ies thrr vertit:nl t:nnutr¡intr:.

Since netri 5 ür¡d Ë'T-ermin¡te ¡l- zrne iriitirr',,+ti in Fig.4l-¡

hg thirker circleii, merge their uertices with t hrrse itrr

nets 1 and 2, respectivelg. Since nets 3 and 4 termitiste ¡t

Z-. sdd their vertices to the left side üf ttie grupli \ isee

Fig 4l-bi. t'lntice thtt tlieg mergB witli rrn trther t¡ertices.

i=!. Gots Step 2.5tet, 5)
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Step 2) Add the vertex fr:r net I to the right siúe of the graph {,

¡nd arjd the r:rrrrespnndr ng edge:; tn the grrph, tcrc,. The

m¡¡rimuin mntchitig I-8 {Fig 41-b}tc

Step 5) The mutching soiisf ies tlie verticnl cr-rrr:+traints.

Stetr 4) Since there is no m¡tch l¡r ttie verte¡l nf net
-7
l! wiiir--:h

terminates at ¿ünÉ 7=, the vertelt T nrerged with no

the bipart'ite graph Gn.vertex on the left side of

Step 5i i=3. [ir-rtn Step 2.

Step I) Add the irertex ftrr net I

Step 4) Net ü terrninstes at

tr¡ tlre right side of the graph \.

maxìtnutl¡nd orid erJgerr to tlir grtph tcrrtrrlinglg. A

4-9 iFig ai -r)trrrtching 3-8 ¡nd

SteP -3i The rnatching i¡t-isf ies tlie vertic¡l ç¡n:itr¡itits.

!Ê

rürie Io, tli¿ rrertrces f or net Ei ¡nd net

3 are merged.

Step 5i i=4. Ëotn Step ?.

Step 2) Add the verte¡: f crr net lû to ttie right sìde crl the graph \,

and add corre=pondirrg edges tu the grsph Gh. llaxitrlum

m¡tching cruì,J he i lr5]-9

_tÀ,'t-
11.¿_

snd ilrili- I il iP¡g a 1 -d).
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Step 3) Ttie motching viol at es the "¡erticsl ur'nst-roints. tnlu

possibìe m¡tching is 4-9 iFi g 4l -ei.

Stef' 4i Plerge uertices frr nei. 4 otid net I iFig. 41-fJ.

Step 5i i=5. Z' is ttie last zürre.

Stef, 6) E¡sed on Fig. 4l-f. the re¡li¡¡tion nf the prrrblem i:r ihr-rv¡n

ìn Fig. 42.

tr

ünre rgain, tlre reulìzati0n 0l Fig.42 requires six tr¡r-:ks, and therelare

is nut nn nptimLrfi 0nE f ur Exantpìe f,.

7.3 Example t for the Hew Trac gnment Algorithm

The DNR graph correst'trnding tn the some exutnple of Fig. 3Ê ìs

sholn in Fig. 43. Figure 44 shou,s the reoìiz¡tinri oi the exutrtple

nht¡iried [rg tlie nuw trsL:k ussigntrrent rnuting nlrlnrithm. Thi:ì 0pt-imLlm

realizntion needs onìg 5 trtck:;.

Exnmple C has n maximum densitg num[rer 5 and o mexitïum

r-rrdering number 5. 5n, the lnrryer br-rund ni the trtcþ; number required
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Fig. 43. Directed net relation groph fsr the example

Fig.44. Realization of the example using new channel routing algoritttm
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for realization of the prohlem is detertnined trg the mn;qimurn nrdering

numtrer. Thus, it is necessúr_H to hove nne net iti the ìongest chsin in

Df'lR gruph {Fig.43} in everg trock iti order tn get the otttimurn resuìt.

The left-erJge greedg channel rnuter dnes nat conrirJer the nrr1erinq

number of ear:h net st- nll. This reruìt:: in the terirJennu tn ure tlie iirFit

trnck eificient'lg. Hr:r\*¡Èt/er-, this he¡'¡!J uÍ,:qÉ ¡f thr iirst tr¡ck tnnU

inhihit the ef f ici ent u5ügÉ oi ruhrrquent tr¡ck:¡ ber¡ure rrf t hE

tertic¡l trorlt rLrtlsi-rÉirrt. Sirnilnrìg, thr zrrrre-bosed r-:h¡ririel rcruter

f ¡ils tn genrrnte 0Ef.imum results hecouse the rr:uter cr-rnsiders trnlg

thr uerticol constrairits ìcrcrlìg bef.neen arJj¡rent ztrnrjs.

ln r:ontrsst, the ney/ [lrõrlrrel rnuter dues r:Lrn:;ider tlie f act t'f

r-rrrJerìrig riumtrer fnr ËËr:l'r rrEt, ond gir/ei ü lrigher prioritg tn the net,.

with ¡ higtrer nrdering numhr:r irr the E,rnr-eslì nl tsrigriing tliem t-n tlie

tr¡ck;s. This f*¡ture gieldr nptimum reuli¡¡t-ion:¡ f or the FrnhlÉrr¡s 0f

the closs iri wliich the ìorryer hound of the numlrer of tr¡r-:k:s requirerl

f or the realizat r crn of the prn[rlern is determirred t'g the tnoximum

ordering numher.
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7.4 Summarg

This chapter described ttro weìl-known channeì routing

aìgarithms, the greedg algarithm and the zone-hased olgorithm, snd

c0mFflres their performance with the performance of the new trock

ossignment oìgorithnr. As illustrated bU Erl example, the two

aìgorithrns cannot- generate optimum realizotinns f or 0ne cìass of

problems whose lower bound of the numher nf the horizrrntaì tracks

required is determined bg the maximum ordering numher in tf'lR groph

rather thon the moximum densrtg numher.
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CHAPTER VIII

CONCLUSITNS AND RECÜHHENDATIONS

Routirig is s verg chellenging Frrublem in circuit design becuuue

it prr:duces the phusice'l c'ircuit lagout t'¡hich nrÉlJ grEstlg affect the

perforrriance and qualitg crf ttie circuit. First sl all, the quulitg of the

phgsir:a1 legout depends on the quolitg of the cornpunent plscernent. For

a given plucement coniigurttiün, ',i erU diif erent phgsical lag0uts can be

achieued bg using existing routirig strategies.

tlang rr:uting algorithrns hsve been ¡Je',teloped for the circuit

lagout. Lee'r; tgpe (or rns¡e) algcrrithmç have dorninel.ed the deHign ot'

printed c'irruit brrtrrls. Their prpularitg cEn be attribul.ed to their

atrilitg to find ö Ëûnt'¡êútion l'rhenever the connection elqists. The mûee

algoritlirns hûvr,Êver, ¿re not onìg inefticient in terftis of spsce and

time required to complete the routing, but ¡lsû msl=l qenerste

conneutions of urrdesirable shopes. llang improrternents of Lee's

algorithm heve Lreen deueloped to achiette better results.
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lmproved routing results mog he obtoined nnt onlg bg the use

of impro,+ed aìgoritl'rms. hut ¡ìscr hU the ¡ptrliratiun of otrtimunr sEts rf

routing parometerr. Furthermnre, f or the sËrrlE set-s of routi ng

prrrmeters, different sequËtlces of applg'ing them nttg leld to verg

different routing results. This lyüs demonstr¡ted tlirough experiments.

Thus, to studg hor¡ tu ËF,t'l* the routintl FrürümËters is as imp¡rt¡nt ns

t-o studg t he ¡lgorìt hms themselves.

ln L5l and VLS I derrigri using gute arrng and standsrd cell

methodologies. chnnneì rnuting algorithms are pref erred. ber-:suse the

regular shopes nf mndules used in these circuits ¡nd t-heir arrangement

wii-hin the chips result in the rectongular treüs hettryeen modules,

where l.hB channel router must produce sìl the 'intercnnner-:tionlr.

Althnugh seversl atgorithms harre heen developerl fnr suth a channel

routing {nr track assignment} prurblem, n0nÊ of them c8n topre with the

case when the moximum ordering numtrer af the routing problem is

lorger thnn {or equal to} the msximum densitg number. Therefore, }r¡e

deveìnped a netv channel routing {trark ossignment} algorithm caplbìe

nl producing optimum realizstions of probìems nf that class.
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As demonstroted in the previous chapters, this thesis hos

contributed tn general and technical knowledge bg achieving the

f oì'loling results:

a) lnvestigated snd evaluoted the nìgorithms suitohìe for

rauting of printed circuit honrds, especioììg thnse algorithms of the

Lee tgpe. The investigrtinn ccrncentrated tn the issue of stornge

requiretnent and expansion area.

b) Est-abìished a relationshjtr between the routing historg and

routing results. The relotinnshiF yt'as inuestigated bg ohserving the

routing performonce under select-ed rnuting histories, ueing the

üPTlllATE'" contputer-aided design sr:ftttore pockage. running 0n the

Apolln DNñÉû cnmputer.

c) Deveìoped entpiricoi formulae for predicting circuit

routabilitg hased 0n the information given bg a placement

configurotion. Though the formulae themselves cannot improve the

plrcement configurotiun in terms of rnutabilitg, theg could be verg

helpíul in the evaluation of the diflerent placement ccrnfigurations
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effi ci entl g.

d) DevelDËrÊd ü channel routing {tract< sirsignmBnt) algorithrn

wliich cün generote nptinrum realizations for a closs 0f Frr:hlems lc'r

which nther channel rr-ruting algnrithms often gìve 0nlg suhoptirnunr

reslizrtiorrs. The opl-irnoì'itg of the net+ algrtrithtn u¡as demnnstrat ed

thruugh experimentoti0n 0n the ,Apolìo trl'16Éir computer.

Although the conclusions drarryn are important to the theorg

anrJ practice of f,ÁE, and 0ur understanding of the subject has

incre¡sed cnnriderabìg through the ltnrk d0ne, münU other irnpnrtnnt

questinns har,'e heen discovered. Theref ore, the f crllutt,ing reseõrch is

recrrmmenrjed tn imprr:ve the wnrk done and presented in this thesis:

¡) The reletion between other sets nf rcruting hi:rtories ¡nd the

routing perf orntance should be investigoted in c'rder to ¡-Êüch f or

het-ter routrng histnries that cnulú athieue better routing performånce.

bi Frngranrs f or collecting a'lì the data requirerl f or calcuìating

the routabilitg indicatnr can be deueloped in nrder trrimprove the

- t5l -



epeed 0nd 0ËcLtrtcg 0f the csl culntior¡. Further experiments with

dif ierent rc'uting prrËmet-ers cûuld ìead to on improved routalrilitg

indicrtnr ctpoble.of predicting the le',¡el of circuit routing completion

rËcurãtelU, and theref nre inf luencing cl rcuit f'lacement mûre

rccurntel g.

ci ThÊ new channel rnuting aìgurithm shnuld be m¡dified in

¡rder tn cope rvith nther classe:: nf prohlents; that is, fr-rr the case

when the ms¡limutï denritg numher is ìarger th¡n the m¡ximum

nrdering nunther. Th'is might tre -Êolued bg modifging the crlteri¡ for

selecting the llttTHER f,¡ET. Alsrr, Ër1 trptirnum set nf the n'e'ight factr-rrs

in the prioritg function needs tc¡ be found in order tn sL:liieve the

nptimum results.
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å.PPEND¡X A

NEH CHANNEL ROUTER IIIPLEHENTATION

Ttie general flolv-chart of the prograrn v¡hich impletnents the

ne',r chennel routing aìgorithm is shorvn as in Fig.45. EHceFt f¡r the

nel.-f-o-track ascignrnenl. procedure {nSSlrjf!¡TFiAütrl), the prncedures nf

Fig. 45 rre quite strsightforvrard.

The net-to-tracl.; ase ignment procedure, A55lGt"¡TRACK.

includes two procedureg, Flt\¡DEH and EHFEtIT, and one function FFRtÜ.

Ths function FFRI0 eualuates the prioritg function (ss defined in

sectiûn É.1) of a net llET to be routed in the eÊme tracl.l contuining the

I"IOTHEF: I!ET.

5'ince nt ef f i ci ent aì gcrri thm hss been deuel oped f ar the

selectiun of opt'imum subset of the ttets front the set af REAtltiltlETS. a

sub-optimum EFrprcrsch is used here. The selectiun uìgorithm can be

ex¡rlained as follolvs: Frrst, create eligible subsets t bg finding ni ia

pre-deterrnined number, e.g. rn=4) nets which hsve the first m largest

- 161-



prinritg numhet-s õtrrÊng the nets jn the set nf REAt]ïl{ET5, ond pìacing

each of thern into a different subFiet 5, (for i=1,2,..., m). Then, exend

the eligible subset 5, bU adding Ës mÉnu neis as porsible from the set

ÊEAD'iNETS tcr each S, accurding to the decreasing order uf the prioritg

nunrber, prouiried that theg dn not h¡ve hrrriznnt¡l crverlrpping. Finuììg.

from the m eligibìe subsets S', select one subotrtirnum subset 5o whuse

sum of the prioritg numbers is maximum.

The procedure FlÍ-IDER will sort the nets in REAnTFITTS hg

rlenreas'ing order nf prir-rritU nurnber nf each net The prcrcedure EHPERT

ig to find the mar:imum possible subset of nets

from the set READ't'f'IETS such t.hnt nü nets

r:rrerlapping. I,'lcrte thot we f irst assign one of

subset TEIIP I in A55lË['ITRACI,{ procedure.

The flol-chart of the procedure

5i iTEllPl in prograrn)

in it h¡ve lioriznnt-al

the m nets intr-r the

ASSltillTRAlll{ is shown in

Fig. 46
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Fig. 45. General flowchart
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Fig. 46. Flowchart for procedure ASSIENTRACK
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NEH CHAHHEL RTUTER PROGRAF1 LISTIHG
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PROGRAM CHANNEL-R0UTER( INPUT'0UTPurl !
i*ir*i***r*ir**ã*t*rrrt*r¡trtÊtrrrtiÊr***trr**t*tt*ttt*tlttt*t*tarrrrt)
l**** HSTHER NET SELESTI9N¡ tti*)
ir*rr oRDenruorHl-cURRENToRD(1: rt*r )

(ttrr OnOentMOTHITNUMNETFOLLtMOTHI I'IAXIMUt'l¡ 'rrr*)
l**rr pRIô;=LEne*(FIAXDIS-DIS)+5*ORDER/CURRENTORD; ****)
(**r* NO óEnS¡fV CHECK; ***)
i *****rÊÊ*tr**ttt*titrtr **i*lc *tt**t*t*tÉtútt*it*tÊÊ*irr**it*lr¡tÊti*t*t )

TYP E
TYPE-ONE=ARRAYt I . .NETNUI4øT OF INTEGER;
TYPE-TWO=ARRAYI 1. .NETNUMøI OF BOOLEAN;
TYPE-THREE=-L..2¡
TYPE:FOUR=ARRAYt 1 . . TERNUMI OF TYP E-JHREE;
TYPE:FIVE=PACKED ARRAYtl..3l OF CHAR;
TYPE-SIX=ARRAY[ 1. . NETNUMø] OF TYPE-FIVE;
TypE:aÈúEñ=eCn¡vt1. .NETNUMø, l. .NETNUMøI oF INTEGER;
TypE:EIGHT-ARRÀV¡t. .NETNUMø, 1. .TERNUMI oF TYPE-THREE;
fVpÈ_XINE=ARRAYt t. .NETNUMø, l. .NETNUMøI OF BOOLEAN¡
Z7=INTEGER;
TY I =TYP E-ONE ;

VAR

CONST
NETLIST.'DATAØÛ, i
NETNUI.IØ= 1Ø;
TERNUM- I 7;

CONSTB= I ;

FLAGl,FLAG2
I NP UT-DATA

BEGIN
OPEN ( INPUT-DATA, NETL IST,'OLD' } ;
RESET( INPUT-DATA) ¡

READLN ( I NP UT-DATA' CONSTA ) ;
READLN ( I NPUT-DATA, CLEN ) ;
READLN ( I NPUT-DATA' CD IS ) ;

(ÍNETLIST CONTAINS THE NAI.IE OF THE INPUT DATA*)
(TNETNUMø IS THE NUMBER OF NETS TO BE ROUTED *)
(TTERNUM IS THE NUMBER OF TERMINALS ON EITHER

UP P ER OR LOT.TER S I DE OF CHANNEL I )
(rcoNsTB Is FOR CURRNTORD-ORDERtI'IOTHI<CONSTB *)

CONSTA ¡ INTEGER;
CDIS,CLEN ¡ INTEGER¡
MATRIXNAM :TYPE-SIX;
MATRIXIN :TYPE-EIGHT;
MATR IXDIS : TYPE_SEVEN;
ORDERNUM ¡TYPE-ONE
MATRIXOUT :TYPE-ONE
NUMNETFOLL :TYPE-ONE
MATR IXREL :TYPE-N I NE;
MAXORDERING: INTEGER;
DENS ITY ¡ I NTEGER;
CHANNELNUM g INTEGER;

PROCEDURE INPUTDATA;
(***t*it*t*lË*itü*Ê*t*ttt*li*t**tt*ÊlÊti*t*ti**t**ttttt**Ût*È*ttÈr*t** )

( **** 
*ttÊ )

(r*** INPUT DATA *t**)
r rrrr - **È* )

( rlút.r****ÉtÊ*tÉtÊÊi*Ê*tÊ*tt*it*t**t*t*t**tt***t*tttti*tttt*Ê*ttt***** )

VAR
INDEXl, INDEXZ,TEST : INTEGER;

IN1,IN2:INTEGER;
: BOOLEAN;
: TEXT;
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FOR INDEX1 ¡=l TO NETNUMø Do
BEGIN- 

R ËÃö ( I N P ur-DATA, lilATR I x NAI-'I t I N D Ex I I ) ;
Êon INDEX2¡=l To TERNUM Do ,âtr-

READ( INPUT-õAiÃ,T.IÃiNIXINI INDEXI, INDEX2] } ;

READLN( INPUT-DATA};
END;
CLOSE( INPUT-DATA};

(* tTRITE(tf****tr')i
FOR INDEX1:=5.6 TO 8ø DO

l.rRITE( INDEXT ¡3) i
VRITELN;
ÊôN INDEXl:=I TO NETNUMø DO

BEGIN
VRITE( INDEXl :4,'rrr' ) ;
FOR INDEXZ:=59 TO 8ø DO

t¿nirE(HATRIxINt INDExI , INDEX2I:3 );
WRITELN¡

END; * )
FOR'INDEXI:=1 TO TERNUM DO

BEGIN
INl:=ã;
lNZ:=Ø;
rON INóEXZ¡=1 TO NETNUMø DO

BEGIN
IF(MATRIXINtINDEX2,INDEXII=1)THENINt¡oINl+1;
rF (MATRrXil,iiiÑóÈxzitnoExlr=-1 ) THEN IN2:=IN2+1;

END;
IF ( INl >1 ) OR ( IN2>1 } THEN WRITELN( 'INPUT IS VRONG AT' ' INDEXl )

END;
END;
PROCEDURE DISTANCEi
( r**f*************i**t*Ê*****Ê*tt****t**ÊtÉ********Ê*t*t***t**t*Ê*i*t 

)
*Ê*r )

(*t**
( t*t* CALCULATE THE DISTANCES BETT{EEN NETS

( ****
(a*i**l*Ê**i*****ttÈ**tl*tÈ**********itit****ÊÈt****l******t**i*t****}

VAR
INDEXl, INDEXZ : INTEGER;
iE¡IT,TEMPB,TEMPE :INTEGERi - --,
FUNCTION EETõ'ibi¡TETl : INTEGER; NETZ: I NTEGER ) : INTEGER;
( ***i***t***l****ttft**t****i*ttt********t********ttÊt***t*ltt*t**È* 

)

(Ê*** CALCULATE THE DISTANCE BETWEEN NETI AND NETz *i*i}
( r*.rrû*t****i**ttt*t*Êtt*t**i****************t**ttt**t**t*tÊt*Ê***** )

*tr* )
****)

: I NTEGER;
¡ I NTEGER;
: BOOLEAN;
¡ BOOLEAN;

(tBEGINNINGoFTHEPRoCEDUREDISTANCE*)

VAR
INDEX,FLAGll
NET , F LAG 12 ,F LAGzl
BFLAG,FINISH
BFLAGI,BFLAG2

BEGIN
I NDEX ¡ =Ø¡
FLAGLIz=Ei
FLAGL2¿=fii
FLAGZI¡=Ei
BFLAG: =TRUE;
FINISH¡=FALSE;
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(trttr**tFIND NETI AND THE BEGINNING OF NETtt**t*ttrtttr**t**tÍÊÊt*tt )

t*tHILE (INDEX<TERNUM) AND BFLAG DO

BEGIN
INDEXT-INDEX+1i
BFLAGI ¡-(MATRIXINtNETI ' INDEXI()El i
BFLAG2 ¡ -( MATR IXIN t NETz' INDEX 71)El ¡
IF (BFLAGI OR BFLAG2) THEN
BEGTN
IF BFLAGl AND BFLAGz
THEN
BEGIN

BF LAG t =FALSE ;
FINISH¡.TRUE¡
GETD IS: -Ø

END
ELSE
IF BFLAGl THEN
BEGIN
FLAGII¡-INDEXI .

BFLAG: =FALSE
END
ELSE
BEGIN

NET r =NETZ i
NETZ ¡ =NETI ;
NETI : =NET;
BFLAG: =FALSE ¡
FLAGI 1:=INDEX

END
END

END;(*Ê**tt***END OF FINGING NETI AND THE BEGINNING OF NETIt****tttÊi*Ê)
(*rr****f*tÊtt*FIND DISTANCE BETITEEN NETt AND NET2**t*****r*ttrt*t**)
IF NOT FINISH THEN (*ÊFIND THE END OF NETITÊ)
BEGIN

BFLAG ¡ =TRUE;
IIHILE ( INDEX<TERNUM} AND BFLAG DO

BEGIN
INDEX:=INDEX+1;
IF MATRIXINTNETl' INDEXI=Ø THEN
BEGIN

BF LAG: =FALSE;
FLAG12z=INDEX-1

END
END;
IF BFLAc THEN FLAcl2¡-TERNUM; (*rEND OF FINDING'THE END OF NETl**)
I NDEX z =Ít i' ( **F I ND THE BEG I NN I NG OF NETZ** )

BFLAG: =TRUE;
\.THILE (INDEX<TERNUM} AND BFLAG DO

- BEGIN
INDEX:=INDEX+l;
I F }'IATR IX I N T NET2, I NDEX 

'<>E 
THEN

BEG I N

BFLAG ¡ =FALSE;
FLAG2l:=INDEX

: END
END; (**END OF FINDING THE BEGINNING OF NETz**)
iÈ Éleezt>FLAGlz THEN cETDIS¡-FLAGZl-FLAGl2 ELSE GETDIS¡=.Ø
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END
( rÉtÊÊ*itEND OF

END ¡
BEGIN

TEMPET=NETNUi4Ø-l¡
FOR INDEX1¡'l TO TEHPE DO

BEGIN
MATR IXD ISt t NDEX I ' I NDEX l7 t-Ø i
TEMPB:=INDEXl+1;
FOR INDEX2¡-TEMPB TO NETNUM9 DO

BEGIN
TEMP ¡ -GETDIS( INDEXl' Il{DEX2 } ; ;
MATRIXDISI INDEXl , INDEX2]: =TEMP ¡

MATR IXD ISt INDEXZ' INDEXI I ¡ =TEMP
END

END;
MATR I XD I S t NETNUMg, NETNUMf,I z -fr

END;

UPPERNET, LOI"ERNET
FLAG 1

BEGIN
FOR INDEXI:=1 TO NETNUMø DO

BEGIN
FOR INDEX2:=1 TO NETNUMø DO

MATRIXREL t INDEXl, I NDEXZ] : =FALSE ;
END ¡
FOR INDEXl:=1 TO TERNUM DO

BEGIN
INDEXZ:=Ø;
FLAGI ¡=FALSE;
COUNT : =9;
UHILE ( INDEXz<NETNUMø) AND

FINDIHG DISTANCE BETWEEN NETI AND NETz****TtTT*TTT*)

(fBEGINNING OF PROCEDURE DISTAI{CE*)

PROCEDURE GETRESULTS;
( ***t***i****Êt**t**itt*t*tt**t*f**tÊttt***t*it*t*Ê***t***tf**ÊÈÊÊ*rr )

( rri* tt*r )

(Ê**tcALcuLATETHEoRDERINGNUMBERFoREACHNET.t*t*}
t t*tu* 

*tÊ* )
I

( ****t***tt*f*Ètttttttr*tÊi*tt*r*t*tÉ*Êt**t*tÉttttt*Êtit**ttÈ*t**tt** )

VAR
NUMNETPREC ¡TYPE-ONE¡
TEMP,TEMPFOLLNET :TYPE-ONE:
FLAGø ¡ BOOLEAN;
NUM-OF-ORDERONE, INDEXI : INTEGER ;
PRECNUM : INTEGER;
ORDERING,NETNAME : INTEGER;
PROCEDURE GETRELATION ;
VAR

INDEXl ' INDEX2,COUNT ¡ INTEGER

(TEÎ{D OF PROCEDURE DISTANCEi)

i*gEeINNING oF PRocEDURE GETRELATIoN*)

¡ I NTEGER
: BOOL EAN

(NOT FLAG1) DO

BEGTN
INDEX2:=INDEX2+1;
IF MATRIXINI INDEX2, INDEXl J=1 THEN
BEGIN

UPPERNET: =INDEX2;
COUNT: =COUNT+l;

END ¡
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IF MATRIXINT INDEX2,INDEXl l'-1 TIIEN
BEGIN

LOITERNET¡=INDEXZ;
COUNT: =COUNT+ I ;

END;
IF COUNT=Z THEN FLAGl¡=TRUE

END i

'F 
ÉIEEl THEN MATRIXRELTUPPERNET,LOWERNET] ¡-TRUE

END ¡
FOR INDEXl¡=1 TO I{ETNUMø DO

BEGIN
NUMNETFOLL t I NDEX ll t=E i
NUMNETPREC t I NDEX L7 t=E i
FOR INDEXZT=1 TO NETNUMí DO

BEGIN
IF MATRIXRELTINDEXz, INDEXl] THEN

NUMNETPREõr ¡NDEXl I r =NUMNETPRECt INDEXl l+1 i
IF MATRIXREL I INDEXI, INDEXz] THEN

NUMNETFOLL t INDEXl j ¡ =NUMNETFOLLT INDEXI I+1 ¡

END
END

END; (*END oF PRoCEDURE GETRELATIoNT)

PROCEDURE ORDERZ(NAMEOFNET: INTEGER¡ORDER: INTEGER¡NUM-PREC-IT: INTEGER}:

VAR
INDEXl ¡ INTEGER;
PRECNUM : INTEGER;

BEcIN 'r'-Ybr' l*BEcINNING OF PROCEDURE GETORDERINGÈ)

ORDER¡=ORDER+l;
I NDEX I z=E i
T.'HILE ( NUM-PREC-IT>g) DO

BEGIN
INDEXl:=INDEXl+1;
VHILE(NOTMATRIXNEITINDEXl,NAMEOFNET])DO

INDEXl:=INDEXt+1¡
N UM-P R EC-I T : = N UM-PR EC:-I f - 1' ;
IF õNOENITUMTINDEXl]<ORDER THEN

ORDERNUMT I NDEX I I : =ORDER ;
PRECNUM : =NUMNETPREC t I NDEX 1 I ¡
IF pRECNUM>b rHEn ORDERZ( INDEXl,ORDER,PRECNUM)

END
END ¡

BEGIN
GETRELATION;
NUM-OF-ORDERONE: =9;
FOR-INDEXI:-l TO NETNUMø DO

BEGIN
TEMP t INDEXI l:=9;
ORDERNUMTINDEXlI¡-1;

END;
FOR INDEXl:=l TO NETNUMø DO

BEGIN
I F NUI'INETFOLL t I NDEX Lt=E THEN
BEGIN_ 

ÑU¡I OP-ORDERONE :'NUM:OF-ORDERONE+I ;

TEMFT HU¡I-OT-ORDERONE ] ¡ = I NDEX 1

END
END;
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FOR INDEXI ¡'l TO NUM-OF-ORDERONE DO

BEGIN
ORDERING¡-l;
NETNAME ¡ =TEMP I INDEXl ] ;
PRECNUM: =NUMNETPREC t NETNAHE I ¡
IF (PRECNUM)ø) THEN ORDERZ(NETNAME,ORDERING'PRECNUI-I}

END;
FOR INDEX1¡-1 TO NETNUMø DO

IF (ORDERNUMTINDEXl]=T } AND (NU14NETPRECIINDEXIT=EI
THEN oRDERNUMt INDEXI I ¡-(ORDERING+1) DM¡

END; (ÚEND OF THE PROCEDURE GETTRESULTSI}
PROCEDURE ASS IGNTRACK ;
( r * r ü * * * Ê * r t,* * * * * t t i * t i it t I Ê* Ê * * ** * f t t t t t * Ê Ê f Ê t t f * t * t i * t I * Ê t t t * t * * t t t )

( **r* rtrr )

(*Êrr ASSIGN NETS TO TRACKS. t*rr)
( *t*i **t* )

(rËtr*iÊtttttiÍt*tÊt**tÉ*it*tt***tttttltÊ*f*tttÊ***tÍ*t*tÊtttt***tf**)
VAR

NOI,NOz,SEED,NETNAMER,INDEXl :INTEGE$;
INDEX,CURRENTORD,LENGTH ¡ INTEGER;
INDEX2, INDEXZ,TRACKNUM ¡ INTEGER ¡

MOTHNET,MAXLEN,MAXDIS'NUMSEED ¡ INTEGER;
PRIONUMl,PRIONUM,ORDERø6,M r INTEGERi
DENSITY-LOCATION : INTEGER;
NUMB-REÃDYNETS,PRIONUM4' INDEXø : INTEGER;
PRIORITY,TEMPI,TEMPZ TTYPE-ONE;
MATRTXLEN,READYNETS :TYPE-ONE;
RESULTNET,FANINDEGREE ¡TYPE-ONE;
ASSIGNED :TYPE-TI'/O;
LOCATION ¡ARRAY t 1. .TERNUMI OF BOOLEAN;
FLAG,FINISH,FLAGl,FLAG2 ¡BOOLEAN
NOTESTED , MVAL I D, AVAL I D 1 

'AVAL 
I D2: BOOLEAN

CHECKER, I NDENS ITY, BVAL I D ¡ BOOL EAN
FUNCTION FPRTOit'IOiI¡¡TEEEN;SO:INTEGER;MAL:INTEGER;MAD:INTEGER):INTEGER;
( * * È I * * * * * * * * r * * * t * * * t * Ê * * * * * * * * * rt i r * * * * * t t Ê t * * * * * * * * * * t * t * t È * * * * * Ê * )

( **** CALCULATE THE PRIORITY NUMBER FOR NET 'SO'
( *trrf TO BE ROUTED IN THE SAME TRACK VITH MO(THER) NET- lu ttB KuulEu lll lrrE ù¡\l'lE lf\ðvÀ w¡ rrr r-tvr rrrLrv
r *r******r*t***t*t**t*Íf**rtf**t***tt*******É********f*t**i******t** )

VAR
L ENGTH, D ISTANCE, ORDER : INTEGER;

BEGIN
LENGTH: =MATR IXLENTSOI*CLEN i
ORDER : =ORDERNUM t SOI *CONSTA ;
D ISTANCE: =MAD-MATR IXD IS tMO 

' 
SOI ;

FPRIO: =LENGTH+DISTANCE*CDIS+( (CONSTA*ORDER ) DIV CURRENTORD )

END;
pROCEDURE EXPERT(VAR NOI :ZZ;VAR NOZ:ZZ;VAR TEMPI :TYl ;VAR TEMP2:TYl ) ;
( * * * * f * * * * * * * * * I * f * * * * * t * Í t Ê t * * * * * * É t t rt * * * * t t t * * * * * t * i * * Ê * * * * É * È * * * t )
( **f* **rÊ )

(*Ê*i FIND THE SUB-OPTIMUM SUBSET TEMPl FROM THE SET READYNETS. ***É)
( *Ê** *** )

( r****l*Êr*t**r**Ê*t****fÈ****r****t*t*ti*t***********lÊt****Êi**È*t )

VAR

**** )**** )

TEMP, INDEXl, INDEX2
NETl , NETz,TEMPø, T1
TEST,ILLEGAL,FLAG

: INTEGER;
: I NTEGER ;
: BOOL EAN ;
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BEGIN
INDEXZ¡-9;
I.'H I LE I NDEX2<NOz DO

BEGIN
INDEX2¡-INDEX2+1;
NETZ: =TEt'lP2 t I NDEXZI ;
INDEXItoíi
I L.L EGAL ¡ =FALSE;
VHILE (INDEXl<NO1} AND (NOT ILLEGAL} DO

BEGIN
INDEXI ¡=INDEXl+1;
NETI¡=TEMPItINDEXll;
IF (yATRIXDIStNETt,ÑElZ!=El AND (NoT (NETl=NETZ) ) THEN

ILLEGAL : =TRUE;
END;
IF NOT ILLEGAL THEN
BEGIN

NOl: -NO1+l;
TEMPItNOlI¡=NETZ;
PR I ONUM: =PR I ONUM+PR I OR ITY t NETZ 1

END
END

END;
FnoóEoUnE FINDER(vAR NETS:TY1 ;NETNUMB¡ INTEGER) ;
( t****t*ti*i*lt*ltttÊ*t*Êl*i*i*t***Ètt*Êt*t*t**t***ti******t***t****
t if lrt 

****

( T*T* SORT THE NETS I N ( READY } NETS BY THE PR IOR ITY NUT'IBER ' ****
, rr,r, , ****

( *****t**tt***Ê*ttt*ÊÊt***it*t*t**********i***ti*tt****i****tt**È***
VAR

GAP, I,J,NETT,NET2 ¡ INTEGER;
BEGIN

GAP¡=NETNUMB Drv i
WHILE (GAP>ø) DO
BEGIN

I:=GAP;
LIHILE (I(=NETNUMB) DO
BEGIN
,J:=I-GAP;
VHILE (J>g} DO
BEGIN
NETl¡=NETSIJ];
NETz: =NETStJ+GAP I ;
IF (PRTORITYTNETI ]<PRIORITYTNETz] ) THEN
BEGIN
NETStJI:=NETZ;
NETSTJ+GAPI ¡=NETI

END;
.l: =J-GAP;

END;
I:=I+1¡

END;
GAP:=GAP DIV 2;

END;
END;
PROCEDURE ÈIDENSITY;
( *tl*****ttf*****l¡Ê*t*Ê**Ê**r*l*t*Ê*Ê***Ê**l**È*t'Êtt*Èttt*ÈttÈ****t )

(**** CALCULATE THE MAXIMUM DENSTTY. T***}
G *t***Êt*lt*lt*l*!¡*tl*tt*li**atali**lt**t*i***l***ttrrt**llt**rtt¡*rt 

¡
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VAR
INDEXI,INDEXZ
DENS I TY-TEMP

BEGIN
DENS LTY t -f, i
FOR INDEXZ ¡ -1

¡ I NTEGER ;
: I NTEGER;

TO TERNUM DO

(* DENSITY IS THE MAX-DENSITY É)

BEGIN
DENSITY-TEMP¡-Ø;
FõR-INDEXl¡=1 TO NETNUMø DO

I F MATR IX I N T I NDEX T , ¡ NOÉXãJ<>g THEN DENS ITY-TEMP ¡ =DENS I TY-TEMP + 1 ;

lË. oÈÑsITYJEMP)=DENSITY THEN_ 

DENS I TY : =õ-ENS ITY-TEMP ;
END;

END ¡
BEGIN(ÛBEGINoFTHEPRoCEDUREoFASSIGNTRACK*)

NOI ¡=ã;
NOZ|=E; ^^ ÀFñ ? rr^ .,rrrroE' ***t*t**ttÍt*tt*tt*ltt*t )(**t***i*ttr*GETTHEHIGHEsToRDERINGNUMBER*Ê*t*t*i
CURRENTORD: =Ø;
FOR INDEX1:=1 TO NETNUMø DO

iÊ oRDERNUMt INDExtl>cURRENToRD THEN
-CURRENTORD: 

=ORDERNUMT INDEXl 1 ;

MAXORDERI NG : =CURRENTORD ;
(*tit**t*È*tÉEND OF GETTING THE HIGHEST ORDERING NUMBER*t*tt*t*Êt***)
(rr***È*r**r***l*i*6ET THË LËüõrn-or EAcH NET***ti***Êt*t****Ê******)
FOR INDEX:=1 TO NETNUMø DO

BEGIN
I NDEX | ¿=E i
F LAG : =TRUE ;
UHTUE (INDEXI<TERNUM} AND FLAG DO

BEGIN
I N D EX I : = I N D EX I + I ;
IF MATRIXiÑiiÑOËX, INDEX T7<>ø THEI{ FLAG¡=FALSE

END;
INDEX2:=INDEXl;
FLAG: =TRUE;
VTIfIE ( INDEXz<TERNUM) AND FLAG DO

BEGIN
INDEX2:=INDEX2+1;
IF I'IATRIXINt INDEX, INDEX2I'9 THEN

BEGIN
INDEX2:=INDEX2-1;
F LAG : =FALSE ;

END
END;
MAÍR IXLEN T I NDEX ! ¡ = I NDEXz- I NDEXI

END; r Frr^.rrr ¡rÊ c^r.rJ NtrT***ttÊt*tt*tit**Ê)(*****T*******END OF GETTING THE LENGTH OF EACH NET

( Êûr*r*r***r*****È**r*r* i ñïiralizg re¡¡Ïnóge REE*rtÊ********tt***t*ttt )

FOR INDEXl:=1 TO NETNUM8 DO

BEGIN
FANINDEGREET INDEXI l: =Ø;
FOR INDEXZz=L TO NETNUMø DO

iT MATRIXRELT INDEN?,INDEXl] THEN

FANINDEcRËEi f NDEXI i : =FANINDEGREET INDEXI l+1
END;
¡**i*r***É******tt****END OF

I'IDENS ITY;
I N I T IAL I ZAT I ON* Ê r I * ** t * * t Ê!¡ * Ê * t* È ** **** )--- 

aipnocEounE oF GET MAxIHUM DENSITYT)
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FOR INDEX1¡-l TO NETNUMø DO- 
ÃSSIGNEDT INDEXl I ¡'FALSE ¡

FINISH:=FALSE¡
TRACKNUM ¡ -6;
VHILE NOT FINISH DO

BEGIN
TRACKNUM c =TRACKNUM+ t ¡

FLAG ¡ -FALSE i LLL----r-****rr*rirtrttttttlût*t*ttl tÈ*t )
( * i t ú * f * * i t i tl *t t t* t t i t t * t t I r tt t t Êt t * * i * * I t * t i t t rt t t I

(r. FLAG TNDICATE TH4T-THERE ARE !9{E NETS HAVING. THE SAME **)

( rr oRDERTNc NUMBER As"îiìË ctjnneHrõnäõniNcì =CURRENToRD ) ** )

( rr**r*r****ii*ir*****r**il**l***it****rlt****t****t**Êtt*tf**Ê*tti 
)

(*lr*lÊt*f*tt*Êti***ttttftÊ*t*l**lt****tft**Êtitf**t****t**tÊ*ÊÜÊt*)
(rttrTHEFoLLowING-¡.STHEPRoCEDUREoFSELECTINGt***)
( *ir* - MoTHËR'liEr--r'rorHNET ttrt )

(Éfrtttt**t****tt**t*lt******ttttÊ******t****t**t*t*l*tf*t**tt*tÊ**)
WHILE (NOT FLAG} DO

BEGIN
INDEXZ z=-16Ø; -rön-iÑoEXl:=i To NETNUMø Do

BEGIN-õNOÊNøg : =ORDERNUMT I NDEX I ] ;
ÃvÃ[io1 ¡=Nor ASSIGNFPt INDEXI ];
AVAL rDZr=( (cuRRENToRD-ó;iõã'siiðoHsre l AND ( FANINDEGREET INDExt t=Ø) ;
'ir ieveLIDl AND AvALrDz) THEN

BEGIN
FLAG: =TRUE i -IF (HATRíT¿ENT INDEXl ]IORDER g6,I>INDEXz THEN

BEGIN
MOTHNET: = I NDEX I ;
I NDExz' =¡lÃinix¡-En t I NDEx I I ioRDERø6

END
END

END;
õ iJNNET¡TORD : =CURRENTORD - I

END;
õiinnenroRD : =cURRENToRD+ I'
vRrrELN('MorHER NET IS .:. "':'ltgTlllET¡ 16);
(r**r**r***iIr***l*****6ii'iËr'ägeoVn¡Ëiõ;;;**rÈit-t**ÊttÈÊ**tÈ***Ê*)
NUMB-READYNETS: =Ø;
ËóN-TÑOEXl:=1 TO NETNUMø DO

BEGIN
FLAGl:=FALSE;
FLAGZ: =FALSE ¡
FLAG: =FALSE; _

IF MATRIXDiðtMoTHNET, INDEXTT>ø THEI FLAGI :=TRUE;

rF (FANTNDËõRËEiïñoEx Li=-ø'; 
-Ãñó 

r ñor ASSIGNEDT INbExt t )

THEN FLAGZ:=TRUE;
FLAG:=FLAG1 AND FLAGZ;
IF FLAG THEN
BEGIN- 

Ñ Ù¡IiJ-N EADYN ETS : = N UMB-R EADYN ETS + 1 ;

nÈÂoV¡rErs iÑÚue-nEADYNETSI : =I NDEXl ; 
-

LJRITE('RÉÃôY ÑET', NUMB-READYNETS :5 ) ;
LJRTTELN(; is ;;riËÂóvn¡ErstNUt'lB-READYNETSI );

END
END ; ---+i r,^ êFr D r^ rìvNtrTe*t***t**t*t***l**rt**t* )
(**T*Ê**IÈfi**TIEND OF GETTING SET READYNETS*I***I
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MAXLEN ¡ =9;
HAXDIS:=ã;
ËOii- iITOEXi¡-T TO NUMB-READYNETS DO

BEGIN- 
iTTOCX 1 : -READYNETS I I NDEXZ ]'
IF MATRIXLENT INDEXI l>MAXLËN THEN !4XLEI:=I'IATRIxLENt Il{DEXI I ;
IF MATRIxDIs¡úöiHÑET, INDEXI l>MAxDIS THEN
- 

MAÍD IS : =I'IATR I XD IS IMOTHNET' I NDEX 1 ]

THE PRIORITY ìIUMBER OF

TO NUMB-READYNETS DO

END;
( **t***t*iGET
FOR INDEXI : =l

EACH NET IN READYNETSiTTT**TTÊ)

BEGIN- 
i no EXZ.=READYNETS t I NDEX 1 I'
pR IOR ITvt I NDEXZ I ¡ =F pR I O C UðrunEr, I NDEXZ' MAXLEN' MAXD IS )

flli-*****END oF .ETTINc THE pRIoRITv oF EA.H NET IN READ'NETT****t)
IF NUMB-READYNETS>ø THEN
BEGIN 

tr.'è'u' I rrLrt (*sELEcr oprll.luM SUBSET FRoM READYNETS* )

-Fi 
ñôEn ( READYNETS, NUMB-READYNETS ) ;

INDEX.Ø:=1;
M: =4;
ïÉ iÑUME-NCADYNETS<M) THEN MT=NUMB-READYNETS;

PRIONUMIz=9li
T./HILE (M>ø) DO

BEGIN
SEED: =READYNETS t I NDEXøl ;
PRIONUM : =PR IOR ITYTSEED I ;
NOl:=l ¡
NOZ: =NUMB-READYNETS- t ;
TEMPltll:=SEED;
FOR INDEXZ:=2 TO NETNUMø DO

TEMPItINDEXZJz=Øi
INDEXZ:=1;
\.'HiLE READYNETST INDEXZ]<>SEED DO

BEGIN-iEMP2t 
INDEXZI : =READYNETST INDEXZI ¡

I NDEXZ: = I NDEXZ+ I
END;
ÈON-INDEX:=INDEXZ TO NOz DO

iÊNPãT IHOEX]:=READYNETSI INDEX+I ] ¡

( *********i******r**t***ii**r**r*i*ÊtÊÈ*t******Èl**t**t****t*È*** )

(* TEMPI: CONTAINS SEED NET ñF?rrê aññE.. rNTn TtrMÞ, 
*'

(* TEMP2; coNTATNS CANó¡ijÃie NETS FOR BEING ADDED INTO TEMPl Ê)

( *************r*f **r****i*****t**lÈ***t*******************t*È**f É )

URITELN;
Vn¡fet'Set TEMPl CONTAINS: ');
FOR INDEX:=1 TO NOI DO

WRITE(TEMPTTINDEX]);
T.IRITELN;
VnffE('SET TEMP2 CONTAINS: ');
FOR INDEX:=I TO NOz DO

VRITE(TEMPZtINDEXI)¡
T.JRITELN;
EXPERT( NO1, NOZ,TEMP 1'TEMP2 } ;
( *********i***irtt***t*****irrtÊ*it*tÊ***iÊ*tl***Í**Êt*Ê**iÈ***** )

(*TEMPl:NETSSELECTEDToBERoUTEDINTHESAMETRACKASMoTHNET*}
( *TEMP 2: CAND I DATE NETS 

. 
ËOñ-EË i I{E SEiÈCTEO FOR NEXT TEMP 1 * )

(****l*****ti***t**ût*f***t***t***tl*****t*ii***t*Êt**Ê****llÊ*Èr)
l.JR ITE ( 'RESULT SET TEMP I CONTAI NS: ' ) ;
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FOR INDEX¡-l TO NOI DO

VRITE(TEMPItINDEX]);
lIRITELN;
IF PRIONUMl<PRIONUM THEN
BEGIN

PR IONUMI : =PRIONUM;
FOR INDEX¡-1 TO NOI DO

RESULTNETT INDEXI : -TEMP I t INDEXI ;
FOR I NDEX: -NO1+ I TO NETNUIVIø DO

RESULTNETT INDEXi t-Ei
END;
H¡=M-1;
INDEXø: -INDEX.Ø+1

END;
WR ITELN;
T.'RITE('SELECTED OPTIMUM SUBSET CONTAINS:' } ¡
FOR INDEX¡=1 TO NUMB-READYNETS DO

WR ITE( RESULTNETT I NDEX I ¡ 4 ) ;
I'IRITELN;(* ASSIGN NETS TO TRACK T*)
INDEX:=1 i
VHILE (RESULTNETIINDEXl<>ø ) DO

BEG I T{

NETNAMER : =RESULTNETE I NDEX] ;
ASS I GNED I NETNAMER ] : =TRUE ;
MATR IXOUTT NETNAMER I ¡ =TRACKNUM ;
FOR INDEX1:=1 TO NETNUMø DO

IF MATRIXRELTNETNAMER, INDEXl] AND (NETNAMER<>INDEXI I THEN

FAN I NDEGREE t I NDEX I I : =FAN I NDEGREE t I NDEXI I -l ;
I NDEX: = I NDEX+ I

END
END; (TEND OF SELECTING OPTII'IUM SUBSET FROM SET READYNETS*)

(*END OF THE PROCEDURE ASSIGNTRACKT)

iIATR I XOUT t MOTHNET I : =TRACKNUM ;
ASS IGNED T MOTHNET] : =TRUE ;
FOR INDEX1:=1 TO NETNUMø DO

IF MATRIXRELTMOTHNET, INDEXl] AND (MOTHNET<>INDEXl ) THEN

FANINDEGREET INDEXl l: =FANINDEGREET INDEXl l-1;
(************i***CHECK IF ALL NETS ASSIGNED********t**rt**********t)
FINISH:=TRUE;
FOR INDEX:=1 TO NETNUMø DO

BEGIN
WR ITELN ( I NDEX : 5,ASS IGNEDT INDEXT zZBl ¡

IF NOT ASSIGNEDT INDEX] THEN FINISH:=FALSE;
END;
MVALID:=FALSE;
FOR INDEX1:=l TO NETNUMø DO

IF ( NOT ASSIGNEDI INDEXl ] ) AND (ORDERNUMT INDEXl ]=CURRENTORD )

THEN HVALID:=TRUE¡
IF (NOT MVALID) THEN CURRENTORD:=CURRENTORD-l ;
IF FINISH THEN CHANNELNUM:=TRACKNUM

END
END;
PROCEDURE DONE;
( t * * È * * * * * * * * * i * * * * * * t t * * * * * * * * * * * * * * f t Ê * t t * * * * * * * Ê t * Ê * * i É * * * * t È Ê * t * * )

( **** **** )

(rË** OUTPUT RESULTS ****)
( *rr* **r* )

( rtt*Êt*****rr****t*i*****ttr**r***l**tÊlttt***t**ú*ÊtÊ*l***tÊÊ*****t )
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VAR
OUTPUT-DATA STEXT;
i¡¡oEx,ÏttoExx :INTEGER ^Èi ^Ê ^rr^DRöúiïñc-REsuLTs ' 

pÀcrEo ARRAY Lt ' '2ø1 oF cHAR;

À¡¡swEns :STRING;
tifiiTr¡n( I *tÊ*****tÊttt*rttr*rtrtt*t**Ê***ÊÉtttt*tÊi**t***r**r' ) ;

Wäif Et¡¡ I **t*Ê*t*Êt**rÊ** ' )' - - - -,
f.TRITELN('r***t*rß1, PARAMETER SET ');
vn¡rglnt' ***t***t*')i --r
lTRITELN(,r***rt** wEIGHT reðron FoR 9RDERING oF NET Is" " "');
wriirE[Ñ(coNSTAt3,' ******r**')'
tTRITEL¡q,***iÏi*i I,EIGHT FAcToR FoR LENGTH oF EACH NET IS" .' );
üäirElliicuEN:3,' *i*******')'
tTRITEL¡q , ***i*i*r wEIcHT FAcToR Éon DISTAN.E BET'''EEN NETS ' ' .' );
ùiäiiËLñicoISr3,' ***T*****')i
WR ITELN ( t rt**ri**l*tt*ir**l*****i*tt**************t**t** 

Ê***r t ) '

ünifElN(' ******t*tÊ**tt*t' )'
WR ITELN;
TJRITELN;
T.IRITELN;
TJRITELN(' '
ITJRITELN('r'
T'/R ITELN ¡
WRITELN(' '
tTfRITELN('r'
T.JR ITELN;
\.,RITELN(' '
WRITELN('*'
T.TRITELN;
FOR INDEX:=1 TO CHANNELNUM DO

BEGIN-ttRiïEt'*r**TRAçK' TINDEX:Sr' ****r' )'
ËôR INDEXX:=1 TO NETNUMø-DO
ir 'mÃinixourt 

INDExxI=INDEX THEN-vnilEimATRIXNAMt INDEXXI :5 );
WR ITELN;

END;
FOR INDEX:=I TO 4 DO

BEGIN_FON 
INDEXX:=1 TO 2ø DO

L'RITE('*'};
VR I TE ( ' F I N I SH ' } ;
FOR INDEXX:=1 TO 2ø DO

VRITE('T');
VR ITELN

END
END;

:5,'ÞIAXIMUM ORDERING NUI'|BER IS¡' );
: g TMaXORDERING :5,' *' ¡ 8) ;

:5,'HAXIMUM DENSITY IS¡' );
:gTOENSITY:5r'*':8) ¡

:5 , 'THE CHANNEL WI DTH IS: ' ) i
:e icxeHNELNUM! 5,' t' : 8 ) ;

'ill
.,...,.
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(tfr*Êt*l*ttttÊtÊfl*tÊtÊ*t*tt**t*t**t***tt*Ê***Ê*ft**Êt*t*ttlÈ*t*tirtr)
(**r***t*t**itÉ**lt*l**ttttÊtttt*Ê**tÊ**Éftt**È**t*t*tt*ÊtÍ**tt*::::::l
( rrr*t* *rr*f* )
(rfti** r.rrr. ññ^^6^l¡ ' tÈ*t**)
( Êrr*ti I4AIN PROGRAM irr*r* )
( rrrtfa !¡!rltf**
( Êrrrf t ¿-rt****rtt**rÊttÊ**Ê
(rt*l*t***ttlatÊtfttttÊlÊtt*Êl***ttlÊt*t**ÊÊttÊÊfÉtl***ÊÈ*lt**lÊtlt
(*iÉ*Êtit*t*l*iÉiÊlfttÊttttlt*tlÊt***it**llti*t******flÍ*****Í*f*t'r**
BEGIN

I NPUTDATA;
D I STANCE ;
GETRESULTS;
ASS IGNTRACK;
DONE

END.
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