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Abstract

This article suneys mathematicamodelsandmethodausedfor the physicallayoutof printedcircuit
boards,in particularcomponeniplacementndwire routing. The main conceptsarebrie y described
togethemwith relevantreferences.

Mathematics Subject Classi cation (2000): 90C9090-0268R05

1 Intr oduction

Printedcircuit boards(PcBs), seeFigures2 and3 for anexample,areubiquituous.pcBs arethebackbones
of almostevery electronicdevice, andtherefore,pce designand manufcturingare extremly important
component®f mary industrialproductionprocessesBeforea PCB cansene its taskit evolvesthrough
threemain steps. The rst oneis the logic design,which de nes the componentgo be usedandtheir
interconnectionsThe secondstepis the physicallayout of the PcB wherethe geometricpositionsof the
componentandtheir physicalconnectionsredecided. The nal stepis theindustrialproductionof the
PCB.

In this article we give an overview on the mathematicaimodelsand methodsusedin the secondstep,
the physicaldesignof the board. The two majorissuesherearecomponenplacementndwire routingas
depictedn Figurel.
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Figurel: Tasksin PCBdesign

A digital logic circuit consistf a collectionof interconnectegbarts. The partscomein two varities;
active parts,i. e.,integratedcircuits (1IC) andpassve parts,suchasresistorsandcapacitorgFigure?2).

Due to continuouslyshrinking featuresizes,the functionality of 1Ccs per areaunit hassigni cantly
increasedvertheyears.This hasled to a steadyincreaseof theratio betweerpassve andactive partsof
a PcB. Ratiosof 20 or 30 passve to oneactive partarenot uncommon.Eachpartcanbe representedy
the shapeandareaoccupiedon the boardtogetherwith the locationsof one or more pins or padswhere
the electricalconnectionsare made(Figure 3). Oneic may have up to several hundredpins. To have a
singletermwe will call the pinsandpadsof the componentserminals A setof terminalsthathave to be
electricallyconnecteds calledanet In pcB andchip designit is implicitly understoodhatthe electrical
connectiorhasto berealizedby a tree(on arouting graphto be describedater). This standardie nition
of a netjust speci esthe nodesthathave to be connectedandleavesopenhow the actualwiring is done.
Two differentnets(i. e., their physicalrealization)mustbeinsulatedfrom eachother

A circuit boardis built asa stackof layer pairs. Eachpair startsasan insulatingsheetwith copper
depositedn oneor bothsides.Thecoppersidesof thesheetare rst etchedwith differentwiring patterns.
Thenthe sheetsarestacledinto a sandwichseparatedby insulatingmaterial. Smallholesaredrilled into



theboard. Finally, the holesareplatedwith metal,so that electricalcontactis madewith eachlayerthat
hascopperleft at hole locations. Hence,a hole canform a conductve pathbetweertwo or morelayers.
Thestandardermusedin pPcB andchip layoutfor aholeis via.

Parts canbe attachedo boardsin two ways. The classicalmethodis to solderthe pins of the com-
ponentsinto a via patternon the board. The otherpossibility is the utilization of surfacemountdevices
which aregluedto the board. Little connectionpadson the devicesmake contactwith their counterparts
ontheboardwithoutpenetratingt. Notethatthedrill holesfor viasthatareonly usedto make connections
betweerlayerscanbe muchsmallerthanthoseholesin which pinsmustbeinserted.

The rst taskof the physicaldesignis to decideon the sizeof the boardandon the numberof layers.
In practicethe form factorof the boardis often predeterminea@r at leastlimited by the kind of deviceto
be built, suchasa pci slot card,for example.Hom andGranacki(1996)describea statisticshasednodel
to estimatethe numberof routinglayersandtotal wire lengthfor a printedcircuit board.

The problemsfacedin the designof vLsI circuitsarein mary aspectsimilar to thoseencounteredn
PCBs. Againcomponentgcells)areto beplacedandhaveto beconnectedMany algorithmscanbeapplied
in bothcaseslIn fact,therearealot morepublicationson the vL sl aspect®f theseproblemghanon their
PCB counterpartsOnthe otherhand,mary technicalconstraintsn pcs designaredifferentfrom thosein
vLsl design.In this article, we focuson pcB basedpublicationswherepossible.For anintroductioninto
the speci csof vLsI designanda precisede nition of whatis meantby this, seee.g., Gerez(1998),Sait
andYoussef(1999),Vygen(2001).

Most of the articlesdealingexplicitly with pcB designdescribea pcB designissueand a heuristic
for its solution. The utilization of heuristicsis not surprising,asthe problemsencounteredn physical
pcB layoutareusuallyN P -hardin theoryandcomputationallyexpensve in practice.At this point, one
particularfeatureof Pces shouldbenoted: Thevastmajority of the netsto beroutedbetweercomponents
hasonly two terminals. This propertyis animportantreasorwhy mary of the heuristicsusedfor routing
(anddescribedater)work quitewell in practicedespitetheir simplicity.

Regardingtheoreticalaspectshereseemdo be only limited progressn recentyears.On the practical
side,severalcommerciaplacementindrouting softwaresystemsarepurchasableAssessingheir quality
is very dif cult, asthereareno generallyacceptecbenchmarkgor pce placementand routing publicly
available. (The situationis somavhatbetterin the areaof vLsI design(Whitaker, 1996,Harlow, 2000).)
PCB layoutinvolvesa large amountof technicaland other constraintgcollectively called designrules),
which arespeci ed andhandleddifferentlyin eachprogram makingany comparisiordif cult.

In the next sectionwe will describeshortly the relation betweenplacementand routing, then an
overview on placementmethodsis presentedn Section3 and several routing modelsare presentedn
Sectiorn4.

2 Placementand Routing: General Remarks

Thetaskin placements to positionall component®n the boardin a way thatis feasiblewith respecto
thelimitations of the productionprocess.After thatall nets,i. e., all connectiondetweerthe pins of the
componentsccordingto thelogical design have to beroutedon the board.Obviously, the placementhas
tremendousepercussionsntherouting. Sincetheconditionsonthe placemenitself areusuallyrelatively
simple,e.g., componentsare not allowed to overlapandhave to adhereto someminimum distancesthe
main objective in placements to allow a good and feasiblerouting. In principle it would be bestto
performplacemeniandrouting in onestep. But dueto the dif culties involved, both tasksaretypically
donesequentiallyin practice(Mo etal., 2001,Kumaretal., 2005).

As saidabove, since nding a physicallyfeasibleplacements generallyeasythe mainobjective of the
placements to permitahigh quality routing. However, it is dif cult to de ne “high quality” in asomevhat
precisemathematicasenselnstead substituteobjectivesarede ned. A widely usedobjective in practice
is to minimizethetotal wire lengthof all connections.

Unfortunately the exactwire lengthof eachnetis not known until the netsareactuallyrouted. Since
eventhe computatiorof the minimum lengthof a singlenetis in generalN P -hard,asit corresponds$o
computingthelengthof a minimum Steinertree, the total wire lengthhasto be estimated.This is usually
doneby summingup an estimateof thelengthof eachindividual net. Methodsto estimatethelengthof a



speci ¢ netinclude: heuristicallycomputinga Steinertree betweerthe terminals,computinga minimum
spanningree betweenthe terminals,building a chainthroughthe terminals,or taking half the length of
the perimeterof the boundingbox enclosingall the terminalsof the net. Keepin mind, thatfor netswith
two terminalsandusingManhattardistancegatypical metricin pcB andvL sl design)all thesemeasures
give the sameresult. A surwey on placemenmethodsandsubstituteobjectvescanbe foundin Preasand
Karger(1986).

Anotherpossibleobjective during placements to minimize the numberof wire crossings According
to Stallmannet al. (2001)this canbe modeledas a bigraph crossingproblemin the following way: Let
G = (V;E) beabipartitegraphwith partitionsV, andV, andlet G be embeddedn the planesothatthe
nodesin V; occuyy distinctpositionson theline y = i andthe edgesarestraightlines. For anembedding
f(G) of G in theplane,thecrossingnumberC; (G) is the numberof line intersectionsnducedby f. This
numberdepend®nly on the permutatiorof V; alongy = i andnoton speci ¢ x-coordinatesThebigraph
crossingnumberC(G) is de ned asC(G) = min¢ C;(G). The computationof C(G) is N P -hard(Garey
andJohnson1979). Someheuristicsfor crossingminimizationare presente@ndcomparedn Stallmann
etal. (2001).

3 PlacementMethods

As the physicalrestrictionson componenplacementare few, every method,including repeatedrials of
randomplacement¢Hananetal., 1976a,bMagnuson;1977),canbe usedto producea feasibleplacement.
Consequentlypracticallyevery known heuristicschemeincluding clusterdevelopmeni(Areibi and Yang,
2004,HananandKurtzbeg, 1972aHananetal., 1976aMagnuson1977,CoxandCarroll, 1980),knowl-
edgebasedsystems(Panrérec,2003), randomizedocal searchalgorithmssuchas simulatedannealing
(Secherand Sangiowanni-Vincentelli,1986,Sechen,1988,Wong et al., 1988, Wanget al., 2000, Murata
etal., 1998),andgeneticalgorithms(CohoonandParis,1987,ShahookaandMazumder1990,Valenzuela
andWang, 2002, Saitet al., 2005, Areibi and Yang,2004),aswell ascombinationsof theseapproaches
(Zhanget al., 2005) have beenusedto computeplacements.Often, computedplacementsreimproved
by iterative heuristicsbasedon componeninterchanggMagnuson,1977,Coté and Patel, 1980). Place-
mentmethodsanbe classi edroughlyinto threecateyories:recursive minimumcut placementanalytical
placementndlocal searchmethods.

3.1 Recursive Minimum Cut Placement

Theideaof recursve minimumcut placements to partitionthecircuit into subcircuitssubjectto minimiz-
ing the numberof wiresrunningbetweenthe two partitions. Simultaneouslythe boardsurfaceis divided
vertically or horizontallyinto subrgionsandeachsubcircuitis assignedo oneregion. This procedure
is repeatedlyappliedto eachof the subcircuitsand subrgionsuntil the remainingcircuit canbe trivially
placed for instanceif it consistof asinglecomponenbnly.

The problemcanbe statedby representinghe circuit asa hypegraph.The componentgorrespondo
the nodesandthe netscorrespondo the hyperedgesonnectinghesecomponentgnodes).Thus,decom-
posingthe circuit into two subcircuitswith an approximatelyequalshareof componentsubjectto mini-
mizing the numberof wiresbetweerthetwo subcircuitscorrespond$o nding abalancedipartition(or a
bisection)of the hypeigraphwith a minimal cut. This resultsin the so calledbalancedhypegraphbipar-
tition problem andhypegraph bisectionproblem respectiely. Both problemsareN P -hard(Lengauer,
1990),but mary heuristicswere proposedn literature. Two very commonapproacheg practicearethe
heuristicof FiducciaandMattheyses(1982)for solving the balancechypeigraphbipartition problemand
thealgorithmof KernighanandLin (1970)for solvingthe bisectionproblemon graphsaftertransforming
the hypegraphto a graphby replacingeachhyperedgéedy a clique. Both approachesre basedon the
ideaof iterative improvement.Startingwith aninitial balancedipartition (or bisection)of thehypegraph
(graph),nodesareinterchangedbetweerthetwo subsetsto reducethe sizeof the cut.

Therecursve minimum cut placementanbe extendedto partitionswith morethantwo subsetsThe
placemenproblemthenbecomesa multiway partition problem Ef cient implementation®f the hyper
graphmultiway partitionproblemarepresentedh KarypisandKumar(1999).Recently Zhaoetal. (2005)



proposediuni ed framework for developingandanalyzingapproximatioralgorithmsfor variousmultiway
partitionproblems.

A moreextensvediscussioron partition-baseglacemenmethoddor vL sI designis givenby Lengauer
(1990)anda surwy is presentedn Alpert andKahng(1995). In YangandWong (1996)a partition ap-
proachbasedon the max- ow-min-cut theoremis proposed. The experimentalresultsdemonstratehat
their approachoutperformghe Kernighan-Linheuristicsin termsof the numberof crossingsln Mak and
Wong (2000)a fastnon- ow-basedalgorithmfor computinga minimumcutin a hypegraphis suggested.
Finally, in PapaandMarkov (2006)a surwey of partitioningandclusteringmethodss presented.

3.2 Analytical Placement

Socalledanalyticalplacemenis an approachwidely usedin vLsI design(Sigl etal., 1991,Jingeretal.,
1994,KahngandWang,2004,ViswanatharandChu,2004),which canalsobe appliedto pCB placement.
An adwvantageof analyticalplacemenbver partitioning-basedethodss theglobalview of the problem.In
recursve minimumecut placementminimizing thenumberof wirescrossinga cutin the rst stepmaylead
to poorresultsin the succeedingteps.We presentwo classe®f globalanalyticalplacementapproaches:
guadraticor linearassignmenandquadratigplacement.

3.2.1 Quadratic assignment

The quadraticassignmenapproachs basedon the following idea: givena numberof componentanda
numberof positionson theboardsurface we wantto assigneachcomponento a positionontheboard,so
thatcertainphysicalconstraint@resatis edandthetotal wire lengthis minimized. This canbeformulated
asalinearintegeroptimizationproblemwith eitheralinear(Akers,1981)or a quadraticobjective function
(HananandKurtzber, 1972b,Hananetal., 1976a,Weismantel 1992).

The boardsurfaceis assumedo be modeledasa grid which decomposethe boardinto rectangular
grid cellswith preciselyde ned dimensions.A componenplacedon the grid coversa rectangulamarea
consistingof a setof grid cells.

The placemenproblemis to assignthe componentso disjoint rectangulaareasof grid cellssuchthat
the total wire lengthis minimized. A component is saidto be assignedo a grid cell k, if i is placedon
the boardin sucha way, thatits lower left cornercoincideswith grid cell k, anda grid cell k is called
feasiblefor a component, if i ts onthe boardwhenassignedo the grid cell k. Let n bethe numberof
component&nd m the numberof grid cells,thenwe de ne Z(i) f1;:::;mg asthe setof feasiblegrid
cellsfor component.

suchthatxj is equalto oneif andonly if component is assignedo grid cell k. Thequadraticassignment
modelfor componenplacemenproposedy Weismante(1992)is thende ned asfollows:

nil n
mnd & & & cjddikinxx (1)
i=1j=i+1k2Z(i) 12Z(])
nol gl [o] [o]
tloa a a a ok j;l) XX )
i=1j=i+1k22(i) 12Z(])
subjectto § xx=1 foralli= 1;:::n (3)
k2.Z(i)
Xk 2 f0;1g foralli= 1;:::n;k2 Z(i) (4)

The objective function is composedf two terms: (1) is an approximationof the total wire length
computedn the following way: ¢i; 0 denotegheaf nity coefcients betweenthe components and j
andcanbe calculatedby cjj = & ﬁ if t is anetconnecting and j, andzerootherwise.T is the set
of all nets,a; thecardinalityof anett 2 T. d(i;k; j;I) de nestheshortesManhattardistancebetweerthe
components and j whenassignedo thegrid cellsk andl.



The secondterm (2) of the objective function evaluatesthe numberof overlaps. The coefcients

thataresharedby components and j whenassignedo grid cellsk andl. Sinceafeasibleplacemenhas
to be free of overlaps,the secondterm of the objective function is scaledwith a large penaltyfactor/ q.
Equationgq3) ensurethateachcomponents assignedo exactly onegrid cell.

This quadraticoptimizationformulationallows the following extension: whensomecomponentsre
allowedto berotated90 , four differentrealizationsexist to placeeachof thesecomponentsin this case,
binaryvariablesd arede nedfor acomponent in grid cellk 2 Z(i) andfor realizationa2 A(i), suchthat
X3 is equalto oneif andonly if thecomponent is assignedo thefeasiblegrid cell k in realizationa. The
extendedquadraticplacemenproblemis thefollowing:
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k2Z(i) a2 A(i)
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Whered(i;k;a1; j;1;a2) denoteghe shortestManhattandistancebetweencomponents and j when
placedongrid cellsk and! in realizationa; anday, ando¥i; k;ay; j;1;ax) countsthenumberof overlapping
components and j whenplacedon grid cellsk andl in realizationa; andaz. The quadraticmodelfor
componenplacementescribedabore belongso theclassof N P -hardproblems.In Weismante(1992),
adecompositiorapproachs appliedto the placemenproblem.

3.2.2 Quadratic Placement

Themainideain the quadraticplacementpproaclhis to modelthe placementn sucha way, thatit canbe
solved with methodsof corvex optimization. Somequadraticplacemengpproache¢Quinn andBreuer,
1979, Quinn, 1975, Johannesnd Eisenmann1998, Kleinhanset al., 1991, Khan and Sait, 2004) usea
physicalforce schemédo modelthe placemenproblemasa corvex optimizationproblem.

Otherapproacheaseanapproximatiorof thesquaredotal wire lengthasanobjective function, thatis
minimizedundercertainconstraintgHall, 1970,Blanks,1985). With this quadratigprogram,a placement
is rst computedwithout worrying aboutoverlaps,thenthe overlapsareremoved by addingcertaincon-
straintsto the quadraticprogram. Viswanatharand Chu (2004) give an overview of analyticalplacement
methodsandpresentanalgorithmcalled’FastPlacefor thequadratiqplacemengapproachn standardell
vLsI design.Recently new theoreticakesultson quadratigplacementverepresentedy Vygen (2006).

In quadraticplacementhe clique modelandthe starmodelaretraditionally usedas modelsfor wire
length estimation. In the clique model, eachmulti-terminal netis representedby a clique and the wire
lengthis approximatedy the sumof rectilineardistance®ver all pairsof points. In the starmodel,a set
of terminalsin a netis replacedoy a starwith uniform edgeweightsthroughconnectingll terminalsto a
new additionalpoint, the so calledthe starnode.

4 Modelling Routing

Althoughwire routingis along studiedproblem fully automatiaoutingof denselypacledboardss agoal
dif cult to achieve. Evenshaowing the existenceof a feasibleroutingis N P -complete.Sinceall routing
programsusedin practiceemploy heuristics,it is never clearif the problemis infeasibleperseor if just
thealgorithmis notableto nd afeasiblerouting. To quoteDion (1988):



It is alwayseasyto specifya routingproblemthatis too hard for a programto solve Oneneed
onlyaddwiring to theproblem,or remweroutinglayers. In this sensedesigninga completely
automaticrouteris an impossibletask. A betterprogramwill simplyencousage enginees to
designharder problems. The only realistic goal for a routing programis to solvepractical
layoutproblemswell enoughthat manualinterventionis unnecessary

4.1 Steinertrees

Mathematicallyroutinga singlenetcanbe seenasa Steinertreeproblem: Givenanedge-weightedraph
G = (V;E;c) anda non-emptysubsetof nodesT V calledterminals nd a minimal weighttreein G
thatspansT. Theproblemis N P -hard(Karp, 1972),but it is easyto nd feasiblesuboptimalsolutions.
As aresultalargevarietyof heuristicsexists, e.g., TakahashandMatsuyamg1980),Rayward-Smithand
Clare(1986),Winter andSmith (1992),Duin andVo(3 (1994),Duin andVol3(1999),Ribeiroetal. (2002).
Solving large-scaleSteinertree problemsto optimality is also possible,see,e.g., Wong (1984), Chopra
etal. (1992),KochandMartin (1998),PolzinandDaneshman@001),Polzin (2003).

Integratedcircuits sometimeshave several pins with the samefunctionality. It sufces to connecta
netto ary of several possibleterminals. This canbe modelledasa Group Steinertree problem: Givena
weightedgraphG = (V; E;c) andN 2 N pairwisedisjointnon-emptysubset®f nodesZ, V,n2f1;:::Ng
calledterminalgroups nd anedgesetS suchthat(V(S );S) is atreewith minimal weightcontaining
atleastonenodefrom eachgroup,i. e.,V(S )\ Z,6 0for alln2 N. For agraphG = (V;E) we denote,
for asubseof edged E, byV(F) thesetof all nodesincidentto someedgee?2 F.

It is possibleto transforma group Steinertree problembackinto a normal Steinertree problemby
introducingan arti cial nodefor eachterminalgroupandconnectingall terminalsof the groupwith this
node. The edgesneedto have weightsthat are high enoughto ensurethat only one of theseedgesper
terminalgroupis partof the solution. In the transformedproblem,only the arti cial nodesareterminals.
Theapproachusuallytakenin practiceis to chooseheterminalto usefrom eachgroupbeforetherouting.
This is calledthe pin assignmenproblem(Koren,1972,Mory-Rauch,1978,Brady, 1984). Usually the
objective is similar to the oneusedin componenplacing. For large ics, e.g., microprocessorgventhe
routingbetweerthe chip itself andthe pins of the packagehasto be considereqYu etal., 1996,Kuboand
Takahashi2005).ZachariaseandRohe(2003)presentnalgorithmto solve groupSteinertreeproblems
to optimality in thecontext of vLsI design.

4.2 Steinertreepacking

Routingall the netsat oncecanbe modelledasa Steinertree padking problem: Given a weightedgraph
G= (V;E;c) andasetof N 2 N pairwisedisjointnon-emptysubset®f nodesl, V,n2f1;:::;Ngcalled
nets nd for eachnetanedgesetS, suchthat(V(S,);S,) is atreethatspansT,, all edgesetsarepairwise
disjoint,andthetotalweightd ° | s Ceis minimal. Sincethe Steinertreeproblemis aspeciakcaseof the
Steinertreepackingproblem the packingproblemis alsoN P -hard.But thereis animportantdifference:
for the packingproblemeven nding afeasiblesolution,without regardingtheweights,is N P -complete,
seeKramerandvanLeeuwen(1984). A sunwy of differentinteger programmingmodelsfor Steinertree
packingcanbe foundin Chopra(1994). We will examinetwo of the models,which have beensubjectto
mathematicahndpracticalinvestigationjn moredetail.

4.2.1 Multicommodity o w formulation

The multicommodity o w formulationas proposedoy Wong (1984) hasthe advantagethat it hasonly a
polynomialnumberof variablesandconstraints Givenaweightedbidirectionalgrid digraphG = (V; A;c),

andsetsTy;:::;Tn, N> O, N = f1;:::;Ng of terminals,wesarbitrarily choosearootr, 2 T, for each
n2 N . LetR= frhjn2 N g bethesetof all rootsandT = |,y Tn betheunionof all terminals.We
introducebinaryvariables%i‘j foralln2 N and(i;j) 2 A Where%i’j = 1if andonly if arc(i;j) 2 S.
Additionally we introducenon-ngyative variablesy}j, forallt2 TnR Foralli2V, wedened" :=

f(i;j))2 Ajj2Vgandd :=f(j;i)2Ajj2Vg. Forallt2 T,,n2 N ,wede ne s(t) := n. Thefollowing



formulationmodelsthe Steinertree packingproblemfor any graphrequiringedgedisjoint but not node
disjointroutingsof all nets.

mnd & X
2N, 52

9
< 1 ifj=t =
A, & vu=. 1 ifj=rsy . forall j2V;t2 TnR )
(ip2d;  (jik2df "0 otherwise ’
0o v ¢ forall (i;]) 2 A;t 2 TnR )
a (+x) 1 for all (i; ]) 2 A )
n2N
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In the modelabove two differentnetsmay sharea commonnode. To obtaina nodedisjoint solutionwe
haveto add: .
0 ifj2R .
a a X 1 otrJ1erwise forall j2 v ©)
n2N (i;j))24,

Resultsusingthis modelto computeoptimalroutingscanbe foundin Koch (2004). The advantageof
the formulationis thatit modellsall the layerssimultaneously On the otherhandthe size of the graph
grows rapidly with the numberof terminals.To circumwentthis problemanotherformulationcanbe used.

4.2.2 Undirectedpartitioning formulation
This formulationis usedby Grotschelet al. (1996a)and by Joigensenand Meyling (2002). Given a
binary variablesx® for alln2 N andij 2 E, wherex(: = 1 if andonly if edgeij 2 S,. We de ne

d(W) = fij 2 Eji 2 W; j 6AWg for W V. The following formulation modelsedgedisjoint one-layer
routing:

min a aapd
n2N ij2E
ax, 1 foralW V;W\ T,6 0;(VnW)\ T,6 0;n2 N (10)
ij2d(W)
ax 1 forallij2 E (11)
n2N
xj2f0;1g foralln2 N ;ij2 E (12)

The model can be further strengthenedvith several valid inequalitiesas describedin Grotschelet al.
(1996a,b),Grotschelet al. (1997). By usingcapacitieson the edgesthe formulation canbe extendedto
modelanarbitrarynumberof layers.

Sincethereis only onelayerexplicitly in themodel,theassignmenof thewiresto thelayershasto be
donein asubsequerdtep. Thisis calledthe layer assignmenproblem. Assigninglayersmeansdeciding
thenumberandlocationof theviason the PCB. As everyvia increaseshe poductioncostsanddecreases
the productionyield, via minimizationis the goal of this step. Brady andBrown (1984)have designecan
algorithmthatguaranteeshat ary solutionin the abose modelcanbe routedin four layers,but deciding
whetherthreelayersareenoughs shovnto beN P -completeby Lipski (1984).

In practice,sincethe componentsre alreadyplaced(and canonly be placedon the outerlayers of
the PcB) thelayersfor theterminalsarealready x ed. Grotschelet al. (1989)shov how to transformthis
probleminto a max-cutproblemanddescribeexactandheuristicsolutionapproaches-urthergraphbased
approachesanbe foundin Chenetal. (1983),Naclerieetal. (1987),Xiong andKuh (1988),Fanget al.
(1991),ChangandCong(1997),ChouandLin (1998).



4.3 Heuristic routing

In practiceheuristicsareusedto routethe nets(DysartandKoifman,1979,Aranoff andAbulafo, 1981,
Navedaet al., 1986, Dion, 1988). Thereare two basictechniquedor nding pathsbetweenterminals
(Pecht,1993): grid basedmazeroutersasintroducedby Lee (1961),Akers(1972)and gridlessrouters,
asdescribediy Lauther(1980),Finchet al. (1985),Schieleet al. (1990). Sincejust trying to routeeach
connectionone after the otheris not likely to resultin a feasiblerouting usually one of the following
two techniquess employed: In so-calleddynamicor rip-up andretry routingwheneer awire cannotbe
routed,the blockingwiresareremovedandreroutedater after the new wire hasbeensuccessfullyrouted
(Deesand Smith, 1981, Rosenbey, 1987, Raith and Bartholomeus1991). In iterative routing several
passearemade. In eachpassall the connectionsareroutedregardlesswvhetherillegal crossingsoccut
In the next iteration somepenalty on thoseareasof the boardis increasedhat experiencecongestion.
The hopeis that this will leadto differentroutesof somewires in the next pass(Fisher,1978, Moosa
andEdwards,1995). Evenhybrid approachesf thesetechniquesrepossible(CongandMadden,1998,
HadsellandMadden,2003). A furthertechniquethatcanbe usedon top of the onesdescribeds to build
routing hierarchiedy partitioningthe boardand rst routing betweenimportant(congestedpareasonly
andthengoinginto smallerdetailedareagOzdalandWong,2004b).For example Kawamuraetal. (1986)
describea hierarchicaldynamicrouterthatemploys threelevels of hierarchy The hierarchycanalsobe
usedto includefurther conceptdik e electromagneticompatibility asreportedby Schmidtet al. (1995).
OzdalandWong (2004a)describean algorithmfor high performancesingle-layerbus routing, wherethe
objectiveis to matchthelengthsof all netsbelongingto eachbus.

5 Conclusion

Continuingadvancesin productiontechniquesncreasethe requirementon physicallayout algorithms.
Fromatheoreticapointof view it would beobviously bestto useaholisticapproactio nd aphysicalrcs

design.lt is clearthatthisis farfrom reality in practice.While somesubproblemsuchasvia minimization
andlayerassignmentendto bereintegratedwith routing,new subproblemsik e pin assignmentor theic

packagegmege.

For researchpne of the biggestshortcomingss the absencef publicly available benchmarkcases.
Readerswnith more than super cial interestin the subjectpresentechere may have wishedto obtaina
soundandfactbasedudgmentof therelative meritsanddisadwantage®f thevariousapproacheto place-
mentandrouting suneyed in this paper We would love to presentsuch ndings, but for mary reasons
it is impossibleto malke fair testruns necessaryor suchcomparisons.Clearly, every group of authors
shaws in their papersthat their approachhas someadwantagesn comparisornto other methodson the
examplesconsidered.But it is not possibleto obtainthe codesandthe testinstancedo make “neutral”
runs. Moreover, productioncodesareusually ne tunedto speci ¢ customerdemandsparticularlayout
propertiesanddesignrulesto which competititorgusually)do notgetaccessin this senseno two routing
or no two placemenprogramsaddressxactly the sameproblem. This de ciency could be remediatedf
the PCB/VLSI layout communitywould have accesdo a large collectionof realinstancesincluding all
speci ¢ layout requirementsallowing to testnewv codesandideasin an opencompetitive ervironment.
Unfortunatelythe electronicindustrydoesnot seento bereadyto make up-to-daterealistictestinstances
publicly available andthus, “benchmarkingsuites” consistonly of small academigqmade-up)examples
with questionabléearingonreallayoutproblems.

This situationnot only makesit dif cult to testnew ideas,especiallyfor peoplewithout accesgo tool
suites,it alsomakesit dif cult to measureadvancemenin the eld. While nding anoptimalsolutionfor
a contemporarycs layout problemmight be completelyout of reach,it could be possibleto solve the
problemsrom 20 yearsagoto optimality. Thismightgive aninterestingnsightin how muchis lostby the
standarchpproactof partitioningthe probleminto severalhierarchicallyexecutedsteps.
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